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The Wolf Foundation began its activities in 1976, with an initial endowment fund

donated by the Wolf family. The Foundation’s founders and major donors were

Dr. Ricardo Subirana y Lobo Wolf and his wife Francisca. The annual income from

investments is used to award prizes and scholarships, as well as fund the operating

expenses of the Foundation.

One of the aims of the Wolf Foundation, as stated by the law is “to award

prizes to outstanding scientists and artists — irrespective of nationality, race, color,

religion, sex or political views — for achievements in the interest of mankind

and friendly relations among peoples” in the fields of agriculture, chemistry,

mathematics, medicine and the arts. The official prize award ceremony takes place

at the Knesset building (Israel’s Parliament) in Jerusalem and the President of the

State of Israel hands the awards to the winners. Through the years, the Wolf Prize

has become one of the most prestigious prizes. In agriculture, it is probably the

most highly esteemed prize in the world.

The list of laureates in agricultural sciences from 1978 to 2008 contains 41

scientists in fields such as genetics, bio-control, ecology, plant sciences, animal

breeding, soil chemistry and physics, and plant biochemistry. Because of  the

depletion in natural resources, agricultural development and human well-being

became one of the major concerns in the world. The Wolf Prize winners in the

field of agriculture are awarded for their remarkable innovative and pioneering

discoveries, development of new technologies and/or extraordinary contribution

to agricultural research, ecological conservation and food produce.

Now, at the end of 2008, there is an extremely high interest in agriculture, as

the concern of the world’s population is not only food supply but also alternative

sources of energy and neutraceuticals.

In this volume, we documented the Wolf  Prize winners’ bibliography,

curriculum vitae (CV), autobiographical accounts and/or reports on their work

and achievements by others, important papers, lectures and other relevant

information. We did our best to include the data of prize winners who are no

longer with us.

The diverse fields of interest of the laureates provide a unique overview of the

work done by exceptional scientists in different institutes around the world. I wish

to share with the readers some of the deliberations and excitement involved in

discovering novel ideas and approaches, and reassessing the old ones. In rare

disclosures, updated findings alongside their views and speculations on various

PREFACE
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subjects in agriculture are offered in this volume. I sincerely hope that the readers,

be they researchers, students, biotechnologists, or extension specialists, find the

following pages stimulating and exciting as I did.

I would like to thank my talented secretary Mrs. Nili Ben-Yehezkel for putting

this volume together with all of  her enthusiasm and devotion, and to the prize

winners and colleagues who helped in collecting the material for the volume.

I would also like to thank my publisher, World Scientific Publishing Co.,

especially Ms. Joy Quek, for her cooperation and assistance.

Ilan Chet

Rehovot, Israel
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1

ABOUT DR. JOHN CHARLES WALKER

Plant Pathologist

University of Wisconsin

This is a story of  a local industry and a Racine man. The industry is one of the

prime industries of Racine and Kenosha counties; the man has contributed more

basic knowledge to that industry here and throughout the world than any other

living person. This is the story of a man who attended Beebe grade school, Racine

High School, and graduated from the University of Wisconsin. Today he is world-

renowned in his field, a member of the National Academy of Science (membership

in this society is the highest recognition possible in the United States for scientific

research) and an honored member in many international scientific societies.

John Charles Walker, because of his inherent modesty, is hardly known in his

home town. He, who has contributed so very much toward the economic and

physical welfare of ourselves and the world, has never been formally recognized

by his fellow townspeople.

In the early 1800’s a few rugged individualists from Northern Europe

settled near Racine. These individuals founded the type of specialized agriculture

1893–1994

John C. Walker
University of Wisconsin

Madison, Wisconsin, USA

k

1978 — for his research in plant
pathology, developing of
disease-resistant varieties of
major food plants.
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for which Racine and the surrounding area has long been noted, namely the

production of truck crops — cabbage — onions — potatoes — etc.

About the time of the Civil War, Racine had become the major source of

supply for cabbage in the Midwest. In the middle 1800’s, Ben Bones operated

a farm just east of Lathrop Road, and south of Chicory Road. He found, in this

particular year, that he had a surplus of cabbage, more than could be marketed

through the local trade channels. Learning that the beer industry of St. Louis had

started using a refrigerated freight car to ship beer, Mr. Bones conceived the idea

of loading one of  these cars with cabbage and shipping this cabbage under

refrigeration to the German settlement of St. Louis. It is believed that this was the

first time that perishable produce was shipped under refrigeration. Two carloads

were shipped this first year which proved so profitable that Mr. Bones increased

his acreage the following year. Thus Wisconsin’s Cabbage Industry was born.

A disease (cabbage “yellows”) was noted in the area during the late 1800’s. It

was serious enough that the growers called a special meeting at the Berryville

School in 1890. Professor H. L. Russell, later Dean of the College of Agriculture,

was present at this meeting. The disease problem was discussed and reviewed but

nothing constructive was accomplished. By 1910, the disease was epidemic, resulting

in a complete crop failure. The Durand farm (now Case South Works) operated by

the Gunthers was replanted twice, and each time the crop died as a result of  this

new disease. Those who were fortunate enough to have a partial crop found yields

reduced to one or two tons per acre. Today, a yield of 30 tons per acre is not

exceptional.

Dr. L. R. Jones, a native of Wisconsin and a graduate of Ripon College, had

been teaching botany at Vermont. In 1910 the University of Wisconsin enticed

L. R. Jones to join its staff, and at the second cabbage meeting held at the Berryville

school, 1910, Dr. Jones was present. This time definite plans were made to learn

more about the disease, to get it under control if  possible. All growers offered full

cooperation with Dr. Jones and the University. This disease had to be controlled, or

farmers would have to change to different crops, and the kraut packers would

have to move into an area in which the disease was not a factor.

A “cabbage sick” field of  1913. This field is

located just north of  Chickory Road and east

of  the North Shore tracks.
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John C. Walker 3

The few cabbage plants that could survive the disease were interesting to these

men. Healthy plants from the most severely infected field were to be selected for

seed production — stored over winter and replanted the following spring. Three

plants were selected from a field of over 25,000, they were carefully stored and

replanted in the same infected field of Matt Broesch. One night Mr. Broesch’s cow

got loose and partially destroyed two of the plants! The cabbage industry was

saved, however, by that single plant that was spared.

John Charles Walker was born on July 6, 1893 in a house on Lathrop Road

that still stands just north of  21st Street. He entered Beebe grade school, attended

Racine High School where he graduated with the highest scholastic record of any

boy in his class. In 1910 he entered the University of Wisconsin. In the spring of

1912 he went to Dr. L. R. Jones and stated that he thought he would like to major

in plant diseases, the new science recently named Plant Pathology. Dr. Jones’ answer

to this was, “That is fine, Charley. You have quite a problem in your own backyard,

a disease in cabbage that we know very little about. You can start working on that

this summer during your vacation” — and for more than 45 years J. C. Walker has

been working with cabbage.

RESEARCH CONTRIBUTIONS TO WISCONSIN

Wisconsin is a giant among states in the production of vegetable crops for fresh

market and processing. It leads all states in production for processing of peas,

sweet corn, beets, and carrots. It is second in production of cabbage for sauerkraut,

and cucumbers for pickles. It is a leader in production of onions (both sets and

bulbs), potatoes, beans, and lima beans.

ACCOMPLISHMENTS

Cabbage

Seed of  the first yellows-resistant variety of  cabbage, Wisconsin Hollander

No. 8, was being increased locally as rapidly as possible. Slightly less than

100 pounds were produced in 1916, hardly enough to meet the needs of the local

growers. Seed production in 1917 exceeded 800 pounds. (In 1957, forty years

later, total production of yellows resistant cabbage seed in this country exceeded

135,000 pounds!) At this critical time another disease, Blackleg hit Wisconsin.

This was a disease that was transmitted from one crop to another through seed,

unlike cabbage yellows which was soilborne. The success of the new yellows-

resistant program was doomed unless blackleg could be controlled. J. C. Walker

was handed this assignment and in short order he had the disease under control.

He showed that if  cabbage seed was produced in the Pacific Northwest instead of

in Wisconsin it was disease-free. This not only saved the day for the cabbage
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4 Wolf Prize in Agriculture

industry in Wisconsin but was a prime factor in the shift of the cabbage seed

industry from Northern Europe to the United States.

Walker next turned his attention to the yellows disease which had been brought

under control by the development of the Wisconsin Hollander No. 8 variety. This

variety was only partially resistant and was not suitable for all uses. Walker

discovered a more desirable type of resistance and has given to the growers some

12 or 15 different varieties of  resistant cabbage.

The Clubroot disease of cabbage is as ancient as the crop and control of  it has

defied man through the centuries. Walker turned his plant breeding skill to this

problem and has developed resistance to it. He took resistance from curly kale and

transferred it to cabbage. Control of this most serious disease is now certain.

1914. Same field, the first yellows resistant

strain of cabbage. In the background,

right to left, the student J. C. Walker,

Dr. L. R. Jones and W. J. Honsche.

In recent years kraut manufacturers in Wisconsin have been deeply concerned

about a disease called Tip-burn. This disease occurs in lettuce also and results in

shreds of dead tissue in both crops. Walker is now working on this problem and is

on the track of a way to control it.

Onion

Walker did some of the early work showing the effect of artificial heat on the

drying of  onions in storage and the relationship of their preservation to disease

control. This work was done about 40 years ago. With the recent change in onion

production, mechanical harvesting and storage in bulk, with large amounts of air

being forced through these bulk piles of onions, every grower today is referring to

Dr. Walker’s paper and is using heat to cure and control the diseases of onion in

storage. He made the original technical descriptions of two of the neckrot diseases.

Smut is Wisconsin’s worst disease of onions. Our basic knowledge on the effect

of soil temperature on the occurrence of this disease was made by Walker. He took

the idea of dripping formaldehyde solution on the onion seed as they are planted

and worked out a practical application that saved the onion industry in Wisconsin.
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John C. Walker 5

Onion smudge is a disease of white but not of yellow or red onions. Walker

showed that the pigments that form the yellow color in onions acted as a chemical

substance forming resistance to smudge in onions. White onions, without this

chemical substance, are susceptible to smudge. This is the most classical piece of

research on the nature of resistance due to chemicals that has ever been worked out.

Walker was instrumental in starting a national program for the development

of onions resistant to pink root, a disease of increasing importance in Wisconsin.

Peas

The story of peas differs little from that of  cabbage. Pea wilt was ravaging the

fields of southern Wisconsin. Walker tested some 250 varieties of peas and found

some to be naturally resistant. With Professor E. J. Deiwiche, he developed resistant

varieties suitable to Wisconsin’s needs. Today, Wisconsin’s 150,000 acres of peas

are planted to these resistant varieties.

Beets

As Wisconsin’s beet canning industry developed, it was faced with a serious disease

known as black spot or heart rot. This disease was shown to be due not to a

parasite but to a lack of boron in the soil. Walker showed that the disease could be

controlled by adding boron in minute amounts to the soil or by spraying it on the

leaves.

A few years ago Wisconsin’s great pickle industry was threatened with extinction

by epidemic occurrences of the scab disease and by severe losses from the mosaic

disease. Walker crossed a scab-resistant slicing variety with a mosaic-resistant

pickle variety and developed varieties of the pickle-type resistant to both diseases.

These varieties are saving Wisconsin’s agriculture over one million dollars each year.

This picture shows the difference between

the death and survival af  an annual 2½

million dollar industry which is directly

attributable to the work of  Dr. John

Charles Walker.
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6 Wolf Prize in Agriculture

Bean

The growers and canners of beans have also been on the receiving end of  J. C.

Walker’s service. In the 1920’s common bean mosaic was causing great losses to

the canning industry. In 1930 Walker and one of his students developed 2 varieties

of bean resistant to mosaic as well as making available to bean breeders everywhere,

information on the inheritance of  the resistance.

ACADEMIC RECOGNITION

Few scientists have received greater acclaim for their contributions than J. C.

Walker. He is a member of The Wisconsin Academy of Science, The American

Association for the Advancement of Science, The American Institute of  Biological

Sciences, The American Phytopathological Society (president in 1943), the Genetics

Society, The Botanical Society of America, and The American Society of Naturalists.

He has earned the coveted honor of election to the National Academy of

Sciences consisting of  one hundred of  the leading scientists of  this country.

Dr. Walker was also elected to the College of Electors Hall of  Fame of New York

University and was named “Man of the Year” by the National Vegetable Growers

Association in 1953.

Walker has been invited to present papers at several International Congresses.

He was a guest lecturer in 1953 at the Agricultural Institute of  Sao Paulo, Brazil.

He has published well over 300 technical papers and has guided some 60 students

through their doctorate in Plant Pathology.

National recognition services for J. C. Walker have been held by the American

Seed Trade Association, The National Kraut Packers Association, The Vegetable

Growers of America, and the Manufacturers of Processing Equipment.

DR. J. C. WALKER — THE MAN

Any review of the accomplishments of  Dr. J. C. Walker, scientist, would be

incomplete without a description of “Charlie” Walker, the warm, wonderful human

personality loved by scores. His intimate friends, his colleagues, his many

acquaintances within the fields of science and industry echo the praises for a man

whose singular feats have won admiration because of his dogged determination,

his faith, and his ability to inspire others to similar virtues by his good example.

But those who know him best say his devotion to duty and his vision are exceeded

many times by his ready wit, his love of good fun and good fellowship. His career

is truly an inspiration; his personality is a real pleasure to share.

The income to Wisconsin in 1956 from vegetable crops, the production of

which would have been impossible without the work of  Dr. J. C. Walker, was over

17 million dollars.
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Annual value of crops — 1956

Cabbage $ 1,540,000.00 in Racine and Kenosha counties

10,957,000.00 in Wisconsin

Beets 1,302,000.00 in Wisconsin

2,562,000.00 in Wisconsin

1,296,000.00 in Wisconsin

Much of this saving has been recurring annually for many years.

The people of  Wisconsin shall, indeed, be forever indebted to

John Charles Walker.
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165. Walker, J. C. Histologic-pathologic effects of boron deficiency. Soil Science

57: 51-54. 1944.

166. Walker, J. C., N. A. Stahmann, and D. E. Pryor. Efficacy of  fungicidal

transplanting liquids for control of clubroot of cabbage. Phytopathology 34:

185-195. 1944.

167. Walker, J. C. Diseases of cabbage and related plants. U.S.D.A. Farm. Bul.

1439 (3rd rev.), 38 pp. 1944.

168. Walker, J. C., W. C. Edmundson, and H. A. Jones. Onion-set production.

U.S.D.A. Farm. Bul. 1955, 21 pp. 1944.

169. Walker, J. C., W. T. Schroeder, and J. E. Kuntz. Borax sprayed on beets controls

black spot. Better Crops 28 (14): 19-21: 49-50. 1944.

170. Walker, J. C. Methods of controlling diseases. In Thompson, R. C. Cauliflower

and broccoli varieties and cu1ture. U.S.D.A. Farm. Bul. 1957: 16-17. 1944.

171. Walker, J. C. Onion diseases and their control. U.S.D.A. Farm Bul. 1060 (6th

rev.), 25 pp. 1944.
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172. Walker, J. C., H. A. Jones, and A. E. Clarke. Smut resistance in an Allium

species hybrid. Jour. Agr. Research 69: 1-8. 1944.

173. Hare, W. W., and J. C. Walker. Ascochyta diseases of canning pea. Wis. Agr.

Expt. Sta. Res. Bul. 150, 31 pp. 1944.

174. Walker, J. C., O. C. Whippie, J. P. Jolivette, and W. J. Hooker. The limitations

of spraying tomatoes in Wisconsin. Wis. Agr. Expt. Sta. Res. Bul. J52, 23 pp.

1944.

175. Walker, J. C. Progress in combination of yellows and mosaic resistance

with high ascorbic content in cabbage. Phytopathology 34: 1012-1013.

1944.

176. Walker, J. C., E. J. Delwiche, and W. W. Hare. A major gene for resistance to

near-wilt in pea. Phytopathology 34: 1013. 1944.

177. Walker, J. C., and W. W. Hare. Lima bean seed treatments. Plant Disease

Reporter Suppl. 145: 19-21. l944.

178. Walker, J. C., and W. W. Hare. Snap bean seed treatments. Plant Disease

Reporter Suppl. 45: 56-57. 1944.

179. Hooker, W. J., J. C. Walker, and K. P. Link. Effects of two mustard oils on

Plasmodiophora brassicae and their relation to resistance to c1ubroot. Jour.

Agr. Research 70: 63-78. 1945.

180. LeBeau, F. J., and J. C. Walker. Turnip mosaic viruses. Jour. Agr. Research 70:

347-364. 1945.

181. Walker, J. C., F. J. LeBeau, and G. S. Pound. Viruses associated with cabbage

mosaic. Jour. Agr. Research 70: 379-404. 1945.

182. Walker, J. C., and W. J. Hooker. Plant nutrition in relation to disease

development. I. Cabbage yellows. Amer. Jour. Bot. 32: 3l4-320. 1945.

183. Walker, J. C., J. P. Jolivette, and W. W. Hare. Varietal susceptibility in garden

beet to boron deficiency. Soil Science 59: 461-464. 1945.

184. Ou, S. H., and J. C. Walker. Anthracnose of garden pea. Phytopathology 35:

565-570. 1945.

185. Pound, Glenn S., and J. C. Walker. Differentiation of certain crucifer viruses

by the use of temperature and host immunity reactions. Jour. Agr. Research

71: 255-278. 1945.

186. Walker, J. C., and W. J. Hooker. Plant nutrition in relation to disease

development. II. Cabbage clubroot. Amer. Jour. Bot. 32: 487-490. 1945.

187. Pound, G. S., and J. C. Walker. Effect of air temperature on the concentration

of certain viruses in cabbage. Jour. Agr. Research 71: 471-485. 1945.

188. Walker, J. C., et al. Vegetable Disease Control War Emergency Committee.

Upper Mississippi Valley Division, Amer. Phytopathological Society. Report

No. 2. l942.

189. Walker, J. C., et al. Idem. Report No. 10. l943.

190. Walker, J. C., et al. Idem. Report No. 25. l944.
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191. Walker, J. C., and J. P. Jolivette. Relation of  boron to sugar beet production in

Wisconsin. Amer. Soc. Sugar Beet Tech. East U.S. and Canada Proc. 2nd

Region Meet. 1941: 30-31. 1941.

192. Walker, J. C. Soil management and plant nutrition in relation to disease

development. Soil Science 61: 47-54. 1946.

193. Smith, F. O., and J. C. Walker. Relation of environmental and hereditary

factors to ascorbic acid in cabbage. Amer. Jour. Bot. 33: 120-129. 1946.

194. Felton, H. W., and J. C. Walker. Environal factors affecting downy mildew of

cabbage. Jour. Agr. Res. 72: 69-81. 1946.

195. Jones, H. A., J. C. Walker, T. H. Little, and R. H. Larson. Relation of

color-inhibiting factor to smudge resistance in onion. Jour. Agr. Res. 72:

259-264. 1946.

196. Walker, J. C., and R. E. Foster. Plant nutrition in relation to disease development.

III. Fusarium wilt of tomato. Amer. Jour. Bot. 33: 259-264. 1946.

197. Smith, F. G., J. C. Walker, and W. J. Hooker. Effect of  hydrogen-ion

concentration on the toxicity to Colletotrichum circinans (Berk.) Vogl. of

some carboxylic acids, phenols, and crucifer extracts. Amer. Jour. Bot. 33:

351-356. 1946.

198. Kuntz, J. E., and J. C. Walker. Virus inhibitors in spinach extract. Phytopath.

36: 404. 1946.

199. Foster, R. E., and J. C. Walker. Improvement of ascorbic acid content in

yellows-resistant cabbage. Phytopath. 36: 398. 1946.

200. Walker, J. C. James Peter Jolivette. Phytopath. 36: 415-417. 1946.

201. Walker, J. C., W. C. Edmundson, and H. A. Jones. Onion-set production. U. S.

Dept. Agr. Farmers’ Bul. 1955. 21 p. Rev. 1946.

202. Walker, J. C., and R. E. Foster. The inheritance of ascorbic acid content in

cabbage. Amer. Jour. Bot. 33: 758-76l. 1946.

203. Gorenz, A. H., and J. C. Walker. Influence of method sticker on the effectiveness

of Arasan for onion-smut control. Phytopath. 37: 7-8. 1947.

204. Walker, J. C., and Glenn S. Pound. Improvement of cabbage for disease

resistance. Phytopath. 37: 23. 1947.

205. Foster, R. E., and J. C. Walker. Predisposition of tomato to Fusarium wilt. Jour.

Agr. Res. 74: 165-185. 1947.

206. Smith, F. G., K. P. Link, and J. C. Walker. Acidic and phenolic fractions of

crucifer roots in relation to clubroot. Jour. Agr. Res. 74: 193-204. 1947.

207. Kuntz, J. E., and J. C. Walker. Virus inhibition by extracts of spinach. Phytopath.

37: 561-579. 1947.

208. Walker, J. C. Onion diseases and their control. U.S. Dept. Agr. 1060. 26 p.

7th Rev. 1947.

209. Walker, J. C. Seed-borne pea diseases and their control. Can. Seed Growers’

Assoc. Ann. Rpt. 1946-1947: 12-13. 1947.
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210. Pound, G. S., and J. C. Walker. Strains of cucumber mosaic virus pathogenic

on crucifers. Phytopath. 38: 21-22. 1948.

211. Walker, J. C., and R. H. Larson. Development of clubroot resistance in cabbage.

Ibid. 38: 28. 1948.

212. Kendrick, J. B., Jr., and J. C. Walker. Anthracnose of tomato. Phytopath. 38:

247-260. 1948.

213. Walker, J. C., and J. B. Kendrick, Jr. Plant nutrition in relation to

disease development. IV. Bacterial canker of  tomato. Amer. Jour. Bot. 35:

186-192. 1948.

214. Walker, J. C., and J. P. Jolivette. Yellows-resistant varieties of cabbage in the

early and midseason roundhead groups. U. S. Dept. Agr. Circ. 775. 20 p.

1948.

215. Walker, J. C., R. H. Larson, R. E. Foster, and J. E. Kuntz. Yellows- resistant

cabbage varieties in the Danish Ballhead-Hollander group. U.S. Dept. Agr.

Circ. 776. 12 p. 1948.

216. Grogan, R. G., and J. C. Walker. Interrelation of bean virus 1 and bean virus

2 as shown by cross-protection tests, Phytopath. 38: 1489-1493. 1948.

217. Pound, O. S., and J. C. Walker. Strains of cucumber mosaic virus pathogenic

on crucifers. Jour. Agr. Res. 77: 1-12. 1948.

218. Hatfield, W. C., J. C. Walker, and J. H. Owen. Antibiotic substances in onion

in relation to disease resistance. Jour. Agr. Res. 77: 115-135. 1948.

219. Kendrick, J. B., Jr., and J. C. Walker. Predisposition of tomato to bacterial

canker. Jour. Agr. Res. 77: 169-186. 1948.

220. Gorenz, A. N., J. C. Walker, and R. H. Larson. Morphology and taxonomy of

the onion pink-root fungus. Phytopath. 38: 831-840. 1948.

221. Walker, J. C. Diseases of  cabbage and related plants. U. S. Dept. Agr. Farmers’

Bul. 1439. 38 p. 4th Rev. 1948.

222. Walker, J. C., G. S. Pound, and J. E. Kuntz. Development of Wisconsin 55

tomato. Wis. Agr. Expt. Sta. Bul. 478, 20 p. 1948.

223. Walker, J. C. Vegetable seed treatment. Bot. Rev. 14: 588-601. 1948.

224. Grogan, R. G., and J. C. Walker. A pod-distorting strain of  the yellow mosaic

virus of bean. Jour. Agr. Res. 77: 301-314. 1948.

225. Grogan, R. G., and J. C. Walker. The relation of  common mosaic to black root

of bean. Jour. Agr. Res. 77: 315-331. 1948.

226. Gorenz, A. N., R. H. Larson, and J. C. Walker. Factors affecting pathogenicity

of pink root fungus of onions. Jour. Agr. Res. 78: 1-18. 1949.

227. Hagedorn, D. J., and J. C. Walker. Cross protection tests between Wisconsin

pea streak virus and several strains of bean virus 2 from pea. Phytopath. 39:

11. 1949.

228. Walker, J. C. Resistance in cucumber to scab. Phytopath. 39: 27. 1949.

229. Chiu, W. F., and J. C. Walker. Morphology and variability of the cucurbit

black rot fungus. Jour. Agr. Res. 78: 81-102. 1949.
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230. Hare, W. W., J. C. Walker, and E. J. Delwiche. Inheritance of a gene for near-

wilt resistance in the garden pea. Jour. Agr. Res. 78: 239-250. 1949.

231. Walker, J. C., G. S. Pound, and J. E. Kuntz. Wisconsin 55 tomato. Seed World

64(10): 8-10; 15. 1949.

232. Calrert, O. H., G. S. Pound, J. C. Wa1ker, M. A. Stahmann, and J. F. Stauffer.

Induced variability in Phoma lingam. Jour. Agr. Res. 78: 571-588. 1949.

233. Chiu, N. F., and J. C. Walker. Physiology and pathogenicity of the cucurbit

black-rot fungus. Jour. Agr. Res. 51: 589-615. 1949.

234. Hagedorn, D. J., and J. C. Walker. Wisconsin pea stunt, a newly described

disease. Jour. Agr. Res. 78: 617-626. 1949.

235. Wells, D. G., N. W. Hare, and J. C. Walker. Evaluation of resistance and

susceptibility in garden pea to near-wilt in the greenhouse. Phytopath. 39:

771-779. 1949.

236. Hagedorn, D. J., and J. C. Walker. Wisconsin pea streak. Phytopath. 39: 837-

847. 1949.

237. Gallegly, M. E., Jr., and J. C. Walker. Plant nutrition in relation to disease

development. V. Bacterial wilt of tomato. Amer. Jour. Bot. 36: 613-623.

1949.

238. Wells, D. G., J. C. Walker, and W. W. Hare. A study of  linkage between factors

for resistance t5 wilt and near-wilt in garden peas. Phytopath. 39: 907-912.

1949.

239. Gallegly, M. E., Jr., and J. C. Walker. Relation of environmental factors to

bacterial wilt of tomato. Phytopath. 39: 936-946. 1949.

240. Ladeburg, R. C., R. H. Larson, and J. C. Walker. The ringspot type of potato

virus X. Amer. Potato Jour. 26: 432-435. 1949.

241. Ladeburg, R. C., R. H. Larson, and J. C. Walker. Origin interrelation and

properties of ringspot strains of virus X in American potato varieties. Wis.

Agr. Expt. Sta. Res. Bul. 165. 1950.

242. Walker, J. C. The mode of seed infection by the cabbage blackrot organism.

Phytopath. 40: 30. 1950.

243. Walker, J. C., J. H. Owen, and M. A. Stahmann. Relative importance of

phenols and volatile sulfides in disease resistance in the onion, Phytopath.

40: 30. 1950.

244. Walker, J. C. The breeding and development of pea varieties for processing.

Canner 110(7): 50, 52. 1950.

245. Owen, J. H., J. C. Walker, and M. A. Stahmann. Pungency, color, and moisture

supply in relation to disease resistance in the onion. Phytopath. 40: 292-

297. 1950.

246. Hagedorn, D. J., and J. C. Walker. The relation of bean virus 2 to pea mosaic

in Wisconsin. Phytopath. 40: 684-698. 1950.

247. Owen, J. H., J. C. Walker, and M. A. Stahmann. Variability in onion neck- rot

fungi. Phytopath. 40: 749-768. 1950.
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248. Walker, J. C. Can a staff member do research and teach at the same time?

Yes. P1. Dis. Rptr. 34: 281-282. 1950.

249. Larson, R. H., R. E. F. Mathews, and J. C. Walker. Relationships between

certain viruses affecting the genus Brassiea. Phytopath. 40: 955-962. 1950.

250. Stahmann, M. A., and J. C. Walker. Synthesized chemical can stop virus

action. Wis. Agr. Expt. Sta. Bul. 491: 60-62. 1950.

251. Walker, J. C. History of plant disease control. Ann. Rpt. Veg. Growers. Assoc.

Amer. 1950: 209-212. 1950.

252. Walker, J. C. Environment and host resistance in relation to cucumber scab.

Phytopath. 40: 1094-1102. 1950.

253. Walker, J. C., and R. H. Larson. Progress in the development of clubroot-

resistant cabbage. Phytopath. 41: 37. 1951. (Abst,) Jan.

254. Walker, J. C., and A. B. Wiles. Development of a scab-resistant pickling

cucumber for Wisconsin. Phytopath. 41: 37. 1951. Jan.

255. Walker, J. C. Plant pathology. 699 p. McGraw-Hill, New York, 1950.

256. Walker, J. C. Genetics and plant pathology. In Genetics in the Twentieth

Century, pp. 527-554. McMillan Co., NewYork, 1951. Mar.

257. Wellman, F. L., J. C. Walker, Allyn Cook, and M. E. Gallegly, Jr. Effects of

temperature on vegetative growth of five coffee disease fungi. In: Primera

Asamblea Latinoamericana de Fitoparasitologia. Misc. Folleto Mex. Dept. of

Agr, No. 4, pp. 251-257. 1951.

258. Webb, R. E., R. H. Larson, and J. C. Walker. Naturally occurring strains of the

potato leaf roll virus. Amer. Potato Jour. 28: 667-671. 1951. July.

259. Darby, J. F., R. H. Larson, and J. C. Walker. Variation in virulence and properties

of potato virus I strains. Wis. Agr. Expt. Sta. Res. Bul. 177. 1951. Aug.

260. Bridgmon, G. H., and J. C. Walker. The relation of southern bean mosaic to

black root. Phytopath. 41: 865-871. 1951. Oct.

261. Walker, J. C., and M. E. Gallegly, Jr. Plant nutrition in relation to disease

development. VI. Black rot of’ cabbage and ring rot of tomato. Amer. Jour.

Bot. 38: 663-665. 1951. Oct.

262. Wiles, A. B., and J. C. Walker. The relation of Pseudomonas lachrymans to

cucumber fruits and seeds. Phytopathology 41: 1059-1064. 1951.

263. Walker, J. C. Potato diseases: past, present, and future. In Ann. Rpt. Veg.

Growers Assn. America. 1951: 36-40. 1951.

264. Pound, G. S., and J. C. Walker. Mosaic resistance in cabbage. Phytopath. 41:

1083-1090. 1951.

265. Stahmann, M. A., L. H. Graf, E. L. Patterson, J. C. Walker, and D. W. Watson.

The inhibition of tobacco mosaic virus by synthetic lysine polypeptides. Jour,

Biol. Chem. 189: 45-52. 1951.

266. Sill, W. H., Jr., W. C. Burger, M. A. Stahmann, and J. C. Walker. Electron

microscopy of cucumber virus 1. Phytopathology 42: 19-20. 1952.
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267. Larson, R. H., M. A. Stahmann, J. C. Walker, and R. W. Colburn. Mutations of

potato virus X induced by nitrogen mustard. Phytopathology 42: 25. 1952.

268. Bridgmon, O. H., and J. C. Walker. Gladiolus as a virus resarvoir.

Phytopathology 42: 65-70. 1952.

269. Wiles, A. B., and J. C. Walker. Epidemiology and control of angular leaf spot

of cucumber. Phytopathology 112: 105-108. 1952.

270. Cooks A. A., J. C. Walker, and R. H. Larson. Studies on the disease cycle of

black rot of crucifers. Phytopathology 112: 162-167. 1952.

271. Wei, C. T., J. C. Walker, and R. P. Scheffer. Plant nutrition in relation to

disease development. VII. Cucurbit wilts. Amer. Jour. Bot. 39: 245-249. 1952.

272. Gasiorkiewicz, E. C., R. H. Larson, J. C. Walker, and M. A. Stahmann. Induced

variability in Pyrenochaeta terrestris by nitrogen mustard. Phytopathology

112: 183-192. 1952.

273. Wa1ker, J. C. Diseases of vegetable crops. 529 p. McGraw-Hill, New York.

1952.

274. Cook, A. A., R. H. Larson, and J. C. Walker. Relation of the black rot pathogen

to cabbage seed. Phytopathology 112: 316-320. 1952.

275. Sill, W. H., Jr., and. J. C. Walker. Cowpea as an assay host for cucumber virus

1. Phytopathology 142: 328-330. 1952.

276. Sill, W. H., Jr., and J. C. Walker. A virus inhibitor in cucumber in relation to

mosaic resistance. Phytopathology 142: 349-352. 1952.

277. Sill, W. H., Jr., W. C. Burger, M. A. Stahmann, and J. C. Walker. Electron

microscopy of cucumber virus 1. Phytopathology 42: 420-422. 1952.

278. Sill, W. H., Jr., and J. C. Walker. A strain of  cowpea susceptible to

systemic infection by various strains of  common cucumber mosaic virus.

Phytopathology 42: 442. 1952.

279. Larson, R. H., and J. C. Walker. Arasan for smut control in set-onion plantings.

Phytopathology 42: 469. 1952.

280. Scheffer, R. P., and J. C. Walker. Distribution of Fusarium resistance in the

tomato plant. Phytopathology 42: 474. 1952.

281. Webb, R. E., R. H. Larson, and J. C. Walker. Relationships of  potato leaf roll

virus strains. Wis. Agr. Expt. Sta. Res. Bul. 178. 1952.

282. Walker, J. C., R. H. Larson, and G. S. Pound. New cabbage meets needs of

consumers. Wis. Agr. Expt. Sta. Bul. 498: 5-6. 1952.

283. Walker, J. C., and R. H. Larson. New cabbage lines resist clubroot. Wis. Agr.

Expt. Sta. Bul. 498: 8-9. 1952.

284. Walker, J. C. New bean developed for mechanized picking. Wis. Agr. Expt.

Sta. Bul. 498: 13-14. 1952.

285. Larson, R. H., M. A. Stahmann, J. C. Walker, and H. W. Colburn. Nitrogen

mustard gas causes virus mutation. Wis. Agr. Expt. Sta. Bul. 498: 62-63.

1952.
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286. Scheffer, H. P., and J. C. Walker. The physiology of Fusarium wilt of  tomato.

Phytopathology 43: 116-125. 1953.

287. Walker, J. C., C. F. Pierson, and A. B. Wiles. Two new scab-resistant cucumber

varieties. Phytopathology 43: 215-217. 1953.

288. Scheffer, R. P., S. S. Gothoskar, M. A. Stahmann, and J. C. Walker. Tomato wilt

caused by fungus enzymes. Wis. Agr. Expt. Sta. Bul. 500: 11. 1953.

289. MacLachlan, D. S., R. H. Larson, and J. C. Walker. Strain interrelationships in

potato virus A. Wis. Agr. Expt. Sta. Res. Bul. 180. 1953.

290. Larson, R. H., and J. C. Walker. Arasan controls onion smut. Wis. Agr. Expt.

Sta. Bul. 509: 34. 1953.

291. Walker, J. C. Wisconsin SR6 cucumber resists scab disease. Wis. Agr. Expt.

Sta. Bul. 509: 36. 1953.

292. Pound, G. S., and. J. C. Walker. Autogenous necrosis of cabbage. Phytopathology

43: 415-418. 1953.

293. Winstead, N. N., and J. C. Walker. Metabolites of  vascular Fusaria

of  cabbage and cotton in relation to resistance. Phytopathology 43:

489-490. 1953.

294. Winstead, N. N., and J. C. Walker. Production of  vascular browning by

metabolites from several pathogens. Phytopathology 43: 490. 1953.

295. Gothoskar, S. S., R. P. Scheffer, J. C. Walker, and M. A. Stahmann. The

role of pectic enzymes in Fusarium wilt of tomato. Phytopathology 43:

535-536. 1953.

296. Walker, J. C. Cauliflower, cabbage, and others. U. S. Dept. Agr. Yearbook

1953: 425-430. 1953.

297. Walker, J. C. Hazards to onions in many areas. U. S. Dept. Agr. Yearbook

1953: 43l-435. 1953.

298. Larson, R. H., and J. C. Walker. Thiram for smut control in onion set plantings.

Phytopathology 43: 596-597. 1953.

299. Walker, J. C. Disease resistance in the vegetable crops. II. Bot. Rev. 19: 606-

614. 1953.

300. Walker, J. C., R. H. Larson, and G. S. Pound. Badger Market, a new disease

resistant cabbage. Phytopathology 43: 649-650. 1953.

301. Walker, J. C., and E. K. Wade. The potato rot nematode. Special Leaflet Dept.

Plant Pathology, University of Wisconsin. 1954.

302. Walker, J. C. A few recollections and observations from thirty years

of battling vegetable diseases. Ann. Rept. Veg. Growers Assn. of America

1953: 75-78. 1954.

303. Scheffer, R. P., and J. C. Walker. 1954. Distribution and nature of Fusarium

resistance in the tomato plant. Phytopathology 44: 94-101.

304. Winstead, N. N., and J. C. Walker. 1954. Production of vascular browning by

metabolites from several pathogens. Phytopathology 44: 153-159.
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305. Winstead, N. N., and J. C. Walker. 1954. Toxic metabolites of the athogen in

relation to Fusarium resistance. Phytopathology 44: 159-166.

306. Hagedorn, D. J., and J. C. Walker. Virus diseases of canning peas in isconsin.

Wis. Agr. Expt. Sta. Res. Bul. 185. 1954.

307. MacLachlan, D. S., R. H. Larson, and J. C. Walker. Potato virus A. Amer.

Potato Jour. 31: 67-72. 195)-i.

308. MacLachlan, D. S., R. H. Larson, and J. C. Walker. Interveinal mosaic of

potato. Amer. Potato Jour. 31: 101-105. 1954.

309. Walker, J. C., and C. F. Pierson. SMR12 cucumber combines scab, mosaic

resistance. In What’s New in Farm Science. Wis. Agr. Expt. Sta. Bul. 511. 1954.

310. Pierson, C. F., and J. C. Walker. Relation of Cladosporium cucumerinum to

susceptible and resistant cucumber tissue. Phytopathology 44: 459-465. 1954.

311. Walker, J. C. Methods of  controlling diseases of cauliflower and broccoli. In

Cauliflower and broccoli, varieties and culture. U.S.D.A. Farm. Bul. 1957.

312. Rice, R. V., M. A. Stahmann, G. D. Lindberg, and J. C. Walker. Some physical

biochemical characteristics of squash mosaic virus. Phytopathology 144: 503.

1954.

313. Sinclair, J. B., and J. C. Walker. Inheritance of resistance to common cucumber

mosaic virus in cowpea. Phytopathology 144: 506. 19514.

314. Walker, J. C., M. E. Gallegly, Jr., J. R. Bloom, and R. P. Scheffer. Plant nutrition

in relation to disease development. VIII. Verticillium wilt of tomato. Amer.

Jour. Bot. 141: 760-762. 1954.

315. Walker, J. C. 19514. Better cabbage through breeding. Vegetable Growers’

Messenger. 6 (3): 30.

316. Walker, J. C. 1955. Competition, cooperation, and evolution. Second Annual

Forty Miner Service Award Presentation.

317. Rice, R. V., G. D. Lindberg, P. Kaesberg, J. C. Walker, and M. A. Stahmann.

The three components of squash mosaic virus. Phytopathology 45: 145-148.

1955.

318. Gothoskar, S. S., R. P. Scheffer, M. A. Stahmann, and J. C. Walker. Further

studies on the nature of Fusarium resistance in tomato. Phytopathology 45:

303-307. 1955.

319. Walker, J. C., and M. A. Stahmann. Chemical nature of disease resistance in

plants. Ann. Rev. Plant Physiology 6: 351-366. 1955.

320. Gothoskar, S. S., R. P. Scheffer, J. C. Walker, and M. A. Stahmann. The role of

enzymes in the development of Fusarium wilt of tomato. Phytopathology
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Professor Sprague (a geneticist – plant breeder) has achieved world eminence in

the development of improved crop plants to the extent of greatly stabilizing the

culture, increasing yields, and improving the quality of a number of major vegetable

crops, and of maize – one of the world’s dominant grain crops. He has developed

novel and efficient methodology of breeding techniques and procedures. He was a

towering figure in contributing to both applied and basic research. He had most

enviable records of having trained scientific manpower for agriculture’s needs. His

students are to be found throughout the world, many of them having established

themselves as distinguished researchers, educators and/or administrators. He served

well the organizations of his respective science and agricultural industry, as well

as the governments of  the world.

In the annals of world agriculture, hybrid maize is the most spectacular example

of  the exploitation of  a genetic phenomenon heterosis for increasing food

production. Unquestionably Professor Sprague’s name ranks foremost in the

40-year-long history of this great achievement of agricultural science. Moreover,

many of the concepts, much of  the theory and, any of the breeding models, which

he developed for maize, have influenced the improvement of other crop plants.

Throughout his long and distinguished scientific career, Professor Sprague has

worked untiringly to link theoretical quantitative genetic theory to practical plant

breeding. Among his most fruitful basic studies was the development of  a

mathematical genetic model for selection that led to the development of an improved
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gene pool of maize germ plasm. Professor Sprague’s genetic research laid the

ground work, for improvement in nutritional quality in maize. A fact, which holds

great promise to maize-eating nations. He conducted investigations, which

demonstrated that protein quality of maize was genetically modifiable.

In summary, few people in the history of  agriculture have had such

a profound impact on the improvement of  a major crop as has Professor

Sprague.

CURRICULUM VITAE

PERSONAL DATA:

Born: September 3, 1902; Crete, Nebraska

DEGREES

B.S. University of Nebraska 1924

M.S. University of Nebraska 1926

Ph.D. Cornell University (Genetics) 1930

MEMBERSHIP IN HONORARY ACADEMIC SOCIETIES

Alpha Zeta

Gamma Sigma Delta

Sigma Xi

HONORS AND AWARDS

a. Fellow, American Society of Agronomy (1947)

b. Crop Science Award, American Society of Agronomy (1957)

c. Faculty Citation, Iowa State Alumni Association (1958)

d. Honorary Doctor of Science, University of Nebraska (1958)

e. Gamma Sigma Delta Superior Teaching Award, Iowa State College (1958)

f. Distinguished and Superior Service Awards, USDA (1959 and 1965)

g. Corresponding Academician, Academia di Agricoltura de Bologna (1960)

h. Vice President and President, American Society of Agronomy (1960)

1. President, Crop Science Society of America (1961)

j. Elected, National Academy of Sciences (1968)

k. National Council of Commercial Plant Breeders Award (1972)

PROFESSIONAL POSITIONS HELD

1924-29 Jr. Agronomist, I

1929-34 Asst. Agronomist,
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1934-39 Assoc. Agronomist, USDA, Columbia MO

1939-58 Agronomist, USDA, Ames IA

1958-72 Leader, Corn and Sorghum Investigations, USDA, Washington, DC

1972 Present Professor, Plant Breeding and Genetics, University of Illinois,

Urbana IL

SIGNIFICANCE OF CONTRIBUTIONS

Dr. Sprague’s accomplishments have been primarily in three categories: development

of  new breeding methodology and the consequent production of exceedingly

important inbreds widely used in commercial hybrid production, the training of

graduate students, and the elaboration of genetic models dealing with such diverse

traits in maize as endosperm color, leaf and scutellum conformation and chemical

characteristics as oil content and protein quality.

We particularly cite Dr. Sprague’s untiring effort to join theoretical quantitative

genetic theory and practical plant breeding. Throughout his career he has had, by

his own wish, responsibility both for basic research and applied plant breeding

Unquestionably he is preeminent in his success in simultaneously conducting basic

studies on the nature of heterosis and in developing hybrids for the farmer. Basic

studies on the mathematics of selection led to the development of a gene pooi,

“Super Stiff  Stalk Synthetic”, from which he isolated two lines, perhaps more

widely grown than any others, B14 and B37. The nominators believe that 70% of

the corn acres in the central Corn Belt in 1973 were planted to hybrids carrying

either B14 or B37, or both.

Sprague’s interest in nutritional quality led him to pioneer in the development

of waxy (straight chain starch) hybrids which were used during World War II to

produce a substitute for tapioca. In the 1940’s, he and his students began a series

of investigations which demonstrated that protein quality in corn was genetically

modifiable. Unfortunately, the group failed to analyze the opaque-2 mutant and it

remained for Purdue scientists to discover high lysine corn 20 years later. Oil

content of the kernel also came under his study and he developed breeding schemes

which rapidly increased it. Most of the research conducted by Sprague has been of

long-range interest and fundamental to the successes of corn agriculture.

Most important and consequential to the development of modern plant breeding

have been the following principles for which he was primarily responsible:

1. Early testing can be effective in the identification and isolation of superior

germ plasm.

2. Specific and general combining ability are meaningful characteristics of  the

genetic variability of populations, can be described mathematically, and can

provide a meaningful basis for the selection of appropriate testers.
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3. Components of  genetic variances and their interaction with different

environments can be related to breeding methodology as well as provide

information on the nature of gene action in populations.

4. The relative superiority of recurrent selection as an effective breeding procedure

is dependent on the nature of gene action affecting the trait under investigation.

5. It is possible, and feasible, to alter composition of corn grain to make it of

superior nutritional value.

6. Basic genetic information can he derived from properly designed breeding

programs and breeding methods can become more effective by application of

basic genetical and statistical principles.

Even though Sprague was deeply involved with research, he devoted a great deal

of time and interest to graduate teaching. He taught a widely acclaimed course in

corn breeding during his 18-year stay at Iowa State. He attracted students from

around the world and served as major advisor for more than 50 M.S. and Ph.D.

candidates. His excellence as a teacher was recognized by the Gamma Sigma Delta

Superior Teaching Award, an unusual award for teachers of  graduate courses.

Sprague’s influence has not been confined to the U. S. He has long been a

consultant with the Rockefeller Foundation and has traveled widely in that

role. He also was involved with the Marshall Plan (ECA) after the war and

was instrumental in the rapid spread of hybrid corn in Europe. Since 1963

he has played a central role in the U. S. Department of Agriculture activity in

improvement of cereal production in Africa. He has represented agriculture ably

in the National Academy of Science as chairman of the Section of Applied Biology.

Sprague’s monumental contributions to theoretical plant breeding and to the

improvement of maize are now made most evident by the wide use of his lines and

of the basic breeding pools that arose under his direction. Breeding methodologies

that he pioneered are widely used by commercial corn breeders in the U. S. and

around the world. The success of corn improvement programs in East Africa, Latin

America and Europe trace largely to the procedures he worked out and the carefully

planned selection experiments which generated data to support his basic theories.

Few people in the history of agriculture have had such a profound impact on the

improvement of a major crop.

We particularly wish to emphasize the impact Sprague’s research has had on

practical agriculture, particularly that of the US Corn Belt. For example, inbred

B37 was developed by Sprague from Iowa Stiff Stalk Synthetic, a variety developed

by recurrent selection particulary to serve as a source of superior inbred. Because

of the superiority of B37, hybrids carrying it in their pedigree have dominated the

commercial market because of their superiority in yield, standability and early

maturity. In 1970, it was the most extremely important, but other lines developed

by Sprague himself  and by others using his synthetics have been almost as

consequential and continue to dominate corn agriculture.
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BIOGRAPHICAL SKETCH

Sir Kenneth was trained in agricultural science at the University of Reading and in

1939 he joined the staff of the National Institute for Research in Dairying to work

on aspects of the nutrition of cattle. After a period in the Armed Services he

returned to Reading and later moved to the Central Veterinary Laboratory at

Weybridge. Prom there, after a period spent working with the late Dr H.H. Mitchell

at the University of Illinois, he was appointed Head of the Nutrition Department

of the Hannah Research Institute, Ayr, where he remained for 17 years until, in

1995, he was appointed Director of the Rowett Research Institute, Aberdeen.

Sir Kenneth has made outstanding contributions to knowledge of nutrition,

particularly ruminant nutrition. In his earlier days he did important work on the

nutritive value of feeds for dairy cattle, on protein metabolism and on the protein

requirements of  cattle. In the fields of  endocrinology he tackled the then

controversial subject of  iodinated proteins. Some of  the work on protein

requirements formed part of an extensive series of experiments on the metabolism

and nutritional needs of the very young calf and its relation to maternal feeding

which Sir Kenneth began soon after going to the Hannah Research Institute in

1948. This work is so outstanding in its originality and elegance that it is now

regarded as classic; it provided a basis for the development of systems of artificial

rearing of  calves with specially formulated diets which have revolutionized

commercial calf production.

1919–1991
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These researches on calf  nutrition led to an important series of original

investigations on muscular dystrophy in calves and its relation to dietary vitamin

E. The fundamentals of the subject were studied by Sir Kenneth at the Hannah

Institute, and in collaboration with a Veterinary Investigation Officer in the North

of Scotland he initiated large-scale field trials which showed the value of vitamin

E, and selenium, in preventing the occurrence of  muscular dystrophy, which at

that time was accounting for a high proportion of calf mortality, in some northern

areas of  the country. During this period Sir Kenneth also studied magnesium

metabolism in cattle and was the first to produce an experimental magnesium

deficiency and to demonstrate that the disease in the field is a deficiency state.

The main work on which Sir Kenneth has latterly been engaged is the energy

metabolism of sheep and cattle. He has made an extensive study of the energy

requirements of  these animals for growth and maintenance and for the production

of  milk, meat and wool, and of the ability of  different feeds and different

environments to meet these requirements. This subject is of the greatest importance,

but because of the many difficulties involved in its study it had been neglected for

many years. It had become evident that the subject should be thoroughly

reinvestigated with modern equipment and in the light of modern knowledge, and.

this task Sir Kenneth undertook. He designed and built a series of very efficient

respiration chambers for animals of various sizes, from goats and. sheep up to

adult cows and steers, his largest chamber involving a completely new conception

in calorimetric technique.

Sir Kenneth’s work on the energy metabolism and requirements of farm animals

has culminated in a new system for expressing the energy requirements of

ruminants and for the evaluation of  ruminant feeds, in which the energy

requirements of the animal are expressed in terms of units of “metabolizable

energy” (ME). This system has the great merit of expressing nutritive requirements

in terms of a unit by which feeds can be readily assayed and it has been adopted as

the basis of feeding standards in the UK and in many other countries. That this

work is well-known is due in part to Sir Kenneth’s support of international vehicles

of  communication, particularly the conferences of  the European and World

Associations of Animal Production.

Besides being the foremost authority in the United Kingdom, and probably in

the world, on the energy metabolism and energy requirements of  ruminants, Sir

Kenneth now occupies a pre-eminent international position in nutritional science;

he is a former Chairman of the British National Committee for Nutritional Sciences

of the Royal Society, and was a member of Commission VI of the International

Union of Nutritional Sciences.

More specifically in the field of human nutrition Sir Kenneth has been a

member of the UK Joint Agricultural Research Council/Medical Research Council

Committee on Food and Nutrition and Chairman of its Working Party on Energy

Foods for Man. He was also a member of the UN Committee on Proteins.
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His total concern with the effectiveness of animal production as a source of

human food is reflected in a number of  very significant papers Relative efficiencies

of farm animals in using crops and by-products in production of foods, World

Conference on Animal Production, Maryland 1969; Approaches to the problem of

augmentation of animal protein food sources in Asia, Asian Congress of Nutrition,

Hyderabad 1972; Nutrients required for animal production as related to the world

food supply, Centennial Symposium, Guelph 1975; which demonstrate his

determination that the scientific resources of his chosen field shall be directed to

the betterment of mankind and the enhancement of the brotherhood of the peoples

of the world.

Through each Annual Report of Sir Kenneth’s Institute attention is drawn to

the part played in the training of visiting research workers, many of them from

overseas, and bringing them together into a scientific and social fraternity. The

Institute also houses the Commonwealth Bureau of Nutrition of which Sir Kenneth

is Chairman and Consultant Director. The Bureau, which provides an information

service for research workers in human and animal nutrition, is organized by

nations of the British Commonwealth and it is of great value not only to the

Commonwealth, but throughout the world.

CURRICULUM VITAE

ACADEMIC TRAINING:

1930-1935 - City of Norwich School

1936-1939 - University of Reading

ACADEMIC TTRAINING:

1939 - B.Sc. (Agric.) University of Reading

1939 - N.D.A. (Hons.)

1944 - Ph.D. University University of  Reading

1952 - D.Sc. University of Reading

1974 - D.Sc. (honoris causa) Queen’s University, Belfast

1975 - D.Sc. Agr. (honoris causa) University, Norway

1977 - D.Sc. Agr. (honoris causa) University of Leeds

PROFESSIONAL QUALIFICATIONS:

1962 - Fellowship of  Royal Society of Arts (F.R.S.A.)

1963 - Fellowship of Institute of Biology (F. Inst. Biol.)

1964 - Fellowship of  Royal Agricultural Society of England (F.R.Agr.E.)

1965 - Fellowship of Royal Society of  Edinburgh (F.R.S.E.)

1967 - Fellowship of  Royal Society (F.R.S.)

1970 - Foreign Member of  the Lenin Academy of Agricultural Sciences (USSR)
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CAREER:

1939-1940 - Research Assistant at The National Institute for Research in Dairying

1941-1944 - - " -

1940-1941 - War Service (Royal Artillery)

1944-1946 - Research Officer, Ministry of Agriculture, Veterinary Laboratory,

Weybridge

1947-1948 - - " -

1946-1947 - Commonwealth Fund Fellow at the University of Illinois, Division of

Nutrition under Professor H. H. Mitchell

1948-1965 - PSO then SPSO, Head, Nutrition Department, Hannah Dairy Research

Institute, Kirkhill, Ayr, Scotland, DCSO, Special Merit

Since 1965 - CSO, Director, Rowett Research Institute, Bucksburn, Aberdeen, and

Consultant

1975 - Director, Commonwealth Bureau of  Nutrition, Under Secretary,

Special Merit

HONORARY APPOINTMENTS:

1958-1961 - Olive Belirens Lecturer in Faculty of Agriculture, University of Leeds

1962 - Visiting Lecturer, Berlin Academy, D.D.R.

1964-1965 - Visitiiag Lecturer, The National Research Council of  Canada, to

Universities of British Columbia

1965 - Manitoba, Saskatchewan. and Alberta, Corresponding member of

the French Academy of Sciences

PROFESSIONAL ACTIVITIES:

1970-1971 - President, British Society of Animal Production

1974-1977 - President, The Nutrition Society

1965 - Editor, Journal of Agricultural Science

PROFESSIONAL HONORS AND PRIZES:

1939 - Fream Memorial Prize

1960 - Thomas Baxter Prize and Gold Medal (for research), on the nutrition of

cattle)

1964 - Gold Medal of the Royal Agricultural Society of England (for research on

the nutrition of farm animals)

1969 - Silver Medal of the Czechoslovakian Academy of Agriculture

1971 - Gold Award “Uovo D’Oro” of the Italian Society of Animal Production (for

research in animal production)

1973 - Wooldridge Memorial. Medal of the British Veterinary Association (for

research in animal science)
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1976 - Messel Medal of  Society of  Chemical Industry (for contribution to

agricultural chemistry)

1976 - Gustaf de Laval Medal of the Royal Swedish Academy of Engineering

Sciences, Sweden

1977 - Keith Prize, Royal Society of Edinburgh (for services to the Society)

1977 - Knight Bachelor, H.M. The Queen, Jubilee Birthday Honours List

1977 - Massey-Ferguson National Award. (for services to United Kingdom

agriculture)

1978 - Honorary Associateship of the Royal College of Veterinary Surgeons

NOMINATED LECTURES:

1962 - Fernhurst Lecture, Royal Society of Arts

1964 - Samuel Brody Memorial Lectures, University of Missouri, U.S.A.

1965 - Scott Robertson Memorial Lecture, Queen’s University, Belfast

1972 - Blackman Lecture, University of  Oxford

1973 - Wooldridge Memorial Lecture (British Veterinary Association)

1974 - Jubilee Lecture of the Agricultural Research Council of Norway

1976 - Hammond Lecture, British Society of Animal Production

1976 - Jubilee Lec1ture of  the University of  Reading

1977 - Wi1liam Dick Memorial Lecture, Edinburgh

1978 - Storer Lectures, University of California, Davis, California, U.S.A.

LIST OF PUBLICATIONS

1. Straw pulp: Recent experiments. K. L. Blaxter, S. Bartlett. Journal of the

Ministry of Agriculture, 50, 224-226 (1943).

2. The normal variation in the heart rate of dairy cows. K. L. Blaxter. British

Veterinary Journal, 99, 2-4 (1943).

3. Stimulation of the milk production of dairy cows by feeding thyroid-active

iodinated proteins. K. L. Blaxter. Nature, London, 152, 751-752 (1943).

4. Experiments on the use of homegrown foods for milk production. 1. The

effect of war-time can change food supply on the nutrient intake and milk

production of dairy cows. K. L. Blaxter. Journal of Agricultural Science, 34,

22-26 (1944).

5. Experiments on the use of homegrown foods for mill: production. 2. The

effect of feeding concentrated and bulky foods prior to calving on subsequent

milk production. K. L. Blaxter. Journal of Agricultural Science, 34, 37-44

(1944).

6. Experiments on the use of homegrown foods for milk production. 3. The

effect of over and under feeding in mid lactation. K. L. Blaxter. Journal of

Agricultural Science, 34, 213-216 (1944).
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7. Experiments on the use of homegrown foods for milk production. 4. Methods

of feeding balky foods. K. L. Blaxter, T. H. French. Journal of Agricultural

Science, 34, 217-222 (1944).

8. Food preference and habits of dairy cows. K. L. Blaxter. Proceedings of the

British Society of Animal Production, pp. 85-94 (1945).

9. Variation in some physiological activities of  dairy cows. K. L. Blaxter,

H. Price. British Veterinary Journal, 101, 18-21 & 39-48 (1945).

10. The preparation and biological effects of iodinated protein. 1. The effects of

preparations of low activity and of iodinated protein. K. L. Blaxter. Journal

of Endocrinology, 4, 266-269 (1945).

11. The preparation and biological effects of iodinated protein. 2. The effects of

iodinated casein. K. L. Blaxter. Journal of Endocrinology, 4, 237-265 (1945).

12. Experiments with iodinated casein on farms in England and Wales. K. L.

Blaxter. Journal of Agricultural Science, 36, 117-150 (1946).

13. Experiments on the use of homegrown foods for milk production. 5. The

protein requirements of growing dairy heifers. K. L. Blaxter, H. Price. Journal

of Agricultural Science, 36, 301-309 (1946).

14. Excretion of lead in the bile. K. L. Blaxter, A. T. Cowie. Nature, London, 151,

588 (1946).

15. The effect of feeding shark liver oil to cows on the yield, composition, vitamin

A and carotene content of the milk. K. L. Blaxter, S. L Kon, S. Y. Thompson.

Journal of Dairy Research, 14, 225-230 (1946).

16. The value of urea as a substitute for protein in the ration of dairy cattle:

field trials with dairy cows. K. L. Blaxter, S. Bartlett. Journal of Agricultural

Science, 37, 32-34 (1947).

17. The factorization pf the protein requirements of ruminants and of the protein

value of feeds with particular reference to the metabolic faecal nitrogen.

K. L. Blaxter, H. H. Mitchell. Journal of Animal Science, 7, 351-372 (1948).

18. Severe experimental hyperthyroidism in the ruminant. 1. Metabolic effects.

K. L. Blaxter. Journal of Agricultural Science, 38, 1-19 (1948).

19. Severe experimental hyperthyroidism in the ruminant. 2. Physiological effects.

K. L. Blaxter. Journal of  Agricultural Science, 38, 20-27 (1948).

20. The effect of iodinated. casein on the basal metabolism of sheep. K. L. Blaxter.

Journal of Agricultural. Science, 38, 207-215 (1948).

21. The evaluation of the nutritive value of feeding stuffs. K. L. Blaxter. Analyst,

73, 11-15 (1948).

22. The role of  thyroidal materials and of  synthetic goitrogens in animal

production and an appraisal of their practical use. K. L. Blaxter, E. P. Reineke,

E. W. Crampton, W. B. Petersen. Journal of Animal Science, 8, 307-352

(1949).
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23. The protein and energy nutrition of the young calf. K. L. BLaxter. Agricultural

Progress, 25, 1-9 (1949).

24. Iodinated, protein and lactation. K. L. Blaxter. Journal of the Ministry of

Agriculture, 57, 413-417 (1950).

25. Lead as a nutritional hazard to farm animals. 1. The determination of lead in

biological material. K. L. Blaxter, R. Allcroft. Journal of comparative Pathology,

60, 133-139 (1950).

26. Lead as a nutritional hazard to farm livestock. 2. The absorption and excretion

of lead by sheep and rabbits. K. L. Blaxter. Journal of Comparative Pathology

(1950).

27. Lead as a nutritional hazard to farm livestock. 3. Factors affecting the

distribution of lead in the tissues. K. L. Blaxter. Journal of Comparative

Pathology, 60, 177-189 (1950).

28. Lead as a nutritional hazard to farm livestock. 5. The toxicity of lead to cattle

and sheep and an evaluation of the lead hazard under farm conditions.

R. Allcroft, K. L. Blaxter. Journal of Comparative Pathology, 60, 209-218

(1950).

29. Energy feeding standards for dairy cattle. Nutrition Abstracts & Reviews, 20,

1-21 (1950).

30. The nutrition of the young Ayrshire calf. I. The endogenous nitrogen and

basal energy metabolism in the calf. K. L. Blaxter, W. A. Wood. British Journal

of Nutrition, 5, 11-25 (1951).

31. The nutrition of the young Ayrshire calf. II. A spirometer for the determination

of the respiratory exchange of the calf. K. L. Blaxtar, A. Howells. British

Journal of Nutrition, 5, 25-29 (1951).

32. The nutrition of the young Ayrshire calf. III. The metabolism of the calf

during starvation and. subsequent realimentation. K. L. Blaxter, W. A. Wood.

British Journal of Nutrition, 5, 29-55 (1951).

33. The nutrition of the young Ayrshire calf. IV. Some factors affecting the

biological value of  protein determined by nitrogen-balance methods.

K. L. Blaxter, W. A. Wood. British Journal of Nutrition, 5, 55-67 (1951).

34. Separation of  the tocopherols by paper chromatography. P. Brown,

K. L. Blaxter. Chemistry & Industry, pp. 633-634 (1951).

35. The importance of  fat-soluble vitamins for calves. K. L. Blaxter. Journal of

the Royal Agricultural Society of England, 112, 25-35 (1951).

36. Conversion factors for vegetable and animal foods for human consumption.

K. L. Blaxter. British Journal of  Nutrition, 5, 250-255 (1951).

37. The nutrition of the young Ayrshire calf. V. The nutritive value of whole

cows’ milk. K. L. Blaxter, W. A. Wood. British Journal of Nutrition, 6, 1-11

(1952).
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38. The nutrition of the young Ayrshire calf. VI. The utilization of  the energy of

whole milk. K. L. Blaxter. British Journal of Nutrition, 6, 12-18 (1952).

39. The nutrition of the young Ayrshire calf. VII. The biological value of gelatin

and casein when given as the sole source of protein. K. L. Blaxter, W. A.

Wood. British Journal of Nutrition, 6, 56-70 (1952).

40. The nutrition of the young Ayrshire calf. VIII. Muscular dystrophy in the

growing calf. K. L. Blaxter, P. S. Watts, W. A. Wood. British Journal of Nutrition,

6, 125-143 (1952).

41. The nutrition of the young Ayrshire calf. IX. The composition of the tissues

of normal and dystrophic calves. K. .L. Blaxter, W. A. Wood. British Journal

of Nutrition, 6, 144-163 (1952).

42. The nutrition of the young Ayrshire calf. X. The histopathology of muscular

dystrophy and its relation to muscle chemistry. A. M. MacDonald, K. L.

Blaxter, P. S. Watts, W. A. Wood. British Journal of Nutrition, 6, 164-169

(1952).

43. Some effects of thyroxine and iodinated casein on dairy cows and their

practical significance. K. L. Blaxter. “Vitamins & Hormones”, 10, 218-250

(1952).

44. Vitamin B in the nutrition of farm animals. K. L. Blaxter, P. Brown. Nutrition

Abstracts & Reviews, 22, 1-21 (1952).

45. The utilization of the minerals, vitamins and other constituents of grass.

K. L. Blaxter. British Journal of  Nutrition, 6, 110-117 (1952).

46. The influence of  diet on the development of the alimentary tract of the calf.

K. L. Blaxter, M. K. Hutcheson, J. N. Robertson, A. L. Wilson. British Journal

of Nutrition, 6, i-ii (1952).

47. The effect of Mg deficiency on the energy exchange of  calves. K. L. Blaxter,

J. A. F. Rook. Journal of Physiology, 121, 48-49 (1953).

48. The nutrition of the young Ayrshire calf. XI. The toxicity of  cod-liver oil.

K. L. Blaxter, W. A. Wood, A. N. MacDonald. British Journal of Nutrition, 7,

34-50 (1953).

49. The nutrition of the young Ayrshire calf. XII. Factors affecting the tocopherol

reserves, muscle composition and muscle histology of 4-day old calves. K. L.

Blaxter, P. Brown, A. M. MacDonald. British Journal of  Nutrition 7, 105-123

(1953).

50. The nutrition of the young Ayrshire calf. XIII. The toxicity of the unsaturated

acids of codliver oil. K. L. Blaxter, P. Brown, A. M. MacDonald. British Journal

of Nutrition, 7, 287-298 (1953).

51. The nutrition of the young Ayrshire calf. XIV. Some effects of natural and

synthetic antioxidants on the incidence of muscular dystrophy induced by

codliver oil. K. L. Blaxter, F. Brown, W. A. Wood, A. M. MacDonald. British

Journal of Nutrition, 7, 337-349 (1953).
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52. Tocopherol acetate for muscular dystrophy in calves. K. L. Blaxter. Veterinary

Record, 65, 496 (1953).

53. Muscular dystrophy. K. L. Blaxter. Veterinary Record, 65, 835-838 (1953).

54. Diet and muscular disease in calves. K. L. Blaxter. Proceedings of the British

Society of Animal Production, pp. 94-101 (1953).

55. Prevention and cure of enzootic muscular dystrophy. K. L. Blaxter, G. A. M.

Sharman. Nature, London, 172, 1006 (1953).

56. The heat of combustion of the tissues of cattle in relation to their chemical

composition. K. L. Blaxter, J. A. P. Rook. British Journal of Nutrition, 7, 83-91

(1953).

57. Indirect determination of water retention in cattle as a means of estimating

energy exchange. K. L. Blaxter, J. A. P. Rook. Nature, London, 171, 609-610

(1953).

58. Respiration calorimetry with farm animals. K. L. Blaxter, N. McC. Graham,

J. A. F. Rook. Journal of Physiology, 121, 39-40 (1953).

59. Some observations on the biochemical and physiological events associated

with diarrhoea in calves. K. L. Blaxter. Veterinary Record, 65, 889-892 (1953).

60. Experimental magnesium deficiency in calves. I. Chemical and pathological

observations. K. L. Blaxter, J. A. F. Rook, A. M. MacDonald. Journal of

Comparative Pathology, 64, 157-175 (1954).

61. Experimental magnesium deficiency in calves. II. The metabolism of calcium,

magnesium and nitrogen and magnesium requirements. K. L. Blaxter, J. A. F.

Rook. Journal of Comparative Pathology, 64, 176-186 (1954).

62. The origin of tetany in magnesium deficiency. K. L. Blaxter, J. A. F. Rook,

A. M. MacDonald. Proceedings of the Nutrition Society, 13, ii-iii (1954).

63. Problems associated with the feeding of whole milk. K. L. Blaxter. Proceedings

of the British Veterinary Conference, Publication No. 24, 38-43 (1954).

64. Apparatus for the determination of the energy exchange of calves and of

sheep. K. L. Blaxter, N. McC. Graham, J. A. F. Rook. Journal of Agricultural

science, 45, 10-18 (1954).

65. Plane of nutrition and energy utilization by sheep. K. L. Blaxter, N. McC.

Graham. Proceedings of the Nutrition Society, 13, vii-viii (1954).

66. Calf rearing on dairy farms. K. L. Blaxter. Farming Leader, No. 26, 3-4 and

15 (1954).

67. Ruminant nutrition. Chapter in ‘Progress in the Physiology of Farm Animals’.

K. L. Blaxter. ( J. Hammond, Editor) Butterworth’s Press, London. Vol. 1, 3-39

(1954).

68. Hypomagnesaemic tetany in beef  cattle. K. L. Blaxter, G. M. Sharman.

Veterinary Record, 67, 108-115 (1955).

69. Energy and carbohydrate metabolism in magnesium-deficient calves.

K. L. Blaxter, J. A. F. Rook. British Journal of  Nutrition, 9, 121-132 (1955).
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70. Vitamin E and experimental muscular degeneration in calves. K. L. Blaxter.

Proceedings of  the IIIrd International Vitamin E Congress, Venice, I, p. 79,

no. 174 (1955).

71. Enzootic muscular dystrophy in cattle in Scotland. K. L Blaxter. Proceedings

of the IIIrd International Vitamin B Congress, Venice, I, p. 79, no. 175

(1955).

72. The myopathies of cattle, sheep, horses and pigs and the role of vitamin B in

their prevention. K. L. Blaxter. Proceedings of the IIIrd International Vitamin

E Congress, Venice, II, pp. 622-630 (1954).

73. Muscular dystrophy. K. L. Blaxter, Rosemary P. McGill. Veterinary Reviews

and Annotations, 1, 91-114 (1955).

74. Triorthocresyl phosphate and vitamin B metabolism in calves. B. Cowlishaw,

K. L. Blaxter. Proceedings of the Nutrition Society, 14, p. iii (1955).

75. Plane of nutrition and starch equivalents. K. L. Blaxter, N. McC. Graham.

Journal of Agricultural Science, 46, 292-306 (1955).

76. Methods of  assessing the energy value of foods for ruminant animals.

K. L. Blaxter, N. McC. Graham. Proceedings of the Nutrition Society, 14,

131-139 (1955).

77. Inter-relationships between passage of food through the digestive tract and

its digestibility. K. L. Blaxter, N. McC. Graham, F. W. Wainman. Proceedings

of the Nutrition Society, 14, p. iv (1955).

78. Calorimetric measurements of the nutritive value for sheep of dried grass

prepared in different ways. K. L. Blaxter, N. McC. Graham. Proceedings of

the Nutrition Society, 14, p. xv (1955).

79. Magnesium content of bone in hypomagnesaemic disorders of  livestock.

K. L. Blaxter. ‘Bone Structure and Metabolism’, pp. 117-131 (1956)

(Churchill, London).

80. Magnesium metabolism in cattle. K. L. Blaxter, Rosemary P. McGill. Veterinary

Reviews & Annotations, 2, 35-55 (1956).

81. Muscular dystrophy of  beef  cattle and unsaturated fats. G. A. Garton,

W. R. H. Duncan, K. L. Blaxter, Rosemary P. McGill, G. A. M. Sharman,

M. K. Hutcheson. Nature, London, 177, 792-793 (1956).

82. Myopathy in sheep. K. L. Blaxter, A. M. MacDonald. Lancet, 271, 895 (1956).

83. A note on the occurrence of muscular dystrophy in hoggs in the north of

Scotland. T. Marr, G. A. M. Sharman, K. L. Blaxter. Veterinary Record, 68,

408-410 (1956).

84. The effect of the grinding and cubing process on the utilization of the

energy of dried grass. K. L. Blaxter, N. McC. Graham. Journal of Agricultural

Science, 47, 207-217 (1956).

85. The heat increment of a mixture of steam volatile fatty acids and of glucose

in the fasting sheep. D. G. Armstrong, K. L. Blaxter. Proceedings of the Nutrition

Society, 15, p. i (1956).
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86. Frequency of  feeding and energy utilization by sheep. K. L. Blaxter,

N. McC. Graham, F. W. Wainman. Proceedings of the Nutrition Society, 15,

p. ii (1956).

87. The nutritive value of feeds as sources of energy. K. L. Blaxter. Journal of

Dairy Science, 39, 1396-1424 (1956).

88. Heat increments of feeding in ruminants. D. G. Armstrong, K. L. Blaxter.

Nature, London, 177, 1183-1184 (1956).

89. The indirect determination of energy retention in farm - animals. I. The

development of method. K. L. Blaxter, J. A. F. Rook. Journal of Agricultural

Science, 48, 194-209 (1956).

90. The indirect determination of energy retention in farm animals. II. Studies

on the validity of the method. K. L. Blaxter, J. A. F. Rook. Journal of Agricultural
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91. Starch equivalents, ration standards and milk production. K. L. Blaxter.

Proceedings of the British Society of Animal Production, pp. 3-31 (1956).

92. Some observations on the digestibility of food by sheep and on related

problems. K. L. Blaxter, N. McC. Graham, F. W. Wainman. British Journal of

Nutrition, 10, 69-91 (1956).

93. Myopathic conditions in animals. K. L. Blaxter. Proceedings of the 75th
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94. Utilization of the end. products of ruminant digestion. D. G. Armstrong,
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95. The heat increment of steam volatile fatty acids in fasting sheep. D. O.
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97. The utilization of acetic, propionic and butyric acids by fattening sheep.

D. O. Armstrong, K. L. Blaxter. British Journal of  Nutrition, 11, 413-425

(1957).

98. The energetic efficiency of fat synthesis from mixtures of steam-volatile

fatty acids in sheep. D. G. Armstrong, K. L. Blaxter, N. McC. Graham,

F. W. Weinman. Proceedings of the Nutrition Society, 16, p. xvii (1957).

99. Energy retention of sheep in relation to environmental temperature. K. L.

Blaxter, N. McC. Graham, F. W. Wainman. Proceedings of  the Nutrition

Society, 16, pp. iii-iv (1957).

100. The effects of  defective nutrition during pregnancy in farm livestock.

K. L. Blaxter. Proceedings of the Nutrition Society, 16, 52-58 (1957).

101. Iron-deficiency anaemia in calves. K. L. Blaxter, G. A. M. Sharman,

A. M. MacDonald. British Journal of Nutrition, 11, 234-246 (1957).
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102. Anaemia in calves. K. L. Blaxter, M. K. Hutcheson, G. A. M. Shaman,

A. M. MacDonald. Proceedings of the Nutrition Society, 16, p. i (1957).
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Proceedings of the Nutrition Society, 16, p. xvi (1957).

104. The fa-soluble vitamins. K. L. Blaxter. Annual Review of Biochemistry, 26,
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107. Closed circuit respiration apparatus for the cow and steer. F. W. Wainman,

K. L. Blaxter. Proceedings of the 1st International Symposium on Energy
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109. 1958 109 Analytical and. other techniques used. in respiration calorimetry

and their errors. N. MMc. Graham, K. L. Blaxter, D. G. Armstrong. Proceedings

of the 1st International Symposium on Energy Metabolism, Copenhagen,

Publication no. 8, Publication no. 8, pp. 157-163 (1958).

110. Nutrition and climatic stress in farm animals. K. L. Blaxter. Proceedings of

the Nutrition Society, 17, 191-197 (1958).

111. The effect of environmental temperature and level of feeding on food

utilization by sheep. D. G. Armstrong, K. L. Blaxter, N. McC. Graham,

F. W. Wainman. Proceedings of the Nutrition Society, 17, p. xxxii (1958).

112. The nutrition of dairy cows. K. L. Blaxter. The Ayrshire Cattle Society’s Journal,

30, 10-12 and 14-17 (1958).

113. The nutritional requirements of dairy cows. K. L. Blaxter. Proceedings of the

Conference on the Scientific Principles of Feeding Farm Live stock, Brighton,

21-36 (1958).

114. Prevention of enzymatic muscular dystrophy by selenium administration.

G. A. M. Shaman, K. L. Blaxter, R. S. Wildon. Veterinary Record, 71, 536

(1959).

115. Environmental temperature, energy metabolism and heat regulation in sheep.

I. Energy metabolism in closely clipped sheep. N. McC. Graham, F. W.

Wainman, K. L. Blaxter, D. G. Armstrong. Journal of Agricultural Science,

52, 13-24 (1959).

03_1979 Blaxter.p65 06-Mar-09, 6:50 PM54



Sir Kenneth Blaxter 55

116. Environmental temperature, energy metabolism and heat regulation in sheep.

II. The partition of heat losses in closely clipped sheep. K. L. Blaxter, N. McC.

Graham, F. W. Wainman, D. G. Armstrong. Journal of  Agricultural Science,

52, 25-40 (1959).

117. Environmental temperature, energy metabolism and heat regulation in sheep.

III. The metabolism and thermal exchanges of sheep with fleeces. K. L. Blaxter,

N. McC. Graham, F. W. Wainman. Journal of  Agricultural Science, 52,

41-49 (1958).

118. The effect of  environmental conditions on food. Utilization by sheep.

D. G. Armstrong, K. L. Blaxter, N. McC. Graham, F. W. Wainman. Animal

Production, 1, 1-12 (1959).

119. Feeding standards for livestock. K. L. Blaxter. Journal of the Farmers’ Club,

part 2, 14-26 (1959).

120. Minerals in relation to disease. K. L. Blaxter. Veterinary Annual, pp. 184-193

(1959).

121. Potassium and hypomagnesaemic tetany in calves. K. L. Blaxter,

B. Cowlishaw, J. A. F. Rook. Animal Production, 2, 1-10 (1959).

122. The utilization of’ the energy of grassland products. K. L. Blaxter. Proceedings

of the 8th International Grassland Congress, Reading, pp. 479-484 (1960).

123. The effect of’ muscular work on the energy metabolism of  sheep. J. L.

Clapperton, D. G. Armstrong, K. L. Blaxter. Proceedings of the Nutrition

Society, 19, p. xvii (1960).

124. Fat synthesis from glucose by sheep. D. G. Armstrong, K. L. Blaxter,

N. McC. Graham. Proceedings of  the Nutrition Society, 19, pp. xxi-xxxii

(1960).

125. Energy metabolism. K. L. Blaxter. State Veterinary Journal, 15, 114-120

(1960).

126. Energy utilisation in the ruminant. K. L. Blaxtor. Proceedings of the 7th

Easter School, University of Nottingham. Edited D. Lewis, pp. 183-197 (1960).

127. The effect of environmental temperature on the energy metabolism of steers.

K. L. Blaxter, F. W. Wainman. Proceedings of the Nutrition Society, 19,

pp. xvi-xvii (1960).

128. Heat production and heat emission of two breeds of sheep. D. G. Armstrong,

K. L. Blaxter, J. L. Clapperton, N. McC. Graham, F. W. Wainman. Journal of

Agricultural Science, 55, 395-401 (1960).

129. The voluntary food intake of sheep. K. L. Blaxter, F. W. Wainman, R. S.

Wilson. Proceedings of the Nutrition Society, 19, pp. xxx-xxxi (1960).

130. Minerals in relation to disease. K. L. Blaxter. Veterinary Annual, pp. 168-175

(1960).

131. Prevention of  enzootic muscular dystrophy by selenium administration. K. L.

Blaxter, E. S. R. McCallum, R. S. Wilson, G. A. M. Sharman, L. O. Donald.

Proceedings of the Nutrition Society, 20, pp. vi-vii (1961).
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132. The heat increment in fasting sheep of acetic acid partially neutralized with

sodium hydroxide. D. G. Armstrong, K. L. Blaxter, N. McC. Graham. British

Journal of Nutrition, 15, 169-175 (1961).

133. The utilization of food by sheep end cattle. K. L. Blaxter, F. W. Wainman.

Journal of Agricultural Science, 57, 419-425 (1961).

134. The regulation of  food intake by sheep. K. L. Blaxter, F. W. Wainman,

R. S. Wilson. Animal Production, 3, 51-61 (1961).

135. The utilization of food by sheep and cattle. K. L. Blaxter, F. W. Wainman.

Journal of Agricultural Science, 57, 419-425 (1961).

136. Protein as a source of energy for synthesis of fat in sheep. A. K. Martin,

K. L. Blaxter. Proceedings of the Nutrition Society, 20, pp. vii-viii (1961).

137. The utilization of  the energy of  the same food by cattle and sheep.

K. L. Blaxter, F. W. Wainman. Proceedings of the Nutrition Society, 20,

pp. xxxiii-xxxiv (1961).

138. The utilization of the energy of carbohydrate by ruminants. D. G. Armstrong,

K. L. Blaxter. Proceedings of the 2nd Symposium on Energy Metabolism of

Farm Animals, Wageningen, pp. 187-197 (1961).

139. The utilization of the energy of food by ruminants. K. L. Blaxter. Proceedings

of the 2nd Symposium on Energy Metabolism of Farm Animals, Wageningen,

pp. 211-224 (1961).

140. The utilization of  the energy of  protein by ruminants. A. K. Martin,

K. L. Blaxter. Proceeding of the 2nd Symposium on Energy Metabolism of

Farm Animals, Wageningen, pp. 200-209 (1961).

141. Environmental temperature and the energy metabolism and heat emission of

steers. K. L. Blaxter, F. W. Wainman. Journal of Agricultural Science, 56,

81-90 (1961).

142. Lactation and the growth of the young. Chapter in ‘Milk: The Mammary

Gland and its Secretion’. Edited S. K. Kon and A. T. Cowie, Vol. II,

pp. 305-361 (1961).

143. The nutritional physiology of livestock under natural conditions. K. L. Blaxter.

Journal of the Royal Society of Arts, 109, 764-781 (1961).

144. 144 Minerals in relation to disease. K. L. Blaxter. Veterinary Annual,

pp. 230-238 (1961).

145. The influence of the environment on animal production and health under

housing conditions. W. Bianca, K. L. Blaxter. Pestschrift zum VII Intern.

Tierzuchtkongress, Hamburg, pp. 113-147 (1961).

146. Efficiency of feed conversion by different classes of livestock in relation to

food production. K. L. Blaxter. Federation proceedings 20, Supplement No. 7,

268-274 (1961).

147. Economics and animal husbandry. K. L. Blaxter. Journal of Agricultural

Economics, 14, 308-313 (1961).
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148. The effect of selenium on lamb growth: co-operative experiments on Scottish

farms. K. L. Blaxter. Proceedings of the Nutrition Society, 21, p. xix (1962).

149. Muscular dystrophy in farm animals: its cause and prevention. K. L. Blaxter.

Proceedings of the Nutrition Society, 21, 211-216 (1962).

150. Vitamin B in health and disease of cattle and sheep. K. L. Blaxter. Vitamins

and. Hormones, 20, 633-643 (1962).

151. The voluntary food intake of  steers and wether sheep. K. L. Blaxter,

R. S. Wilson. Proceedings of  the Nutrition Society, 21, pp. xxii-xxiii (1962).

152. The utilization of protein as a source of energy in fattening sheep. K. L.

Blaxter, A. K. Martin. British Journal of Nutrition, 16, 397-407 (1962).

153. The voluntary intake of roughages by steers. K. L. Blaxter, R. S. Wilson.

Animal Production, 4, 451-458 (1962).

154. The fasting metabolism of adult wether sheep. K. L. Blaxter. British Journal

of Nutrition, 16, 615-626 (1962).

155. The energy metabolism of ruminants: maintenance needs. K. L. Blaxter. The

British Association for the Advancement of  science. Paper read at the

Manchester meeting, 1962.

156. Progress in assessing the energy value of feeding-stuffs for ruminants.

K. L. Blaxter. Journal of  the Royal Agricultural Society of  England,

pp. 7-21 (1962).

157. The energy metabolism of ruminants. K. L. Blaxter. London: Hutchinson,

pp. 329, 67 tables, 47 diagrams, 7 plates (1962).

158. The metabolism and thermal regulation of calves in the first month of life.

B. Gonzalez-Jiminez, K. L. Blaxter. British Journal of Nutrition, 16, 199-212

(1962).

159. The critical temperature of  the calf. B. Gonzalez- Jiminez, K. L. Blaxter.

Animal Production, 4, 291 (1962).

160. The utilization of the energy of the end products of  digestion. K. L. Blaxter.

Nordisk Jordbrugsforskning, 2, 3-10 (1962).

161. The effect of selenium administration on the growth and health of sheep

on Scottish farms. K. L. Blaxter. British Journal of Nutrition, 17, 105-115

(1963).

162. The specific dynamic effect of protein. A. K. Martin, K. L. Blaxter. Proceedings

of the Nutrition Society, 22, p. xiv (1963).

163. The loss of methane and carbon dioxide by belching in sheep. J. P. Joyce, K. L.

Blaxter. Proceedings of the Nutrition Society, 22, pp. xx-xxi (1963).

164. The accuracy and ease with which measurements of respiratory metabolism

can be made with tracheoctomized sheep. K. L. Blaxter, J. P. Joyce. British

Journal of Nutrition, 17, 523-537 (1963).

165. The assessment of a crop husbandry technique in terms of animal production.

K. L. Blaxter, R. S. Wilson. Animal Production, 5, 27-42 (1963).
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166. Ruminants as experimental animals. K. L. Blaxter. L.A.C. Collected Papers,

12, 21-28 (1963).

167. Effect of air velocity on the heat losses of  sheep and cattle. K. L. Blaxter,

J. P. Joyce, F. W. Wainman. Nature, London, 198, No. 4885, 1115-1116

(1963).

168. Sheep nutrition. K. L. Blaxter. In. Modern Sheep Production: Conf., Edin.,

pp. 60-62. Edinburgh: School of Agriculture (1963).

169. Protein requirements in pregnancy and lactation: Chapter in “Protein

metabolism” (Munro, H. N. & Allison, J. B. Editors, Academic Press, New

York). K. L. Blaxter (1964).

170. The myopathies of animals. Chapter in ‘Disorders of Voluntary Muscle’

(Walton, Editor, J & A. Churchill Ltd.). K. L. Blaxter (1964).

171. The effect of air movement, air temperature and infra-red radiation on the

energy requirements of sheep. J. P. Joyce, K. L. Blaxter. British Journal of

Nutrition, 18, 5-27 (1964).

172. The effect of increased air movement on the heat production and emission

of steers. K. L. Blaxter, F. W. Wainman. Journal of Agricultural Science, 62,

207-215 (1964).

173. Respiration in sheep in cold environments. J. P. Joyce, K. L. Blaxter. Research

in Veterinary Science, 5, 506-516 (1964).

174. The effect of air movement, air temperature and infra-red radiation on the

energy requirements of sheep. J. P. Joyce, K. L. Blaxter. British Journal of

Nutrition, 18, 5-27 (1964).

175. The evaluation of  artificially dried grass as a source of  energy for

sheep. III. The prediction of nutritive value from chemical and biological

measurements. D. G. Armstrong, K. L. Blaxter, R. Waite. Journal of Agricultural

Science, 62, 417-424 (1964).

176. The utilization of the energy of artificially dried lucerne. J. V. Bateman,

K. L. Blaxter. Journal of  Agricultural Science, 63, 129-131 (1964).

177. The utilization of the energy of’ different rations by sheep and cattle for

maintenance and for fattening. K. L. Blaxter, F. W. Wainman. Journal of

Agricultural Science, 63, 113-128 (1964).

178. The nutritional significance of the endogenous secretion of  nitrogen in

ruminants. K. L. Blaxter (1964).

179. The effect of outdoor climate in Scotland on sheep and cattle. K. L. Blaxter.

Veterinary Record, 76, 1445-1451 (1964).

180. Utilization of the metabolizable energy of grass. K. L. Blaxter. Proceedings of

the Nutrition Society, 23, 62-71 (1964).

181. Dietary factors affecting energy utilization. K. L. Blaxter. Proceedings of the

Nutrition Society, 23, 3-11 (1964).
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182. The efficiency of feed conversion by livestock. K. L. Blaxter. Journal of the

Royal Agricultural Society of England, 125, 87-99 (1964).

183. Metabolismo Energetico de los Rumiantes. K. L. Blaxter. Acribia Zaragosa,

Spain 1964, 314 pp. (Spanish edition of ‘Energy Metabolism in Ruminants’,

translated by Professor G. G. Gonzalez, University of Madrid (1964).

184. Problems of cold environments. K. L. Blaxter. Proc. 6th International Congress

of Nutrition, Edinburgh, pp. 227-242 (1964).

185. Metabolism and metabolic size: a study with cattle and sheep. Spec. Rep. Mo.

AES, No. 43. K. L. Blaxter (1964).

186. Effects of acetic and propionic acids on energy retention and milk secretion

in goats. D. G. Armstrong, K. L. Blaxter. Proc. 3rd Symposium on Energy

Metabolism Troon; Publication No. 11 from the European Association for

Animal Production, pp. 59-72 (1965).

187. Estimates of the contribution of solar radiation to the thermal exchanges of

sheep at a latitude of 550 north. J. L. Clapperton, J. P. Joyce, K. L. Blaxter.

Journal of  Agricultural Science, 64, 37-49 (1965).

188. The energy cost of urea synthesis in sheep. A. K. Martin, K. L. Blax-ber. Proc.

3rd Symposium on Energy Metabolism, Troon; Publication No. 11 from the

European Association for Animal Production, pp. 83-91 (1965).

189. The effect of wind on heat losses of sheep. J. P. Joyce, K. L. Blaxter. Proc. 3rd

Symposium on Energy Metabolism, Troon; Publication No. 11 from the

European Association for Animal Production, pp. 355-367 (1965).

190. ‘Energy Metabolism’. K. L. Blaxter. Proc. 3rd Symposium of  European

Association for Animal Production (K. L. Blaxter ed.), Academic Press, London,

xiv + 450 pp (1965).

191. Climatic factors and the productivity of different breeds of livestock. K. L.

Blaxter. In ‘The Biological Significance of  Climatic Changes in Britain’.

Published for the Institute of Biology. Academic Press, London & New York,

pp. 157-168 (1965).

192. Prediction of the amount of methane produced by ruminants. K. L. Blaxter,

J. L. Clapperton. Brit. J. Nutr., 19, 511-522 (1965).

193. Methane production of ruminants given natural feeds. J. L. Clapperton,

K. L. Blaxter. H.D.R.I. Brief Report No. 64. Proc. Nutr. Soc. 24, xvi (1965).

194. Absence of long-term adaptation in the energy metabolism of sheep on

constant feed. J. L. Clapperton, K. L. Blaxter. Proc. Nutr. Soc. 24, xxxiii

(1965).

195. The effects of C18 acids on methane production by sheep. J. W. Czerkawski,

K. L. Blaxter, F. W. Wainman. Proc. Nutr. Soc. 24, xvii (1965).

196. Methane production from formic acid. J. B. Vercoe, K. L. Blaxter. Proc. Nutr.

Soc., 24, xvii (1965).
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197. The metabolism of formic acid in sheep. J. E. Vercoe, K. L. Blaxter. Br. J. Nutr.

19, 523-530 (1965).

198. The effect of artificial drying on the energy value of  grass. A. Ekern,

K. L. Blaxter, D. Sawers. Brit. J. Nutr., 19, 417-434 (1965).

199. Prediction of the amount of methane produced by ruminants. K. L. Blaxter,

J. L. Clapperton. Brit. J. Nutr., 19, 511-522 (1965).

200. Climatic requirements for optimum economic production: current research.

K. L. Blaxter. In Pull Rep. of Proc. Beef Housing Conf., Kenilworth, pp. 2-7.

London: Royal Agricultural Society of England (1965).

201. Animal production in adverse environments. K. L. Blaxter. J. Univ. Newcastle

upon Tyne Agric. Soc., 19, 10-15 (1965).

202. The heat of  combustion of  the urine of  sheep and cattle in relation

to its chemical composition and to diet. K. L. Blaxter, J. L. Clapperton,

A. K. Martin. Br. J. Nutr., 20, 449-460 (1966).

203. The extent of differences between six British breeds of  sheep in their

metabolism, feed intake and utilization, and resistance to climatic stress.

K. L. Blaxter, J. L. Clapperton, F. W. Wainman. Br. J. Nutr., 20, 283-294 (1966).

204. The fasting metabolism of  cattle. K. L. Blaxter, F. W. Waimnan. Br. J. Nutr.,

20, 103-111 (1966).

205. The voluntary intake of food by sheep and cattle in relation to their energy

requirements for maintenance. K. L. Blaxter, F. W. Waimnan, J. L. Davidson.

H.D.R.I. Reprint No. 585. Anim. Production, 8, 75-83 (1966).

206. The metabolism of oleic, linoleic and linolenic acids by sheep with reference

to their effects on aiethane products. J. W. Czerkawski, K. L. Blaxter, F. W.

Wainman. Br. J. Nutr., 20, 349-362 (1966).

207. The effect of  linseed oil and of  linseed oil fatty acids incorporated in

the diet on the metabolism of  sheep. J. W. Czerkawski, K. L. Blaxter,

F. W. Waimnan. Br. J. Nutr., 20, 485-494 (1966).

208. The effect of functional groups other than carboxyl on the metabolism of

C18 and C12 alkyl compounds by sheep. J. W. Czerkawski, K. L. Blaxter,

F. W. Wainman. Br. J. Nutr., 20, 495-508 (1966).

209. The effect of natural outdoor environments on the energy requirements of

sheep. J. P. Joyce, K. L. Blaxter, C. Park. Res. Vet. Sci., 7 (1966).

210. The voluntary intake of food by sheep and cattle in relation to their energy

requirements for maintenance. K. L. Blaxter, F. W. Wainman, J. L. Davidson.

Anim. Prod., 8, 75-83 (1966).

211. Modifications of the methane production of the sheep by supplementation

of its diet. K. L. Blaxter, J. Czerkawski. J. Sci. Fd. Agric., 17, 417-421 (1966).

212. Utilization of the energy and protein of the same diet by cattle of different

ages. K. L. Blaxter, J. L. Clapperton, F. W. Wainman. J. Agric. Sci., Camb., 67,

67-75 (1966).
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213. The thermal regulation of 2 breeds of sheep exposed to air temperatures

below freezing point. A. J. F. Webster, K. L. Blaxter. Res. Vet. Sci., 7,

466-479 (1966).

214. A technique for quantitative measurement of hydrogenation of long-chain

fatty acids in the forestomachs of  the sheep. M. J. Ulyatt, J. W. Czerkawski,

K. L. Blaxter. Proc. Nutr. Soc., 25, xv-iii (1966).

215. The problems of intensive animal production. K. L. Blaxter. Sci. Progm. Abstr.

9th Mt. Congr. Anim. Prod., Edin. pp. 24-25 (1966).

216. The feeding of dairy cows for optimal production. K. L. Blaxter. George Scott

Robertson Memorial Lecture, Queen’s Univ. Belfast (1966).

217. Metabolizable energy and ruminant diets. Proc. 1st Univ. Nott. Nutr. Conf.

1967.

218. Les besois d’energie de la vache laitière. Cycles d’Etuds sur les Prblèmes et les

Options de l’Industrie de l’Alimentation Animale, 2ème Cycle, Lyon,

pp. 95-112. K. L. Blaxter (1967).

219. The Energy Metabolism of  Ruminants. 2nd ed. K. L. Blaxter. London:

Hutchinson & Co. Ltd. (1967).

220. Nutritional problems arising in intensive animal production - energy aspects.

K. L. Blaxter. Rep. Proc. 9th mt. Congr. Anim. Prod., Edin. pp. 73-79 (1967).

221. Techniques in energy metabolism Studies and their limitations. K. L. Blaxter.

Proc. Nutr. Soc., 26, 86-96 (1967).

222. The relations between the apparent digestibility of roughages in the rumen

and lower gut of sheep, the volume fluid in the rumen and voluntary feed

intake. M. J. Ulyatt, K. L. Blaxter, I. McDonald. Animal Prod., 9, 463-470

(1967).

223. The Animal Harvest. K. L. Blaxter. Sci. J., 1, 53-59 (1968).

224. Comparative nutrition. K. L. Blaxter. Proc. Nutr. Soc., 27, 120-121 (1968).

225. The effect of the dietary energy supply on growth. K. L. Blaxter. Proc. Easter

Sch. Agric. Sci. Univ. Nott., 14, 329-344 (1968).

226. Fertilisers and animal production. K. L. Blaxter. Proc. Perth. Soc. No. 105

(1968).

227. The Husbanding of Red Deer. Proceedings of a Conference held at the Rowett

Research Institute, Aberdeen, in January 1969. M. M. Bannerman, K. L.

Blaxter (eds.) Aberdeen: Highland & Island. Development Board and Rowett

Research Institute (1969).

228. Environmental factors limiting hill production. K. L. Blaxter. Proc. 3rd A.

Conf. Reading Univ. agric. Club, pp. 3-14 (1969).

229. Myopathies in Animals. K. L. Blaxter. In Disorders Voluntary Muscle, 2nd

ed., pp. 733-762. Ed. J. N. Walton London: J. & A. Churchill Ltd. (1969).

230. Animals and microorganisms as food producers. K. L. Blaxter. Chem. md.

p. 855 (1969).
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231. The efficiency of energy transformations in ruminants. In Energy Metabolism

of Farm Animals, pp. 21-28. Eds. K. L. Blaxter, J. Kielsnowski, G. Thorbek.

Newcastle upon Tyrie: Oriel Press Ltd. (1969).

232. Relative efficiencies of  farm animals in using crops and byproducts

in production of  foods. Proc. 2nd Wid. Conf. Anim. Prod., Maryland,

pp. 31-40. K. L. Blaxter (1969).

233. Current research and future problems. K. L. Blaxter. Assoc. of Agric. J.

No. 15 ( January 1970) 5-10 (1969).

234. The value of  artificially dried grass in terms of  animal production.

H. Denerley, J. B. Gunn, K. L. Blaxter, F. W. Wainman. Anim. Prod., 11,

273-274 (1969).

235. Further experience with closed circuit respiration chambers. In Energy

Metabolism of Farm animals, pp. 429-433. F. W. Wainman, K. L. Blaxter.

Eds. K. L. Blaxter, J. Kielanowski, G. Thorbek. Newcastle.upon Tyne: Oriel

Press Ltd (1969).

236. Animals and micro-organisms as food producers. K. L. Blaxter. In New

Horizons for Chemistry and. Industry in the 1990s, pp. 67-72. London:

Society of Chemical Industry (1970).

237. The British Society of Animal Production and the future. K. L. Blaxter. Anim.

Prod., 12, 351-377 (1970).

238. A comparison of  farming systems. K. L. Blaxter. In Factory Farming,

pp. 67-73. Ed. J. R. Bellerby. London: The British Association for the

Advancement of’ Science (1970).

239. Concluding remarks (to Symposium on Plant Breeding & Nutrition).

K. L. Blaxter. Proc. Nutr. Soc., 29, 343-344 (1970).

240. Domesticated ruminants as sources of human food. K. L. Blaxter. Proc. Nutr.

Soc., 29, 244-253 (1970).

241. Nutritive value of  mixtures of  dried grass and barley as determined

by indirect calorimetry. K. L. Blaxter, F. W. Wainman, J. S. Smith. Anim.

Prod., 12, 369-370 (1970).

242. The nutritive value for ruminants of  a complete processed diet based

on barley straw. F. W. Waimnan, K. L. Blaxter, J. D. Pullar. J. Agric. Sci.,

Camb., 74, 311-314 (1970).

243. A new method of expressing the nutritive value of feeds as sources of energy.

K. L. Blaxter, A. W. Boyrne. Proc. 5th Symp. Energy Metab. Pm. Anim.,

pp. 9-13 (1970).

244. Calorimetric studies of the nutritive value of’ dried grass. F. W. Wainman,

K. L. Blaxter, J. S. Smith, P. J. S. Dewey. Proc. 5th Symp. Energy Metab. Pm.

Anim., pp. 17-20 (1970).

245. Energy units: proposals for change from the calorie to the joule. K. L. Blaxter.

Proc. 5th Symp. Energy Metab. Fm. Anim., pp. 14-16 (1970).
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246. A review of shelter research to date and some ideas for future development.

K. L. Blaxter. Rep. 3rd Symp. Shelter Res. Cambr., pp. 113-120 (1970).

247. The utilization of volatile acids in the energy metabolism of ruminants. K. L.

Blaxter. Proc. 8th mt. Congr. Nutr., Prague, pp. 299-303 (1970).

248. The comparative biology of’ lactation. K. L. Blaxter. In Lactation. (University

of Nottingham 17th Easter School in Agricultural Science 1970. Ed. Ian R.

Falconer: London: Butterworths, pp. 51-69 (1970).

249. Current research and future problems. K. L. Blaxter. J. Ass. Agric. 5-10

(1970).

250. The nutritive value of artificially dried herbage. Report of 20th Annual

Convention: Association of Green Crop Driers, pp. 44-57. K. L. Blaxter

(1970).

251. The effects of nitrogenous fertilizer on the nutritive value of artificially dried

grass. K. L. Blaxter, F. W. Wainman, P. J. S. Dewey, J. Davidson, H. Denerley,

J. B. Gunn. J. Agric. Sci., Camb., 76, 307-319 (1971).

252. Methods of measuring the energy metabolism of animals and interpretation

of results obtained. K. L. Blaxter. Fedn. Prod. Pedn. Am. Socs Exp. Biol., 30,

1436-1443 (1971).

253. Voluntary intake and energy metabolism of sheep fed chopped dried grass

and the same material milled and pelleted. F. W. Wainman, J. S. Smith, K. L.

Blaxter. Proc. Nutr. Soc., 30, 23-24A (1971).

254. Some effects of poor reproductive performance in cattle. K. L. Blaxter. In

‘Reproduction and Breeding Management of Cattle’; Proc. 7th Conf. North of

Scotland Division, Br. Vet. Ass., pp. 1-8. Ed. By Sharman, G.A.M. Aberdeen:

North of Scotland College. of Agriculture (1971).

255. Bioenergetics of ruminant animals. K. L. Blaxter. In ‘Bioenergetics: Proceedings

of the International Symposium on Environmental Physiology’, pp. 35-41.

Ed. by Smith, R. E. Bethesda: Federation of American Societies for Experimental

Biology (1972).

256. Deer Farming. K. L. Blaxter. Scot. Agric., 51, 225-230 (1972).

257. Fasting metabolism and the energy required by animals for maintenance. In

‘Pestskrift til professor Dr. agr. Dr. h.c. Knut Breirem til hans 70 ars 20 April

1972’, pp. 19-36. Gjǿvik: Mariendals Boktrykkeri A.s. (1972).

258. Plants for animals. K. L. Blaxter. 51st Rep. Scott. Pl. Breed. Stn., p. 37 (1972).

259. Relevance of  animal feeding trials to human dietary requirements. K. L.

Blaxter. J. Sci. Fd Agric., 23, 941-948 (1972).

260. A new method for estimating the heat production of animals. K. L. Blaxter,

J. M. Brockway, A. W. Boyne. Q. J. exp. Physiol., 57, 60-72 (1972).

261. The effect of grinding and pelleting on the nutritive value of poor quality

roughages. F. W. Wainman, K. L. Blaxter. J. Agric. Sci., Camb., 79, 435-445

(1972).
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262. The utilization of the energy of artificially dried grass prepared in different

ways. F. W. Wainman, K. L. Blaxter, J. S. Smith. J. Agric. Sci., Camb., 78,

441-447 (1972).

263. Animal. production and substitute foods. K. L. Blaxter. In Modern Animal

Production and Veterinary Problems: Papers given at the Peter Wilson Bequest

Course, pp. 147-152. Edinburgh: Faculty of Veterinary Medicine, Royal (Dick)

School of Veterinary Studies, University of Edinburgh (1972).

264. Approaches to the problem of  augmentation of animal protein food sources

in Asia. K. L. Blaxter. In Proceedings of the First Asian Congress of Nutrition

pp. 83-92. Ed. by Tulpule, P. G. & Rao, K. S. J. Hyderabad: Nutrition Society

of India (1972).

265. John Boyd Orr: Animal Experimentation and the human situation. Rep. Rowett

Inst. 28, 108-115. K. L. Blaxter (1972).

266. Efficiency — the nutritional basis. K. L. Blaxter. In Breeding for Beef:

Proceedings of a National Conference held at Peebles on 1, 2 and 3 November

1971, pp. 3-11. Bletchley: Meat and Livestock Commission (1973).

267. Intensive animal production. K. L. Blaxter. Vet. Rec., 92, 383-386 (1973).

268. The purpose of protein production. K. L. Blaxter. In The Biological Efficiency

of Protein Production, pp. 3-11. Ed. by Jones, J. G. W. Cambridge: Cambridge

University Press (1973).

269. Review lecture. The nutrition of ruminant animals in relation to intensive

methods of agriculture. K. L. Blaxter. Proc. R. Soc. Lond., B. 183, 321-336

(1973).

270. Increasing output of animal production: measures for increasing productivity.

In Man, Food and Nutrition, pp. 127-146. Ed. by Rechcigl, M. Cleveland:

C.R.C. Press (1973).

271. The Individual and. the Information Problem. K. L. Blaxter, M. L. Blaxter.

Nature, Lond. 246, 335-339 (1973).

272. Adjustments of the metabolism of the sheep to confinement. K. L. Blaxter. In

Energy Metabolism of Farm Animals: Proceedings of the 6th Symposium of

the European Association for Animal Production, pp. 115-118. Ed. by Menke,

K. H., Lantzsch, H.-J. & Reichl, J. R. Stuttgart: Universität Hohenheim (1974).

273. The nutritive value of  different combinations of  oats, oat husk and

soy-bean meal when fed to sheep. F. W. Wainman, K. L. Blaxter, M. S.

McDDonald, P. J. S. Dewey, J. S. Smith. Proc. 6th Symp. Energy Metab. Fm

Anim., pp. 217-219 (1974).

274. Artificially dried herbage as a source of energy for ruminant animals. K. L.

Blaxter. Proc. 1st mt. Green Crop Dry. Congr., Oxford, pp. 64-72 (1974).

275. The limits to agricultural improvement. K. L. Blaxter. J. Univ. Newcastle-

upon-Tyne Agric. Soc., 25, 3-12 (1974).

276. Metabolisable energy and feeding systems: for ruminants. K. L. Blaxter. Proc.

7th Nutr. Conf. Feed Mfrs, Univ. Nottm., pp. 3-25 (1974).
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277. Power and the agricultural revolution. K. L. Blaxter. New Scientist, 61,

400-403 (1974).

278. Deer Farming. K. L. Blaxter. Mammals Rev. 4, 119-122 (1974).

279. The technical possibilities for animal production from grassland. K. L. Blaxter.

Rep. Grassld. Res. Inst. Hurley, pp. 141-146 (1974).

280. Farming the red deer. The first report of the investigations by the Rowett

Research Institute and the Hill Farming Research Organjsation. K. L. Blaxter,

R. N. B. Kay, G. A. M. Sharman, J. M. M. Cunningham, W. J. Hamilton.

Edinburgh: HMSO (1974).

281. A new challenge to agriculture. K. L. Blaxter. Arsmeld, Norg. landbrvit.

Porskrad, pp. 91-100 (1974).

282. Energy-protein relationships in rwninants. K. L. Blaxter. Proc. 9th mt. Congr.

Nutr., Mexico, 3, 122-127 (1975).

283. Self-sufficient Britain — Food. K. L. Blaxter. New Scientist, 65, 697-702

(1975).

284. Conventional and unconventional farmed animals. K. L. Blaxter. Proc. Nutr.

Soc., 34, 51-56 (1975).

285. The energetics of British agriculture. K. L. Blaxter. Biologist, 22, 14-18 (1975).

286. Protein from non-domesticated herbivores. K. L. Blaxter. Food Protein Sources,

International Biological Programme, Vol. 4. Cambridge University Press.

pp. 147-156 (1975).

287. Concluding remarks. K. L. Blaxter. In ‘Bread: Social, Nutritional and

Agricultural Aspects of Wheaten Bread’, pp. 339-350. Ed. by Spicer, A.

London: Applied Science Publishers Ltd. (1975).

288. Nutrients required for animal production as related to the world food supply.

K. L. Blaxter. In ‘Agriculture in the Whirlpool of Change: Papers presented at

the Centennial Symposium, Ontario Agricultural College, University of

Guelph, pp. 201-213. Guelph: University of Guelph (1975).

289. The energetics of British agriculture. K. L. Blaxter. Journal of the Science of

Food and Agriculture, 26, 1055-1064 (1975).

290. The Rowett Institute: Its current work and the farming industry. K. L. Blaxter.

Journal of  the Royal Agricultural Society of England, 136, 86-92 (1975).
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Jay L. Lush has one more than any agricultural scientist both to investigate the

genetic basis of traits important for animal production, to assess their value and to

improve them by initiating breeding programmes of proven practical effectiveness.

He has been responsible for inspiring a great band of  graduate students and others

who have disseminated his ideas and practical suggestions throughout the world

and so led to the improvement of  poultry, pigs, beef  and dairy cattle. His

contributions are of  several kinds. First, he pioneered the value to the scientific

breeder of adequate measurement of the performance of individuals, their progeny

and their pedigree in order to assess the genetic worth of an animal. Secondly, he

pioneered the assessment of the ‘heritability’ of a trait, i.e. the degree to which its

expression reflected a genetic basis rather than the effects of  a favorable or

unfavorable environment. Thirdly, having demonstrated how the inherited

potentialities could be measured and distinguished from those due to non-heritable

causes, he synthesized these ideas into practical and workable animal breeding

plans to promote an inherited increase in the yield of meat, milk or eggs. He has

exploited his ideas as a University teacher, at a diversity of national and international

gatherings and enshrined much of it in his major and most influential text ‘Animal

Breeding Plans’. He may truly be described as the ‘father’ of scientific animal

breeding in the twentieth century.

Jay L. Lush
Iowa State University

Ames, Iowa, USA

k

1979 — for his outstanding and
pioneering contributions to the
application of genetics to livestock
improvement.
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CURRICULUM VITA

Date and place of Birth: January 3, 1896, Shambaugh, Iowa

QUALIFICATIONS OF NOMINEE:

a) Degrees received

Kansas State College B.S. 1916

Kansas State College M.S. 1918

University of Wisconsin Ph.D. 1921

b) Membership in Honorary Academic Societies

Phi Kappa Phi

Sigma Xi

Gamma Sigma Delta

Foreign Member of:

Royal Swedish Academy of Agriculture

Norwegian Academy of Sciences

Genetics Society of South Africa

National Academy of Sciences

National Medal of Sciences

c) Honors and Awards Received

1946 - Morrison Award, American Society of Animal Production

1956 - Portrait painted and hung, Saddle and Sirloin Club, Chicago, Illinois

1956 - Iowa State University, Outstanding Faculty Citation

1957 - American Society of Animal Production, Honor Guest

1957 - Royal Agricultural College, Sweden, Honorary Doctor of Agriculture

1957 - University of Giessen, Germany, Honorary Ph.D.

1957 - Iowa State University, Curtiss Distinguished Professor of Agriculture

1958 - Medal for Mathematics and Biology, Oslo, Norway

1958 - American Society of Animal Science, Honorary Fellow

1958 - Royal Danish Veterinary and Agricultural College, Copenhagen,

Denmark, Honorary Doctor of Agriculture

1958 - American Dairy Science Association, Borden Award

1960 - German Society of Animal Breeding, von Nathusius Medal

1964 - Michigan State University, Honorary L. L. D.

1965 - Mendel Memorial Symposium, Brno, Czechoslovakia, Mendel Medal

1965 - Order of Merit, Republic of Italy

1965 - American Society of Animal Science, Genetics Award

1966 - Distinguished Service Award, American Dairy Science Association

1966 - Italian Republic, Official Knight of the Order of Merit
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1967 - Member, National Academy of Sciences

1968 - National Medal of Science Award

1969 - University of Illinois, Honorary Doctorate

1969 - Portrait hung in Dairy Shrine Club

1969 - Citation of Excellence, Poultry Breeders of America

1970 - University of Wisconsin, Honorary Doctorate

1971 - Swiss Federal Institute of Technology, Honorary Doctorate

1973 - Beef Improvement Federation, Beef Research Pioneer

1975 - Agricultural University of Norway, Honorary Doctorate

d) Professional Positions Held

1917-18 Kansas State College Fellow

1919-21 University of  Wisconsin Research Assistant

1921-29 Texas A & N College Animal Husbandman

1930-57 Iowa State University Professor

1957- Iowa State University Distinguished Professor

e) See Bibliography Attached

f) Education Contributions Other than Publications

Dr. Jay L. Lush was a pioneer in the application of genetics and statistics to animal

breeding problems. He established a graduate program in animal breeding at Iowa

State University beginning in 1930 which attracted students from many countries.

His graduates have become leaders in education, in research, in industry, and in

university administration. His book, “Animal Breeding Plans”, first published in

1937, was the standard collegiate text for many years and remains the classic text

in the field. His mimeographed notes, “The Genetics of  Population” have been

widely used for graduate teaching all over the world since 1948.

Educational contributions made in short-time commitments away from Iowa

State University are as follows:

1941 - Brazil. Lecturing on population genetics and biometry at Vicosa.

1951 - Colombia, Chile, Peru. Survey of teaching and research in animal production

for Rockefeller Foundation.

1954 - India. Lecturing at New Delhi on biometrical techniques useful in

agriculture.

1966 - Argentina. Teaching and advising agricultural research workers.

g) Development or Improvement of Programs, Practices, and Products for the

Improvement of Food Sources

Dr. Lush can properly be called the father of modern animal breeding. Dr. Lush

made a primary contribution in clarifying the breeding systems and practices
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which permit maximum rates of  genetic improvement in farm animals. His clear

insight into the roles of heredity, gene action and interaction, and the effects of

environment permitted him to develop methods of  measuring the relative

importance of these sources. These results have been applied to poultry, swine,

beef cattle and dairy cattle in ways most suitable to the particular species and to

the economically important traits of each species. For example, family selection

has been of considerable use in improving egg production, progeny testing, and

artificial insemination in milk production, individual selection in growth rate for

beef and swine.

Dr. Lush has worked closely with breed organizations and public institutions in

developing plans for improved animal production. Some of the foreign assignments

to which he has devoted time and effort are as follows:

1934 - Denmark. Study and Analysis of the Danish Pig Progeny Testing System.

1948 - Great Britain. Survey of research in genetics and animal husbandry for

U.S.D.A.

1948 - Australia. Survey of research in animal production for C.S.I.R.O.

1951 - Paraguay. Developed cattle breeding plans in Paraguay for A.I.D.

1961 - Argentina. Survey and plans for more efficient beef industry in Argentina.

h) Other Professional Contributions

Dr. Lush has served in an advisory capacity to U.S.D.A., to breed organizations, to

artificial insemination centers, and to many privately owned seed stock organizations

concerning problems of genetic improvement.

He has served as advisor to the Poultry Breeders Roundtable since its foundation

in 1952. This is an organization of  commercial poultry seedstock producers which

meets annually to discuss genetic problems.

He became advisor to the American Hereford Association when dwarfism became

a problem in the U.S. beef  industry in the early 1950’s. His suggestions and

recommendations were instrumental in bringing the problem under control without

greatly upsetting beef production.

His studies of the Danish Pig Testing System were important in establishing pig

testing systems which operated efficiently in the U.S., for example, averages from

the Iowa Swine Testing Station in operation at Ames since 1958 indicate that ham

and loin as a percent of carcass weight has increased about three quarters of one

percent per year.

i) Service to Organized Groups Related to Food and Agriculture

Dr. Lush has served in official capacity with many national and private organizations

in positions involving responsibility to agriculture. These include U.S.D.A., Rockefeller

Foundation, C.S.I.R.O. in Australia, A.I.D. foreign agriculture, United Nations, F.A.O.,

C.A.F.A.D.E. in Argentina, Poultry Breeders Roundtable, American Hereford

Association, Hoistein-Friesian Record Association, and Ayshire Cattle Club.
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LIST OF PUBLICATIONS

1. Inheritance in Swine. J. Hered. 12: 57-71 (1921).

2. An Hereditary Notch in the Ears of  Jersey Cattle. J. Hered. 13: 8-13 (1922).

3. The Influence of Age and Individuality upon the Yield of Wool. Proc. Amer.

Soc. An. Prod. 1922, 105-109 (1922).

4. The Practicability of the Milking Machine. Texas Sta. Circular 30. Inheritance

in Swine. (with E. N. Wentworth). J. Agric. Res. 23: 557-582 (1923).

5. I. Fattening Steers on Cottonseed Meal and Hulls with and without Corn. II.

The Influence of Age on Fattening Steers. (with J. M. Jones and J. H. Jones).

Texas Sta. Bull. 309 (1923).

6. The Influence of  Individuality, Age and Season Upon the Weight of Fleeces

Produced by Range Sheep. (with J. H. Jones). Texas Sta. Bull. 31 (1923).

7. Twinning In Brahma Cattle. J. Hered. 15: 93-96 (1924).

8. “Double Ears” in Brahma Cattle. J. Hered. 15: 93-96 (1924).

9. The Influence of Individuality, Age and Season Upon the Weights of Fleeces

Produced by Angora Goats Under Range Conditions. (with J. M. Jones). Texas

Sta. Bull. 320 (1924).

10. Nature’s Score Card for Feeder Steers. Proc. Amer. Soc. An. Prod. 1924,

98-101 (1924).

11. The Possibility of Sex Control by Artificial Insemination with Centrifuged

Spermatozoa. J. Agric. Res. 30: 893-913 (1925).

12. Methods of Selecting Wool Samples in Shrinkage Studies. (with J. M. Jones).

Proc. Amer. Soc. An. Prod. 1925, 115-117 (1925).

13. Practical Methods of Estimating the Proportions of Fat and Bone in Cattle

Slaughtered in Commercial Packing Plants. J. Agric. Res. 32: 727-755 (1926).

14. Inheritance of  Horns, Wattles, and Color in Grade Toggenburg Goats.

J. Hered. 17: 72-91 (1926).

15. How Much Accuracy is Gained by Weighing Cattle Three Days Instead of

One at the Beginning and End of Feeding Experiments. (with W. H. Black).

Proc. Amer. Soc. An. Prod. 1926, 206-210 (1926).

16. Rice Bran as a Feed for Dairy Cows. (with Fred Hale). Texas Sta. Bull. 352

(1927).

17. “Percentage of Blood” and Mendelism. J. Hered. 18: 351-367 (1927).

18. The Production of  Clean Milk. (with Fred Hale). Texas Sta. Circular 48

(1927).

19. Practices and Problems Involved in Crossbreeding Cattle in the Coastal Plain

of Texas. Proc. Amer. Soc. An. Prod. 1927, 58-61 (1927).

20. A Statistical Interpretation of Some Texas Lamb Feeding Data. (with J. M.

Jones). Proc. Amer. Soc. An. Prod. 1927, 167-170 (1927).

21. Changes in Body Measurements of Steers During Intensive Fattening. Texas

Sta. Bull. 385 (1928).
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22. The Accuracy of Cattle Weights. (With F. W. Christensen, C. V. Wilson and

W. H. Black). J. Agric. Res. 36: 551-580 (1928).

23. The Use of Dressed Beef Appraisals in Measuring the Market Desirability of

Beef Cattle. (with W. H. Black and A. T. Semple). J. Agric. Res. 39: 147-162

(1929).

24. Atavism in Jersey Cattle. J. Hered. 20: 381-383 (1929).

25. Twins in Jersey Cattle. J. Hered. 20: 510-513 (1929).

26. The Inheritance of Cryptorchidism. (with J. M. Jones). Proc. Amer. Soc. An.

Prod. 1929, 57-61 (1929).

27. Interpreting Figures from Feeding Experiments. Proc. Assoc. Southern Agric.

Workers. 1929, 177-186 (1929).

28. “Duck-legged” Cattle on Texas Ranches. J. Hered. 21: 84-90 (1930).

29. Karakul Sheep. (with J. M. Jones and R. E. Dickson). Texas Sta. Bull. 405

(1930).

30. The Inheritance of Cryptorchidism in Goats. (with J. M. Jones and W. H.

Dameron). Texas Sta. Bull. 407 (1930).

31. Normal Growth of Range Cattle. (with J. M. Jones, W. H. Dameron and

O. L. Carpenter). Texas Sta. Bull. 409 (1930).

32. A Study of  the Accuracy of  Measurements of Dairy Cattle. (with O. C.

Copeland). J. Agric. Res. 41: 37-49 (1930).

33. Earlessness in Karakul Sheep. J. Hered. 21: 107-112 (1930).

34. “Nervous” Goats. J. Hered. 21: 242-247 (1930).

35. How Farm Animals Inherit. (A review of Christian Wriedt’s “Heredity in

Livestock”), J. Hered. 21: 306-308 (1930).

36. Interpreting the Results of Group Feeding Experiments. Proc. Amer. Soc. An.

Prod. 1930, 44-55 (1931).

37. The Number of  Daughters Necessary to Prove a Sire. J. Dairy Sd. 14:

209-220 (1931).

38. Predicting Gains in Feeder Cattle and Pigs. J. Agric. Res. 42: 853-881 (1931).

39. Genetic Aspects of the Record of Performance Work with Swine. Proc. Amer.

Soc. An. Prod. 1931, 51-62 (1932).

40. The Ages of Breeding Cattle and the Possibilities of Using Proven Sires. (with

N. D. Lacy). Iowa Sta. Bull. 290 (1932).

41. How Old are your Bulls and Cows and What Difference Does it Make?

(abridged edition of Iowa Sta. Bull. 290). (with M. D. Lacy). Iowa Sta. Bull.

290A (1932).

42. An Empirical Test of the Approximate Method of Calculating Coefficients

of Inbreeding and Relationship from Livestock Pedigrees. J. Agric. Res. 45:

565-569 (1932).

43. Twinning, Sex-ratios, and Genetic Variability in Birth Weight in Sheep. (with

A. B. Chapman). J. Hered. 23: 473-478 (1932).
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44. The Relation of Body Shape of Feeder Steers to Rate of Gain, to Dressing

Percent, and to Value of Dressed Carcass. Texas Sta. Bull. 471 (1932).

45. The Amount and Kind of Inbreeding which has Occurred in the Development

of  Breeds of  Livestock. Proc. Sixth International Congress Genetics. 2:

123-126 (1932).

46. Mutton, and How it Gets that Way. (A review of  John Hammond’s

“Growth and the Development of Mutton Qualities in the Sheep”). J. Hered.

23: 312-314 (1932).

47. Inbreeding and the Genetics History of the Rambouillet Sheep in America.

(with W. F. Dickson). J. Hered. 24: 19-33 (1933).

48. The Use of Statistical Methods in Animal Husbandry. Proc. Amer. Soc. An.

Prod. 1932, 15-19 (1933).

49. Linebreeding. Iowa Agric. Exp. Sta. Bull. 301 (1933).

50. A Linebreeding Program for Horse Breeding. (with P. B. Pearson). J. Hered.

24: 185-191 (11. Paper No. B62) (1933).

51. The Bull Index Problem in the Light of Modern Genetics. J. Dairy Sci. 16:

501-522 (1933).

52. The Reliability of Some Measures of Productiveness in Brood Sows. (with

A. L. Anderson, C. C. Culbertson and W. E. Hammond). Proc. Amer. Soc. An.

Prod. 1933, 282-287 (1934).

53. Freshening Ages of Purebred Cows in Iowa Cow Testing Associations. (with

Mogens Plum). J. Dairy Sci. 17: 625-636 (1934).

54. Progress Report on Comparison of  Lactation and Yearly Records. (with

C. N. Harris and E. N. Schultz). J. Dairy Sci. 17: 737-742 (1934).

55. Beef  Production arid Quality as Influenced by Crossing Brahman with

Hereford and Shorthorn Cattle. (with W. H. Black and A. T. Semple) U.S.D.A.

Tech. Bull. 417 (1934).

56. A Herd of Cattle Bred for Twenty Years without New Blood. J. Hered. 25:

209-216. ( J. Paper No. J-l33) (1934).

57. Factors Affecting Birth Weights of Swine. (with H. O. Hetzer and C. C.

Culbertson). Genetics 19: 329-343 (1934).

58. Progeny Test and Individual Performance as Indicators of an Animal’s Breeding

Value. J. Dairy Sci. 18: 1-19 (1935).

59. The Inheritance of Productivity in Farm Livestock. V. Discussion of Preceding

Contributions. Empire J. Exp. Agric. 3: 25-30 (1935).

60. Genetics History of the Hoistein-Friesian Cattle in the United States. (with

J. C. Holbert and 0. S. Wiliharn). 3. Hered. 27: 61-72 (1936).

61. Genetics and Animal Breeding. (A review of C. Kronacher’s “Genetik und

Tierzuchtung”). J. Hered. 27: 201-203 (1936).

62. Genetic Aspects of the Danish System of Progeny-testing Swine. Iowa Agric.

Exp. Sta. Res. Bull. 204 (1936).
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63. Variations in the Softness of Lard Produced in the Record of Performance

Testing. (with B. H. Thomas, C. C. Culbertson and F. J. Beard). Proc. Amer.

Soc. An. Prod. 1936, 258-259 (1936).

64. A Genetic History of  the Brown Swiss Cattle in the United States. (with Dorsa

N. Yoder). J. Hered. 28: 154-160 (1937).

65. Identical Twins in Cattle. (a review of C. Kronacher’s “Neue Ergebnisse Der

Zwillingsforschung Bèim Rind”). J. Hered. 28: 415-418 (1937).

66. Animal Breeding Plans. 366 P1. Collegiate Press, Ames, Iowa (1937).

67. The Degree to which Litter Size is a Constant Characteristic of Sows. (with

A. E. Molln). Proc. Amer. Soc. An. Prod. 1937, 133-137 (1937).

68. Pedigree Promise and Progeny Test Among Sires Proved in Iowa Cow Testing

Associations. (with Earl N. Schultz). J. Dairy Sci. 21: 421-432 (1938).

69. Teaching Animal Breeding. Proc. Amer. Soc. An. Prod. pp. 175-180 (1938).

70. Herd Averages Computed by the Cow-Year Method versus Herd Averages

based only on Cows on Test at Least 10 Months. (with Floyd Johnston).

3. Dairy Sci. 21: 127-128 (1938).

71. Crossbreeding Hogs for Pork Production. (with P. S. Shearer and C. C.

Culbertson). Iowa Agric. Exp. Sta. Bull. 380 (1939).

72. High Records Contrasted with Unselected Records and with Average Records

as a Basis for Selecting Cows. (with J. C. Berry). J. Dairy Sd. 22: 607-617

(1939).

73. A Genetic History of Poland-China Swine. (with A. L. Anderson). J. Hered.

30: 149-156 and 219-224 (1939).

74. President’s Address. Proc. Amer. Soc. An. Prod. pp. 11-18.

75. Intra-sire Correlations or Regressions of Offspring on Dam as a Method of

Estimating Heritability of Characteristics. Proc. Amer. Soc. An. Prod. pp. 293-

301 (1940).

76. “Nicking” in Dairy Cattle. (with D. M. Sheath). J. Dairy Sci. 23: 103-113

(1940).

77. Effects which Selection of Dams may have on Sire Indexes. (with H. W.

Norton, III and Floyd Arnold). J. Dairy Sci. 24: 695-721 (1941).

78. Crossbreeding hogs? (with P. S. Shearer and C. C. Culbertson), Farm Science

Reporter for January, pp. 8-11 (1941).

79. Applications of  Genetics to Animal Breeding. Proc. Iowa Acad. Sci.

48: 65-72 (A Portuguese translation of this appeared in 1944 in “Ceres” 6:

44-51. Viçosa, Minas Gerais, Brazil) (1941).

80. Facts of Life for the Farmyard. J. Hered. 32(4): 122 (1941).

81. Repeatability of Type Ratings in Dairy Cattle. J. Dairy Sci. 25(1): 45-56.

(with Arthur E. Johnston) (1941).

82. The Efficiency of Three Methods of Selection. (with L. N. Hazel). J. Hered.

33: 393-399 (1942).
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83. The Heritability of Butterfat Production in Dairy Cattle. (with F. S. Straus).

J. Dairy Sci. 25: 975-982 (1942).

84. Litter Size and Weight as Permanent Characteristics of Sows. (with A. E.

Molln). U.S. Dept. Agric. Tech. Bull. 836 (1942).

85. Heritability of Conformation in Poland-China Swine as Evaluated by scoring.

(with H. H. Stonaker). J. An. Sci. 1: 99-105 (1942).

86. Repeatability of Type Ratings in Dairy Cattle. (with Leslie E. Johnson).

J. Dairy Sci. 25: 45-56 (1942).

87. Constructing Selection Indexes to Make Maximum Progress. (with L. N. Hazel).

J. An. Sci. 1(1): 69-70 (1942).

88. Animal Breeding Plans. 2nd Ed. 437 p. The Collegiate Press. Ames, Iowa

(1943).

89. The Quest for a Common Denominator. J. Hered. 34(8): 235-238. (Review

of “Lekiels of Integration in Biological and Social Systems”, edited by Robert

Redfield) (1943).

90. The Optimum Emphasis on Dam’s Records when Proving Dairy Sires.

J. Dairy Sci. 27: 937-951 (1944).

91. Are Better Hogs Coming? Farm Science Report for April, pp. 3-6 (1944).

92. Animal Breeding Plans. 3rd Ed. 443 p. The Collegiate Press. Ames, Iowa (1945).

93. Chance as a Cause of Changes in Gene Frequency within Pure Breeds of

Livestock. Amer. Naturalist. 80: 318-342 (1946).

94. Hybrid Vigor in Single Crosses between Inbred Lines of Poland China Swine.

(with G. E. Dickerson and C. C. Culbertson). J. An. Sci. 5 (1946).

95. Factors Affecting Rate of Gain and their Relation to Allotment of pigs for

Feeding Trials. (with Roberto M. Miranda and C. C. Culbertson). J. An. Sci. 5:

243-250 (1946).

96. Out on First Record? Iowa Farm Science, Jan. 1946, pp. 6-7 (1946).

97. The Genetics of  Cattle. (with Robert R. Shrode). Advances in Genetics.

1: 209-261 (1947).

98. Heritability of Amount of Spotting in Holstein-Friesian Cattle. (with Raul

Brequet, Jr.). J. Hered. 38: 98-105 (1947).

99. Family Merit and Individual Merit as Bases for Selection. Am. Naturalist. 81:

241-261 and 362-379 (1947).

100. “Genetics for the Millions” (with R. C. Cook). (Review of  Dunn and

Dobquhansky’s “Heredity, Race and Society”). J. Hered. 38: 299-305 (1947).

101. Variations in Yield of Milk under the Pen Keeping System in Brazil. (with

G. G. Carneiro). J. Dairy Sci. 31: 203-211 (1948).

102. The Heritability of Resistance to Death in the Fowl. (with Lamoreux and

Hazel). Poultry Sci. 27(4): 375-388 (1948).

103. Heritability of  Quantitative Characters in Farm Animals. Proc. Eighth

International Genetics Congress. pp. 356-375 (1949).
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104. Ernest W. Lindstrom. 1891-1948. J. Hered. 40(2): 44-46 (1949).

105. The Algebra of  Genetics. (Review of C. C. Li’s, “An Introduction to Population

Genetics”). J. Hered. 40: 156 (1949).

106. The Accuracy of Linear Body Measurements of Dairy Cattle. (with R. W.

Touchberry). J. Dairy Sci. 33(1): 72-80 (1950).

107. Inheritance of Susceptibility to Mastitis. J. Dairy Sci. 33(2): 121-125 (1950).

108. The Effects of  Mild Inbreeding on a Herd of  Hoistein-Friesian Cattle.

J. Dairy Sci. 33: 186-193. (with R. H. Nelson) (1950).

109. Changes in Milk Production with Age and Milking Frequency. J. Dairy Sci.

33(5): 338-357. (with R. R. Shrode) (1950).

110. Review of R. A. Fisher’s, “The Theory of Inbreeding”. Amer. J. of Human

Genetics. 2(1): 97-100 (1950).

111. Mating Systems in Honey Bees. (with Martin Polhemus and Walter C.

Rothenbuhier). J. Hered. 41(6): 151-155 (1950).

112. Computing Inbreeding and Relationship Coefficients from Punched Cards.

(with L. N. Hazel). J. Hered. 41: 301-306 (1950).

113. Summary. (Symposium on selection at Chicago in November, 1949).

J. An. Sci. 10: 18-21 (1951).

114. The Impact of Genetics on Animal Breeding. A General Invitation Review

and Forecast. J. An. Sci. 10(2): 311-321 (1951).

115. Inbreeding and Outbreeding as Practiced with Poultry. pp. 11-18. Numbers

of  Sires, Dams and Progeny Required for Reliable Progeny Testing.

pp. 68-74. “Proceedings Fourth Pacific Northwest Chicken and Turkey

Breeders Roundtable” (1951).

116. Genetic Correlation between Type and Production in Jersey Cattle. J. Dairy

Sci. 35(3): 199-2l3. (with Water R. Harvey) (1952).

117. How Dominance and Gene Reaction Modify the Effectiveness of Breeding

Plans. pp. 15-25. First Poultry Breeder’s Roundtable (1952).

118. Results of Swine Breeding Research. U.S.D.A. Circular No. 916. (W. A. Craft,

sole author, with acknowledgements to 15 or 20 others) (1953).

119. Breeding Structure of  Populations. I. General Considerations (Chapter 42,

page 537—542 in) Statistics and Mathematics in a Selection Index for Fat

Production in Dairy Cattle: Utilizing the Fat Yields of  the Cow and Her Close

Relatives. (with J. E. Legates). J. Dairy Sci. 37(6): 744-753 (1954).

120. Reproductive Rates and Growth of Purebred Brown Swiss Cattle in Brazil.

(with G. G. Carneiro). J. Dairy Sci. 37: 1145-1157.

121. Rates of  Genetic Changes in Populations of  Farm Animals. Proc. Ninth

International Congress of Genetics. 1: 589-599 (1954).

122. Estimates of Heritability in Breeding Problems. (A chapter in the book;

“Breeding Beef Cattle Adapted to Unfavorable Environments”, published

by the University of  Texas Press-King Ranch Centennial.) pp. 113-126

(1955).
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123. Proving Sires and Dams. (with Lon D. McGilliard). J. Dairy Sci. 38: 163-180

(1955).

124. Relations Between Parts of Lactations and Producing Ability of Holstein Cows.

(with D. E. Madden and L. D. McGilliard). J. Dairy Sci. 38(11): 1264-71

(1955).

125. Statistics in Investigations in Animal Production. J. of the Indian Society of

Agricultural Statistics. 7: 7-22 (1955).

126. Dairy Cattle Genetics. J. Dairy Sci. 39(6): 693-694 (1956).

127. Changes in Type Classifications of  Dairy Cattle. J. Dairy Sci. 39(7):

1015-1026 (1956).

128. Theoretical Consequences of Breeding for the Heterozygote in Intra and

Interbreeding Populations. p. 3-26 in Fifth Poultry Breeders Roundtable

(1956).

129. Studies on Bovine Ocular Squamous Carcinoma (“Cancer Eye”). (with David

E. Anderson and Doyle Chambers) (1957).

130. II. Relationship Between Eyelid Pigmentation and Occurrence of Cancer Eye

Lesions. J. An. Sci. 16: 739-746 (1957).

131. III. Inheritance of Eyelid Pigmentation. J. An. Sci. 16: 1007-1016 (1957).

132. Twinning in Dairy Cattle and its Relation to Production. J. Dairy Sci.

40: 1430-1436. (with C. E. Meadows) (1957).

133. Effect of Inbreeding on Production in Holsteins. J. Dairy Sci. 41: 105-113.

(with C. N. von Krosigk) (1958).

134. Practical Application of Performance Testing. The Shorthorn World. 43(11):

44 and 318-321 (1958).

135. Genetics in Plant and Animal Breeding. (Translated Title). Tolvmandsbladet

30(10): 403-409. Copenhagen (1958).

136. Genetic Relations between Body Measurements at Three ages in Holsteins.

J. Dairy Sci. 41: 1045-1049. (with D. W. Blackmore and L. D. McGilliard)

(1958).

137. Relationships between Body Measurements, Meat Conformation, and

Milk Production. J. Dairy Sci. 41: 1050-1056. (with D. W. Blackmore and

L. D. McGilliard) (1958).

138. Genetic and Environmental Portions of the Variation among Herds in Butterfat

Production. J. Dairy Sci. 42: 115-122. (with F. Pirchner) (1959).

139. Making Use of New Knowledge about Basic Principles. pp. 141-155, Eighth

Poultry Breeders’ Roundtable (1959).

140. Controls for Selection Experiments. pp. 46-55 in Proc. NC-1 Technical

Committee Meeting at Ames, July 23-24. Mimeo (no reprints) (1959).

141. Improving Dairy Cattle by Breeding. I. Current Status and Outlook.

J. Dairy Sci. 43: 702-706 (1960).

142. Accuracy of Partial Trapnest Records. Poultry Science. (with John D. Wheat)

(1960).
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143. Practical Application of Performance Testing. Gulf Coast Cattleman. 26(7):

6-8 (1960).

144. How Selection May Change a Mendelian Population. Quart Review of Biology.

35(3): 221-223 (1960).

145. Breeding (Animal). pp. 326-327 in: The McGraw-Hill Encyclopedia of Science

and Technology, 15 Volumes (1960).

146. Genetic Environmental Interactions. pp. 104-107 in Proc. of 1960 Tech.

Comm. Mtg., NC-1. July 25-27. Oklahoma. Mimeo (1960).

147. Scientific Problems of Recording Systems and Breeding Plans for Domestic

Animals. Lectures of II International Summer School, Sept. 12-27 at Nariensee,

Schriftenrejhe des Nax-Planck-Instituts fur Tierzucht und Tierernahrung

(1961).

148. Selection Indexes for Dairy Cattle, Sonderdruch aus zertschrift fur

Tierzuchtung und zuchtungsbiologie. 75: 249-261 (1961).

149. Animal Improvement and Adaptation. United Nations Conference on the

Application of Science and Technology for the Benefit of the Less Developed

Areas, Nov. 1962. (with Jorge de Alba) (1962).

150. Effects of Inbreeding on Size and Type in Hoistein-Friesian Cattle. J. Dairy

Sci. XLV 390-395. (with T. N. Sutherland) (1962).

151. Improving Agriculture Through Genetics. Proc. Annu. Mtg. Agric. Res. Inst.

Oct. 14-15, 1963. pp. 159-172 (1963).

152. Population Genetics, The Voice of America Forum Lectures, Agricultural Series

4, pp. 1-11 (1963).

153. The Importance of Quantitative Genetics for Animal Breeding. Tijdschrift

voor Diergeneeskunde. 22: 1592-1598 (1964).

154. Genetic and Environmental Factors in Dairy Sire Evaluation. III. Influence of

Environmental and Other Extraneous Correlations among the Daughters.

J. Dairy Sci. XLVIII: 356-360. (with B. Bereskin) (1965).

155. Ways of Utilizing Heterosis in Animal Breeding. Crencia E Cultura. 19:

221-222 (1967).

156. Importance of Family Structure in the Dairy Cattle Population. Symposium

on Dairy Cattle Breeding. J. Dairy Sci. 51: 296-306 (1967).

157. Genetic Progress Through Selection in a Closed Herd of  Indian Cattle.

J. Dairy Sci. 51: 1059-1064. (with R. M. Acharya) (1967).

158. Importance of Bull x Herd-Year-Season Interaction in Milk Production. J.

Dairy Sci. 50: 1703-1707. (with D. J. Kelleher and A. E. Freeman) (1967).

159. Genetic and Biometric Foundations of Populations. J. Hered. 59: 357-359

(1968).

160. Genetic Unknowns and Animal Breeding a Century After Mendel. Transactions

of the Kansas Academy of Science. 71: 309-314 (1968).
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161. Animal Breeding in the Age of A.I. “Animal Breeding and Application, present,

and future.” pp. 8-25. (North America). Mimeo. (Sponsored jointly with

Univ. Wisconsin) (1968).

162. Research in Animal Production, its Past Accomplishments and Present

Prospects. pp. 45-65. (In Bull. 160. 38th Jahrgang 38. The centenary of the

Abteilung fur Landwirtschaft an der Eidegenossischen Technischen

Hochschule, Zurich. June 25-26, 1971.

163. Early Statistics at Iowa State University. Chap. 13 (p. 221-226 in the book,

“Statistical Papers in Honor of George W. Snedecor.” ISU press (1972).

164. Teaching Animal Breeding and Teaching Graduate Students. An. Breeding

and Genetics Symposium. pp. 78-88. (By the American Society of Animal

Science and the American Dairy Science Assoc.) (1972).

165. Response to the Dedication of the Jay L. Lush Auditorium. Iowa State Journal

of Science. 48(4): 281-284 (1974).
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BIOGRAPHICAL INFORMATION

Born on January 16, 1915, Vienna Austria. Diploma in Agricultural Engineering

(M.Sc. Equivalent in Entomology) from Agricultural University (SGGW), Warsaw

Poland 1938.

Came to the United States in 1947. Naturalized US citizen in 1952.

Ph.D. in Botany and Plant Pathology, Columbia University, New York, 1949.

Positions

Rockefeller University, New York City, from Assistant to Associate Professor,

1949-1961.

Boyce Thompson Institute for Plant Research, Yonkers, New York from

Senior Entomologist to program Director on Insect Physiology and Virology,

1961-1974.

Rutgers- The State University of New Jersey, Professor II (Distinguished Professor)-

1974 - until now; Named Professor (Robert L. Starkey Professor of Microbiology)

1983 - until now; Adjunct Professor of Entomology 1985 - until now.

Karl Maramorosch
Rutgers University

New Brunswick, N.J., USA

k

1980 — for his pioneering and
wide-ranging studies on interactions
between insects and disease agents
in plants.
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Visiting Professorship

1) Wageningen Agric. University, Netherlands 1953.

2) Cornell University 1957.

3) Agric. University, Bucharest, Romania 1964.

4) Agric. University, Skierniewice and Warsaw (SGGW), Poland 1964.

5) Rutgers University 1968.

6) Fordham University, NY 1972.

7) Fulbright Senior Prof. Yugoslavia 1972 and 1977.

8) Agric. University, Bangalore, India 1979.

9) Dist Senior Prof. Hokkaido University, Sapporo, Japan 1980.

10) Fudan University, Shanghai, China 1982.

11) Justus Liebig University, Giessen, Germany 1983.

Professional Affiliations

1) American Phytopathological Society (Fellow).

2) Entomological Society of America (Fellow and Honorary Member).

3) Indian Virological Society (Honorary Fellow).

4) American Association for the Advancement of Science, AAAS (Fellow).

5) New York Academy of Sciences (Fellow).

6) New York Academy of Sciences (Recording Secretary, 1960-1962).

7) New York Academy of Sciences (Vice-President, 1961-1963).

8) National Academy of Sciences, India (Honorary Fellow).

9) Leopold ma Academy, Germany.

10) Microscopy Society of America.

11) International Organization for Mycoplasmology.

12) Society for Invertebrate Pathology.

13) Society of In Vitro Biology.

14) American Council on Science and Health (Board of  Science and Policy

Advisors).

15) International Association for Research on Medicinal Forest Plants (President).

16) Phi Beta Kappa Award in Science Committee.

17) Tropical Medicine and Parasitology USPH-NIH Panel (1971-1976).

18) American Institute of Biological Sciences

19) American Society of Virology.

Honors and Awards

1) Magna cum Laude Diploma, Agric University (SGGW) Warsaw, Poland

1938.

2) Predoctoral Fellow, American Cancer Society, Columbia University 1947-1949.

3) Cressy Morrison Prize, New York Academy of Science 1951.
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4) New York Academy of Science, Recording Secretary 1961.

5) New York Academy of Science, Vice President 1962-1963.

6) Lalor Foundation Senior Research Award 1955.

7) American Association for the Advancement of Science, AAAS Prize and

Campbell Medal 1958.

8) Honorary Member, Mendel Society 1963.

9) Member, Leopoldina Academy 1971.

10) Honorary Fellow, National Academy of Science, India 1979.

11) Member of Executive Committee of Virus Classification 1966-1968.

12) President of Executive Committee of Virus Classification, First (1969), Second

(1973), Third (1977) and Fourth (1982) International Comparative Virology

Conferences.

13) Senior Fuibright-Hays Professorship, Yugoslavia 1972 and 1977.

14) Award of Merit, American Phytopathological Society (APS) 1954.

15) Fellow of the American Phytopathological Society (APS) 1972.

16) Fellow of the American Association for the Advancement of Science, AAAS

1955.

17) President of the Tissue Culture Association North Eastern Branch 1980.

18) Entomological Society of America (ESA)—Ciba-Geigy National Award in

Agriculture 1976.

19) Wolf Prize in Agriculture 1980.

20) Jurzykowski Prize in Biology 1981.

21) American Institute of Biological Sciences, Distinguished Service Award 1983.

22) NIH Fogarty International Center-Biomedical Exchange Program with Poland

Award 1985.

23) Japan Society for Promotion of Science Distinguished Professorship, Hokkaido

University, Japan 1980.

24) American Society for Microbiology Honorary Lectureship Award 1978.

25) Award of Asian Indians in America Award 1981.

26) Indian Virological Society Honorary Fellow, 1987.

27) Santokhba Durlabhji Award, Jaipur, India 1993.

28) Waksman Award and Medal, Theobald Smith Society 1978.

29) Named Professorship at Rutgers University 1983.

30) President of International Association of Medicinal Forest Plants 1991.

31) Founders Lecturer in the Society for Invertebrate Pathology, Adelaide, Australia

1990.

32) Founders Honoree, Sapporo 1998.

33) International Organization of Mycoplasmologists Recognition Award, Sydney,

Australia 1998.

34) Distinguished Lifetime Achievement Award from the Society of In Vitro Biology

2001.

35) L.O. Howard Distinguished Achievement Award, Entomol. Soc. America, 2006.
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Visiting Professorships

During several visits to the International Center for Insect Physiology (ICIPE) in

Nairobi and Mbita Point, Kenya, Professor Maramorosch taught about novel insect

control measures using insect cell culture.

In the former Soviet Union, he lectured and consulted in the Republics of

Russia, Armenia and Uzbekistan.

As an invited Guest Professor at Fudan University in Shanghai, China, he lectured

on applications of invertebrate cell culture.

Maramorosch’s fluency in seven languages was very helpful in his international

activities, When the Justus Leibig University in Giessen, Germany invited him, he

lectured there in German. In Romania, as a guest of  their Academy of Sciences, he

made use of knowledge of  Romanian, acquired during his years as civilian internee

during World War II in that country. In St. Petersburg, Moscow, Yerevan and

Tashkent, he lectured in Russian, and in Poland in Polish.

Maramorosch’s creativity has been demonstrated throughout his career. His

lecturing commitments often took him outside the U.S. borders. He has tremendous

energy to meet people from around the world, to learn new cultures, and to pass

on his knowledge wherever he steps. His passion for science and for learning is his

inspiration. Numerous postgraduate associates from around the globe owe their

own enthusiasm to having been fortunate enough to spend time in his laboratory.

Professor Karl Maramorosch has served the discipline of entomology and plant

pathology with uninterrupted distinction across a span of seven decades. His

hundreds of scholarly publications document the remarkable scientific journey of

one of the giants and icons of entomology. He has gained true world renown in

insect pathology, plant-insect vectors, insect cell culture, and virology. To have

contributed to such a breadth of  disciplines is notable but to have had substantial

impact in each is extraordinary.

Research Interests and Expertise

The study of interactions between pathogens, vectors, and hosts, and the emergence

of “new” infectious diseases during the past decades has seen a large expansion of

information on viral genetics, molecular biology, and pathogen evolution. Polymerase

chain reaction has provided a sensitive tool for the detection of  pathogen

components. Prevention of vector-borne diseases by botanical compounds such

as derivatives of neem (Azadirachta indica) and biological control of pests and

vectors were studied. Invertebrate cell culture became an area of  special interest.

Contributions were made to comparative virology, spiroplasma and phytoplasma

pathogens, biotechnology and environmental safety, and emerging infectious

diseases.
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RECENT PUBLICATIONS (SINCE 1996):

• Maramorosch, K. 1996. The cadang-cadang disease of palms. In Forest Trees

and Palms: Diseases and Control. S.P. Raychaudhuri and K. Maramorosch, eds.

Science Publishers, New Hampshire: 309-318.

• Maramorosch, K. 1996. Lethal yellowing disease of palms. In Forest Trees and

Palms: Diseases and Control. S.P. Raychaudhuri and K. Maramorosch, eds. Science

Publishers, New Hampshire: 253-265.

• Maramorosch, K. 1997. Mites (Acarina: Eriophyoidea) as vectors of plant

pathogens. In: Ecology and Evolution of Plant-Feeding Insects in Natural and

Man-Made Environments. Anantharayanan Raman, ed. Backhuis Publishers,

Leiden, The Netherlands: 197-201.

• Maramorosch, K. 1998. Punta morada de Ia papa (Potato purple top wilt)

Memoirs Potato Symposium, Toluca, Mexico, Conferencias magistrales. l2 pp.

• Maramorosch, K. and Adlakha, K. 1998. Natural products from medicinal forest

plants: Prospects for mutual agreements between industrialized and developing

countries. In: Prospects of Medicinal Plants. P.L. Guatham et al., eds. Indian

Society of Plant Genetic Resources, New Delhi: 52-58.

• Maramorosch, K. 1999. Conservation of threatened medicinal forest plants.

Technology 6: 269-273.

• Maramorosch, K. 1999. Ecologically disturbed forests linked to new emerging

human diseases. In: Biotechnology and Plant Protection in Forestry Science.

S.P. Raychaudhuri & K. Maramarosch, eds. Science Publishers, Enfield, NH:

253-258.

• Maramorosch, K. 1999. Suggestions for lethal yellowing and cadang-cadang

disease prevention. Acta Horticulturae 486: 141-148.

• Maramorosch, K. 1999. The discovery of 2-4D. International J. Tropical Plant

Diseases 15: 7-15.

• Maramorosch, K. 1999. Neem for reforestation. In: Proceedings Neem

Conference, Gaton College, Australia, R.P. Singh and R.C. Saxena, eds. Science

Publishers, Enfield, NH: 11-20.

• Maramorosch, K. 1999. Leafhopper and plant hopper rearing. In: Maintenance

of human, animal, and plant pathogen vectors. K. Maramorosch & F. Mahmood,

eds. Science Publishers, Enfield, NH: 194-211.

• Maramorosch, K. 1999. The early history of invertebrate cell culture. In Vitro

Report 33: 1-6.

• Maramorosch, K. & Hillman, B. 2000. Plant Disease Resistance: Natural

mechanisms and engineered resistance. In: Encyclopedia of Microbiology, Second

Edition. Joshua Lederberg, ed. Academic Press, Vol. III: 662-675.

• Maramorosch, K. 2000. The end of polio?. The Sciences, Sept. & Oct. 2000:

48.

05_1980 Maramorosch.p65 06-Mar-09, 6:57 PM85



86 Wolf Prize in Agriculture

• Maramorosch, K. 2002. The neem tree — source of unique natural products

for integrated pest management, medicine, and other purposes. H. Schmutterer,

ed. 893 pp. Neem Foundation, Vitnagar, Mumbal, India. Foreword.

• Maramorosch, K. 2002. Diseases and pathogens of Mollusca. McGraw-Hill

Encyclopedia of Science & Technology, 9th Ed.: 393-397.

• Maramorosch, K. 2004. The phantom vector of an emerging viroid. In: Life

Sciences for the 21st Century. Ehud Keinan et al., eds. VCH- Viley: 297-3O3

Science at the Turn of  the Century. Ehud Keinan, ed.

• Perez, B.A., Barreto, D. and Maramorosch, K. 2004. Hop and olive diseases.

In: Crop Management and Postharvest Handling of  Horticultural Products.

Vol. IV- Diseases and disorders of fruits and vegetables. Ramdane Dris et al.,

eds. Science Publishers, Enfield, NH, USA: 289-303.

• Granados, R.R. and Maramorosch, K. 2004. Molecular engineering and biology

of invertebrate cell culture: a tribute to Dr. Thomaas Grace and Prof. Shangyin

Gao. SIP Newsletter 37: 3.

• Maramorosch, K. and Perez, B.A. 2005. Cuscuta: possible role in emerging

virus diseases. Abstracts, IX Plant Virus Epidemiology Symposium, Lima, Peru.

• Maramorosch, K. 2005. Women pioneers of  invertebrate cell culture. SIP

Newsletter 38: 39-40.

• Maramorosch, K. 2006. Peeping into the past: Pioneers in Plant Protection.

Leslie C. Coleman (1878-1954). Indian J. Plant Protection 34: 145-146.

• Maramorosch, K. 2006. Lindsay M. Black (1907-1997). Indian J. Plant Protection

34: 146-147.

• Raychaudhuri, S.P. and Maramorosch, K. 2006. William Conway Proce

(1906-1991). Indian J. Plant Protection 34: 150-151.

• Maramorosch, K. 2006. Radcliffe Nathan Salaman (1874-1955) Indian J. Plant

Protection 34: 148.

• Maramorosch, K. 2006. Kenneth M. Smith (1892-1981). Indian J. Plant

Protection 34: 148-149.

• Maramorosch, K. 2006. Helen Purdy Beale: Pioneer of Plant Virus Serology.

(1893-1976). Indian J. Plant Protection 34: 149-150.

• Maramorosch, K. 2007. Viruses, vectors, and vegetation: an autobiography.

Advances in Virus Research 70: 1-31.

• Maramorosch, K. 2007. Emergence of new phytoplasma and virus diseases.

Abstracts, 10th Plant Virus Epidemiology Symposium: Controlling Epidemics of

Emerging and Established Plant Virus Diseases — The Way Forward. ICRISAT,

Hyderabad, India: 16.

• Maramorosch, K. 2007. Foreword. International Phytoplasmologist Working

Group, Bologna, Italy. Assunta. Bertaccini and Stefano Maini, eds. Bulletin of

Insectology 60 (2), December 2007: 99.
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Books from 1962-2006:

1. Biological Transmission of Disease Agents. Maramorosch, K., ed. Academic

Press. 192 pp. 1962.

2. A Survey of Coconut Diseases of Uncertain Etiology. Maramorosch, K., FAO,

Rome 1964.

3. Insect Viruses. Maramoroach, K., ed. Springer. 192 pp. 1968.

4. Viruses, Vectors and Vegetation. Maramorosch, K., ed. Wiley- lnterscience.

666 pp. 1969.

5. Methods in Virology, 8 Volumes. Maramorosch, K. and Koprowski, H., eds.

Academic Press. 1967-1984.

6. Comparative Virology. Maramorosch, K. and Kurstak, E., eds. Academic Press.
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CHAPTER 1

I. FROM CHILDHOOD IN EUROPE TO AMERICA

When the suggestion was made to write my biographical chapter for
Advances in Virus Research, I did not realize how difficult a task this
would be—where to start, what to say, and what to omit? I decided to
start with my childhood and describe events in my life that inspired me to
become a virologist and that were responsible for my scientific career.

In the summer of 1914, shortly after World War I started and the
Tsarist army approached the family farm located in the village of Soroki
in the eastern part of Austria, my parents escaped to Vienna, the capital of

Advances in Virus Research, Volume 70 # 2007 Published by
ISSN 0065-3527, DOI: 10.1016/S0065-3527(07)70001-5 Elsevier Inc.

Department of Entomology, Rutgers-The State University of New Jersey, New Brunswick, New Jersey 08901
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the Austro-Hungarian Monarchy. There I was born in 1915. The farm did
not move, but the borders moved many times. The family estate found
itself under no less than seven different regimes: Austria, Poland,
Petlura’s Ukraine, Romania, again Poland, USSR, Nazi Germany, USSR,
and currently Ukrainian Republic.

My father, a graduate of the Vienna Agricultural University, started
Ph.D. studies in Halle/Saal, Germany in 1898 but after 1 year returned
home to manage a 4000 acres estate, Kamionki Wielkie near Kolomyja,
owned by my grandfather. Around 1900, the estate was sold and the
smaller farm, Soroki, was purchased. My father considered himself a
Pole of Jewish creed. My mother, born in Zagreb, Croatia, was an accom-
plished pianist and a linguist, fluent in German, English, French, Italian,
and Serbo-Croatian. My siblings, Alfred, 6 years older, and Karla Bronia,
5 years older, spoke only Polish with my father and only German with my
mother. I grew up into this system, not realizing that it was not usual for
everyone to speak only Polish to one’s father and only German to one’s
mother. I grew up bilingual and only realized this clearly when I left
home and started writing letters to my parents—my thoughts were in
Polish when I addressed my father, and German toward my mother, and
I had to write not one, but two letters during my studies in Warsaw. I was
often asked how my parents spoke to each other. They spoke German
because, despite the great language skills of my mother, she could not
speak Polish without an accent, and it was, unfortunately, customary
in Poland to make fun of everybody who mispronounced Polish
words. My mother used Polish only when she went shopping or when
she spoke with people who helped at home, but never with friends or
visitors.

My third language was Ukrainian, which was spoken by all peasants
in the village where our farm was located. In high school I had 4 years of
Ukrainian and learned the Cyrillic script and some Ukrainian poetry by
Taras Shevchenko and Ivan Franko.

When I was 14 years old, my brother came home for his winter
vacation from Lwow (Lviv), where he was studying medicine. He told
me how his biology professor, Rudolf Weigl, invented a vaccine during
World War I that protected against exanthematous typhus. I was
completely fascinated, hearing how Professor Weigl was giving enemas
to individual body lice. Weigl infected the lice with Rickettsia prowazekii,
inserting glass micropipettes into their anal openings. Afterward he
maintained the inoculated lice on human volunteers for several days.
Subsequently, he removed the intestines from batches of 140 inoculated
lice, crushed the intestines in a tiny glass mortar with a few drops of
formalin, and obtained a single doze of his vaccine. Later I found out
that this was in Europe the only available vaccine against trench fever
until the end of WorldWar II (Szybalski, 1999). The information about the
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currently used vaccine, developed by Harold Cox around 1940/1941, did
not reach Europe during the war because of Pearl Harbor.

My brother’s description of Weigl’s work was spell binding and
I decided then to become a medical researcher and try experiments
similar to those carried out by the developer of the typhus vaccine.

I received my baccalaureate degree at the top of my class and applied
to the same Medical School in Lwow, where my brother had just
graduated. I was not accepted because of ‘‘numerus clausus,’’ as only 10
Jewish students were accepted every year—and I was not among the
lucky ones in 1933. I lost 1 year and remained at home, finishing my
piano studies. I was practicing every day, an average of 8 h, during my
12th year of piano study. By the end of the year, I graduated from the
Music Conservatory but realized that I would not become a famous
concert pianist to compete with Arthur Rubinstein, but, at best, a good
piano teacher. This did not appeal to me and, to the joy of my father,
I decided to follow in his footsteps and study agriculture. In 1934,
I applied to the Warsaw Agriculture University (SGGW) and I was
accepted without difficulty. After 4 years, I received the degree of
Agricultural Engineer (an MS equivalent).

Quoting Harold S. Ginsberg (1999) (Advances in Virus Research 54, p. 1),
‘‘I had the extremely good fortune to be in the right place at the right time,’’
not just once, but several times during the following years. OnMay 24, 1935,
I joined a group of Jewish students of agriculture to visit the oldest Polish
agricultural experiment station, located in Pulawy near Lublin. The very
inexpensive trip to Pulawy was on the deck of an old boat on the Vistula
River. We arrived in early morning and the whole group walked through
the ancient park of the Czartoryski estate toward the station building.
Across came a very nicely dressed girl, with a book in her hand. She paid
no attention to the 20 students but when she passed me at the very end of
the group, she glanced for a fraction of a second at me. Her shiny black
eyes struckme and a colleague noticed the shock that I experienced.He told
me that he saw the same young lady in Warsaw in the company of the
chemistry student who joined our group, and he offered to help me meet
her that afternoon. During the following 3 years I was ‘‘going steady’’ with
Irene Ludwinowska and after I graduated in 1938, we got married.

We returned to the family farm where I worked till September 1939.
On September 1, WorldWar II started and by the middle of September the
western part of Poland was already occupied by the rapidly advancing
Nazi army. On September 17, the Soviet army entered from the east. Our
farmwas 14miles from the Romanian border and less than 200miles from
the Soviet border. My wife and I decided to escape across the nearby
border to Romania. The nearest route was already occupied by Soviet
tanks andwe proceeded to the town Kuty on the Czeremosz River to cross
the bridge linking Poland and Romania. However, the Polish authorities
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prohibited civilians from crossing the bridge, permitting only uniformed
armed forces to flee. We were again lucky. A Polish major, Karol
Krzyzanowski, stopped his car and asked my pretty wife for directions
to the bridge. We offered to guide him and asked to be taken along in his
car, driven by a sergeant. Major Krzyzanowski agreed, and just before the
bridge ordered the sergeant to take the major’s overcoat from the trunk.
After I hastily put it on, the major removed his cap and placed it on my
head. I looked like a rather young Polish major—I was 24 years old. At the
bridge a Polish officer saluted, looked carefully into the car, and dictated
to his companion: ‘‘Twomajors, one sergeant.’’ Then he asked: ‘‘And who
is she?’’ Major Krzyzanowski replied: ‘‘She is my wife. OK, proceed.’’
A moment later we were on the Romanian side in the town of Vishnitza.

Night fell and the endless column of cars moved very slowly through
Romanian villages. Rumors were spreading that all officers and soldiers
will be placed in refugee camps. Shortly before midnight, we noticed
lights in a palatial home on top of a hill. I decided to separate from the
military convoy and tried my luck again. We thanked the major for
helping us and walked up the hill to the lighted home. The daughter of
the owner opened the door and very friendly took us upstairs to a
bedroom, then apologized that practically no food remained in the
house because more than 200 Polish refugees, now sleeping in the barn,
consumed everything during the evening. In the morning, we found out
that the lady mistook us for relatives of her husband, whom she expected
to arrive from Poland. The owner of the estate, Mr. Orenski, a gentlemen
farmer, was a known conductor and composer. The huge living room,
with two grand pianos and chandeliers, made an impression of a Holly-
wood setup. Then we met the charming son, Dr. Stefan Orenski, a micro-
biologist, who later became our close friend. He became one of my
associates after he was able to escape from Romania 20 years later.

Our ‘‘freedom’’ lasted only 2 weeks. Polish civilian refugees were soon
confined to camps, located in several localities far from the border. The
first year we were in the town of Braila on the Danube, followed by
Craiova, where we survived till August 24, 1944, when Romania was
liberated by Marshall Malinowsky’s Third Army and the country came
under Soviet domination. We were able to move to Bucharest and
I enlisted at the university to obtain a Ph.D. degree. In 1946, a few weeks
before my final exam, the US Agricultural Attache helped us to escape
fromRomania to Sweden. There I got a first preference immigration visa to
the United States, as ‘‘skilled agriculturist.’’

We were lucky, having survived the holocaust in refugee camps in
Romania, but my parents and my brother perished, as did my wife’s
parents, her sister, and 127 closest relatives living in the Polish cities of
Warsaw, Pulawy, and Czestochowa, in Vienna, Austria, and in Zagreb,
Croatia.
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In Stockholm, waiting to depart on the Swedish America line’s
old Drotningholm, I worked as volunteer at the Plant Protection Institute.
The Swedish plant virologist Dr. Daniel Lihnell helped me to improve my
rudimentary knowledge of English and one day he gave me the popular
book by Kenneth M. Smith, ‘‘Beyond the Microscope’’ (Penguin Edition).
Reading the story of the discovery of viruses and the current state of
knowledge of their nature was so interesting and stimulating as was,
many years earlier, Paul de Kruif’s ‘‘Microbe Hunters.’’ I decided then
that I would become a virologist in the United States.

A few days after we arrived in New York, my wife was hired by the
New York Public Library, even though her knowledge of English was
very limited and she was unable to complete the form handed her at the
library’s admission office. She started at the world’s largest public library
as a page, but soon advanced, becoming eventually the Head of the
Searching Section in the Preparation Division. Her knowledge of seven
languages, her love of books, and her inherent ability to read extremely
fast were certainly among the assets that were helpful in her career.
Twelve years earlier, at the time we first met, she used to read two
books every day. At first I could not believe that she was actually reading
so fast, comprehending the contents, and remembering all the details.
I tried to examine her, only to find that she actually knew the contents and
remembered all described details of the novels. In those days, speed
reading was not taught in Poland and it became popular in the United
States only after President Kennedy took speed reading instructions in the
White House.

II. BROOKLYN BOTANIC GARDEN

My luck continued when I was hired as technician at the Brooklyn Botanic
Garden. My boss and first mentor was Dr. Lindsay M. Black (Fig. 1), who
had moved from the Rockefeller Institute Branch in Princeton to the
Botanic Garden a year earlier. He hired me to assist in his studies of
plant viruses transmitted by leafhopper vectors. I learned how tomaintain
leafhopper colonies and how to transfer individual leafhoppers to test
plants. Catching the tiny insects and placing them on caged plants took
many hours every day. I figured out how to construct tiny cages andmove
them rapidly from plant to plant, omitting the use of an insect-catching
device. The individual ‘‘leaf cages’’ saved 5–6 h of work every day and
Dr. Black suggested that I describe the method and publish it as sole
author. He corrected my manuscript and polished my Polish–English text
before I submitted it to the Journal of Economic Entomology. There Dr. Poos,
Editor in Chief of the journal, promptly rejected my paper and wrote
a personal letter, stating that entomologists are not interested in keeping
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leafhoppers alive but are interested in destroying the pests. I was shocked
but my mentor consoled me and suggested to resubmit my paper to the
Journal of the New York Entomological Society. It was accepted and pub-
lished in 1951 (Maramorosch, 1951a). Twenty years later, I became Editor
in Chief of the Journal of the New York Entomological Society and remained
in that capacity for a dozen years.

After a few weeks, Dr. Black suggested that I should continue my
doctoral studies at Columbia University, and he gave me time off to take
courses and laboratory sessions. One day he suggested that I should
apply to the American Cancer Society for a predoctoral fellowship that
would pay $200 per month plus tuition at the university. When I read the
application form, I noticed immediately that it specified that the applicant
must be a US citizen. I was less than 1 year in the United States and thus
was at least 4 years from applying for US citizenship. Therefore, I put the
form aside and did nothing about it. A few days later Dr. Black asked me
whether I have filled out the form and when I replied that I could not do
this, he said, with a poker face: ‘‘Karl, I thought that you wanted to
become a scientist, but now I am disappointed.’’ I explained that I could
not fill out the form because it specified that the applicant must be a US
citizen. I was quite surprised when Dr. Black said: ‘‘If you want to be a
scientist, you have to be accurate and logical. Filling out the form is one
thing, while being a US citizen is another. I can help you in filling out the
form. Simply add a first page, calling attention to the fact that you are not
yet a US citizen because you arrived recently, but you expect to become
one in four years.’’ While I did not believe that my application would be

FIGURE 1 Lindsay MacLeod Black. Photo by the author, 1949.
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considered, I followed my mentor’s advice and mailed the application.
On April 15, 1948, Dr. Black called me to his office and informed me that
he had received a phone call from Dr. Wendell M. Stanley (Fig. 2) and that
my application had been approved. Dr. Stanley was at that time a
reviewer of predoctoral applications at the American Cancer Society. He
stated that the formal notification would arrive in a few weeks. I remem-
ber the date because it was again one of the very important, lucky
moments in my life. We postponed having a child while we were in
refugee camps in Romania and, after arriving in the United States, our
financial situation was not conducive to starting a family. But Stanley’s
phone call changed our prospects drastically and precisely 9 months later,
our daughter, Lydia Ann, was born. Stanley not only crystallized TMV
but also indirectly was responsible for timing our very personal decision.

The predoctoral fellowship from the American Cancer Society and my
wife helpedme financially to completemy studies at ColumbiaUniversity
in less than 2 years. My Ph.D. diploma was signed by the President
of Columbia University, Dwight Eisenhower, before he became Harry
Truman’s successor in the White House.

My childhood dream to followWeigl’s lice experiments soon became a
reality, although not with lice nor with enemas of tiny insects. In Black’s
laboratory, I learned that in the 1930s Dr. H. H. Storey, FRS, in East Africa
successfully transferred a virus to corn leafhoppers using needle inocula-
tion and extracts from diseased corn or from leafhopper vectors (Storey,
1933). Dr. Black carried out similar transmissions using the aster yellows
pathogen, considered at that time to be a virus, and later recognized as
a phytoplasma (Black, 1953). Now I decided to try whether the Wound
tumor virus, studied by Black, could also be transmitted to leafhopper
vectors by needle inoculation. I learned how to draw very thin glass
needles and I connected them to metal needles using various types of
glue (Maramorosch, 1951b). Virus transmission was successful and my

FIGURE 2 Wendell Meredith Stanley. Photo by the author, 1951.
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first paper was published in Science (Maramorosch et al., 1949). The
mechanical virus transmission permitted the first titration of the Wound
tumor virus in subsequent experiments (Brakke et al., 1953). When I pre-
sented the experimental procedure at a seminar at Columbia University,
Dr. Black invited my future mentor, Dr. L. O. Kunkel (Fig. 3) from Rocke-
feller University, to listen to my presentation. It was again a lucky strike.

I constructed a temperature control box from World War II supplies
purchased in New York and studied the influence of temperature on the
intrinsic incubation period of theWound tumor virus in leafhopper vectors
(Maramorosch, 1950). After finishing my Ph.D. studies at Columbia, I
applied to Dr. Kunkel and was accepted, becoming his last assistant in
his Department of Plant Pathology at Rockefeller University. Dr. Kunkel
headed the department where earlier, at the Princeton Branch of the
Rockefeller Institute, Drs. Wendell M. Stanley, Max A. Lauffer, W. C.
Price, Philip R. White, Lindsay M. Black, Francis O. Holmes, and a score
of other famous virologists had worked (Corner, 1964).

My title of assistant turned out to be just a formal title. Dr. Kunkel
never published jointly with others and when I asked him what he
wanted me to do, he replied that I can do whatever I wish, since I have
my own ideas. If I would come to him and ask for advice, he would do his
best to help, but I would have no boss and would be completely indepen-
dent. This wonderful situation of being completely independent
continued throughout my career, but I did not feel that, like Dr. Kunkel,
I would publish always as sole author. I tried to find postdoctoral associ-
ates who would know techniques, that I did not know, in electron micros-
copy, tissue culture, and other areas, and these associates permitted me to
advance more rapidly and obtain outside support from various sources.

FIGURE 3 Louis Otto Kunkel. Photo by the author, 1950.
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I started at Rockefeller University on July 1, 1949. Dr. Kunkel told
me that he will be away, taking a vacation for the first time in his life.
He suggested that I also should start by taking a vacation because work
during the summer, in hot greenhouses and laboratories that were not air-
conditioned, would be very difficult. I thought that Dr. Kunkel was
testing me and that he did not expect me to postpone my start for
2 months, till Labor Day. I eagerly began my work the following day,
despite the heat and high humidity that prevailed throughout the sum-
mer. I had no technician and did everything myself, including the
construction of cellulose insect cages. At the Brooklyn Botanic Garden,
I learned how tomake them from cellulose nitrate sheets, but I was told by
the head of the Purchasing Department at Rockefeller that cellulose
nitrate cannot be brought to New York City because it was too flammable.
Instead, I was told to order cellulose acetate sheets. A shipment soon
arrived and I made numerous insect cages and started a large experiment.
A few days later, I noticed that my plants, covered by the new cages,
looked unhealthy. Shortly thereafter all plants died and the caged insects,
devoid of food, also died. I repeated the large test several times, but each
time the same happened and all caged plants died a few days after the
tests started. I struggled for 2 months, suffering in the hot greenhouses
and losing all plants and insects. At lunch time I mentioned my misfor-
tune to one of the chemists who offered to test the cellulose material in his
laboratory. It turned out that the plasticizer, diethyl phthalate, used to
make cellulose acetate sheets, was the culprit. Repeated washing in run-
ning water did not remove the toxicity. When I inserted a tiny piece of
the cellulose material into a jar with water and placed a goldfish in the jar,
the fish died within a few minutes. I described the toxic effect in Science
(Maramorosch, 1952b) and this early short paper became better known
than any of my later papers on viruses. Scores of reprint requests
were received and I had to order additional reprints for interested food
scientists and manufacturers.

Eventually I found out that Rockefeller University had a special permit
to bring cellulose nitrate to the buildings. This permit was obtained
earlier, when the Director, Nobel laureate Dr. Herbert Gasser decided to
purchase inexpensive, large quantities of cellulose nitrate photographic
film for his experiments in neurophysiology. When I substituted the
cellulose acetate with cellulose nitrate sheets to make new cages, I sus-
tained no further losses of plants. However, by the end of the year, I had
no publishable results. Again, help came from my former mentor,
Dr. Black. He and Dr. Myron Brakke published a paper and since they
used my technique of leafhopper injection, they added me as an author to
their report (Brakke et al., 1953).

More important was the delay by Dr. Black in publishing his results of
a serial passage of theWound tumor virus in leafhopper vectors, after I told
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him that I was carrying out a serial passage of the ‘‘aster yellows virus’’ in
insect vectors (Maramorosch, 1952a). I was just finishing my last, 10th
passage and Dr. Black decided that he would wait with his publication
until mine would come out. Can you imagine that occurring today?

In 1952, I described the multiplication of the aster yellows pathogen
(Maramorosch, 1952a) (considered at that time to be a virus, and in 1968
recognized as a phytoplasma) and I entered the detailed description of the
serial passage of the aster yellows ‘‘virus’’ for the Cressy Morrison Prize
competition of the New York Academy of Sciences. My winning of this
prize started my intensive activities at the New York Academy, where I
became chair of the Microbiology Section, and later Recording Secretary
and Vice President. Work as a member of the committee responsible for
the organization of academy conferences gave me the experience in orga-
nizing later comparative virology and other national and international
conferences.

In 1952, I attended a New York Academy conference on virus
taxonomy. Among the invited participants were Dr. Kenneth M. Smith
from Cambridge and Sir Frederick C. Bawden (Fig. 4) Director of
the Rothamsted Experimental Station in Harpenden, Hearts, United
Kingdom. The two plant virologists were recognized as the world’s
leading authorities on plant viruses. I met both for the first time and

FIGURE 4 Frederick Charles Bawden. Photo by the author, 1952.
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I was very lucky when Sir Frederick agreed to visit me at Rockefeller
University the following day. Until then Sir Frederick was very skeptical
about the work of Professor Teikichi Fukushi in Japan, who was the first
to provide evidence for the multiplication of a plant pathogenic virus in
leafhopper vectors (Fukushi, 1935). My detailed presentation of 10 serial
passages of the aster yellows ‘‘virus’’ in leafhopper vectors convinced Sir
Frederick that certain plant viruses were actually able to multiply in
invertebrate animals. He was working on the second edition of his semi-
nal textbook. Following his visit, he modified the part where he severely
criticized Fukushi. He inserted a paragraph describingmywork and since
his textbook was very widely accepted it promoted my work worldwide.
In 1953, Dr. Kenneth M. Smith (Fig. 5) invited me to write a chapter for
Vol. 3 of ‘‘Advances in Virus Research’’ on the multiplication of plant
viruses in insect vectors (Maramorosch, 1955).

In December 1955, I presented a paper, dealing with my first attempt
to maintain the aster yellows ‘‘virus’’ in tissue cultures of insect vectors
(Maramorosch, 1956) at the American Association for Advancement of
Science (AAAS) Annual Meeting in Atlanta, GA.My paper won one of the
two AAAS Prizes awarded that year. The other prize winner was my
former statistics professor from Warsaw’s Agriculture University, Dr.
Jerzy Splawa Neuman, the head of the Statistics Department at the Uni-
versity of California in Berkeley. When I read in the Atlanta newspapers
about it, I wrote to Professor Neuman, jokingly asking what the statistical

FIGURE 5 Kenneth Manley Smith. Photo by the author, 1953.
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probability was of a former professor and a former student of theWarsaw
Agriculture University to win the only two AAAS Prizes. Professor Neu-
man promptly replied that while it would seem highly unlikely to occur,
the fact that it happened indicated that the Warsaw ‘‘SGGW’’ University
was not a bad school.

In 1957, I flew to Hamburg, Germany, to participate in the Plant
Protection Congress. A week before my departure I hired a new techni-
cian and I tried to explain to her how to take care of the colonies of
leafhoppers and how to handle virus-free and viruliferous insects.
When I returned, I was horrified to find that my technician did not follow
my instructions and that she placed corn leafhoppers, Dalbulus maidis, on
aster yellows-infected China aster plants. I knew that corn leafhoppers
could only survive on corn and teosinte and I thought that the corn
leafhoppers were misplaced in the morning when I returned. However,
the labels on the cages indicated that the insects were on the improper
plants for several days. Was the labeling also erroneous? I confronted
Miss Lynn Foster and found out that the labels properly indicated the
misplaced insects. To my great surprise, the corn leafhoppers had not
died and flourished on aster yellows-diseased plants. When the ‘‘mis-
placement’’ was repeated, I confirmed that exposure to aster yellows-
infected China asters, Callistephus chinensis, altered the survival abilities
of corn leafhoppers. This finding could have implications in the emer-
gence of new plant diseases, but whether it was limited to phytoplasma-
caused diseases or also applied to plant virus diseases has not yet been
established. I lost track of my technician, Miss Foster, who was responsi-
ble for this important discovery. She eloped soon afterward, to get
married to her boyfriend, drafted into the Air Force.

I described the beneficial effect of the diseased plants on nonvector
insects (Maramorosch, 1958), but before my paper came out, the finding
became widely known thanks to an article published by Dr. Earl Ubell,
science editor of the Herald Tribune. Dr. Ubell read the title of the seminar
that I was to present at Rockefeller University. A day before the seminar he
visitedme inmyoffice and asked for thedetails. Althoughhemade nonotes
during our conversation, his description, published the following day, was
completely accurate and better written than my own scientific article.
Newsweek followed with a brief description, based on Dr. Ubell’s article.

WhenMerck discontinued the production of gibberellic acid, I received
from them a leftover spray can with the compound. At the suggestion of
Dr. D.W.Woolley, who calledmy attention to the rediscovery of the action
of gibberellic acid on plants, I sprayed a number of aster yellows, corn
stunt, and wound tumor-diseased plants. The treatment resulted in
growth stimulation of the stunted plants, but it had no curative effect.
The resultswere published in Science (Maramorosch, 1957) and at the Crop
Protection Congress in Hamburg (Maramorosch, 1959). This was the first
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report of gibberellic acid treatment of ‘‘virus-diseased plants.’’ A fewyears
later it became apparent that, while wound tumor was a virus disease, the
two other diseases were not viral, but phyto- and spiroplasma diseases.

III. VIRUS NOMENCLATURE AND CLASSIFICATION

For several years I was actively involved in virus nomenclature and
classification (Maramorosch, 1974). My interest stemmed from the finding
that several leafhopper-borne viruses that were inducing plant diseases
were multiplying not only in plants but also in their invertebrate animal
vectors. The finding that little or no harm was observed in the virus-
carrying insects could suggest that these viruses originated as insect
viruses and over long periods of evolution became harmless to their
animal hosts, while their newer plant hosts were severely affected and
often killed. Should these viruses be considered as plant, or as insect,
viruses? Plant pathogenic viruses may exert a beneficial, or a harmful,
effect on their specific insect vectors (Maramorosch, 1968, 1969, 1970;
Maramorosch and Jensen, 1963). My popular article in Scientific American
(Maramorosch, 1953) also focused on these aspects. Incidentally, the
honorarium received for this article provided funds for my first movie
camera and my new hobby, that later changed to video photography.

I thought that the affinity of vector-borne viruses to certain plant or
animal hosts should not be used as a classifying criterion. The naming of
viruses was for a long time highly controversial, particularly the naming
of plant viruses. European colleagues opposed the use of Latin names for
many years and plant virologists had little, if any, contact with animal
virologists who created their separate system of virus nomenclature and
classification. Already in 1947, shortly before I came to the United States,
at the International Microbiological Congress in Copenhagen, it had been
approved that the bacterial code in its Latin form applies to viruses and
bacteria. This was also stated at the 1953 International Microbiology
Congress in Rome, which I attended. Yet, even in 1966, papers were still
being published in which disease organisms were described as belonging
‘‘in between viruses and bacteria,’’ which Dr. Andre Lwoff pointedly
called complete nonsense, since an organism defined as a virus is entirely
different from one that is a bacteria. The International Committee of
Microbiological Societies appointed a provisional committee to deal
with the nomenclature of viruses and since then the nomenclature was
in the hand of a powerless committee, which couldmake recommendations
but these were not binding to anyone concerned. In 1963, Sir Christopher
Andrews as Chairman of the provisional committee dissolved it and
the International Committee for Virus Nomenclature (ICVN) was created
for the first time. This ICVN consisted of members nominated by all
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the National Microbiological Societies that belong to the International
Association of Microbiological Societies. For each of the 10 member
countries, 5 delegates were nominated. The United States representatives
were Drs. Harold S. Ginsberg, Chair, Jordi Casals, Karl Maramorosch,
Joseph L. Melnick, and William R. Romig. I was happy when Dr. Riley D.
Housewright, President of the American Society for Microbiology,
informed me of my election.

In 1966, a symposiumwas held inMoscow and two papers dealingwith
plant viruses, Dr. B. D. Harrison’s and mine, met with a very lively discus-
sion. There were 600 virologists seated in the auditorium and another 200
were listening by shortwave receivers outside the hall. When the Executive
Committee was elected, only one plant virologist, Dr. A. J. Gibbs, was
included. He was in violent opposition to all proposals that were not in
conformitywith his ownpostulates. Following the symposium, I decided to
devote my time to my laboratory research and field work and I lost interest
in the controversial fights between plant and animal virologists.

My luck continued at Rockefeller University when one day at lunch
Dr. Rene Dubos asked whether I knew of a virus that would be beneficial.
I replied that during the past centuries the smallpox virus was probably
beneficial, bymarking afflicted women andmaking them homely and less
likely to fall pray to invading and raping enemy solders. This was not
what Dr. Dubos was interested in at that time. He told me that he was
working on an article describing how once variegated tulips became the
vogue in the Netherlands and how the ‘‘tulipomania’’ rewarded a few
families that knew how to transmit the variegation virus to healthy tulip
bulbs. A few days later, also in the Rockefeller lunchroom, Dr. Dubos told
me that he was requested to give a popular course on viruses at the New
School in Manhattan, but that he was too busy and suggested me instead
of him as a lecturer. A day later I was called by phone and offered the
teaching position. It involved 14 weekly 2-h lectures and the remunera-
tion was of considerable help. The students in the New School had a
variety of backgrounds. One was a microbiology professor at a medical
school, another was a nurse in a local hospital, but at the other end there
was a cashier at an A&P store and a barber who had no high school
education. The course was my first teaching experience and I learned
how to avoid technical terms when explaining viruses to a lay audience.

IV. COLD SPRING HARBOR

In 1951 Dr. Keith Porter, a leading cytologist, suggested that I apply to
Dr. Milislav Demerec, Director of the Cold Spring Harbor Laboratories,
for accommodations during the summer. Dr. George Palade, also a dis-
tinguished cell biologist at Rockefeller and later a Nobel laureate, was
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driving with Dr. Porter to take part in the June symposium and they took
me along, to see the beautiful location and to apply to Dr. Demerec
personally. With no written application and no formalities, the permis-
sion was granted and this stroke of good luck had a profound influence
on my career.

During the 1950s, I spent eight summers at the Cold Spring Harbor
Laboratories on Long Island, New York. Dr. Barbara McClintock permit-
ted me to use her greenhouses while she was working outdoors with corn
(Zea mays). Each year at the end of August, Dr. Alfred Hershey organized
a bacteriophage symposium for invited bacterial virologists. Although I
did not work on bacteriophages, I was permitted to attend these meetings,
where as yet unpublished findings were presented by the virologists.
Throughout the summers, Drs. Max Delbruck, Salvator Luria, and Ernst
Mayr were working in Cold Spring Harbor, lecturing, and socializing
with the small group of scientists. Dr. Luria was working on his textbook
on viruses and I was greatly impressed watching him dictate into a tape
recorder each morning, and then mailing the tape to his secretary in
Urbana for typing. When the typed version came back to Cold Spring
Harbor, Dr. Luria made small corrections and each chapter was ready for
publication. Few times he askedme for comments andwhen the book was
published, he donated a copy to me and I found that he acknowledgedmy
reviewing of a couple of chapters in his book.

One day Dr. Luria suggested that I should invite Japanese postdoc-
toral scientists to my laboratory and he added: ‘‘Get a good Japanese
postdoc, but never more than one. You will rapidly advance with your
work, but if you get more than one Japanese associate, you will no longer
have any time with your daughter and your wife, because you will try to
keep upwith your Japanese postdocs and spend 7 days a week in the lab.’’
I remembered the first part of Luria’s suggestion and followed it when I
left Rockefeller University in 1961 and moved to the Boyce Thompson
Institute. But I did not follow the advice concerning the limitation of
invited Japanese postdocs. I soon found out how correct Luria was
when he told me never to get more than one Japanese coworker at a
time. When I got three Japanese associates at the same time, my own
working habit changed as I felt compelled to keep up with my Japanese
coworkers.

Thanks to Dr. McClintock’s generosity in Cold Spring Harbor where
she permitted me to use her greenhouses during the summer, I could
carry out an experiment in which I injected antibiotics into abdomens of
leafhoppers, exposed to presumptive viruses of aster yellows and corn
stunt. I used penicillin, streptomycin, and tetracycline, convinced that the
causative agents of the two plant diseases were viruses. Penicillin and
streptomycin injections did not prevent transmissions, but tetracycline-
injected leafhoppers failed to infect the exposed seedlings. Convinced that
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tetracycline has no effect on viruses, I did not believe the results of the
tests, and assumed that the failed transmission was due to the heat in the
greenhouses. I did not repeat the experiment after I returned to the Rocke-
feller greenhouses and I published the results and my wrong conclusion
in the Transactions of the New York Academy (Maramorosch, 1954). Had I
repeated the tests, I would have found that not the summer heat but
tetracycline interfered with the presumptive viruses. Ten years later, my
Japanese colleagues in Tokyo discovered the phytoplasma nature of the
aster yellows disease, but I missed the boat.

V. THE CADANG-CADANG DISEASE

A Food and Agriculture Organization assignment in the Philippines in
1960 was an eye opener to a very important, different, and most interest-
ing world. I was expected to find the vector of the presumptive virus that
had already killed 30 million coconut palms on Luzon and nearby islands
(Maramorosch, 1961). While trying to find an insect vector, I learned also
first hand about people in the Philippines. I made the decision to combine
future laboratory basic research with applied field work to increase food
and fiber production in developing countries.

In the Philippines, I was not able to find a vector of the palm disease but
I became well acquainted with numerous owners of larger and smaller
coconut plantations. One observation which I made, but did not dare to
publish in my final FAO report, had to wait 14 years before it made some
sense. I found that palm owners, who spoke the local Bicolano language,
were losing their palms to the cadang-cadang disease, while owners
who spoke Tagalog, the official Philippine language, had healthy palms.
The spread of the disease seemed halted at the provinces where Tagalog
was the predominant language, sparing completely areas close to Manila
and Los Banos. Of course, I did not dare to mention that the virus, or
its vector, seemed to distinguish whether the palm owners used one
or another language, but the consistent correlation was striking and
puzzling.

Fourteen years passed before the viroid cause of the cadang-cadang
disease was established by the Australian virologist Dr. J. W. Randles
(1975). Almost all viroids require humans to spread from plant to plant
and only Avocado blotch is transmitted by pollen. The transmission of
cadang-cadang viroids seemed linked to the Bicolano-speaking planta-
tion workers and the contamination of their tools used to make incisions
in the palms and the flowers of the trees. Bicolano plantation owners were
hiring Bicolano-speaking workers, while plantation owners who spoke
Tagalog employed ‘‘their own’’ Tagalong workers. Apparently, one
group carried viroid-contaminated ‘‘bolos’’ (machetes), while the other
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did not. It would seem easy to stop the spread of the cadang-cadang
viroid by dipping the cutting tools of plantation workers in a calcium
chloride solution (Maramorosch, 1985, 1993). As far as I know, this has not
been implemented and more than 50 million palms have been destroyed
by cadang-cadang in the Philippines (Maramorosch, 2004). Losses are
partially alleviated by replanting with susceptible, but earlier maturing,
coconut palms.

VI. DARK CLOUDS ON THE HORIZON

Not everything was rosy during my last year at Rockefeller University.
When I asked PresidentDetlev Bronk aboutmy future at theUniversity, he
first congratulated me to my AAAS Prize but then said that the study of
virology was declining all over the world and that it reached its peak in
1935, when Stanley crystallized TMV. ‘‘It no longer is an important
science,’’ he said. Therefore in the US National Academy, where
Dr. Bronk was the President, botany, zoology, chemistry, physics, history,
mathematics, and so on were represented, but there was no virology.
Although my work was interesting and important, it did not fit into his
university and he, as university president, decided to remove both plant
and animal virology from Rockefeller University. Dr. Igor Tamm was
heading animal virology at that time and Dr. Bronk mentioned him as
well as the group in which I and Dr. F. O. Holmes were working with
plant viruses. When I got up to leave the President’s office, I could barely
walk. In the corridor, the newly appointed vice president, Dr. Douglas
M. Whittaker, met me and noticed that I looked sick. He put his arm
around my shoulder, took me to his office, and asked whether I was ill.
I repeated, almost verbatim, what I was told by Dr. Bronk. Dr. Whittaker
assured me that my position was secure and he tried to console me. Just
that week I received an invitation to go to the Philippines for 6 months,
to work on the devastating cadang-cadang coconut palm disease that
was believed to be caused by a virus. Dr. Whittaker told me that there
was a recent precedent of a leave of absence request and that he, and
not Dr. Bronk, could therefore give me permission to take a paid leave
of absence for the UNDP consultancy in the Orient. The precedent was
a leave granted by President Bronk to Professor Paul Weiss, to teach for
4 months at Harvard University.

VII. INSECT VIRUSES AND CELL CULTURE

When I realized that my tenure at Rockefeller University could be ended
by President Bronk, who considered virology an unfit subject for univer-
sity studies, I approached Dr. Richard Shope to assist me in searching for
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a different position elsewhere. Dr. Shope left the Rockefeller branch at
Princeton in 1945, when the decision to close the Princeton Laboratory
was announced. He went to Merck Laboratories in Rahway, New Jersey,
but returned to the Rockefeller University a few years later. When I told
him about my predicament, he called Merck’s President, Dr. Max Tishler,
and the latter contacted Dr. Maurice R. Hilleman, Director of Merck’s
Virus & Cell Biology Research Institute for Therapeutic Research at West
Point, PA. Dr. Hilleman invited me to West Point and offered me a
research position at a salary that was 50% higher than my Rockefeller
salary. My European prejudice against industrial research prevented me
from accepting the very tempting offer. When I discussed this with my
wife, she reminded me that I have never been unhappy with any kind of
work and that, when I was making a living at the refugee camps in
Romania as a cobbler, or as a piano teacher of a young singer, I seemed
quite happy. She did not think that I would miss the glamour of Rocke-
feller University if I would accept Dr. Hilleman’s job offer at West Point.
Yet, I was unable to decide and mentioned this to Dr. Shope. A few days
later he told me that another, temporary position would be offered by
Merck. The pharmaceutical company decided to investigate the feasibility
of producing insect viruses for biological control of pests. I was hired as
consultant for 6 months to organize a conference on insect viruses. For the
following half year, I was reading the available literature on a subject that
was completely new to me—baculoviruses. I gave the names of all promi-
nent insect pathologists to Merck in Bradenton, where their animal farm
was located. A 3-day conference was arranged and I met Professor
Edward Steinhaus and a score of prominent US and Canadian insect
virologists. After the conference I prepared a report and my final recom-
mendation was that it was too early to start commercial production of
baculoviruses because the subject was still in its early stage of university
investigation. The 6 months during which I prepared the baculovirus
conference got me very interested in insect viruses. I thought that their
growth in tissue culture, rather than in living insects, could eventually
lead to large-scale commercial production. This did not yet materialize
because in vitro production of viral pesticides remained more costly than
production in vivo (Maramorosch, 1979a,b, 1991).

During the following years, at the Boyce Thompson Institute and later
at the Waksman Institute of Microbiology, I worked with invertebrate cell
culture and baculoviruses. I was joined by excellent postdoctoral associ-
ates from Argentina, Australia, Canada, Chile, China, France, Germany,
India, Israel, Japan, Korea, theNetherlands, Philippines, Poland, Romania,
Slovakia, Turkey, the United States, and Yugoslavia. I shall mention but a
few. Among the first was Dr. Robert R. Granados, an insect virologist,
who came to my laboratory from Madison, Wisconsin. In subsequent
years, he became Program Director for biological control. His research
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interests focused on insect pathology, the ultrastructure of insect virus
replication and insect cell culture methods for virus studies, mechanisms
of infection, and pathogenesis of insect viruses. Dr. Granados provided
the first evidence for the accumulation of theWound tumor virus in various
organs of an inefficient vector (Granados et al., 1967) and for insect
viremia, caused by the virus invasion of vector hemocytes (Granados
et al., 1968). From Japan I was joined by Professor Jun Mitsuhashi who
spent 2 years with me at Boyce Thompson Institute. He developed the
widely used M&M insect cell culture medium and aseptically grew plant
virus vectors (Mitsuhashi and Maramorosch, 1963). Using these vectors,
he inoculated plant tissue cultures with the aster yellows ‘‘virus’’
(Mitsuhashi and Maramorosch, 1964). After returning to Japan, Professor
Mitsuhashi became known for his work on mosquito cell lines and the
development of new invertebrate cell culture media for virus propaga-
tion. We also published several books jointly. Among my Japanese associ-
ates Dr. Hiroyuki Hirumi worked for 10 years with me. He distinguished
himself studying the aster yellows ‘‘virus’’ in various organs of an insect
vector (Hirumi and Maramorosch, 1963). His extensive work with Hemi-
ptera cell culture (Hirumi and Maramorosch, 1971) included the in vitro
cultivation of embryonic leafhopper tissues (Hirumi and Maramorosch,
1964) and the localization of the Wound tumor virus in embryonic nonvec-
tor cells (Hirumi and Maramorosch, 1968). Dr. Hirumi also studied the
Friend murine leukemia virus in mosquitoes (Hirumi et al., 1971), Marek’s
herpes virus, and Type C virus (Hirumi et al., 1974), and the growth of
mouse trophoblastic cells stimulated in culture by polyoma virus (Koren
et al., 1971). After I moved from Boyce Thompson Institute to Rutgers
University, Dr. Hirumi joined the International Laboratory for Animal
Diseases (ILRAD) in Nairobi, Kenya. During the following years, he made
significant contributions to the study of the tsetse fly borne Nagana
disease of cattle.

Attempts were made to maintain aphid cells in vitro. My daughter,
Lydia, assisted during her summer high school vacation and learned
how to remove unborn aphids from adult insects by cesarean section.
Dr. Takashi Tokumitsu was able to maintain surviving aphid cells for
limited period in vitro (Tokumitsu andMaramorosch, 1966).He also studied
cytoplasmic protrusions that formed in cultured leafhopper cells during
mitosis in vitro (Tokumitsu and Maramorosch, 1967). From Tubingen,
Germany came Dr. Gert Streissle, who worked with me for 7 years. He
was the first who compared immunologically animal reo viruses with the
plant pathogenic Wound tumor virus. Subsequently, the latter was classi-
fied as a plant reo virus. I was alerted to the striking morphological resem-
blance of the plant and the animal reo viruses by Drs. Albert Sabin and
Andre Lwoff. Both suggested that we try to compare them immuno-
logically. In our article in Science (Streissle and Maramorosch, 1963),
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we acknowledged their suggestions. Dr. Streissle returned to Germany
to head the antiviral research at Bayer in Wuppertal. My international
connections became a most gratifying experience. I would like also to
brag about my former graduate students and I shall mention but two.
Dr. Dennis M. Schmatz from Merck’s Research Laboratories is currently
a Vice President, heading research at the Merck Research Building in
Tsukuba, Japan. Professor Kenneth E. Sherman, Ph.D., M.D., leads a large
group of virologists working with hepatitis virus in Cincinnati, OH.

The etiology of whitefly-borne pathogens remained an enigma for
many years. Repeated attempts made in my and in other laboratories to
find viruses in extracts of diseased plants or by electron microscopy in
thin sections of plant tissues were fruitless. Finally, in 1975, Professor
Robert M. Goodman, at the Plant Pathology Department, Illinois Univer-
sity in Urbana, IL, made the brilliant discovery of the whitefly-borne
Gemini viruses and of their single-stranded DNA genome (Goodman,
1977). Professor Goodman left Urbana for the University of Wisconsin in
Madison and others continued his seminal work on Gemini viruses. I was
very happy when he came to Rutgers University 2 years ago, becoming
my Executive Dean. In 1975, he generously provided some of his excellent
electron micrographs of Gemini viruses for our book on tropical diseases
of legumes (Bird and Maramorosch, 1975; Maramorosch, 1975).

After I joined the faculty at Rutgers’ Waksman Institute, I was joined
by Dr. Arthur H. McIntosh, who for 7 years worked with me on baculo-
viruses. At Rutgers University, Dr. McIntosh studied the retention of
insect virus infectivity in mammalian cell cultures (McIntosh and
Maramorosch, 1973) and the localization of a baculovirus in a vertebrate
cell line (McIntosh et al., 1979). He continued his baculovirus studies
after joining the Biological Control Laboratory of the US Department of
Agriculture in Columbia, MO. Among my later postdoctoral Japanese
associates was Dr. Ken-ichi Yamada, who carried out studies on Heliothis
zea nuclear polyhedrosis virus (Yamada and Maramorosch, 1980, 1981;
Yamada et al., 1981). He continued his research in Japan at Tokyo’s
National Institutes of Health.

Over the years, I organized several national and international confer-
ences dealing with this subject. I edited a number of books, published by
Academic Press and by others (Section IX).

In later years, I improved and modified the leafhopper injection tech-
nique. In 1958, I saw in Warsaw the last remaining insect holder used by
Professor Weigl, years earlier. A similar holder for 20 leafhoppers was
constructed for me by the head of the Rockefeller University Instrument
Shop, Mr. Niels Jernberg (Maramorosch and Jernberg, 1970). Using
carbon dioxide and this modified device, it was easy to inject 20 leaf-
hoppers in 1 min and perform statistically significant tests with several
plant viruses, phytoplasmas, and spiroplasmas.
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During the past three decades, invertebrate cell culture became widely
used in biotechnology and basic research in virology. Use of baculoviruses
in insect cell cultures is gaining popularity for the production of recombi-
nant proteins, viral insecticides, and the production of vaccines. In vitro
techniques are indispensable for studies of insect virus expression systems.
Application of invertebrate cell culture and molecular biology is leading to
significant progress in the understanding of cellular andmolecular interac-
tions between insect cells and viruses. Often unexpected results are
obtained aswas the casewith ourM&Mmedium, developed for leafhopper
cell culture, and later found best suitable for mosquito cell cultivation and
the study of arboviruses in mosquito cells (Maramorosch, 1979b).

VIII. ELECTRON MICROSCOPY

In 1957, I took a course in electron microscopy, offered to Rockefeller
faculty members by Drs. Keith Porter and George Palade. The course gave
me a good knowledge of the fixation procedures, the use of the Porter-
Bloom ultramicrotome, the glass, and diamond knives, and so on. When I
came to the Boyce Thompson Institute and obtained outside funding from
theNational Science Foundation andNIHof theUSPublicHealth, I decided
to apply for a supplement to my NIH grant to purchase an electron micro-
scope. I consulted Dr. Palade who advisedme to specify that I am planning
to use the expensive instrument not only for the current grant-funded
project but also for long-term studies of vector-borne viruses. Dr. Palade
also suggested that I should get a Siemens Elmiscope, and not an RCI
electron microscope. I followed both suggestions. My application was app-
roved and the large supplement funded. The advice of Dr. Luria to get a
Japanese associate proved excellent. I was fortunate to get Professor Eishiro
Shikata from Hokkaido University in Sapporo for 2 years. Dr. Shikata
worked as an assistant professor with Professor Teikichi Fukushi,
studying the fine structure of leafhopper vectors transmitting the rice
stunt virus. He was the first to visualize the rice plant virus not only in
diseased plants but also in the invertebrate animal vectors (Shikata
et al., 1964). During his 2 years of our collaboration, Dr. Shikata worked
7 days a week, taking no vacation or holidays. Every day he entered the
EM room early morning, leaving it late in the afternoon, and taking to
the darkened room a sandwich for lunch. He told me that it would have
taken him at least 20 min to get his eyes adjusted to the darkened room if
he were to leave the room for lunch, and he did not want to lose so much
time. During his 2 years at Boyce Thompson, Shikata, as senior author,
published a series of articles inVirology, Journal of Virology,Nature, and the
Journal of the National Cancer Institute (Shikata and Maramorosch, 1965a,b,
1966a,b, 1967a,b, 1969; Shikata et al., 1964, 1966). A few years after
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returning to Japan, he succeeded Professor Fukushi as head of the Botany
and Plant Pathology Departments at Hokkaido University in Sapporo.
Later he was elected to Japan’s National Science Academy as the only
plant pathologist in this Academy.

IX. BOOKS

In 1960 at the AAAS Annual Meeting, I stopped at the book exhibit of
Academic Press where I met Vice President, Kurt Jacoby. We spoke for
quite a while about his former work in Germany and the creation of
Academic Press in New York. I asked Mr. Jacoby whether symposium
papers on biological transmission of animal andplant disease agents could
be published by Academic Press. I was organizing a 2-day symposium on
this subject, to be held at the Annual Meeting of the Entomological Society
of America in Atlantic City, NY. Mr. Jacoby agreed and my first book, of
192 pages, ‘‘Biological Transmission of Disease Agents,’’ was published in
1962. As agreed, I received no royalties. Years later, I was told that all 1800
copies were sold when the book went out of print. The idea of publishing
the presentations came only after the conference participants had agreed
to be symposium speakers. I had considerable difficulty in persuading
some authors to submit manuscripts for publication. Foreign participants,
Dr. W. C. Willett from Kaduna, Nigeria, and Dr. D. Blascovic from Brati-
slava, Slovakia, were among the first to send their contributions. The
Rockefeller Foundation arranged the travel of these eminent participants
through a grant to the Entomological Society of America.

The success of my first book promptedme to again try Academic Press
for the publication of a more voluminous volume of 666 pages. The
treatise was based on a United States–Japan seminar, which I organized
in Tokyo together with Dr. Paul Oman. Mr. Jacoby was not interested this
time because as he explained, symposia were not selling well. Wiley
Interscience agreed to publish the book when I added several additional
authors who did not participate in the Tokyo meeting. I also used the title
of this second book, ‘‘Viruses, Vectors, and Vegetation’’ (1969) for the title
of my current autobiographical chapter.

During the following years several volumes on viruses, edited by me
alone or jointly with other virologists, were mainly published by Aca-
demic Press. In 1968, Springer published ‘‘Insect Viruses’’ (192 pp.). In
1971, ‘‘Comparative Virology,’’ edited by me and E. Kurstak, (Academic
Press, 584 pp.) was followed by ‘‘Viruses, Evolution, and Cancer’’ (813
pp., 1974). In 1975, with R. E. Shope, we edited ‘‘Invertebrate Immunity’’
(Academic Press, 365 pp.)

Viruses and virus diseases were included in ‘‘Tropical Diseases
of Legumes,’’ edited by Julio Bird and me in 1975. In 1977, I edited
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the ‘‘Atlas of Insect and Plant Viruses’’ as Vol. 8 of Academic Press’
‘‘Ultrastructure in Biological Systems.’’ ‘‘Aphids as Virus Vectors,’’ edited
by K. F. Harris and me in 1977, ‘‘Leafhopper Vectors and Plant Disease
Agents,’’ by me and Harris, 1979, ‘‘Vectors of Plant Pathogens,’’ by Harris
and Maramorosch, 1980, ‘‘Plant Diseases and Vectors: Ecology and
Epidemiology,’’ by Maramorosch and Harris, 1981, and ‘‘Pathogens,
Vectors, and Plant Diseases: Approaches to Control,’’ by Harris and
Maramorosch, 1982, as well as ‘‘Viruses and Environment,’’ by Kurstak
and Maramorosch, 1978, were all published by Academic Press. ‘‘Vectors
of Disease Agents: Interactions with Plants, Animals and Man,’’ edited
by J. J. McKelvey, Jr. et al. was published by Praeger in 1980. The volumi-
nous ‘‘Viral Insecticides for Biological Control,’’ by Maramorosch and
K. E. Sherman, and ‘‘Subviral Pathogens of Plants and Animals: Viroids
and Prions,’’ by Maramorosch and McKelvey, were published by
Academic Press in 1985. In 1965, Ms. Lore Henlein of Academic Press
suggested that I should start a series dealing with ‘‘Methods in Virology.’’
TogetherwithHilaryKoprowski, eight volumes of ‘‘Methods in Virology’’
were published by Academic Press between 1967 and 1984. Maintenance
of ‘‘Animal/Human and Plant Pathogen Vectors,’’ by Maramorosch and
F. Mahmood, was published by Science Publishers in 1999.

At Rockefeller University Professor William Trager and Dr. Maria
Rudzinska gave me excellent suggestions how to attempt the cultivation
of leafhopper tissues and cells for virus studies. I was able to maintain
leafhopper tissues in vitro but not cells or cell layers (Maramorosch, 1956).
I continued my attempts and organized several conferences nationally
and internationally. Proceedings of the conferences were published by
Academic Press in the following volumes: ‘‘Invertebrate Tissue Culture:
Research Applications’’ (Maramorosch, 1976), ‘‘Invertebrate Tissue
Culture: Applications in Medicine Biology and Agriculture’’ (E. Kurstak
and Maramorosch, 1976), ‘‘Invertebrate Cell Culture Applications’’
(Maramorosch andMitsuhashi, 1982), and ‘‘Biotechnology in Insect Pathol-
ogy and Cell Culture’’ (Maramorosch, 1987). Springer Verlag published
‘‘Invertebrate and Fish Tissue Culture,’’ edited by E. Kurstak et al. (1988);
CRC Press published ‘‘Biotechnology for Biological Control of Pests and
Vectors’’ (Maramorosch, 1991); ‘‘Arthropod Cell Culture Systems’’
(Maramorosch and McIntosh, 1994); ‘‘Insect Cell Biotechnology’’
(Maramorosch and McIntosh, 1994). In 1997, ‘‘Invertebrate Cell Culture:
Novel Directions and Biotechnology Applications,’’ by Maramorosch and
Mitsuhashi, was published by Science Publishers. ‘‘Invertebrate Cell Cul-
ture: Looking Toward the XXI Century,’’ by Maramorosch and M. J. Loeb,
was published by SIVB, Columbia, MD (1997).

In 1976, I started the new Academic Press series ‘‘Advances in Cell
Culture.’’ Volumes I–V appeared between 1981 and 1987. Dr. Gordon Sato
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joined me as an editor and Volumes VI and VII were published in 1988
and 1989.

In 1970, Dr. Kenneth M. Smith, whose influence on my decision to
become a virologist I described earlier, suggested to Academic Press that I
should join him, Drs. Max A. Lauffer, and Frederik B. Bang as an editor of
‘‘Advances in Virus Research (AVR).’’ Starting with Vol. 18 till Vol. 27, all
four editors worked jointly, but unfortunately in 1981, both Kenneth
Smith and Frederik Bang passed away. Dr. Lauffer and I continued
editing AVR and after Dr. Lauffer retired, I was able to persuade Drs.
Aaron Shatkin and Frederick A. Murphy to join me as AVR editors.
Starting with Vol. 30 in 1985, all three of us still continue to edit AVR.

In addition to plant and insect viruses, I worked shortly with other
viruses, including Friend murine leukemia virus in experimentally
infectedmosquitoes,Marek’s herpes disease virus, and yellow fever virus.

X. INTERNATIONAL CONNECTIONS

In 1953, shortly after I became a naturalized US citizen, I was invited by
Professor H. Thung to come for 3 months to his virology laboratory in
Wageningen, the Netherlands. At the same time, Dr. Kenneth M. Smith
invited me to a symposium organized by him at the VI International
Virology Congress in Rome, Italy. The trip to Europe was only partially
reimbursed by Professor Thung and Rockefeller University. The bulk of
the expenses required a personal loan from my bank, which I repaid in 24
monthly installments. I never regretted the personal expenses, realizing
how important the trips abroad were in making contacts with numerous
virologists from different countries. During subsequent years my urge to
travel did not subside and my visits to research institutes in Europe, Asia,
Australia, and Africa became a constant feature. Contacts with virologists,
entomologists, and plant pathologists weremade during 28 visits to India.
several trips to Japan, China, and Southeast Asia, to West, East, and South
Africa, South and Central America, Australia, and several European
countries. My knowledge of 7 languages was an important asset during
these trips abroad.

In 1962, the New York Academy of Science elected me Vice President
and Recording Secretary. In 1970, I was elected to the Leopoldina, oldest
European Science Academy. At first, I hesitated to accept the member-
ship in the Academy, located in Germany, but when I found out that
among former members were Bohr, Curie Sklodowska, Liebig, Linne,
Pavlov, Planck, and Rutherford, I accepted the election and the invitation
to give an inaugural lecture in Halle, Germany. A few years later, in 1979,
the Indian National Academy of Science elected me an Honorary Fellow,
followed by the Indian Virological Society in 1987.
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I became a Rockefeller Foundation grantee in 1955 to work on virus
diseases of corn with Mexican agricultural scientists. In 1964, the Roma-
nian Academy of Sciences invited me as guest lecturer for 4 weeks to
Bucharest. This was followed by the USSR Academy of Medicine, then
by the Indian Academy of Sciences, and the Polish Academy. In addition
to virology, my special interest became the promoting of international
scientific cooperation. As a consultant of the United Nations Develop-
ment Program, I worked with Indian plant virologists and entomologists
at the University of Agricultural Sciences at Hebbal-Bangalore, India in
1978–79, studying virus and phytoplasma diseases of food and fiber
plants.

Various honors and awards were received during the past years but I
will mention just one, the Wolf Prize in Agriculture, received in 1980 and
often called the Nobel Prize in Agriculture. It was received for my studies
on interactions between insect vectors, viruses, and plants.

I have listed several lucky events that promoted my scientific career,
but the most important and luckiest was—you guessed it—mywife Irene.
Without her unwavering support and devotion, I would not have been
able to follow my chosen profession. In 1957, when I was invited to
succeed Professor Edward Steinhaus as chair of the Entomology Depart-
ment at the University of California in Berkeley, she was willing to leave
her beloved work at the New York Public Library to follow me to Cali-
fornia. It took me 4 months before I declined the very tempting offer and
we remained in the East. When I accepted the position as Distinguished
Professor at Waksman Institute, Irene noticed how the 200km of daily
driving to and from Rutgers University was taken a toll on my energy and
health. After 30 years, she sacrificed her own career, resigned, took early
retirement, and moved with me to New Jersey (Fig. 6).

I would like to end this biographical sketch by citing my acceptance
remarks made in Jerusalem when I received the Wolf Prize:

Mr. President, Members of the Knesset, members of the Wolf Founda-
tion, colleagues and friends. It is difficult for me to find the proper words to
expressmy feelings and emotions on this solemnoccasion and this beautiful
ceremony. I feel humble and proud of having been selected the recipient of
the coveted Wolf Prize in Agriculture and I would like to express my deep
appreciation to theWolf Foundation and to its Founder for their vision and
foresight in recognizing agriculture as one of the important fields ofmodern
science. Over the past 30 years numerous associates have contributed sig-
nificantly to projects carried out in my laboratory and several national and
international organizations, and foundations have sponsored my research.
Many conferences, surveys, consultancies, and visits to developing and
developed nations have been made possible through the excellent interna-
tional collaboration of scores of scientists and institutions. All of them
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have contributed to the success of my career and to the honor bestowed on
me today.

My only regret is that neither my nor my wife’s parents, nor my
brother, nor my wife’s sister can be with us today. Unfortunately, they
perished during the holocaust, together with more than 150 of our closest
relatives. Only their names are left here in Jerusalem at Yad Vashem. Let
us hope that the ideals that are so aptly expressed by the Wolf Founda-
tion, the fostering of international understanding among scientists
throughout the world, will prevent future wars and assure lasting peace
on earth. Science recognizes no political, religious, ethnic, or geographic
borders and we, scientists, speak only one language—the language of
science. I sincerely hope that real peace can be achieved through the
efforts of scientists collaborating with each other, irrespective of back-
ground and political beliefs. I address my heartiest thanks to the Wolf
Foundation for fostering international understanding.’’
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FIGURE 6 At home with my wife. Photo by the author.
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Professor Almquist’s early work on the addition of antibiotics to bull semen resulted

in substantial increases in breeding efficiency. This, coupled with his remarkable

achievements in developing methods for processing, freezing, and thawing of frozen

semen, significantly enhanced the practical utilization of artificial insemination in

the livestock industry. Many techniques developed by him for cattle have been

applied to other species, including the human male.
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Date and Place of Birth - February 10, 1921, Hoidrege, Nebraska

ACADEMIC DEGREES

Cornell University, B.S., 1942

Purdue University, M.S., 1944

The Pennsylvania State University Ph.D., 1947

MEMBERSHIP IN PROFESSIONAL OR HONORARY ACADEMIC SOCIETIES

American Dairy Science Association

American Society of Animal Science

John O. Almquist
Pennsylvania State University

University Park, Pennsylvania, USA

k

1981 — for his significant
contributions to the application
of artificial insemination to
livestock improvement.

06_1981 Almquist.p65 17-Mar-09, 9:04 AM121



122 Wolf Prize in Agriculture

Fellow, American Association for the Advancement of Science

Society for the Study of Fertility (Great Britain)

Society for the Study of Reproduction (USA)

International Fertility Association

Alpha Zeta

Phi Kappa Phi

Sigma Xi

Gamma Sigma Delta

HONORS AND AWARDS RECEIVED; SPECIAL PROGRAMS AND ACTIVITIES

1959 - Glycerine Producers’ Association Research Award

1963 - Borden Award and Gold Medal for Research in Dairy Production (American

Dairy Science Association)

1971 - Outstanding Teacher Award, Gamma Sigma Delta Agricultural Honorary

Society

1972 - Medal from Italian Society for Progress in Animal Production

1974 - Animal Physiology and Endocrinology Award (American Society of Animal

Science)

1976 - National Association of Animal Breeders Research Award (American Dairy

Science Association)

1977 - Professor I.I. Ivanov AI Pioneer Commemorative Medal from Ministry of

Agriculture, Soviet Union

1952 - Member of Standing Committee for International Congresses on Animal

Reproduction and Artificial Insemination

1956 - Plenary Speaker, III International Congress on Animal Reproduction and.

Artificial Insemination, Cambridge, England

1961 - Speaker, IV International Congress on Animal Reproduction and Artificial

Insemination, The Hague, The Netherlands

1972 - Moderator and Summary Speaker, VII International Congress on Animal

Reproduction and Artificial Insemination, Munich, Germany

1976 - Chairman and Summary Speaker, VIII International Congress on Animal

Reproduction and Artificial Insemination, Cracow, Poland

1976 - Speaker, Bilateral Reproduction Symposium, Moscow, USSR

1976 - Invited member of eight-man, U.S. Scientific Exchange team on Farm Animal

Reproduction to visit Soviet Union

Consultant to nearly every artificial insemination organization in USA, as well as

in Puerto Rico and in Ontario, Alberta and British Columbia, Canada

Editorial Board, Journal of Dairy Science for 10 years

Consultant on infertility problems in large dairy herds, University of Hawaii

06_1981 Almquist.p65 17-Mar-09, 9:04 AM122



John O. Almquist 123

ESSENTIAL BIBLIOGRAPHY

Author or coauthor of 160 scientific publications, including 78 papers in refereed

journals, 3 bulletins, 3 book chapters and over 70 papers given at scientific meetings.

DESCRIPTION OF SCIENTIFIC ACTIVITIES

1. Evidence of Originality, Vision, Creativity:

Dr. John O. Almquist is one of the recognized leaders and pioneer researchers

in artificial insemination and reproductive physiology of farm livestock. It was

largely through his efforts that the “Dairy Breeding Research Center” was

established on the Campus of The Pennsylvania State University in 1949 to

assist in the development of artificial insemination (Al) in dairy cattle. As the

AI industry progressed, research activities were expanded to include the broader

field of animal reproduction with special emphasis on the comparative aspects

of  male reproductive physiology, bull sexual behavior, bull nutrition,

spermatogenesis, sperm metabolism, sperm ultra-structure and female infertility.

As a result of the nominee’s early recognition of the importance of the

male in animal reproduction and in livestock improvement through artificial

insemination, the Research Center has gained international recognition for

basic and applied contributions to male reproductive physiology. Many of the

techniques developed by him and his graduate students for bulls have been

applied to other species, including the human male. Thus, Dr. F.P. Amann (first

as a graduate student and then as a coworker with Dr. Almquist since 1955)

has procured substantial National Institutes of Health grants and contracts for

basic research on the physiology of the testis and epididymis. This research not

only adds new knowledge on sperm production and maturation mechanisms

in animals, but may lead to development of a male contraceptive for humans.

Because of  the quality and practicality of his research program, Almquist

has received substantial long-term financial support from the Artificial Breeding

Cooperatives of Pennsylvania. During the past 33 years, these organizations

have contributed about $500,000 to this program and have cooperated in

conducting numerous field fertility trials of new procedures developed by

Dr. Almquist. Further evidence of  the overall quality of the nominee’s research

is the excellent industry support that has been received from the Pennsylvania

Department of  Agriculture, the National Association of  Animal Breeders,

purebred livestock associations and individual breeders.

Twenty-eight graduate students have been trained as an integral part of

the program conducted by Dr. Almquist, and. many of his former students

hold positions of leadership in the fields of reproductive physiology, artificial

insemination, biology and veterinary medicine.
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The nominee’s research efforts have contributed greatly to the success of

artificial insemination and, therefore, to genetic improvement of dairy cattle.

He has been able to identify the most important problems and design critical

experiments to obtain the answers. His earliest research enabled AI organizations

to identify semen of different breeds by the addition of harmless colors to the

semen extender. His pioneer work on the addition of antibiotics to bull semen

resulted in a dramatic increase of 11 percentage units in breeding efficiency.

This work is still one of the most significant contributions to the successful

application of AI to breeding better livestock. Much of his research has been

aimed toward the constant improvement of semen extenders, including early

development of heated cows’ milk in various forms. Of equal importance was

his finding that addition of glycerol to milk extenders doubled the fertile life of

sperm in unfrozen semen.

Believing that the male reproductive potential was seriously underrated, he

initiated a series of investigations on the factors associated with the quantity

and quality of semen produced by both young and sexually mature bulls, with

special emphasis on nutrition, frequency of semen collection and management

of sexual behavior. In addition, he and his colleagues have contributed much

to our understanding of costly infertility problems in heifers and cows. A 1967

bulletin on genital abnormalities in sub-fertile dairy heifers by Dr. T. Y. Tanabe

and Dr. Almquist has gained international recognition for its thoroughness,

usefulness and the excellent quality of the 24 color plates.

Dr. Almquist recognized early in his career the tremendous potential of

artificial insemination in beef cattle and other animals, as well as dairy cattle.

He suggested over 20 years ago that widespread application of frozen semen,

ovulation control and improved feeding and management practices could result

in more rapid expansion of AI in beef cattle and improve worldwide animal

agriculture. He stressed that maximum genetic gain could not be attained

unless beef bulls were sampled at the earliest possible age. Thus, much of his

research was designed to obtain the information necessary to make AI in beef

cattle more effective? He was the first to investigate in detail the capacity of

beef bulls for producing, storing and ejaculating large numbers of fertile

spermatozoa. Many people assumed that beef and dairy bulls were similar in

reproductive ability. Dr. Almquist expressed caution about such generalizations

and his recent findings showed that important reproductive traits vary widely,

not only between beef and dairy bulls, but also among different beef  breeds.

After participating in an international congress in Italy in 1961, he became

enthusiastic about the potential use of plastic strays for packaging frozen semen.

With the financial aid of AI organizations in Pennsylvania, he equipped a

laboratory to study the use of different kinds of straws for frozen semen. This

research resulted in improved methods for processing, freezing and thawing

frozen semen in straws which since have been adopted for field use.
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Another example of  his foresight and creativity is the pioneering research

in the physiology of ejaculation. Dr. Almquist and graduate students developed

a new electronic differential recording technique for measuring vas deferens

and vesicular gland contractions during semen collections from rabbits. Silicone

tubing sensors were implanted into the male sex organs and then attached to

catheter-transducer systems.

2. Soundness of Experimental Methodology and Adequacy Interpretation:

Dr. Almquist is a meticulous investigator whose experiments have been well-

designed and thorough in their husbandry and management techniques. In

studies on beef bulls, for example, representatives of three major breeds —

Angus, Hereford and Charolais — were used. They were obtained as weanlings,

penned individually and fed a carefully controlled and measured nutrient intake

because it was realized that nutrition might influence some of the traits being

studied, such as age at onset of puberty and growth rate of the testes. Since

initiation of different frequencies of ejaculation at puberty were part of the

design, the bulls were adjusted to weekly collection procedures starting at 24

weeks of age — well before time of puberty was anticipated. Puberty was

carefully defined at the outset as the age at which an ejaculate containing a

minimum of 50 million sperm with at least 10% showing progressive motility

was first collected. Detailed and repeated observations were made on carefully

selected indices of growth, reproductive development and sexual behavior.

Obviously, fertility data are of prime importance in the research conducted

by Dr. Almquist. The confidence in his research designs is well-illustrated by

the fact that commercial breeding organizations have been willing to assist

with numerous field trials. More recently, out-of-state breeding studs have

been added to gain additional fertility data. In a recent study, data from over

29,000 first insemination cows were collected.

3. Principles Discovered or Established by the Research:

Many of the techniques and procedures presently used by AI organizations are

based upon the sound principles established through research conducted by

Dr. Almquist and his colleagues at The Pennsylvania State University.

a. Dr. Almquist has received international recognition for his early research

which first demonstrated the value of adding antibiotics (penicillin in 1946;

streptomycin in 1947; and penicillin plus streptomycin in 1949) to diluted

bull semen to control bacterial growth, reduce early embryonal mortality

and increase fertility. His classic series of papers on these antibiotics included

their effects on the livability, metabolism, bacterial content and fertility of

bull semen, as well as their stability during semen storage. The AT industry

adopted the use of these antibiotics almost universally.
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b. Nearly equal in importance to the AI industry was his research in 1951

which pioneered use of milk as a practical medium to extend the life of  bull

sperm. He collaborated with biochemists to identify the toxic factor to

spermatozoa in unboiled milk which was destroyed by heating. In l956, he

and his graduate students showed that addition, of glycerol to milk extender

doubled the fertile life of hull sperm in liquid semen from 2 to 4 days.

Combined with concurrent research which showed that semen could be

collected six times weekly without harm to the bull or his fertility, breeding

organizations were then able to offer dairymen “every sire every day” of  the

week at low cost using liquid semen. Techniques were developed in 1954

for freezing bull spermatozoa in glass ampules using homogenized milk and

skimmilk extenders.

c. Dr. Almquist’s recent research concerns the reproductive development and

capacity of Angus, Hereford and Charolais bulls, With emphasis on the

application of artificial insemination to beef cattle as a means of increasing

meat production by using sires of outstanding genetic merit. Techniques

developed over the past 20 years to measure quantitatively the sexual behavior

and semen production of dairy bulls were applied to assess the potentials

and limitations of the three breeds of beef  bulls. It was found that there are

a number of major differences in reproductive capacity among beef and

dairy breeds. They also demonstrated conclusively that many beef  bulls can

be used for breeding at an earlier age and more intensively than previously

had been thought possible. Highlights of the findings from three l0-year-

long experiments with (a) Holstein, (b) Angus and Hereford, and, most

recently, (c) Charolais bulls include:

1. Starting at puberty, bulls of each breed can routinely be ejaculated four

to six times per week, provided frequent changes in the stimulus situation

are made.

2. Starting at puberty, collection of semen from dairy and beef bulls at a

high frequency of six ejaculates per week continuously for up to 1 year

does not have a deleterious effect on body growth, testis development,

quantity and quality of  spermatozoal production, freezability of

spermatozoa and fertility.

3. Proper bull management before semen collection (e.g., false mounting

and restraint) greatly increases the number of sperm obtained per

ejaculation. Holstein bulls require three false mounts prior to each

ejaculation to maximize the number of sperm obtained in both first and

second ejaculates. However, use of  three false mounts with Angus,

Hereford and Charolais bulls is effective only for the first of  two

successive ejaculates.
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4. Most young dairy and beef bulls can ejaculate sufficient sperm for

progeny testing by l4 months of age.

5. The testes of mature bulls produce prodigious numbers of sperm —

about 7 billion per day in Holsteins.

6. Postpuberal increases in weekly sperm output are much more rapid in

Charolais and Holstein than in Angus and Hereford bulls.

7. Charolais bulls attain puberty at a significantly earlier age (41 wks)

than Angus and Hereford bulls (45 wks). This finding contradicts the

commonly held viewpoint that Charolais bulls mature rather slowly.

8. On a within herd basis, much valuable growth data can be gathered for

Charolais if  the top 60% of bulls at 365 days of age are continued on

gain test to 550 days of  age.

9. Bull calves should be fed ad libitum for achieving puberty at the earliest

possible age.

d. From a 10-year study of 18 Holstein bulls, he and his collaborator (Dr. R.G.

Thompson, Dept. of Pathology, University of Guelph, Ontario, Canada)

demonstrated that there was no difference in spinal bone lesions between

bulls ejaculated continuously six times per week from 1 to 9.5 years of age

and the controls ejaculated only once weekly to the same age. This report

helped to allay fears in the AI industry that high frequency of ejaculation

involving three false mounts preceding each ejaculation shortens the useful

reproductive life of a bull by increasing the number and severity of vertebral

body osteophytes.

e. Important findings of recent laboratory and fertility studies include the

following:

1. Developed new antibiotic combinations, lincomycin-spectinomycin and

penicillin-neomycin, which were shown to be satisfactory substitutes if

penicillin-streptomycin is not available. Each combination effectively

controlled bacterial growth in semen without reducing fertility

(1973–74).

2. Explored an area of male reproduction — physiology of ejaculation —

which had not been studied extensively despite its obvious importance

in animal and human reproduction. Three recent publications described

a new technique for making the first quantitative in viva pressure

measurements of contractions of the vas deferens and vesicular glands

in both anesthetized and conscious rabbits by implanting silicone tubing

sensors.

3. Published in 1973 the first two papers on new methods for freezing and

thawing semen packaged in Continental US plastic straws. Dr. Almquist’s

research showed that fast thawing was much mare important than rate
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of freezing. Freezing rate over a rather wide range did not affect sperm

survival in US straws provided they were thawed rapidly (7 to 15

seconds). He and his graduate students also found that both acrosomal

maintenance and motility of spermatozoa were affected more by thawing

rate than by time of  exposure to glycerol, a cryoprotective agent.

Optimum glycerol level for freezing semen in straws was 11%, or the

same as that reported earlier for freezing semen in glass ampules using

skimmilk extender.

4. Showed that semen in straws could be placed onto canes before freezing

and that loads of up to 7500 straws could be frozen in an automatic

forced vapor freezer. Results were equally as good as those with the

procedure presently used by the AI industry in which about 350 straws

are individually cooled and then placed into goblets and onto canes

while at 196°C. This automatic method provides a 20-fold increase in

the number of straws which can be frozen at one time, reduces labor

and improves product quality.

5. Conventionally, semen is warmed to 5°C and then used for insemination.

From studies with thawing baths ranging from 5°C to 135°C, he showed

that warming semen rapidly in straws directly to body temperature

while thawing was more desirable. By placing straws of frozen semen

into a 35°C water bath for 30 seconds, seminal temperature was raised

rapidly to near body temperature and fertility involving over 21,000

experimental inseminations was significantly higher than for semen

warmed to only 5°C.

f. Other important early research findings include the following:

1. Developed a safe, practical method of coloring semen to distinguish

semen from bulls of different breeds. Reported in 1946 and still used by

AI studies in most countries.

2. Established relationships between numbers and types of bacteria in bull

semen and fertility.

3. Developed a commonly used method of  staining bull sperm to

differentiate living and dead cells.

4. Collaborated with Dr. R.J. Flipse to show that large quantities of corn

and grass silage could be fed safely to dairy breeding bulls and that

dairy bull calves mature later on low-energy rations.

5. Collaborated with Dr. B.B. Hale to conduct the first quantitative studies

on sexual behavior and semen production by dairy bulls.

6. Cooperated with Dr. T.Y. Tanabe to show that pregnancy interruption in

AI of dairy cattle is reduced by addition of antibiotics to bull semen and

deposition of semen in the mid-cervical region of the uterus.
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4. Practical Significance and Value of  Research by John 0. Almquist for

Improving Food Production Worldwide

Mankind has one thing in common, an interest in how to get more food,

preferably food that is lower in cost and higher in quality. Just before World

War II, while working as a student assistant in Cornell University’s newly

established laboratory for research on artificial insemination (AI) of cattle,

John Almquist recognized that AI had tremendous potential in the science of

animal breeding for increasing the milk supply. In the past 30 years, average

milk yield in the United States has increased from about 2,350 kg to 5,100 kg

per cow largely as a result of AI and improved management. By breeding better

cows through increased use of outstanding bulls in AI, farmers produce more

milk from fewer cows resulting in an abundant supply of milk and milk

products for the consumer. How did AI make its major contribution to this

achievement?

For exploitation of AI for herd improvement, the question to be answered

was: how to find superior bulls and how to make the most use of  them through

AI when they were found. Early in his career at The Pennsylvania State

University, Dr. Almquist decided to investigate this question. With State

government and AI industry support, a research facility was completed in

1949 which is unique in that it includes housing for bulls from calfhood to

maturity. The pioneering long-term bull studies completed by Dr. Almquist and

coworkers have greatly enhanced the world’s supply of milk and meat through

wider use of the best bulls in AI. By more liberal feeding and not being hesitant

to initiate collection of semen for use in AI at puberty, they (1) hastened the

onset of puberty by several months, thereby enabling young bulls to be sampled

for proving at an earlier age than previously believed, (2) demonstrated that

postpuberal fertility is satisfactory so that genetic sampling of most young

bulls can be completed by 14 months rather than 18 to 24 months of age,

(3) showed that mature bulls can be mated by AI to from 50,000 to 100,000

cows per year compared to the 1950 USA average of 1,250 cows serviced

annually per AI sire 30 years earlier. This was accomplished by experiments

showing that more spermatozoa could be harvested for use in AI by collecting

bulls more frequently than previously believed possible and by developing

practical procedures for expeditious removal of  billions of  high-quality

spermatozoa during the semen collection procedure.

Examples of the practical impact of this research on the reproductive

capacity of dairy bulls include:

1) The best breeding bulls are being identified by 4.5 to 5 years of age, rather

than 7 to 8 years of age, thus greatly extending their useful life for breeding

purposes.
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2) The top breeding AI bulls sire many more offspring. Faster genetic

improvement has been achieved by identifying and using the best bulls

more efficiently. Fewer bulls are needed to breed the same number of

females. One Holstein-Friesian bull in the USA sired about 250,000 offspring

in his lifetime. Based on actual production records for his 27,754 tested

daughters, extensive use of this superior sire resulted in over 17.5 million

dollars more income to the owners of  these daughters. The estimated value

of  the extra milk produced by the approximately 100,000 tested and

untested daughters of  this bull amounted to over 600 million dollars.

Breeding potential for top bulls is tremendous; recently two outstanding

bulls in a Pennsylvania Al stud using Dr. Almquist’s recommendations

were mated to 120,000 and 125,000 cows in one year. Such figures seemed

impossible a short while ago.

Such potent “bull power” was unknown until the prodigious production of

spermatozoa by bulls (6 to 9 billion per day) and means of obtaining them

were revealed through original research done by Almquist and coworkers

starting in 1951. They also were the first to provide quantitative data on the

sexual behavior of bulls. The new techniques developed in the 1950’s for

measuring the numbers of sperm which bulls are capable of producing, storing

and ejaculating have been adopted by reproductive researchers for determining

these parameters in many species, including man. This pioneering work on

male reproductive physiology has received international recognition and has

aided the surge in knowledge about the role of the male in the reproductive

process and in overcoming infertility in both man and domestic animals.

Dr. Almquist became convinced at an early age that the usefulness of AI

should be expanded beyond dairy cattle to increase production in other species

of economic importance for providing food and fiber to man. With characteristic

foresight, he initiated research on the reproductive capacity of beef bulls in

1962. Much to the surprise of many animal breeders, he demonstrated that

many beef bulls possess great reproductive potential for use in AI to increase

meat production. Prior to his research, it was commonly believed that beef

bulls should not be used for breeding before 18 months of age. He showed that

semen collected, frozen and used from beef bulls under 1 year of age yielded

economically satisfactory AI fertility rates, and thus, beef bulls could be sampled

in a progeny testing program at a much earlier age than previously believed

possible.

The original research by Dr. Almquist showing considerably higher AI

conception rates with antibiotic-treated semen provided a major impetus for

widespread acceptance and more rapid growth of cattle AI in Pennsylvania

and the USA. Antibiotics in semen aid in controlling spread of reproductive

diseases and significantly reduce the costly losses due to early death of  embryos

in infected cows.
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The 50-year commemorative issue of the Journal of Dairy Science stated

that the increase in fertility of  Al in the USA from 61% in 1948 to 72% in

1949 can be credited mainly to the addition of antibiotics to bull semen.

Attention was drawn to this important advantage of AI in a recent article (R.G.

Saacke, Hoard’s Dairyman, January 10, 1975, p. 20). This major advancement

for improved fertility by 11 percentage points is of large economic importance

to the producer and consumer. Based on extensive farm cost, account data

(Durward Olds, Hoard’s Dairyman, September 10, 1979, p. 118), over 31

million dollars per year currently is saved in the USA by adding antibiotics to

bull semen. Since use of  antibiotics in bull semen was adopted virtually

worldwide, this practice saves about 580 million dollars annually (based on Al

of 150 million cows; cited from T. Bonadonna and G. Succi, VIII International

Congress on Animal Reproduction and AT, Cracow, 1976, Vol. IV, p. 769).

These huge savings attest that the pioneering research by Dr. Almquist on

antibiotics represents a substantial contribution to successful use of AI for

cattle improvement.

Research completed by Almquist and coworkers has contributed greatly to

the feasibility of distributing germ plasm from the best sires worldwide. This

permits rapid increases in milk and meat production in countries lacking

genetically superior bulls. Exportation of several million doses of frozen semen

annually by the USA.; would have been impossible without the knowledge that

semen can be collected at very high ejaculation frequencies and not harm the

bull or lower his fertility. These new techniques made possible the procurement

of sufficient semen from top bulls for use in both domestic and export markets.

Exportation of bull semen also was aided greatly by Almquist’s research showing

that fertility of semen was not affected when the prefreeze numbers of  living

sperm per inseminating dose were reduced from the commonly used 20 million

to 10 million per straw. This finding enables twice as many straws to be

produced from each ejaculate of bull semen. His research on milk as an

improved medium for preserving semen and more efficient freezing and thawing

methods have provided the AI industry with practical, inexpensive means for

processing, handling and shipping frozen semen.

Overcoming infertility continues to be one of  the most costly and perplexing

problems in the livestock industry. Almquist is among the few who have made

important contributions to solving male infertility. Combinations of penicillin

and streptoinycin were used for treating the semen of bulls of low fertility and

dramatic increases in. fertility resulted. Average fertility in one study increased

by 22 percent; fertility of some bulls nearly doubled.

Dr. Almquist has published extensively on improved media for preserving

the life of bull spermatozoa and. extending the number of cows which can be

serviced with semen from a single ejaculation. He developed an effective semen

extender by heating cows’ milk. This research struck a major blow to lowering
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the cost of existing extenders and subsequent widespread use in the USA and

excellent levels of fertility.

Before frozen semen became practical, he combined two of his research

findings to enable dairymen for the first time to make selected matings to the

bull of their choice every day of the week. Using his milk-glycerol extender

and collecting semen more frequently than previously believed possible, he

demonstrated to the AI industry that semen from superior bulls could be

available every day.

Recognizing that use of  AI was limited or nonexistent in many areas of the

world where refrigeration to preserve spermatozoa was not readily available or

was very costly, in 1962 he originated an extender which enables semen to be

stored at ambient room temperatures. The essential ingredient was skimmilk,

together with glucose, sodium citrate and citric acid.

With his keen desire to develop practical procedures for the entire AT

industry and his awareness of  the need to cut production costs, in 1978

Dr. Almquist introduced procedures for processing bull semen for freezing

which make it possible for laboratory technicians to do their work faster and

more comfortably at room temperature rather than in a 5°C walk — in cold

room. Using This egg-yolk-glycerol extender, freshly collected semen is extended

completely and packaged in plastic straws at room temperature rather than at

50oC before being frozen. This new method has been tested successfully and

used under routine field conditions in Pennsylvania for 3 years.

In 1979, Dr. Almquist reported a practical method for thawing frozen bull

semen rapidly which significantly improved fertility by about 2 percentage

points. While this might appear to be a small increase, nevertheless, use of the

new procedure could save annually over 5 million dollars in the USA over 100

million dollars worldwide. Several AI organizations already have adopted this

new thawing method.

Conclusions:

The founding fathers of artificial insemination probably did not envision that it

would evolve into an extensive, daily agricultural practice affecting the lives of

people throughout the world. Ever increasing world population has and will

continue to mandate that animal agriculture must become more efficient and

productive. Hunger and malnutrition know no race or creed and no human is far

removed from its overtones.

It is the responsibility of scientists such as Dr. Almquist to utilize their mental

and physical resources to develop programs that will undergird the food production

potential of the world. The contribution that artificial insemination has made to

both quality and, quantity of available food may be one of the greatest advances

ever offered through animal agriculture.
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It may have been in a laboratory in France or a group of scientists from Italy or

Russia in Dr. Almquist’s laboratory at Penn State; teaching in a classroom or at a

farm; alone or working in close cooperation with another scientist to perfect a

technique; regardless, it has been John Almquist at the forefront of idea development,

investigation and perfection. He is a respected leader, a highly proficient teacher

and a meticulous researcher.

The pioneering efforts of  Dr. John Almqnist, through his lifetime of dedicated

service making AI a more effective everyday practice, place him in the unique

position of being a major contributor to the world’s food basket and to the healthful

nutrition of his fellow man.
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Professor Lardy, with the late Professor Paul H. Phillips, made the basic discovery

in the early forties that a nutrient medium of egg yolk dispersed in a phosphate

buffer forms an ideal environment for the storage of spermatozoa of bull, ram,

stallion, and turkey. This breakthrough paved the way to the rapid expansion of

the practical use of artificial insemination in livestock breeding. Further, the ability

to store semen made it possible to initiate fundamental studies on the metabolism

of spermatozoa. The results of this outstanding research work enabled improvements

to semen storage technique leading to more efficient and widespread utilization of

semen.
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Merryfield, M.L. and Lardy, H.A. (1982). Biochemical Pharmacology 31,

1123-1129.

348. Ca2+-mediated activation of phosphoenolpyruvate carboxykinase occurs via
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Lardy, H.A. (1982). J. Biol. Chem. 257, 4552-4556.
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352. Alterations in membrane permeability to Ca2+ and their consequences during
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In Membranes in Transport, Vol. 1 (Martonosi, A.N., ed.), pp. 671-676,

Plenum Pub. Corp.

353. The development and application of  a radioimmunoassay for rat

phosphoenolpyruvate carboxykinase. Moore, R.E., Hansen, J.B., Lardy, H.A.,

and Veneziale, C.M. (1982). J. Biol. Chem. 257, 12546-12552.

354. Motility activation, respiratory stimulation, and alteration of Ca2+ transport
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Biophys. 221, 291-303.

355. Potassium-dependent increases in cytosolic pH stimulate metabolism and
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356. Regulation of  gluconeogenesis by catecholamines, vasopressin and
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Characterization, and Use of Hepatocytes (Harris, R.A. & Cornell, N.W., eds.),
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357. The effect of  substrate cycling on the ATP yield of  sperm glycolysis.
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8759-8768.
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358. Regulation of gluconeogenesis by norepinephrine, vasopressin, and angiotensin

II: A comparative study in the absence and presence of extracellular Ca2+.

Kneer, N.M., and Lardy, H.A. (1983). Arch. Biochem. Biophys. 255,
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359. Regulation of  carbohydrate metabolism by 2,5-anhydro-D-mannitol.
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362. Effects of fluoracetate on hepatic gluconeogenesis. Bobyleva-Guarriero, V.,

Hughes, P.E., and Lardy, H.A. (1984). Fluoride 17, 94-104.

363. Mechanism of action of 2,5-anhydro-D-mannitol in hepatocytes. Riquelme,

P.T., Wernette-Hammond, M.E., Kneer, N.M., and Lardy, H.A. (1984).

J. Biol. Chem. 259, 5115-5123.

364. Site of insulin inhibition of cAMP-stimulated glycogenolysis. Gabbay, R.A.

and Lardy, H.A. (1984). J. Biol. Chem. 259, 6052-6055.

365. 3-aminopicolinate inhibits phosphoenolpyruvate carboxykinase in hepatocytes

and increases release of gluconeogenic precursors from peripheral tissues.

Chen, K.S. and Lardy, H.A. (1984). J. Biol. Chem. 259, 6920-6924.

366. The effect of nutritional state and hormones on the number of circulating

red cells in gallus domesticus. Hughes, P.E., Bobyleva-Guarriero, V., and Lardy,

H.A. (1984). Comp. Biochem. Physiol. 78B, 621-625.

367. The influence of  fasting on chicken liver metabolites, enzymes and

mitochondrial respiration. Bobyleva-Guarriero, V., Hughes, P.E., Ronchetti-
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368. Regulation of gluconeogenesis at phosphoenolpyruvate carboxykinase. Lardy,

H.A. and Hughes, P.E. (1984). In Current Topics in Cellular Regulation,

p. 171-179, Academic Press, Inc.

369. The antilipolytic effect of  insulin does not require adenylate cyclase or
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370. Inhibition by 2,5-anhydromannitol of glycolysis in isolated rat hepatocytes
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372. The structure of caltrin, the calcium transport structure of caltrin, the calcium

transport inhibitor of bovine inhibitor of bovine seminal plasma. Lewis, R.V.,

San Agustin, J., Kruggel, W., and Lardy, H.A. (1985). Proc. Natl. Acad. Sci.

USA 82, 6490-6491.

373. Catecholamine and vasopressin stimulation of  gluconeogenesis from

dihydroxyacetone in the presence of atractyloside. Wernette-Hammond, M.E.,
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383. Caltrin: A regulator of  calcium transport by bovine spermatozoa,

Development, Growth andDifferentiation. Supplement, 1986. Lardy, H.A.,
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385. Edwin Broun Fred (1887-1981). Lardy, H.A. (1986). In American

Philosophical Year Book—1985, p. 122-125.

386. Insulin inhibition of hepatic cAMP-dependent protein kinase: Decreased

affinity of protein kinase for cAMP and possible differential regulation of
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Acad. Sci. USA 84, 2218-2222.

387. Effect of verapamil and sulfhydryl reagents on calcium transport in bovine
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390. γ-butyrobetaine hydroxylase and the protective role of glutathione peroxidase.
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6720-6724.

391. The antibiotic W341C, its ion transport properties and inhibitory effects on

mitochondrial substrate oxidation. Wehbie, R.S., Cai, R., and Lardy, H.A.

(1987). J. Antibiotics 40, 887-893.

392. Properties and function of caltrin, the calcium-transport inhibitor of bull

seminal plasma. San Agustin, J.T., Hughes, P., and Lardy, H.A. (1987).

FASEB J. 1, 60-66.

393. Carnitine supplementation and depletion: Tissue carnitines and enzymes in

fatty acid oxidation. Negrao, C.E., Ji, L.L., Schauer, J.E., Nagle, F.J., and
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394. Amino acid metabolism during exercise in trained rats: The potential role of
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395. Effects if  β1 and β1 + β2—antagonists on training-induced myocardial
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396. Effects of fluoride and caffeine on the metabolism and motility of ejaculated
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397. Characterization of Ca2+ uptake by guinea pig epididymal spermatozoa.
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398. Rat liver γ-butyrobetaine hydroxylase catalyzed reaction: Influence of

potassium, substrates, and substrate analogues on hydroxylation and
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decarboxylation. Wehbie, R.S., Punekar, N.S., and Lardy, H.A. (1988).
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(1988). In Hormones, Thermogenesis, and Obesity (Lardy, H.A. & Stratman,

F., eds.), pp. 415-426, Elsevier Science Publishing Co., Inc.

405. Effects of acute and chronic exercise in rats on energy transduction under
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Elsevier Science Publishing Co., Inc.

406. Caltrin and calcium regulation of sperm activity. Lardy, H.A. and San Agustin,

J. (1989). In The Cell Biology of  Fertilization (Schatten, H. & Schatten, G.,

eds.), pp. 29-39, Academic Press, Inc.

407. Adenylate kinase activity in ejaculated bovine sperm flagella. Schoff, P.K.,
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408. Sources of intramitochondrial malate. Bobyleva-Guarriero, V., Battelli, D.,
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409. Glutathione peroxidase and iron-thiol dependent lipid peroxidation. Punekar,
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410. Inhibition by caltrin of calcium transport into spermatozoa, liver and heart

mitochondria. Breitbart, H., Wehbie, R.S., San Agustin, J., and Lardy, H.A.
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411. Purification and structure of caltrin-like proteins from seminal vesicle of the

guinea pig. Coronel, C.E., San Agustin, J., and Lardy, H.A. (1990). J. Biol.

Chem. 265, 6854-6859.

07_1981 Lardy.p65 06-Mar-09, 7:04 PM164



Henry A. Lardy 165

412. Bovine seminal plasma constituents modulate the activity of  caltrin, the

calcium-transport regulating protein of bovine spermatozoa. San Agustin,

J.T. and Lardy, H.A. (1990). J. Biol. Chem. 265, 6860-6867.

413. Biochemical aspects of obesity. Lardy, H.A. and Shrago, E. (1990). Annu. Rev.

Biochem.59, 689-710.

414. Calcium transport in sperm mitochondria: Effect of substrates and phosphate.
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415. Regulation of calcium in bovine spermatozoa. Breitbart, H., Wehbie, R., and

Lardy, H.A. (1990). Biochim. Biophys. Acta 1027, 72-78.

416. Stimulation of Ca2+ uptake into epididymal bull spermatozoa by analogues

of amiloride. Breitbart, H., Cragoe, E.J. Jr., and Lardy, H.A. (1990). Eur. J.

Biochem. 192, 529-535.

417. Role of malate in the enhancement of  mitochondrial respiration in vitro.

Bobyleva-Guarriero, V., Wehbie, R.S., Muscatello, U., and Lardy, H.A. (1991).

Biokhimiya 56, 542-551.

418. Induction of  hepatic mitochondrial glycerophosphate dehydrogenase

in rats by dehydroepiandrosterone. Su, C-Y. and Lardy, H.A. (1991).
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419. Antioxidant enzyme response to selenium deficiency in rat myocardium.
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11, 79-86.

420. Bovine spermatozoa incorporate 32Pi into ADP by an unknown pathway.

Cheetham, J. and Lardy, H.A. (1992). J. Biol. Chem. 267, 5186-5192.

421. Changes in liver structure and function after short-term and long-term

treatment of rats with dehydroepiandrosterone. Bellei, M., Battelli, D., Fornieri,

C., Mori, G., Muscatello, U., Lardy, H.A., and Bobyleva-Guarriero, V. (1992).
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422. Functional properties of  caltrin proteins from seminal vesicle of  the

guinea pig. Coronel, C. and Lardy, H.A. (1992). Molecular Reprod. and

Development 33, 74-80.

423. Purification, structure and characterization of caltrin proteins from seminal

vesicle of the rat and mouse. Coronel, C.E., Winnica, D.E., Novella, M.L., and
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H.A. (1993). Comp. Biochem. Physiol. 105B, 643-647.
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426. Concerning the mechanism of increased thermogenesis in rats treated with

dehydroepiandrosterone. Bobyleva, V., Kneer, N., Bellei, M., Battelli, D., and

Lardy, H.A. (1993). J. Bioener. Biomem. 25, 313-321.

427. Lysogenic activity of enhancer caltrin and the influence of phospholipids on

its expression. San Agustin, J.T., and Lardy, H.A. (1993). Biol. Repro. 49,

723-729.

428. A study of possible involvement of  glycerol 3-phosphate and malate shuttles

in the regulation of thermogenesis. Bobyleva, V., Bellei, M., Battelli, D., and

Lardy, H.A. (1994). In Advances in Free Radicals in Disease (Tomasi, A., ed.),

pp. 281-288.

429. Effects of  dehydroepiandrosterone and carnitine treatment on rat liver.
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431. Ergosteroids: Induction of thermogenic enzymes in livers of rats treated with

steroids derived from dehydroepiandrosterone. Lardy, H.A., Partridge, B.,

Kneer, N., and Wei, Y. (1995). Proc. Natl. Acad. Sci. 92, 6617-6619.

432. Induction of thermogenic enzymes by DHEA and its metabolites. Lardy, H.A.,
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433. Steroidal allylic fluorination using diethylaminosulfur trifluoride: A convenient

method for the synthesis of 3β-acetoxy-7α- and 7β-fluoroandrost-5-en-17-

one. Marwah, P., Thoden, J.B., Powell, D.R., and Lardy, H.A. (1996). Steroids
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434. Effects of the ergosteroid 7-oxo-dehydroepiandrosterone on mitochondrial

membrane potential: Possible relationship to thermogenesis. Bobyleva, V.,
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435. Ergosteroids II: Biologically active metabolites and synthetic derivatives of

dehydroepiandrosterone. Lardy, H.A., Kneer, N., Wei, Y., Partridge, B., and

Marwah, P. (1998). Steroids 63, 158-165.
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437. Ergosteroids III. Syntheses and biological activity of seco-steroids related to
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438. Determinants of disease in the simian immunodeficiency virus-infected rhesus

macaque: Characterizing animals with low antibody responses and rapid

progression. Dykhuizen, M., Mitchen, J.L., Montefiori, D.C., Thomson, J.,
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439. Acute oral gavage study of 3β-Acetoxyandrostene-7,17-dione (7-oxo-DHEA-
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441. Development and validation of a high-performance liquid chromatography
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442. Flux of the L-Serine metabolism in rat liver: The predominant contribution

of serine dehydratase. Xue, H.-H., Fujie, M., Sakaguchi, T., et al. (1999).

J. Biol. Chem. 274, 16020-16027.

443. Dehydroepiandrosterone and ergosteroids affect energy expenditure.
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444. Suppression of ∆5-androstenediol-induced androgen receptor transactivation

by selective steroids in human prostate cancer cells. Chang, H.-D., Miyamoto,
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445. The possible role of pyrroloquinoline quinone in redox reactions in rat liver.
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450. Liquid chromatography—electrospray ionization mass spectrometric analysis

of corticosterone in rat plasma using selected ion monitoring. Marwah, A.,

Marwah, P., and Lardy, H.A. (2001). a. J. Chromatog. B, 757, 333-342.

451. Ergosteroids IV: Synthesis and biological activity of steroid glucuronosides,
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454. Ergosteroids V: Preparation and biological activity of various D-ring derivatives

in the 7-oxo-dehydroepiandrosterone series. Reich, I.L., Reich, H.J.,

Kneer, N., and Lardy, H.A. (2002). Steroids 67, 221-233.

455. Ergosteroids VI: Metabolism of  dehydroepiandrosterone by rat liver

in vitro: A liquid chromatographic—mass spectrometric study. Marwah, A.,

Marwah, P., and Lardy, H.A. (2002). J. Chromatog. B, 767, 285-299.

456. Molecular differences caused by differentiation of 3T3-L1 preadipocytes

in the presence of either dehydroepiandrosterone (DHEA) or 7-oxo-DHEA.

Gomez, F.E., Miyazaki, M., Kim, Y.-C., et al. (2002). Biochemistry 41, 5473-

5482.

457. Ergosteroids VII: Perchloric acid-induced transformations of 7-oxygenated

steroids and their bio-analytical applications—A liquid chromatographic—

mass spectrometric study. Marwah, A., Marwah, P., and Lardy, H.A. (2002).

Bioorg. Chem. 30, 233-248.

458. Analysis of ergosteroids VIII: Enhancement of signal response of neutral

steroidal compounds in liquid chromatographic—electrospray ionization mass

spectrometric analysis by mobile phase additives. Marwah, A., Marwah, P.,

and Lardy, H.A. (2002). J. Chromatog. A., 964, 137-151.

459. Generation and characterization of androgen receptor knockout (ARKO) mice:

An in vivo model for the study of androgen functions in selective tissues.

Yeh, S., Tsai, M.-Y., Xu, Q., et al. (2002). Proc. Natl. Acad. Sci., 99, 13498-

13503.

460. Transformations of  DHEA and its metabolites by rat liver. Lardy, H.A.,

Marwah, A., and Marwah, P. (2002). In: Lipids, Vol. 37, pp. 1187-1191,

AOCS Press.

461. Happily at Work. Lardy, H.A. (2003). Reflections: Paper in a series

commissioned to celebrate the centenary of the J. Biol. Chem. in 2005.

J. Biol. Chem., Centennial, 1905-2005, 100 Years of  Biochemistry and

Molecular Biology. 278, 3499-3509.

462. How I became a biochemist. Lardy, H.A. (2003). Recollections, IUBMB Life,

Taylor & Francis Health Sciences.
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463. Microwave induced selective enolization of steroidal ketones and efficient

acetylation of  sterols in semisolid state. Marwah, P., Marwah, A., and

Lardy, H.A. (2002). Tetrahedron 59, 2273-2287, Elsevier Science Ltd.

464. 3β-Acetoxyandrost-1,5-diene-17-ethylene ketal functions as a potent

antiandrogen with marginal agonist activity. Miyamoto, H., Marwah, P.,

Marwah, A., Lardy, H.A., and Chang, C. (2003). Proc. Natl. Acad. Sci. 100,

4440-4444.

465. Inactivation of  androgen receptor coregulator ARA55 inhibits androgen

receptor activity and agonist effect of antiandrogens in prostate cancer cells.

Rahman, M.M., Miyamoto, H., Lardy, H.A., and Chang, C. (2003). Proc. Natl.

Acad. Sci. 100. 5124-5129.

466. Infertility with defective spermatogenesis and hypotestosteronemia in male

mice lacking the androgen receptor in Sertoli cells. Chang, C., Chen, Y.-T.,

Yeh, S.-D., et al. (2004). Proc. Natl. Acad. Sci. 101, 6876-6881.

467. Mitotic and neurogenic effects of  dehydroepiandrosterone (DHEA) on

human neural stem cell cultures derived from the fetal cortex. Suzuki, M.,

Wright, L.S., Marwah, P., Lardy, H.A., and Svendsen, C.N. (2004). Proc. Natl.

Acad. Sci. 101, 3202-3207.

468. An economical and green approach for the oxidation of olefins to enones.

Marwah, P., Marwah, A., and Lardy, H.A. (2004). Green Chem. 6, 570-577.

469. C19-5-ene steroids in nature. Lardy, H.A., Marwah, A., and Marwah, P. (2005).

In: Vitamins and Hormones, Vol. 71, pp. 263-299, Elsevier Inc.

470. Development and validation of a high performance liquid chromatography

assay for 17a-methyltestosterone in fish feed. Marwah, A., Marwah, P., and

Lardy, H.A. (2005). J. Chromatog. B, 824, 107-115.

471. Identification of steroid derivatives that function as potent antiandrogens.

Miyamoto, H., Marwah, P., Marwah, A., et al. (2005). Int. J. Cancer 117,

866-872, Wiley-Liss, Inc.

472. A postulated role for 16α-hydroxydehydroepiandrosterone in the prevention

of respiratory distress syndrome. Lardy, H.A. (2006). Medical Hypotheses

66, 107-109.

473. C19 steroids as androgen receptor modulators: Design, discovery, and

structure-activity relationship of new steroidal androgen receptor antagonists.

Marwah, P., Marwah, A., Lardy, H.A., et al. (2006). Bioorg. Med. Chem. 14,

5933-5947.

474. Oligozoospermia with normal fertility in male mice lacking the androgen

receptor in testis peritubular myoid cells. Zhang, C., Yeh, S., Chen, Y.-T.,

et al. (2006). Proc. Natl. Acad. Sci. 103, 17718-17723.

475. Hep27, a member of the short-chain dehydrogenase/reductase family, is an

NADPH-dependent dicarbonyl reductase expressed in vascular endothelial

tissue. Shafqat, N., Shafqat, J., Eissner, G., et al. (2006). Cell. Mol. Life Sci.

63, 1205-1213.
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476. Redox reactions of  dehydroepiandrosterone and its metabolites in

differentiating 3T3-L1 adipocytes: A liquid chromatographic—mass

spectrometric study. Marwah, A., Gomez, F.E., Marwah, P., et al. (2006).

Arch. Biochem. Biophys. 456, 1-7.

THE MAIN SCIENTIFIC ACHIEVEMENTS:

A. Discovered that bromobenzene is an effective treatment for selinium

poisoning by forming Se-containing mercapturic acid analogs that are

excreted in the urine.

B. Egg yolk in buffered solution permits spermatozoa to be stored for more

than a week, or to be frozen for decades, with retention of motility and

ferility.

C. Found that L-glyceraldehyde inhibits glycolysis by forming L-sorbose-1-

phosphate — an inhibitor of hexokinase. This disproved Needham’s “non-

phosphorylating glycolysis” in embryonic and tumor tissue.

D. Found that both Thyroid hormone as well as dehydroepiandrosterone induce

the formation of mitochondrial glycero-phosphate dehydrogenaase and

cytosolic malic enzyme. These enzymes catalyze electron transport by a

path that generates heat rather than ATP. This explains their anti-obesity

action.

E. We found a protein (Caltrin) in semen that regulates calcium function in

spermatozoa and thus also regulates fertility. The structure of caltrins from

five different species were determined.

F. We discovered that dehydroepiandrosterone (DHEA), the most abundant

steroid in humans is converted metabolically to the 7-alpha derivative which

in turn is converted to 7-ketoDHEA and the latter forms 7-beta-hydroxy

DHEA. The biological specific activity of these steroids increases as they

progress along this pathway and we now have two additional metabolites

with interesting activities. Since retirement, studies of steroid structure and

activity occupies our small research group. In collaboration with Professor

Chawnshang Chang we found a new androgen — Androstenediol. It is

produced in the adrenals and is responsible for the terminal, fatal, stage of

prostate cancer because it is not inhibited by the usual antitestosterone

drugs.
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While working at Cornell University and the University of Illinois, Salisbury did

extensive research on semen extendors, number of sperm per insemination, and

insemination techniques. His contributions have been pivotal in the resolution of

problems limiting successful reproduction following artificial insemination. He is

known for his ability to stimulate thinking and interest in his field and for his bold

scientific approach to the problems facing the animal industry.

BRIEF DESCRIPTION OF SCIENTIFIC CONTRIBUTIONS:

G. W. Salisbury has been an outstanding leader in basic and applied research in

reproductive physiology and artificial insemination for over 40 years. His vision,

foresight, and originality in scientific development were dominant factors in the

development and growth of the artificial insemination industry. His pioneering

research on semen extenders, number of  sperm per insemination, use of

antibacterial agents, and insemination techniques made major contributions to the

successful use of  artificial insemination. This practice has made possible the

maximum use of genetically superior sires which has markedly increased the farm

animal productivity. It has been estimated that increased dairy cattle productivity

has resulted, in the United States, in a savings of  one billion dollars per year. He

1910–1994

Glenn Wade Salisbury
University of Illinois at Urbana-Champaign

k

1981 — for his outstanding achievements
in basic and applied research on artificial
insemination.
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has been highly instrumental in leading and developing groups that have made

significant contributions to agricultural industry. His service to agriculture cannot

be measured by just his awn accomplishments but must include the influence of

all who have been associated with him.

ESSENTIAL BIOGRAPHY:

Glenn Wade Salisbury was born at Sheffield, Ohio, in 1910. He received the

B. S. degree in agriculture from Ohio State University in 1931 and the Ph.D. degree

from Cornell University in 1934. He served as graduate assistant, instructor, assistant

professor, associate professor, and professor at Cornell University from 1931 to

1947. He served as Professor and Head, Department of Dairy Science, University

of Illinois, fran 1947 to 1969 and then became Associate Dean, and Director of

the Illinois Agricultural Experiment Station until his retirement in 1978. He is now

Professor Emeritus. He has had an outstanding career in research, teaching and

public service. He has been a prolific writer with over 260 scientific and popular

articles published.

CITATION

To Professor Glenn W. Salisbury

In appreciation for 22 years of leadership as Head of the Department of Dairy

Science at the University of Illinois Urbana-Champaign Campus.

His research accomplishments and foreign travels have given him an

international reputation as an extraordinary scientist, scholar, and teacher. His

abilities and dedication to serve have resulted in his appointment to numerous

local, national, and international committees, as well as to his new position. These

services have brought recognition to the department and to the university. His

initiative and drive, and his broad experience and understanding have served as a

stimulus for conducting and coordinating basic and applied research, and extension

activities of  the department. His example has been an inspiration to his colleagues.

He is warm and considerate on a professional and personal basis. We wish to

acknowledge his contributions to the department and consider it a privilege to

have had this association with him.

PROFESSORIAL STAFF

DEPARTMENT OF DAIRY SCIENCE

UNIVERSITY OF ILLINOIS

JUNE 11, 1969
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Wendell L. Roelofs, is the Liberty Hyde Bailey Professor of Insect Biochemistry in

the Department of Entomology at the New York State Agricultural Experiment

Station in Geneva. Roelofs also has served as chair of the department since 1991 to

July 1, 2007.

Roelofs has been instrumental in establishing Cornell as a leader in the field of

chemical ecology and in maintaining Cornell’s preeminence in the field to this day.

Roelofs and those who work in his laboratory have contributed greatly to our

understanding and practical use of chemical insect communication systems over

the past four decades. He and his co-workers have been key in developing our

understanding of biochemical pathways for the synthesis of insect pheromones,

male behavioral responses to female-produced pheromones, and the evolution of

chemical communication systems. In a very specific context, Roelofs and his team

identified over 50 new species-specific pheromones that have been used to construct

insect lures that in turn have changed the way in which farmers practice pest

management. These lures have been responsible for greatly reducing the use of

chemical pesticide in several cropping systems.

Wendell L. Roelofs
New York State Agricultural Experiment Station,

College of Agriculture and Life Sciences,
Cornell University, Geneva, New York, USA

k

1982 — for his fundamental chemical
and biological research on pheromones
and their practical use in insect control.
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Roelofs has made prodigious contributions in the fields of chemical ecology,

insect chemical communication systems, insect behavior and physiology, and

insect pest management. He is considered the patriarch of the nexus of these

subject domains. Roelofs has made important contributions in extension by

advocating for and exemplifying linkages among fundamental science, applied

research, and extension. He has played important roles in fostering an environment

that has led to the department being recognized as one of  the top in the field.

During his tenure as chair, the department has become a vibrant and successful

unit with several new faculty and a clear sense of mission and purpose.

Roelofs has authored nearly 400 publications. His research has been widely

acclaimed by his peers, resulting in him being awarded the Wolf  Prize for

International Agriculture in 1982, and the National Medal of Science in 1983. He

is also a member of the National Academy of Sciences.

CURRICULUM VITAE

Education

1964 - Ph.D., Indiana University

1960 - B.S., Central College

Academic Ranks (year achieved)

1976-present - Professor

1969-1976 - Associate Professor

1965-1969 - Assistant Professor

Primary Departmental Program Area

Entomology - Geneva: Fundamental research with applied mission

Areas of Expertise (key words)

Sex pheromones, biosynthesis, behavior, genes, evolution, mating disruption

Professional Experience

1962-1964 - NIH Predoctoral Fellow

1964 - NIH Postdoctoral Fellow, Massachusetts Institute of Technology

Sabbaticals and Study leaves (year, project, location)

1972 TNO, Delft, The Netherlands

1983 DSIR, Auckland, New Zealand (Senior Fellowship from National Research

Advisory Council)
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Honors and Awards (past and current year)

1973 J. Everett Bussart Memorial Award (Entomological Society of America)

1977 Alexander von Humboldt Award

1978 Outstanding Alumni Award, Central College

1980 ESA Founder’s Memorial Award Lecturer

1982 Wolf Prize (Agriculture)

1983 Distinguished Achievement Award, Eastern Branch, ESA

1983 Distinguished Alumnus Award, Indiana University

1983 National Medal of Science

1985 Distinguished Scientist Luncheon, White House

1985 Fellow, American Association for the Advancement of  Science

1985 Elected to National Academy of Sciences

1986 USDA Distinguished Service Award

1986 Elected to American Academy of Arts and Sciences

1987 Fellow, Entomological Society of America

1990 Silver Medal, International Society of  Chemical Ecology

1994 Sterling Hendricks Award, ACS, Agrochemicals Division

2001 Spencer Award, American Chemical Society

2007 President, International Society of Chemical Ecology

2007 CALS Outstanding Faculty Award

ACADEMIC RESPONSIBILITIES

Research Responsibilities

• Current Postdoctoral Associates (list names)

Paul Robbins

• Past Postdoctoral Associates

Bingye Xue 2003-2006

Grace Hao, 2000-2002

Satoshi Nojima, 2000-2003

Bruce Morris, North Dakota St. 2000-2001

Aijun Zhang, USDA, Beltsville, MD 1997-2000

Weitian Liu, Univ. South Dakato Medical School 1998-2002

Nancy Murray, Hobart and William Smith Colleges 2000-2001

Prior to 5 years ago from 1969:

Thomas Baker, Jan Kochansky, Jim Miller, Ring Carde´, Ashok Tamhankar

Lou Bjostad, Henry Arn, Jim Tette, Ada Hill, Walter Wolf, Ritzuo Nishida,

Boris Kovalev, Jia-Wei Du, Stephen Foster, Ralph Charlton, Stuart Krasnoff,

Russell Jurenka, Peter Ma,

• Other Current Research Professionals Supervised (list names)

Charles Linn, Senior Research Associate
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Graduate Field Membership

Field of  Entomology

Field of Neurobiology and Behavior

OTHER CURRENT PROFESSIONAL ACTIVITIES

Professional Societies

American Chemical Society

Entomological Society of America

Sigma Xi

American Association for the Advancement of Science

National Academy of Sciences

American Academy for Arts and Sciences

International Society for Chemical Ecology

Asia-Pacific Association for Chemical Ecology

Professional Honoraries

1985 Honorary Doctor of Science, Central College

1988 Honorary Doctor of Science, Hobart & William Smith Colleges, Geneva, NY

1988 Honorary Doctor of Science, Indiana University

1989 Honorary Doctor of Philosophy, University of Lund, Sweden

1989 Honorary Doctor of Science, Free University of Brussels, Belgium

Editorial Boards

Journal of Insect Physiology

Insect Biochemistry and Molecular Biology

Journal of Chemical Ecology

Committee Assignments

• International/National:

2000-03 Secretary, Class VI, National Academy of Sciences

1999 Chairman, Section B, National Entomology Society of America

1998 Vice Chairman, National Entomology Society of America

1997 Secretary, National Entomology Society of America

• University:

2005 Chairman, CALS Research and Extension Awards Committee

2003 Geneva Director Search Committee

2000-present Chairman, Facility Use Committee at Geneva
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OTHER CURRENT PROFESSIONAL CONTRIBUTIONS

Assignments and Panels:

1976 Delegation on Insect Control to People’s Republic of China

1976 Committee on Biology of Pest Species, National Research Council

1977 AIBS-EPA Pheromones Task Group

1977-80 Steering Committee for Research Grants to University of New Brunswick

for Research and Development of Spruce Budworm Pheromone

1977 Delegation to Japan on Insect Pheromones and their applications

1978 EPA Ad Hoc Committee for Registration of Non-Biocidals

1978 US-USSR Scientific Exchange Delegation, Tbilisi, USSR

1980 US-USSR Scientific Exchange Conference, Tashkent, USSR

1987 US-New Zealand Exchange Program (Auckland, NZ, 1 month)

1989-92 Center for Insect Science, University of Arizona, Advisory Committee

1989-92 Boyce Thompson Institute Research Oversight Committee

1989 NSF Cellular Biochemistry Review Panel

1990- Cornell Biotechnology Scientific Administrative Board

1991- Chairman, Department of Entomology, Cornell University - Geneva

1992 University of California - Berkeley, Department of Natural Resources,

External Review Committee

1993 Center of the Environment, Cornell University, Board of  Advisers

1994 Dean’s Search Committee, Cornell University

1995 Class Membership Committee, National Academy of Sciences

1996 NRI Review Panel - biological control

2000 NRI Panel Manager – Entomology/Nematology

2003 External Review for RAMP grant in Western States

LIST OF PUBLICATIONS

1. Campaigne, E., D. R. Maulding, and W. L. Roelofs. 1964. Ring closure of

ylidenemalononitriles. III. Formation of  six-membered rings and related

chemistry. J. Org. Chem. 29: 1543-1549.

2. Campaigne, E. and W. L. Roelofs. 1965. Ring closure of ylidenemalononitriles.

IV. Attempted cyclizations of saturated malononitrile derivatives. J. Org. Chem.

30: 396-400.

3. Campaigne, E. and W. L. Roelofs. 1965. Reductions of 2-carboxamidotetra-

hydroacenaphthenone derivatives. J. Org. Chem. 30: 2610-2614.

4. Campaigne, E., W. L. Roelofs, and R. F. Weddleton. 1966. Succinimido

[3,4-b]-3a,4,5,6-tetrahydroacenaphthen-10-ones. U. S. Pat. 3, 227,729,

Jan. 4.
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5. House, H. O., W. L. Roelofs, and B. M. Trost. 1966. The chemistry of

carbanions. XI. Michael reactions with 2-methylcyclopentanone and

2-methylcyclohexanone. J. Org. Chem. 31: 646-655.

6. Lloyd, W. G. and W. L. Roelofs. 1966. Hydroperoxybenzylpyridinium salts.

U. S. Pat. 3,234,230, Feb. 8.

7. Campaigne, E., W. L. Roelofs, and R. F. Weddleton. 1966. Some bridgehead-

substituted tetrahydroacenaphthenones. J. Med. Chem. 9: 779-781.

8. Lloyd, W. G. and W. L. Roelofs. 1966. Cationic hydroperoxides. U. S. Pat.

3,262,010, Nov. 1.

9. Roelofs, W. L. 1966. Sex attractants used to combat insects. Farm Research

32(2): 2-3.

10. Roelofs, W. L., D. W. Pulver, K. C. Feng, and F. L. Gambrell. 1967. Attractancy

tests with chromatographed European chafer extracts. J. Econ. Entomol. 60:

869-870.

11. Roelofs, W. L. 1967. Possibilities of sex attractants in controlling fruit pests.

Proc. NYS Hort. Soc. 112: 163-166.

12. Roelofs, W. L. 1967. Agarless medium for mass rearing red-banded leafroller.

J. Econ. Entomol. 60: 1477-1478.

13. Roelofs, W. L. 1967. Sex attractants for insect control. Health News 44:

4-9.

14. Roelofs, W. L. and K. C. Feng. 1967. Isolation and bioassay of the sex

pheromone of  the red-banded leaf  roller, Argyrotaenia velutinana

(Lepidoptera: Tortricidae). Ann. Entomol. Soc. Amer. 60: 1199-1203.

15. Roelofs, W. L. and W. G. Lloyd. 1967. Halomethyl dimethylbenzyl

hydroperoxides. U. S. Pat. 3,358,038, Dec. 12.

16. Roelofs, W. L. and K. C. Feng. 1968. Sex pheromone specificity tests

in the Tortricidae - an introductory report. Ann. Entomol. Soc. Amer. 61:

312-316.

17. Campaigne, E., W. L. Roelofs, and R. F. Weddleton. 1968. 3a,4,5,6 tetra-

hydrosuccinimido13,4-blacenaphthen-10-one. Potent anticonvulsant. J. Med.

Chem. 11: 395-396.

18. Roelofs, W. L. and H. Arn. 1968. Red-banded leafroller sex attractant

characterized. New York’s Food and Life Sciences 1(1): 13.

19. Bronskill, J. F., W. L. Roelofs, P. J. Chapman, and S. E. Lienk. 1968. The sex

pheromone as a taxonomic principle. Inst. Ent. Soc. abstr., Moscow.

20. Roelofs, W. L. and H. Arn. 1968. Sex attractant of the red-banded leafroller

moth. Nature 219 (5153): 513.

21. Campaigne, E. E., W. L. Roelofs, and R. F. Weddleton. 1968. Dialkylaminoalkyl

1-oxo-2a,3,4,5-tetrahydroacenaphthen-2a-carboxylates. U. S. Pat. 3,391,178,

July 2.
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22. Roelofs, W. L. and A. Comeau. 1968. Sex pheromone perception. Nature

220: 600-601.

23. Roelofs, W. L. and A. Comeau. 1969. Sex pheromone specificity - taxonomic

and evolutionary. Science 165: 398-400.

24. Roelofs, W. L., A. Comeau, and R. Selle. 1969. Sex pheromone of  the Oriental

fruit moth. Nature 224: 723.

25. Roelofs, W. L. and A. Comeau. 1970. Lepidopterous sex attractants discovered

by field screening tests. J. Econ. Entomol. 63: 969-974.

26. Roelofs, W. L. and J. Tette. 1970. Sex pheromone of the oblique-banded

leafroller. Nature 226: 1172.

27. Roelofs, W. L., E. H. Glass, J. Tette, and A. Comeau. 1970. Sex pheromone

trapping for red-banded leafroller control: Theoretical and actual. J. Econ.

Entomol. 63: 1162-1167.

28. Dean, R. and W. L. Roelofs. 1970. Synthetic sex pheromone of the red-

banded leafroller as a survey tool. J. Econ. Entomol. 63 (2): 584-586.

29. Glass, E. H., W. L. Roelofs, H. Arn, and A. Comeau. 1970. Sex pheromone

trapping red-banded leafroller moths and development of  a long-lasting

polyethylene wick. J. Econ. Entomol. 63(2): 370-373.

30. Roelofs, W. L., E. H. Glass, H. Arn, and A. Comeau. 1970. Modulating sex

attractant reception for insect control. NY Food and Life Sciences Quarterly

3(2): 19-21.

31. Taschenberg, E. F. and W. L. Roelofs. 1970. Large-scale rearing of cecropia

(Lepidoptera: Saturniidae). Ann. Entomol. Soc. 63: 107-111.

32. Roelofs, W. L. and R. Cardé. 1971. Hydrocarbon sex pheromone in tiger

moths (Arctiidae). Science 171: 684-686.

33. Roelofs, W. L. and A. Comeau. 1971. Sex pheromone perception: Synergists

and inhibitors for the red-banded leafroller attractant. J. Insect Physiol. 17:

435-449.

34. Roelofs, W. L., A. Comeau, A. Hill, and G. Milicevic. 1971. Sex attractant of

the codling moth: Characterization with electroantennogram technique.

Science 174: 297-299.

35. Roelofs, W. L. and A. Comeau. 1971. Sex pheromone perception:

Electroantennogram responses of the red-banded leafroller moth. J. Insect

Physiol. 17: 1969-1982.

36. Weatherston, J., W. L. Roelofs, A. Comeau, and C. J. Sanders. 1971. Studies of

physiologically active arthropod secretions. X. Sex pheromone of the eastern

spruce budworm, Choristoneura fumiferana (Lepidoptera: Tortricidae). Can.

Entomol. 103: 1741-1747.

37. Roelofs, W. L. and A. Comeau. 1971. Sex attractants in Lepidoptera. In:

“Chemical Releasers in Insects,” III, A. S. Tahori [ed.] Gordon and Breach,

New York, NY: 91-114.
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38. Roelofs, W. L., J. P. Tette, E. F. Taschenberg, and A. Comeau. 1971. Sex

pheromone of  the grape berry moth: Identification by classical and

electroantennogram methods and field tests. J. Insect Physiol. 17: 2235-

2243.

39. Roelofs, W. L. 1971. Rapid identification of insect sex attractants. Food and

Life Sciences 4: 7-8.

40. Roelofs, W. L., R. Cardé, G. Benz, and G. von Salis. 1971. Sex attractant of

the larch bud moth found by electroantennogram method. Experientia 27:

1438.

41. Roelofs, W. L., R. T. Cardé, R. J. Bartell, and P. G. Tierney. 1972. Sex attractant

trapping of the European corn borer in New York. Environ. Entomol. 1(5):

606-608.

42. Roelofs, W. L., R. J. Bartell, A. S. Hill, R. T. Cardé, and L. H. Waters. 1972.

Codling moth sex attractant — field trials with geometrical isomers.

J. Econ. Entomol. 65: 1276-1277.

43. Kuhr, R. J., A. Comeau, and W. L. Roelofs. 1972. Measuring release rates of

pheromone analogues and synergists from polyethylene caps. Environ.

Entomol. 1(5): 625-627.

44. Roelofs, W. L. 1972. Insect sex attractants. Plants & Gardens 27: 28-30.

45. Sanders, C. J., R. J. Bartell, and W. L. Roelofs. 1972. Field trials for

synergism and inhibition of trans-11-tetradecenyl, the sex pheromone

of the eastern spruce budworm. Can. Dept. Environ. Bimon. Res. Notes

28: 10.

46. Hamstead, E. O., R. E. Dolphin, and W. L. Roelofs. 1972. Field test of virgin

females and synthetic sex-lure traps for male redbanded leafrollers. Environ.
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IN MEMORIAM

On October 10, 2008 it is the 40th anniversary of Kees de Wit’s inaugural address

(Theory and model, in Dutch) at Wageningen Agricultural University, as Professor

of Theoretical Production Ecology. Although it is 15 years since he passed away,

much regretted, his mark on Wageningen University is still present, through the

C.T. De Wit Graduate School for Production Ecology and Resource Conservation

and through the ‘PhD children and grandchildren’ that serve the University in

various positions. This year therefore seems an appropriate moment to reflect on

40 years Theory and Model at Wageningen University and to take stock of the

developments in the last 15 years.

Kees (Cornelis) De Wit grew up in a rural village in the eastern part of the

Netherlands, and spent most of World War II as a farm laborer. This aroused his

interest in the complexities of farming and in farmers and was to guide his

professional career. He completed his studies after the war with a Ph.D. thesis

(‘A physical theory on placement of fertilizers’, 1953). His subsequent employment

at the Ministry of  National Planning of  the Union of Birma laid the foundation for

his strong commitment to agriculture in developing countries.

After his return in 1956, De Wit was employed at the Institute for Biological

and Chemical Research on Field Crops and Herbage (IBS) and its successor, CABO

(Centre for Agrobiological Research), and in the next decade produced some of his

most influential papers: ‘Transpiration and crop yields’ (1958), a major re-

interpretation of crop water use data, based on a physical analysis of canopy

1924–1993

Cornelis T. De Wit
Agricultural University

Wageningen, Netherlands
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1983/4 — for their innovative
contributions to the quantitative
understanding of soil-water and other
environmental interactions influencing
crop growth and yield.
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processes; ‘On competition’ (1960) describing in physical and mathematical terms

the interactions between plants of  different species; ‘Ionic balance and growth of

plants’ (1963), elaborating on the chemical composition of plants and the crucial

role of anion/cation balances; ‘Photosynthesis of leaf canopies’ (1965) introducing

the brute force of the computer in crop physiology; and ‘A dynamic model of the

vegetative growth of crops’ (1968), the first publication on crop growth simulation.

These publications are still widely quoted and constitute significant steps in the

progress in agricultural science.

De Wit was appointed professor at Wageningen Agricultural University in

1968 to create the Department of Theoretical Production Ecology. Through its

research and teaching (De Wit (co-)supervised 32 Ph.D. theses), under his strong

leadership, systems analysis and modeling gained a firm footing in the agricultural

research community. ‘No simulation without experimentation’, and later also the

reverse, were among his most vivid expressions, always presented with characteristic

conviction. He was the initiator of the series ‘Simulation Monographs’ (Publisher

PUDOC, Wageningen), that in the ’70s and ’80s formed the major outlet for

publication of models of agricultural production systems.

In the eighties, as member of the Dutch Scientific Council for Government

Policy (WRR) and the Technical Advisory Committee (TAC) of the CGIAR, De Wit

either initiated or took a very active part in discussions on environment,

sustainability and development. For him, these appointments were challenges to

combine biophysical and social sciences at a scientific and at operational level. His

continuing innovative efforts yielded a critical review of the consequences of the

Common Agricultural Policy of the European Union, a new approach to multi-

stakeholder planning of  land use and agricultural development (1988), an

unconventional view on ‘Resource use efficiency in agriculture’ (1990) and an

innovative transparent methodology for priority setting in international research

(1992).

De Wit’s scientific qualities, his keen interest in human beings, deep feelings of

justice and equality, his informality and his very original, sharp and systematic

mind made him welcome, unavoidable and outstanding in any meeting. He received

the Wolf price of the State of Israel, the ‘Nobel Price for Agriculture’, in 1983/4.

His approach to science has formed the starting point for many of  the recent

developments in the international science community, both within and outside

agriculture.

LIST OF PUBLICATIONS

Wit, C.T. de, 1953. A physical theory on placement of fertilizers. Agricultural

Research Reports 59.4, 71 pp.

10_1983-4 DeWit.p65 06-Mar-09, 7:09 PM208



Cornelis T. De Wit 209

Wit, C.T. de, 1958. Transpiration and crop yields. Agricultural Research Reports

64.6, Pudoc, Wageningen, 88 pp.

Wit, C.T. de, 1960. On competition. Agricultural Research Reports 66.8, Pudoc,

Wageningen, 82 pp.

Wit, C.T. de, 1965. Photosynthesis of leaf canopies. Agricultural Research Reports

633, Pudoc, Wageningen, 57 pp.

List of Publications since 1968 (Start Dept of Theorical Production Ecology,

Wageningen Agr. University)

Wit, C.T. de, 1968. Theorie en model. Inaugurele rede Landbouwhogeschool. 10

oktober 1968, 13 pp.

Wit, C.T. de, 1968. Simulatie van continue processen. Landbouwkundig Tijdschrift

80, 215-218.

Wit, C.T. de, 1968. Plant production. Misc. Papers Landbouwhogeschool,

Wageningen, no. 3, 25-50.

Wit, C.T. de, 1968. Tussen schaarste en overvloed. Internationale Spectator 23,

392-406.

Wit, C.T. de, 1969. Een bodemvruchtbaarheidstheorie uit de 1e helft van de 19e

eeuw. Landbouwkundig Tijdschrift 81, 245-251.

Brennan, R.D., C.T. de Wit, W.A. Williams & E.V. Quattrin, 1970. The utility of

a digital simulation language for ecological modeling. Oecologia (Berlin) 4,

113-132.

Idso, S.B. & C.T. de Wit, 1970. Light relations in plant canopies. Applied Optics 9,

177-184.

Wieringa, P.J. & C.T. de Wit, 1970. Simulation of heat transfer in soils. Soil Science

Society of America Proceedings, Vol. 34(6), 845-848.

Wit, C.T. de, 1970. Crop production yesterday, today, tomorrow. Prizoda 11,

pp. 20-25 (Russisch).

Wit, C.T. de, 1970. Dynamic concepts in biology. In: Prediction and measurement

of photosynthetic productivity. Proceedings of the IBP/PP Technical Meeting,

Trebon, 1969. Ed. I. Setlík, Pudoc, Wageningen, pp. 17-23.

Wit, C.T. de, R. Brouwer & F.W.T. Penning de Vries, 1970. The simulation of

photosynthetic systems. In: Prediction and measurement of photosynthetic

productivity. Proceedings of the IBP/PP Technical Meeting, Trebon, 1969.

Ed. I. Setlík, Pudoc, Wageningen, pp. 47-50.

Wit, C.T. de, 1971. Voedselproduktie: verleden, heden en toekomst. Stikstof 69,

396-408.

Wit, C.T. de, R. Brouwer & F.W.T. Penning de Vries, 1971. A dynamic model of

plant and crop growth. In: Potential Crop Production. Eds P.F. Wareing & J.P.

Cooper, Heinemann, London, pp. 117-142.

10_1983-4 DeWit.p65 06-Mar-09, 7:09 PM209



210 Wolf Prize in Agriculture

Wit, C.T. de, 1972. Food production: past, present and future. Stikstof 15, 65-80.

Wit, C.T. de, 1972. De moderne landbouw in het westen. Landbouwkundig

Tijdschrift 84(9), 310-312.

Wit, C.T. de & H. van Keulen, 1972. Simulation of transport processes in soils.

Simulation Monographs, Pudoc, Wageningen, 109 pp.

Goudriaan, J. & C.T. de Wit, 1973. A re-interpretation of Gause’s population

experiments by means of  simulation. Journal of  Animal Ecology 42,

521-530.

Wit, C.T. de & A.Th.J. Nooij, 1973. Over eten en over leven. Diësrede LH. Intermediair

9, nr 11, 24 pp.

Dekkers, W.A., J.M. Lange & C.T. de Wit, 1974. Energy production and use in

Dutch agriculture. Netherlands Journal of Agricultural Science 22, 107-118.

Wit, C.T. de, 1974. Early theoretical concepts in soil fertility. Netherlands Journal

of Agricultural Science 22, 319-324.

Wit, C.T. de & J. Goudriaan, 1974. Simulation of ecological processes. Simulation

Monographs, Pudoc, Wageningen, 159 pp.

Sinclair, T.R. & C.T. de Wit, 1975. Photosynthesis and nitrogen requirements for

seed production by various crops. Science 189, 565-567 (15 August).

Wit, C.T. de, 1975. Energetische aspecten van de plantaardige produktie. Nederlands

Tijdschrift. voor Natuurkunde 41(12), 166-168.

Wit, C.T. de, 1975. Agriculture’s uncertain claim on world energy resources. SPAN

18(1), 2-4.

Wit, C.T. de, 1975. Landbouw in Nederland. In: Nederland en de grenzen aan

de groei. Symposium Tussentijds Bestek. Aula 548, Utrecht/Antwerpen,

pp. 29-34.

Wit, C.T. de, 1975. Modellen als brug tussen proces en systeem. In: Produktiviteit

in biologische systemen. Pudoc, Wageningen, pp. 157-170.

Wit, C.T. de, 1975. Substitution of labour and energy in agriculture and options

for growth. Netherlands Journal of Agricultural Science 23, 145-162.

Wit, C.T. de, 1975. Over de bruikbaarheid van simulatiemodellen van ecologische

systemen. In: Verhandeling van de Faculteit Landbouwwetenschappen te Gent,

nr 13, XXIVe Post-Universitaire Onderwijsdag, 5 pp.

Arnold, G.W. & C.T. de Wit (Eds), 1976. Critical evaluation of systems analysis

in ecosystems research and management. Simulation Monographs, Pudoc,

Wageningen, 114 pp.

Keulen, H. van, C.T. de Wit & H. Lof, 1976. The use of  simulation models for

productivity studies in arid regions. In: Ecological Studies. Analysis and

Synthesis, Vol. 19. Eds O.L. Lange, L. Kappen & E.D. Schulze. Springer Verlag,

Heidelberg, pp. 408-420.

Sinclair, T.R. & C.T. de Wit, 1976. Analysis of the carbon and nitrogen limitations

to soybean yield. Agronomy Journal 68, 319-324.

10_1983-4 DeWit.p65 06-Mar-09, 7:09 PM210



Cornelis T. De Wit 211

Wit, C.T. de, 1976. On the usefulness of simulation models of ecological systems

(some thoughts for further discussion). In: Simulation of continuous systems.

Proceedings of a seminar. August 25, 26, 27. SAHR/NRMG, pp. 126-130.

Wit, C.T. de & H.D.J. van Heemst, 1976. Aspects of agricultural resources. In:

Chemical Engineering in a changing world. Ed. W.T. Koetsier. Proceedings of

the Plenary Sessions of  the First World Congress on Chemical Engineering.

Amsterdam, June 28 - July 1, 1976. Elsevier Scientific Publishing Company,

Amsterdam, pp. 125-145.

Laar, H.H. van, D. Kremer & C.T. de Wit, 1977. Maize. In: Crop photosynthesis:

methods and compilation of data obtained with a mobile field equipment. Eds

Th. Alberda et al. Agricultural Research Reports no. 865. Pudoc, Wageningen,

pp. 12-21.

Sinclair, T.R., J. Goudriaan & C.T. de Wit, 1977. Mesophyll resistance and CO2

compensation concentration in leaf photosynthesis models. Photosynthetica

11(1), 56-65.

Wit, C.T. de, 1977. Model studies on actual and potential herbage production in

arid regions. Proceedings of the Seminar: Evaluation and mapping of tropical

African rangelands. Bamako, Mali, 3-8 March 1975. ILCA, Addis Ababa,

pp. 329-331.

Wit, C.T. de, 1977. Selectieve ontwikkeling van de landbouw in een kader van

verantwoord energie- en omgevingsbeleid. In: Verslag van het Symposium

Landbouwkundig Onderzoek in Nederland. Pudoc, Wageningen, pp. 93-108.

Wit, C.T. de, 1977. Problemen van de voedselproduktie. De Ingenieur 89(17),

334-338.

Wit, C.T. de, 1977. Modelle der Ertragsbildung als Brücke zwischen Prozess und

System. In: Bio-physikalische Analyse pflanzlicher Systeme. Ed. K. Unger. VEB

Gustav Fischer Verlag, Jena, pp. 19-30.

Wit, C.T. de, 1977. Concluding remarks. In: Environmental Effects on Crop

Physiology. 5th Long Ashton Symp., 13-16 April 1975. Eds J.J. Landsberg &

C.V. Cutting, Academic Press, London, pp. 365-369.

Wit, C.T. de, 1978. Simulatie van levende systemen. Landbouwkundig Tijdschrift/

pt 90-8a, 237-240.

Wit, C.T. de, 1978. Een elementair model van gewasgroei. Landbouwkundig

Tijdschrift/pt 90-8a, 275-281.

Wit, C.T. de, 1978. Summative address: One. In: Plant Relations in pastures.

Ed. John R. Wilson, C.S.I.R.O., Australia, pp. 405-410.

Wit, C.T. de & J. Goudriaan, 1978. Simulation of ecological processes. Revised

version. Simulation Monographs, Simulation Monographs, Pudoc, Wageningen,

183 pp.

Wit, C.T. de et al., 1978. Simulation of assimilation, respiration and transpiration

of crops. Simulation Monographs, Pudoc, Wageningen, 148 pp.

10_1983-4 DeWit.p65 06-Mar-09, 7:09 PM211



212 Wolf Prize in Agriculture

Wit, C.T. de, 1979. The efficient use of labour, land and energy in agriculture.

Agricultural Systems, 279-287.

Wit, C.T. de & R. Rabbinge, 1979. Systems analysis and dynamic simulation. EPPO

bull. 9(3), 149-153.

Wit, C.T. de & H.D.J. van Heemst, 1979. Aspekte landwirtschaftlicher Produktion

quellen. In: Tropische Landwirtschaft. Forschung und Information, Band 25,

Colloquium Verlag, Berlin, pp. 28-43.

Wit, C.T. de, H.H. van Laar & H. van Keulen, 1979. Physiological potential of crop

production. In: Plant Breeding perspectives. Eds J. Sneep and A.J.T. Hendriksen,

Pudoc, Wageningen, pp. 47-82.

Keulen, H. van & C.T. de Wit, 1980. Landhoedanigheden en produktiemogelijkheden.

Landbouwkundig Tijdschrift/pt 92(2), 49-53

Keulen, H. van & C.T. de Wit, 1980. Simulation of plant production in arid regions:

a hierarchial approach. In: Arid-land ecosystems:structure, functioning and

management. Vol. 2, Cambridge University Press, Cambridge.

Wit, C.T. de, 1981. The energy spectrum: food and energy. Conference proceedings:

“Food security in a hungry world”, San Francisco, 4-6 March, University of

California, Davis, U.S.A., pp. 66-70.

Wit, C.T. de, 1981. Oude wijn in nieuwe zakken. Landbouwkundig Tijdschrift/pt

93(10), 257-262.

Wit, C.T. de, 1982. Simulation of living systems. In: F.W.T. Penning de Vries & H.H.

van Laar (Eds), Simulation of plant growth and crop production. Simulation

Monographs, Pudoc, Wageningen, pp. 3-8.

Wit, C.T. de, 1982. Coordination of models. In: F.W.T. Penning de Vries & H.H. van

Laar (Eds), Simulation of plant growth and crop production. Simulation

Monographs, Pudoc, Wageningen, pp. 26-31.

Wit, C.T. de & F.W.T. Penning de Vries, 1982. L’analyse des systemes de production

primaire. In: F.W.T. Penning de Vries & M.A. Djitèye (Eds), La productivité des

pâturages sahéliens. Pudoc, Wageningen, pp. 20-23.

Wit, C.T. de & F.W.T. Penning de Vries, 1982. La synthese et la simulation des

systemes de production primaire. In: F.W.T. Penning de Vries & M.A. Djitèye

(Eds), La productivité des pâturages sahéliens. Pudoc, Wageningen, pp. 23-27.

Wit, C.T. de, 1982. Des problemes analytiques et experimentaux. In: F.W.T. Penning

de Vries & M.A. Djitèye (Eds), La productivité des pâturages sahéliens. Pudoc,

Wageningen, pp. 27-32.

Wit, C.T. de & J.M. Krul, 1982. La production actuelle dans une situation d’équilibre.

In: F.W.T. Penning de Vries & M.A. Djitèye (Eds), La productivité des pâturages

sahéliens. Pudoc, Wageningen, pp. 275-281.

Keulen, H. van & C.T. de Wit, 1982. A hierarchical approach to agricultural

production modeling. In: Modeling Agricultural-Environmental Processes in

Crop Production. Eds G. Golubev & J. Shvytov. IIASA Collaborative proceedings

Series CP-82-S5, pp. 139-153.

10_1983-4 DeWit.p65 06-Mar-09, 7:09 PM212



Cornelis T. De Wit 213

Breman, H. & C.T. de Wit, 1983. La productivité et l’exploitation des pâturages

Saheliens. Cinquième Conférence du Club du Sahel, Bruxelles, 26-27-28

Octobre. Sahel D(83) 237, 21 pp.

Breman, H. & C.T. de Wit, 1983. Rangeland productivity and exploitation in the

Sahel. Science, Vol. 221, no. 4618, 1341-1347.

Wit, C.T. de & F.W.T. Penning de Vries, 1983. Crop growth models without

hormones. Netherlands Journal of Agricultural Science 31, 313-323.

Keulen, H. van & C.T. de Wit, 1984. To what extent can agricultural production be

expanded? Options méditerranéennes, Serie Etudes, IAMZ-84/I, 55-76.

Wit, C.T. de, 1985. Scheiding of verweving van functies. Bedrijfsontwikkeling,

jaargang 16, 3 mrt, pp. 82-85.

Wit, C.T. de & F.W.T. Penning de Vries, 1985. Predictive models in agricultural

production. Phil. Trans. R. Soc. London. B310, 309-315.

Wit, C.T. de, 1985. Geïntegreerde Landbouw en de Landbouwhogeschool.

Congres ‘Geïntegreerde Landbouw en de LH’. Werkgroep Geïntegreerde

Landbouw. Themagroep Landbouw - Milieu. Studium Generale Paper 76,

pp. 8-14.

Wit, C.T. de, 1985. Nogmaals de beleidsgerichte toekomstverkenning. Een verruiming

van perspectief. Spil, winteraflevering, pp. 41-42.

Eijk, C.J. van, F.R. Veeneklaas & C.T. de Wit, 1986. Mogelijkheden voor volledige

werkgelegenheid. Een verkenning van de beleidsruimte. In: Economisch

statistische berichten. 5 februari, 71e jaargang, no. 3542, 132-138.

Penning de Vries, F.W.T. & C.T. de Wit, 1986. Identifying technological potentials.

In: Accelerating food production in Sub-Saharan Africa. Potential and practice

in food technology development. Eds J.W. Mellor, C.L. Delgado & M.J. Blackie.

International Food Policy Research Institute, John Hopkins University Press,

pp. 109-117.

Wit, C.T. de, 1986. Introduction In: Modelling of agricultural production: weather,

soils and crops. Eds H. van Keulen & J. Wolf. Simulation Monographs. Pudoc,

Wageningen, the Netherlands, pp. 3-10*.

Wit, C.T. de, 1986. Alleen de zon gaat voor niets op. Landbouwkundig Tijdschrift

98: 6/6, 23-26.

Wit, C.T. de, 1986. Modelling agricultural production. In: Modelling in Fruit

Research. Ed. F. Winter. Acta Horticulturae 184, 59-70.

Wit, C.T. de, 1986. The agricultural environment in the European community.

Proceedings 4th International Ecology Symposium: Ecological implications of

contemporary agriculture. Wageningen 8-12 september 1986, 17 pp.

Wit, C.T. de, 1987. Goed en slecht gedeelde regio’s. Landbouw en Milieu in de

Europese Gemeenschap. SPIL 63-64 en 65-66, december 1987 en januari

1988, pp. 17-25.

Wit, C.T. de, 1987. Integrating agricultural research and development. Quarterly

Journal of International Agriculture 26(3), July-Sept., 311-324.

10_1983-4 DeWit.p65 06-Mar-09, 7:09 PM213



214 Wolf Prize in Agriculture

Wit, C.T. de, H. Huisman & R. Rabbinge, 1987. Agriculture and its Environment:

Are There Other Ways? Agricultural Systems 23, 211-236.

Wit, C.T. de & H. van Keulen, 1987. Modelling production of field crops and its

requirements. Geoderma 40, 253-265.

Wolf, J., C.T. de Wit, B.H. Janssen & D.J. Lathwell, 1987. Modelling long-term

response to fertilizer phosphorus. I. The Model. Agronomy Journal 79,

445-451.

Wit, C.T. de, 1988. Duurzame landbouw: blijvende zorg. Verslag verenigde

vergadering van de Koninklijke Nederlandse Akademie van Wetenschappen

op 11 april 1988, Amsterdam, pp. 13-23.

Wit, C.T. de, 1988. Problemen van duurzaamheid van de landbouw. In: Naar

een duurzaam Nederland. Ed. M. Groen. SDU uitgeverij, ’s-Gravenhage,

pp. 93-97.

Wit, C.T. de, 1988. The agricultural environment in the European community.

Ecological Bulletins 39, 204-211 (Copenhagen).

Wit, C.T. de, 1988. Environmental impact of the common agricultural policy. In:

Environmental policy in a market economy. Eds Frank J. Dietz & Willem J.M.

Heijman. Selected papers from the Congress ‘Environmental policy in a

market economy’ Wageningen, Netherlands, 8-11 September 1987. Pudoc,

Wageningen, pp. 190-204.

Wit, C.T. de, 1988. Environmental impact of  the CAP. European Review of

Agricultural Economics 15, 283-296.

Wit, C.T. de, 1988. Landbouw in Europees perspectief. De Europese gemeente, 23e

jaargang, nr 4, 32-37.

Wit, C.T. de, H. van Keulen, N.G. Seligman & I. Spharim, 1988. Application of

interactive multiple goal programming techniques for analysis and planning

of regional agricultural development. Agricultural Systems 26(3), 211-230.

Wit, C.T. de, 1989. Internationaal landbouwonderzoek voor ontwikkelingslanden

in perspectief. Afscheidsrede Landbouwuniversiteit Wageningen, 17 februari

1989, 16 pp.

Wit, C.T. de, 1989. Problemen van duurzaamheid in de landbouw. Landbouwkundig

Tijdschrift 101 (1), 18-20.

Wolf, J., C.T. de Wit & H. van Keulen, 1989. Modeling long-term crop response to

fertilizer and soil nitrogen. I. Model description and application. Plant and

Soil 120, 11-22.

Rabbinge, R. & C.T. de Wit, 1989. Theory of modelling and systems management.

In: Simulation and systems management in crop protection. Eds R. Rabbinge,

S.A. Ward & H.H.van Laar, Simulation Monographs 32, Pudoc, Wageningen,

the Netherlands, pp. 3-15.

Wit, C.T. de, 1990. Understanding and managing changes in agriculture. In: Systems

theory applied to agriculture and the food chain. Eds J.W.G. Jones & P.R.

Street, Elsevier Science Publishers, London and New York, pp. 235-249.

10_1983-4 DeWit.p65 06-Mar-09, 7:09 PM214



Cornelis T. De Wit 215

Wit, C.T. de, 1990. International agricultural research for developing countries. In:

Theoretical Production Ecology: reflections and prospects. Eds R. Rabbinge,

J. Goudriaan, H. van Keulen, F.W.T. Penning de Vries & H.H. van Laar,

Simulation Monographs 34, Pudoc, Wageningen, pp. 295-301.

Wit, C.T. de, 1990. Making predictions about farming. In: Scientific Europe, Research

and Technology in 20 Countries. Nature & Technology, Scientific Publishers

Ltd., Maastricht, Brussels, London, pp. 188-191.

Wit, C.T. de, 1991. On the efficiency of resource use in agriculture. In: Ziele und

Wege der Forschung im Pflanzenbau. Festschrift für Kord Baeumer zum 65.

Geburtstag. Editor Wolfgang Böhm, Triade-Verlag E. Claupein, Göttingen,

pp. 29-54.

Alberda, Th., H. van Keulen, N.G. Seligman & C.T. de Wit (Eds), 1992. Food from

dry lands. An integrated approach to planning af agricultural development.

Kluwer Academic Press, Dordrecht, Boston, London, 211 p.

Spharim, I., R. Spharim & C.T. de Wit, 1992. Modelling agricultural development

strategy. In: Food from dry lands. An integrated approach to planning af

agricultural development. Eds Th. Alberda, H. van Keulen, N.G. Seligman

& C.T. de Wit, Kluwer Academic Press, Dordrecht, Boston, London,

pp. 159-192.

Wit, C.T. de & N.G. Seligman, 1992. Introduction. In: Food from dry lands. An

integrated approach to planning af agricultural development. Eds Th. Alberda,

H. van Keulen, N.G. Seligman & C.T. de Wit, Kluwer Academic Press, Dordrecht,

Boston, London, pp. 1-5.

Wit, C.T. de, 1992. Summary. In: Food from dry lands. An integrated approach to

planning af agricultural development. Eds Th. Alberda, H. van Keulen, N.G.

Seligman & C.T. de Wit, Kluwer Academic Press, Dordrecht, Boston, London.

pp. 193-200.

Wit, C.T. de, 1992. Resource use efficiency in agriculture. Agricultural Systems 40,

125-151.

Wit, C.T. de, 1992. Over het efficiënte gebruik van hulpbronnen in de landbouw.

Spil (december, 1992) 5, 40-52.

Wit, C.T. de, 1993. Philosophy and terminology. In: On systems analysis and

simulation of ecological processes, with examples in CSMP and FORTRAN. Ed.

P.A. Leffelaar. Current Issues in Production Ecology Volume I, Kluwer Academic

Publishers, Dordrecht, pp. 3-9.

Wit, C.T. de & J. Goudriaan, 1993. The growth of yeast. In: On systems analysis

and simulation of ecological processes, with examples in CSMP and FORTRAN.

Ed. P.A. Leffelaar. Current Issues in Production Ecology Volume I, Kluwer

Academic Publishers, Dordrecht, pp. 41-50.

Wit, C.T. de, 1993. Tussen twee vuren. In: Intensivering of extensivering. Over de

toekomst van de Europese landbouw. Studium Generale, Landbouwuniversiteit

Wageningen, pp. 3-20.

10_1983-4 DeWit.p65 06-Mar-09, 7:09 PM215



216 Wolf Prize in Agriculture

Wit, C.T. de, 1994. Resource use analysis in agriculture: A struggle for

interdisciplinarity. In: The future of the land: Mobilising and integrating

knowledge for land use options. Eds L.O. Fresco, L. Stroosnijder, J. Bouma &

H. van Keulen, John Wiley & Sons, New York, pp. 41-55.
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Professor Don Kirkham’s pioneering mathematical and physical analyses of the

movement of water in the soil has provided solutions to a number of important

practical problems. An outstanding example is the establishment, on a rigorous

scientific basis, of  efficient and economic designs for land drainage systems

that have had a significant and worldwide impact on the maintenance of soil

fertility and land productivity over a range of irrigated and rain-fed agricultural

situations. Many of  the standard techniques of measurement, as well as of analysis

and design, now used in the study of soil-water relations, were developed initially

by Kirkham. His combination of rigorous mathematical-physical analysis, carefully

designed laboratory experimentation and extensive field trials and measurements

has had a seminal influence on soil physics through his training of a large number

of students, many of  whom later attained distinction in this branch of science, as

well as through his extensive folio of scientific publications, textbooks and manuals,

and his lectures.

Kirkham’s long and productive career in soil physics, by its demonstration of

the applicability of the fundamental laws of physics to soil and environmental

problems and the advantages of mathematical analysis for their description and

solution, heralded a new and productive era in soil science.

1908–1998

Don Kirkham
Iowa State University

Ames, Iowa, USA

k

1983/4 — for their innovative
contributions to the quantitative
understanding of soil-water and
other environmental interactions
influencing crop growth and yield.
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EXPANDED CURRICULUM VITAE

Title: Charles F. Curtiss Distinguished Professor Agriculture;

Professor of Soils and Physics, Professor Emeritus, Iowa

State University, Ames, Iowa, U. S. A.

Don Kirkham was born February 11, 1908 in Provo, Utah. He attended the public

schools in Salt Lake City and Berkeley, California. During high school and his first

year at the University of Utah he also studied music, graduating as a clarinetist

from the McCune School of Music, Salt Lake City, in 1926. As a youth he worked

summers on farmland owned by his father. He spent two and a half years in

Germany as a missionary for his church in 1927-30, and then continued his

education at Columbia University in New York City.

Columbia University awarded him the A. B. degree (with Honors in Physics) in

1933, the A. M. degree in 1934, and the Ph.D. degree, under S. L. Quimby, in

1938. His Ph.D. degree was received in Physics, his dissertation title being

“The variation of the initial susceptibility with temperature and the variation

of  the magnetostriction and reversible susceptibility with temperature and

magnetization in nickel.”

From 1938 to 1940 he was instructor and assistant professor in mathematics

and physics at Utah State University. Here, through his colleague, Professor Willard

Gardner, he became interested in soil physics research and published several articles.

During the years of World War II (1940–46) he served as civilian scientist

with the United States Navy, working on the research physics of anti-mine warfare.

His naval work included designing, setting up, and operating the Navy’s anti-

magnetic mine program for all vessels using New York harbor. In 1946 he headed

a group of Navy physicists at the Bikini Atom Bomb Tests.

During the war years, in addition to his Navy work, he continued study in

theoretical soil physics problems and publication of articles. In 1946 he joined the

staff of  Iowa State University as Associate Professor of Agronomy and Physics, and

was made Professor in 1949. In 1959 he was appointed Curtiss Distinguished

Professor of Agriculture, the Distinguished Professor Title being this institution’s

highest recognition for faculty excellence. He served as Director of the Iowa State

Water Resources Research Institute from 1964–73. Since 1973 he has continued

to carry on a full program of teaching and research. He was named Professor

Emeritus in 1978.

He was married and the father of three children.

Scientific Societies

International Water Resources Association

Netherlands Society of Agricultural Science
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Iowa Academy of Science

Council for Agricultural Science and Technology

Honorary Societies

Sigma Xi, national honorary scientific research society

Gamma Sigma Delta, national honorary agricultural society

Phi Kappa Phi, national honorary scholastic society

DESCRIPTION OF SCIENTIFIC CONTRIBUTION

The Food and Agricultural Organization, Rome, Italy, states that 42 million hectares

of land need to be reclaimed for agriculture. Most of this, in particular irrigated

land, will need drainage. According to the same FAO report, the number of hectares

of land under irrigation needing drainage increased from 194 million to 226

million in the years 1964 to 1974. (Annual Report 1978, International Institute

for Land Reclamation and Improvement, Wageningen, the Netherlands, p. 7,

p. 15.)

Kirkham’s early experiments on land drainage pertained to land overlying an

artesian aquifer under pressure. His results showed that spacing of horizontally

laid drain tiles over such an area would not be economical. Vertical pumped

drainage wells should be used. He made sand tank models showing how the artesian

drainage occurred and demonstrated that the seepage patterns depended on the

boundary conditions rather than on whether the soil was a clay or a sand or a

more permeable soil (3)*, (4).

He next considered tile drainage of land over an impervious layer. He obtained

equations for the streamlines, or water flow paths, and matched them against the

sand tank model flow paths obtained with dyes. A striking discovery of  the theory

was that by placing a drain line deeper and closer to ait impervious layer, the flow

would be less (rather than more) when compared with the flow from a less deep

drain line in the soil. Figure 6 of a 1940 paper (7) shows this phenomenon, along

with his theoretical streamlines matched against sand tank model streamlines.

Details and amplified theory of this problem were published after World War II,

in a paper (15) which, although one in agriculture, received the 1948 mathematical

award of the Iowa section of the American Mathematical Society. The next year his

paper (23) on the seepage of water into drainage ditches was designated the best

paper of the Iowa Academy of Science for 1949. In this paper hederived theoretically

the amount of water that would flow into the drainage ditches. He gave the result

in an explicit formula; other researchers in the past had failed to find an explicit

formula.

In an earlier paper (9), Kirkham had attacked the problem of simultaneous

upward and downward seepage flow into tile drains with excellent agreement of
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theoretical streamlines with experimental streamlines. But this paper, like others

up to then, was for homogeneous soil. So Kirkham now analyzed the problem of

non-homogeneous soil and with a resulting two-part paper (31), (32), he received

the American Geophysical Union’s citation for the best paper in hydrology of the

year 1951.

These earlier papers were for ponded water, that is, completely saturated soil

and represented thus an extreme condition. He next considered the more common

condition of a curved water table resulting from successive recharges of water as

from irrigation, or as from successive rains. By first neglecting the hydraulic friction

in the soil in the water table arch region and then later correcting for this neglect,

he derived an explicit relation for the height of water table to be found between

drain lines at certain depths and spacings. He compared his theoretical results

with field data and found good agreement (64). In a paper with a graduate student

as senior author, the solution to this drainage problem was put in a graphical form

so that the various physical factors that entered into the problem could be considered

in the graph and the solution obtained graphically for the depth and spacing of

drains (98), (99), (99a). This same student in working for his Ph.D. degree

considered stratified soil. Two other papers resulted in which the ratio of hydraulic

conductivities of  the layered soil could be taken into account. This long two-part

paper was published in the Irrigation and Drainage Division of the American

Society of Civil Engineers (173), (174).

All the foregoing work was for a simplified steady state condition of  either

ponded water or steady recharge to the drain tubes. Kirkham next analyzed the

problem of a falling water table. He found equations which predicted where the

water table arch would be after a certain time when the steady recharge was

discontinued. He compared his theoretical results with actual field data that he

had obtained with other scientists in the Netherlands many years before and with

other field data. There was excellent agreement (130).

In all the above work involving tile drains, it was assumed that the water

entered the drain tube uniformly over its length. This would be true if  there were

an envelope of coarse material around the drain tube. Actually drain pipes are

about 30 cm to 60 cm long and have about 1 to 6 mm spacing between each

individual drain pipe. At least this has been the condition up until recent times

when plastic tubes, perforated to let the water enter, are pulled into the soil. To see

just how much the cracks of individual tile lengths or the perforations in tubes

would control drainage flow if there was not a pervious envelope around them,

Kirkham authored or co-authored several articles — (28), (29), (197), (200). A

first one, in two parts, (28) and (29), was co-authored by one of his joint soil

physics-agricultural engineering Ph.D. candidates, who conceived the idea of using

plastic flexible tubing instead of clay pipe in soil. The two-part paper on the

influence of perforations on drainage flow to drain tubes received a citation of
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merit from the American Society of Agricultural Engineers. Perforated flexible

plastic tubing is now used almost universally in drainage. Kirkham’s theoretical

work on the effect of perforations, cracks, and other openings in drain tubes

continues to be of great importance. According to pp. 13-14 of the Annual Report

1978, International Institute of Land Reclamation and Drainage, cited earlier,

the study of envelope materials around perforated drain tubes is a number one

problem.

As was pointed out in the first of Kirkham’s studies, drainage of land overlying

an artesian aquifer is not economical when done with horizontal drains. He

concluded it is better to use vertical drains. These vertical wells are pumped and if

the water is of high quality the drainage procedure lowers the water table while

developing irrigation water. If  the water is salty it can be mixed with fresh water

and still be used. Papers written in 1971 analyzed the vertical well drainage

problem (177), (178).

In an artesian basin in Utah, it had been observed that tile drains would work

in certain areas where it might be predicted that such drainage would be

uneconomical. Kirkham reasoned that the drainage could be economical, provided

there existed an upper layer of soil near the surface, highly permeable compared

with an existing stratum of soil overlying the artesian gravel. With a student and a

colleague, he analyzed this problem in a paper recently published in the Irrigation

and Drainage Division of the American Society of Civil Engineers (210). Just how

much more permeable the upper soil layer must be, compared with that overlying

the aquifer, is pointed out in the paper, which contains numerous graphs of a

number of situations to be used in practical application.

All the above papers on water movement into horizontal or vertical drainage

pipes depend on knowledge of a soil coefficient called the hydraulic conductivity.

This coefficient gives the ease with which the soil conducts water under an energy

gradient. Early, Kirkham recognized that the use of soil cores would not give the

hydraulic conductivity accurately because of too small samples and because of

their disturbed condition (10). He reasoned that, instead of measuring the hydraulic

conductivity of soil in a core removed from the soil, measuring the conductivity of

the soil around the location where the core was removed or its equivalent would

be a better procedure. A practical way to proceed would be to auger a hole into the

soil, while simultaneously driving a casing into the hole to seal off the walls of  the

hole against leakage, except for a cavity at its bottom. Flow would be allowed to

come into the cavity, and, by rating this flow, the conductivity of the soil around

the cavity could be determined. This method, called the piezometer method,

is used for measuring the conductivity of field soil from layer to layer in the

soil (21).

If  a casing is not driven into a soil hole while it is being augered out, one

obtains simply a cylindrical auger hole in the soil and it can be used to measure
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the hydraulic conductivity of the soil about the hole, provided certain mathematical

formulas are found. Kirkham derived the formulas needed (19), (20), (66). More

detailed theory was later developed (181).

To solve a saturated soil-water movement problem, one wishes to know the

potential energy in the soil and also the flow paths or streamlines of the water.

Kirkham had found the potential energy and the streamlines for a number of

drainage problems, as has been noted. For some problems, as for axially symmetric

flow into an auger hole, he had not, however, determined the streamlines. One of

Kirkham’s Ph.D. candidates worked on the problem and two noteworthy papers

resulted. Streamline functions were developed which checked with auger–hole

flow (114), (138), and were later used in a number of well-flow problems.

Streamline functions and potential-energy functions, as Kirkham and his

students had so far developed them, could not solve water movement problems

where the flow domain was other than a relatively simple shape. Many seepage

domains are, however, not of simple shape and to determine flow for them, a

whole new mathematical method had to be developed. The needed new

mathematical method which he and his students developed is called the modified

Gram-Schmidt method (152), (195).

In the modified Gram-Schmidt method, Kirkham, with the help of graduate

students, developed equations in which needed parameters are not embedded in

complex expressions used by Gram-Schmidt. Kirkham’s expressions are tabulated

briefly in a paper in which W. L. Powers is senior author (152). The equations

which give the constants needed for this method of solving problems such as

piezometer problems are listed in more detail on pages 502-503 in Kirkham and

Power’s book (195). Numerous papers involving these functions have been

published. Those in which Kirkham is an author or co-author are (150), (152),

(157), (164), (180), (191), (185),(185a), (187) (189), (190), (191), (197), (200),

(201), (203), (204), (205), (206), (209), (212), (216), (217), (218), (221).

Agriculture is charged with polluting rivers and wells through runoff of

dissolved chemical fertilizers or pesticides or animal wastes. In recent years, a

number of pollution problems have been solved by Kirkham and his students. A

difficult one concerns the time required for a river that has been polluted to yield

polluted seepage flow to wells near the river’s side (209). Others concern the effect

of an improper seal around a well (217) and also the effect of  a well casing (216)

and of a cover slab (218) in stopping pollution. Complicated aquifer shapes and

pollution are considered in (185) and (185a).

All the foregoing problems have dealt with water-saturated soil. This is a realistic

situation because water cannot move from soil into a drainage facility as a drain

tube, or a ditch, unless the soil at an atmospheric-pressure outflow point is saturated.

Nevertheless, water often moves in the soil in the unsaturated state. When Kirkham

came to Iowa State University, his first paper was on horizontal unsaturated flow

11_1983-4 Kirkham.p65 06-Mar-09, 7:10 PM224



Don Kirkham 225

(14). In this paper he showed that the wetting front moved by a square root of

time law, but that, contrary to the statements of other workers, this movement was

not in accordance with constant-conductivity, heat-flow theory, even though the

wetting front movement corresponded to heat flow theory. This paper resulted in

British scientists suggesting that a diffusivity or variable conductivity function

needed to be used. The idea was followed through by other scientists and numerous

papers on the diffusion theory of capillary flow have now been published (195).

One on flow into drainage ditches where movement is in the unsaturated part of

the soil has generated many reprint requests (188). A much earlier paper on

movement in the capillary fringe of soil was published in two parts in Soil Science

(54), (55).

In irrigated areas salt moves to the soil surface by unsaturated flow and is

removed by saturated leaching flow. In a laboratory experiment, a layer of salt was

placed on a porous medium and leaching of  the salt into simulated tile drains was

performed. The concentration of the drainage water was analyzed as the salt was

removed. A theoretical equation was derived for the salt concentration which

agreed well with the experimental data (183).

Although Kirkham’s papers are mainly on water movement in soil, he has

contributed to other aspects of soil physics. A paper on sediment transport by

rivers and canals gave a theoretical equation that checked experimental data (8).

Papers on heat flow are (65), (61), (171), (172), (208). Some papers on air and

oxygen movement are (13), (25), (120), (175), (223). Some on soil compaction

are (97), (101), (102). He and colleagues developed a neutron or subatomic particle

soil probe for measuring soil moisture content (36), (52), (86), (110). A portable

rainfall–simulator infiltrome was made (62) and patented (108). Some other soil

physics equipment was developed and patents obtained (197), (109), (110).

Kirkham’s research program has attracted and inspired students to do graduate

work at Iowa State University. Under his direction students have received 54 Ph.D.

degrees, 32 M.S. degrees; of these, 17 students have received both M.S. and Ph.D.

degrees. A list of his graduate students with their positions is found in Appendix P.

Through these students, his achievements on behalf of mankind for food production

and the protection of land against improper use are being promoted in countries

around the world. In his bibliography it is seen that a number of the papers are

with students as senior authors. Without the excellent and large input of  capable

graduate students into the many papers on Kirkham’s list, the work could not have

been done.

The strong relationship between Kirkham and his students and Kirkham’ unique

professional contributions are described in the following paragraph quoted from

an article written by Dr. Dale Swartzendruber, Professor of  Agronomy at the

University of  Nebraska. (“In Recognition of Don Kirkham on His Seventieth

Birthday,” Soil Science, Vol. 125, No. 2, February 1978).
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“Perusal of Dr. Kirkham’s research and publications reveals an interesting

blend of  diversity and specificity. Diversity has been provided by the

considerable latitude he has allowed each graduate student in the choice of

dissertation research problem. This resulted in problem selections that

ranged broadly over the cardinal soil physics topics of soil water (saturated

and unsaturated conditions), soil aeration, soil structure and strength, soil

temperature and heat, plant-soil-water relationships, and water-solute

interactions and processes as related to soil-water and groundwater

pollution. Specificity in Dr. Kirkham’s research program has come from his

own special genius — his unparalleled insight, capability, and skill in

solving the mathematical boundary-value problems of soil-water movement,

particularly as related to saturated flow and drainage. The numerous exact

mathematical solutions he has provided establish Dr. Kirkham as without

peer in this important area of effort. Furthermore, even beyond the solutions

as such, there is an additional benefit of  great significance. By his direct,

explicit, and unapologetic use of the mathematical-physical approach in

research, he provided pioneering leadership that cleared the way for others

to follow, not only in soil physics, but in related areas as well. For this he

might well be called the father of mathematical soil physics.”

The wide application of Kirkham’s work is evident from the numerous national

and international journals in which his work is published. His papers have been

published in the Soil Science Society of America Proceedings (67 papers), Water

Resources Research (hydrology) (18 papers), Soil Science (16 papers), Transactions

American Geophysical Union (13 papers), Agronomy Journal (7 papers), Journal

of Geophysical Research (7 papers), Transactions of the State Agricultural College,

Ghent, Belgium (7 papers), Journal of Irrigation and Drainage of the American

Society of Civil Engineers (6 papers), Agricultural Engineering (4 papers), and in

many other publications.

Seven selected reprints of  papers illustrating Kirkham’s pioneering and

fundamental work in solving difficult soil water flow problems in agriculture are

attached in Appendix E (7), (64), (98), (114), (130), (149), (152). In (7), see

especially p. 67, Fig. 5. In (64), see especially p. 904, Fig. 4 where the theoretical

curves fall quite closely on the field–data points. In (98), see especially the two

charts on pp. 513-514, Figs. 1 and 2. In (114), see espcially p. 159, Fig. 2 where

the theoretically derived streamlines (arrows) pass at right angles, as they should,

through the equipotential lines. In (130), see especially pp. 586, 588, 589,

Figs. 2–6; notice in Figs. 4, 5, and 6 that the theoretical curves of water table

height w versus days of fall t fit the field data “points.” In (149), p. 617, Fig. 8, see

that Dupuit-Forchheimer (D.F.) flow lines are not “horizontal,” as stated in the

literature, and that they agree quite well with actual streamlines; on p. 618, Fig. 9,

which is for tile drainage, the D.F. streamlines are the same as for ditch drainage,
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Fig. 8, and do not agree well with exactly calculated streamlines. In (152), note

that Fig. 1 shows the problem of seepage of  water in soil bedding, that Table 2

gives the mathematical functions developed to solve the problem, and that

Figs. 4–6 show the flow net solutions of the problem with the streamlines and

equipotential lines crossing at right angles as they should.
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SCIENTIFIC BACKGROUND

In the air above every hectare of land there are about 78 tons of elemental

nitrogen. The latter is chemically inert and, under ordinary conditions, does not

react with other elements. Hence most crop plants are likely to be starving in this

sea of nitrogen. Only when the nitrogen in the air is combined with other elements

it is possible for plants to use this nitrogen in their growth processes.

The mere fact that some bacteria are able to use the elemental form of nitrogen

that exists in the atmosphere has been known for nearly 100 years since its

discovery by the Russian biochemist S. N. Vinogradsky. Thus, these nitrogen-fixing

bacteria can grow in the absence of combined nitrogen and, at the same time,

produce nitrogenous substances in the soil that may be used later by crop plants.

However, during the first fifty years since the discovery of biological nitrogen

fixation by soil-inhabiting bacteria, very little information was available as regards

the biochemical mechanisms involved. This was quite surprising in view of the

paramount importance of this process in the nitrogen budget of our globe.

The state of the knowledge regarding this wonder of nature has changed

dramatically in the late 1930’s and early 1940’s when Professor Burris investigations

on the basic chemistry and physiology of the microorganisms that fix nitrogen,

actually opened up an entire new vista of basic research on biological nitrogen

Robert H. Burris
University of Wisconsin

Madison, Wisconsin, USA

k

1984–5 — for his pioneering fundamental
research on the mechanisms of biological
nitrogen fixation and its application in
crop production.
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fixation. He was the first to use a radioactive isotope of nitrogen (15N) in this

study, which led to the discovery of ammonia to be the key intermediate in this

biochemical process.

For over 45 years, following these pioneering efforts, Professor Burris and his

colleagues have purified and studied in great detail and depth the complex of

enzymes involved, and the metabolic pathways followed in this natural phenomenon.

At the same time they developed novel techniques for reliable, quantitative assay of

the nitrogen fixing activity of microorganisms.

The scope of his research in this particular area has not been limited to the

well recognized nitrogen-fixing bacteria that live in symbiosis with leguminous,

plants in nodules formed on their roots. His studies also embraced the free-living

microorganisms that are able to fix atmospheric nitrogen. Mention should be

made in this connection of Prof. Burris pioneering work on Azospirillum — a

free-living nitrogen-fixing genus of bacteria associated with plant roots, in particular

cereal plants.

One may sum up Burris’ contributions to fundamental biochemical research

on nitrogen fixation by concluding that his very careful, thorough investigations

have been in the heart of the efforts to elucidate the mechanism of this life-

supporting process. He has thus rightly earned the title of ‘world doyen of nitrogen

fixation’.

Because of the pressing food needs of the world on one hand, and the rising

cost of chemical nitrogen fixation for use in mineral fertilizers on the other, the

subject of  biological nitrogen fixation is currently receiving greatly increased

attention throughout the world.

The lifelong fundamental studies of  Prof. Burris provided the scientific

background for the now worldwide practice of inoculating legume crops with

industrially manufactured pre-cultured strains of nitrogen-fixing bacteria. The

latter are capable of supplying essentially all the nitrogen requirements of the

plan. Furthermore, the highly sensitive techniques developed by Prof. Burris for

measuring this biological activity, proved most instrumental in the selection of

more effective strains of bacteria for this purpose.

More recently, a new science-based biotechnology industry has been established

for the production of cultures of the aforementioned Azospirillum. These are

intended for inoculation of graminaceous crops in order to replace mineral nitrogen

fertilizers. Enhanced yields of these important staple food crops of the world can

thus be achieved at a remarkably reduced cost.

CURRICULUM VITAE

Date and Place of Birth: April 13, 1914, Brookings, South Dakota
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EDUCATION:

South Dakota State College, B.S. 1936 (Chemistry)

University of Wisconsin - Madison, M.S. 1938 (Bacteriology)

University of Wisconsin - Madison, Ph.D. 1940 (Bacteriology)

POSITIONS:

National Research Council Postdoctoral Fellow, Columbia University, 1940-41

Postdoctoral Appointment in ~Bacteriology, University of Wisconsin, 1941-44

Assistant Professor of Biochemistry, University of  Wisconsin, 1944-46

Associate Professor of Biochemistry, University of Wisconsin, 1946-51

Professor of Biochemistry, University of Wisconsin, 1951-date

Guggenheim Fellow, University of Helsinki (Finland) and Cambridge University

(England), 1954

Chairman, Department of Biochemistry, University of Wisconsin, 1958-70

W. H. Peterson Professor of Biochemistry, 1976-date

PROFESSIONAL SOCIETIES:

National Academy of Sciences (Chairman, Section of Botany 1971-74; Executive

Committee, Assembly of  Life Sciences 1973-78; Chairman, Division of

Biological Sciences 1977-78)

American Academy of Arts and Sciences

American Association of the Advancement of Science (Fellow)

American Society of Biological Chemists

American Chemical Society

American Society of Plant Physiologists (President, 1960)

American Society of Microbiologists

Biochemical Society (England)

American Philosophical Society

Japanese Society of Plant Physiologists

Sigma Xi

Gamma Alpha

Phi Sigma

HONORS AND AWARDS:

National Research Council Postdoctoral Fellowship, 1940

Guggenheim Fellowship, 1954

Elected to National Academy of Sciences, 1961

Honorary Doctor of Science, South Dakota State University, 1966

Merit Award, Botanical Society of America, 1966

Stephen Hales Award, American Society of Plant Physiologists, 1968
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Prather Lecturer, Harvard University, 1973

Elected to American Academy of Arts and Sciences, 1975

W. H. Peterson Professorship in Biochemistry (University of Wisconsin), 1976

Charles Thom Award, Society of Industrial Microbiologists, 1977

Charles Reid Barnes Life Membership Award, American Society of Plant Physiologists,

1977

Edward W. Browning Award, American Society of Agronomy, 1978

Elected to American Philosophical Society, 1979

National Medal of Science presented by the President of the United States, January

14, 1980

Honorary Member, Wisconsin Academy of Sciences, Arts & Letters, 1980

Hilidale Professorship, University of Wisconsin, July, 1982.

Service on National Committees and Advisory Boards:

Study Section, National Science Foundation, 1950-54

President, American Society of Plant Physiologists, 1960

U.S. State Department Representative to Evaluate Biochemistry in India, 1960

Study Section, NIH Biochemistry Training Grants (Chairman of panel for two

years), 1962-67

National Biotron Committee, 1968-76

Advisory Committee, NIH General Support, 1969-71

National Academy of Sciences:

Chairman, Section of Botany, 1971-74

Executive Committee, Assembly of Life Sciences, 1973-79

Chairman, Division of Biological Sciences, 1977-79

Liaison Representative to U.S.D.A. Competitive Grants Program, 1977

National Research Council Commission on Human Resources (Glaser Committee)

-Subcommittee, 1974-75, Central Committee, 1976-77.

Board on Human Resource Data Analysis, Commission of Human Resources, NRC,

1974-77

U.S. State Department Representative to Evaluate Biological Nitrogen Fixation

Research in Brazil, 1976-77

Advisory Committee to “Program for International Cooperation in Training and

Research on Nitrogen Fixation in the Tropics,” 1974-78

Advisory Committee to Biological Division, Brookhaven National Laboratory

1976-80; Chairman, 1979-80

U.S. National Committee for the International Union of  Biological Sciences,

1978-81

Committee on Planetary Biology and Chemical Evolution (Space Science Board,

NRC), 1980-81

Committee on Nitrogen Fixation and Photosynthesis Research in the People’s Republic

of China, Chairman, 1979-81 (Committee in Scholarly Communication with

the People’s Republic of China, National Acad. Sci.)
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SERVICE ON EDITORIAL BOARDS:

Burgess Publishing Co., Life Science Series, 1960-68

Plant Physiology, 1962-66; l972-date

Biological Handbook Series of FASEB, 1966-72

Physiological Reviews, 1966-72

Chemistry-Biology Interface Series, 1968-72

American Society of Plant Physiologists, Monograph Series, 1972-74

Analytical Biochemistry, 1975-80

Study Section, NIH Biochemistry Training Grants (Chairman of panel for two

years), 1962-67

National Biotron Committee, 1968-76

Advisory Committee, NIH General Support, 1969-71

National Academy of Sciences:

Chairman, Section of Botany, 1971-74

Executive Committee, Assembly of Life Sciences, 1973-79

Chairman, Division of Biological Sciences, 1977-79

Liaison Representative to U.S.D.A. Competitive Grants Program, 1977-date

National Research Council Commission on Human Resources (Glaser Committee)

- Subcommittee, 1974-75, Central Committee, 1976-77.

Board on Human Resource Data Analysis, Commission of Human Resources, NRC,

1974-77

U.S. State Department Representative to Evaluate Biological Nitrogen Fixation

Research in Brazil, 1976-77

Advisory Committee to “Program for International Cooperation in Training and

Research on Nitrogen Fixation in the Tropics,” 1974-78

Advisory Committee to Biological Division, Brookhaven National Laboratory

1976-80; Chairman, 1979-80

U.S. National Committee for the International Union of  Biological Sciences,

1978-81

Committee on Planetary Biology and Chemical Evolution (Space Science Board,

NRC), 1980-81

Committee on Nitrogen Fixation and Photosynthesis Research in the People’s Republic

of China, Chairman, 1979-81 (Committee in Scholarly Communication with

the People’s Republic of China, National Acad. Sci.)

SERVICE ON EDITORIAL BOARDS:

Burgess Publishing Co., Life Science Series, 1960-68

Plant Physiology, 1962-66; l972-date

Biological Handbook Series of FASEB, 1966-72

Physiological Reviews, 1966-72
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Chemistry-Biology Interface Series, 1968-72

American Society of Plant Physiologists, Monograph Series, 1972-74

Analytical Biochemistry, 1975-80

LIST OF MOST SIGNIFICANT PUBLICATIONS

W.W Umbreit and RH Burris. Composition of  Soybean Nodules. Soil Sci.

45:111-126 (1938).

R.H. Burris and P.W. Wilson. Respiratory Enzyme Systems in Symbiotic Nitrogen

Fixation. Cold Spring Harbor Symposia on Quant. Biol. 7:349-361 (1939).

Robert H. Burris and Charles E. Miller. Applications of N15 to the Study of Biological

Nitrogen Fixation. Science 93:114-115 (1941).

P.W. Wilson, R.H. Burris and W.B. Coffee. Hydorgenase and Symbiotic Nitrogen

Fixation. J. Biol. Chem. 147:475-481 (1943).

R.H. Burris, F.J. Eppling, H.B. Wahlin and P.W. Wilson. Detection of Nitrogen

Fixation with Isotopic Nitrogen. J. Biol. Chem. 148:349-357 (1943).

R.H. Burris and P.W. Wilson. Ammonia as an intermediate in Nitrogen Fixation by

Azotobacter. J. Bacteniol. 52:505-512 (1946).

N.E. Tolbert and R.H. Burris. Light Activation of the Plant Enzyme which Oxidizes

Glycolic Acid. J. Biol. Chem. 186:791-804 (1950).

I. Zelitch, E.D. Rosenblum, R.H. Burris and P.W. Wilson. Isolation of the Key

Intermediate in Biological Nitrogen Fixation by Clostnidium. J. Biol. Chem.

191:295-298 (1951).

R. Schollhorn and R.H. Burris. Acetylene as a Competitive Inhibitor of N2 Fixation.

Proc. Natl. Acad. Sci. 58:213 (1976).

Harry C. Winter and R.H, Burris. Stoichiometry of  the Adenosine Tniphosphate

Requirement for N2 Fixation and H2 Evolution by a Partially Purified Preparation

of Clostridium pasteunianum. J. Biol. Chem. 243:940-944 (1968).

BRIEF DESCRIPTION OF SCIENTIFIC CONTRIBUTION:

Prof. Burris discovered the role of hydrogenase in N2 fixation. He was the first to

use isotopic nitrogen to study the intermediate and mechanism of nitrogen fixation.

He and his students discovered the ATP requirement for nitrogen reduction and

has studied its stoichiometry. He and his students discovered glycolic oxidase of

plants which was demonstrated to be the key reaction in photorespiration.

A former student in Australia, and Burris himself independently discovered

acetylene reduction by nitrogenase and Burris has used this reaction for quantitative

studies of eutrophication in lakes and rivers.

His accomplishments have been widely recognized (see list of Honors) and he

was a highly worthy recipient of the Wolf Foundation Prize in Agriculture.
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Sir Ralph Riley led a research group, which increased precision of plant breeding

by experimentally describing the chromosomal architecture of wheat and related

species, and by comparing genetic activities of  corresponding chromosomes. During

investigations which Dr. Riley started in 1958, he and his colleagues described the

genetic systems by which pairing of wheat chromosomes at meiosis is limited to

those which are fully homologous, and by which pairing between distantly related

chromosomes is precluded. This basic knowledge allowed Dr. Riley to pair and

recombine chromosomes in a way that is normally illegitimate.

CURRICULUM VITAE

Born 23 October 1924;

married 1949 Joan Elizabeth Norrington.

Education:

Audenshaw Grammar School; University of Sheffield.

1924–1999

Sir Ralph Riley, F.R.S.
Agricultural and Food Research Council

London, United Kingdom

k

1986 — for fundamental research in
cytogenetics of wheat, providing the
basis for genetic improvement of
cereal grains.
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Services:

1943-47 - Army; 1944, commissioned.

Served in 6th King’s Own Scottish Borders (15th Division) and 1st

South Lancashire Regiment (1st Division).

Final rank - Captain.

University:

1947-50 - University of Sheffield, B.Sc. 1st Class Honours (Botany)

Degrees:

1955 - Ph.D., University of  Sheffield

1964 - D.Sc., University of Sheffield

1967 - M.A., University of Cambridge (Statute B, 111, 6).

Career:

1950-51 - Research student, Department of Botany, University of Sheffield, on

DSIR Studentship.

1951-52 - Demonstrator, Department of Botany, University of  Sheffield

1952-78 - Staff of the Plant Breeding Institute, Cambridge:

from 1955-71 - Head of Cytogenetics Department

from 1971-78 - Director of the Institute

Since 1978 - Secretary to the Agricultural Research Council, London.

Distinctions:

1965 - Fellow of the Institute of Biology,

1967 - Fellow of The Royal Society

1967 - Fellow of Wolfson College, Cambridge

1969 - William Bate Hardy Prize of the Cambridge Philosophical Society

1973 - Sir Henry Tizard Memorial Lecturer

1973-75 - Member of the Council of The Royal Society

1973-75 - President of the Genetical Society

1975 - Foreign Fellow Indian National Science Academy

1976 - Woodhull Lecturer, Royal Institutions

1977 - Nilsson-Ehle Lecturer, Swedish Mendelian Society

Social Appointments:

1970-78 - Special Professor of Botany in the University of Nottingham.
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Activities in International Science:

1958-68 - Member of the International Organizing Committee of the International

Wheat Genetics Symposia

1964 - Recorder of  the Section for Cytology and Genetics of  the Tenth

International Botanical Congress.

1966 - Nuffield Foundation/National Research Council of  Canada Lecturer in

Canadian Universities.

1973-78 - Secretary General of the International Genetics Federation.

1973-78 - Member of the Board of Trustees of the International Rice Research

Institute, The Philippines.

1976 - Member of the Committee on Genetic Experimentation (COGENE) of

the International Council of Scientific Unions (responsible for the

international co-ordination of work on the genetic manipulation).

Editorial Activities:

Geneitical Research

Caryologia

Wheat Information Service

Theoretical and Applied Genetics

Current Advances in Plant Science

Family Circumstances: Married with two daughters

BRIEF DESCRIPTION OF SCIENTIFIC CONTRIBUTION

Dr. Riley is a scientist of international distinction in the field of cytogenetics and

plant breeding. Under his leadership, the department of  cytogerietics at the Plant

Breeding Institute, Cambridge, developed the most fruitful and dominant part of

the Institute’s programme of fundamental research.

Dr Riley’s major scientific contributions have been in the genome analysis of

the common wheat, Triticum aestivum. He determined the activity of  its 5B

chromosome which prevents homeologous pairing at meiosis, so enabling this

hexaploid plant to function as a diploid. He devised procedures for modifying the

5B system which permitted alien chromosome addition and substitution. This

enabled the transfer into wheat of such qualities as disease resistance, frost hardiness

and drought resistance from neighbouring genera of wild and cultivated plants

(Agropyron, Aegilops and Secale). This was of key and basic importance in the

production of the outstandingly successful and commercially important new varieties

of wheat that have come from the Plant Breeding Institute. Although great practical

benefits have accrued from Dr Riley’s work, it was originally based upon

fundamental research of the highest quality.
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ESSENTIAL BIOGRAPHY

Appointments:

Plant Breeding Institute, Cambridge, from 1952 to 1978, head of cytogenetics

department 1954-72, director 1971-78; special professor of botany, University of

Nottingham, 1970-78; secretary, Agricultural Research Council since 1978. Fellow

of Wolfson College, Cambridge.

Lectures, awards, etc:

William Bate Hardy Prize of Cambridge Philosophical Society, 1969; Sir Henry

Tizard Memorial Lecture, 1973; Holden Lecture, University of  Nottingham, 1975;

Woodhull Lecture of Royal Institution, 1976.

Offices held:

President, Genetical Society, 1973-75; Secretary, International Genetics Federation,

1973-78.

Relevant publications

R. Riley and V. Chapman, Genetic control of the cytologically diploid behaviour of

hexaploid wheat. Nature Lond. 182: 713-715, 1958.

R. Riley, Diploidization of polyploid wheat. Heredity, 15: 407-429, 1960.

R. Riley, V. Chapman and R. Johnson, The incorporation of alien disease resistance

in wheat by genetic intergerence with the regulation of meiotic chromosome

synapsis. Genet. Res., Camb. 12: 199-219, 1968.

SCIENTIFIC CONTRIBUTIONS

A principal achievement of Dr. R. Riley has been to device and use a form of

genetic engineering by which useful genetic variation from related species of wild

grass can be incorporated in cultivated wheat. Relevant findings arose from

cytogenetic investigations which commenced in 1952 at the Plant Breeding Institute,

Cambridge, which is supported financially by the Agricultural Research Council,

London. The research of Riley’s group had the general purpose of  increasing the

precision of plant breeding and improving its rationale. Components of the work

included the experimental description of the chromosomal architecture of wheat

and related species and the comparison of the genetic activities of corresponding

chromosomes of wheat and of its relatives.

During these investigations, starting in 1958 Riley and his colleagues discovered

and described the genetic systems by which the pairing of chromosomes at meiosis

in wheat is limited to those which are fully homologous and by which pairing
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between more distantly related chromosomes is precluded. They quickly recognised

that experimental intervention in this genetic system could create conditions in the

meiocyte under which pairing and recombination would take place in a way that is

normally illegitimate, and that this would enable foreign genes to be incorporated

in homologous locations in wheat chromosomes. The first description of the use of

modification of  the genetic control of meiosis was published in 1968 (Riley,

Chapman and Johnson, Nature, 1968 and Genetical Research 1968) and involved

the transference of a gene determining rust resistance from a wild grass (Aegilops

comosa) into a wheat chromosome.

The potentialities of  manipulation of  its genetic control provided new

experimental access to meiosis and gave further knowledge of this crucial biological

process which is still inadequately understood. Riley and his colleagues as well as

developing practical procedures for use in plant breeding also studied the functional

basis of meiosis using the method of genetics, cytology and cell biology. In addition

work was undertaken on the cytogenetics of  other important crop species

particularly oats.

Dr. Riley’s contribution can, therefore, be described as the contribution of new

understanding of the meiotic process which have led to the development of new

means of plant breeding particularly by the introduction of useful foreign genes

into wheat.
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Ernest R. Sears synthesized for the first time in 1946 a hexaploid wheat. In 1950,

he completed work, which established the monosomic series in wheat, and later

created a mullisomic series, a trisomic series, and a telesomic series of chromosomes

in wheat. These have greatly enhanced development and breeding of modern

wheat varieties.

CURRICULUM VITAE

EDUCATION:

B.S. Oregon State College 1932

Ph.D. Harvard University 1936

U.S.D.A. Geneticist:

1936- Professor of Genetics, University of Missouri, Columbia

MAJOR HONORS AND AWARDS:

Fellow, American Society of Agronomy 1956

Hoblitzelle Award 1958

U.S.D.A. Superior Service Award 1958

Gamma Sigma Delta National Award 1958

Member, National Academy of Sciences, U.S. 1964

1910–1999

Ernest R. Sears
University of Missouri

Columbia, Missouri, USA

k

1986 — for his fundamental research
in cytogenetics of wheat, providing
the basis for genetic improvement
of cereal grains.
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Fellow, Indian Society of Genetics and Plant Breeding 1966

Honorary Doctor, University of Götingen, Germany 1970

Distinguished Service Citation, University of Oregon 1973

Honorary Member, Genetics Society of Japan 1975

Professor E.R. Sears Day in Missouri by Declaration of the

Governor April 10, 1976, on the occasion of his 40 years’

service at the Missouri Agricultural Experiment Station 1976

E.R. Sears led the pioneering effort in transferring rust resistance from aegilops to

common wheat by a unique procedure of  hybridization and X-ray-induced

translocations. According to the estimates of the Texas Research Foundation of

Renner, Texas, the resistance factor that E R Sears introduced into the hexaploid

wheat can save from destruction 100 million bushels of  wheat annually in

the United States alone. For this achievement the Texas awarded Dr. Sears

with the $10,000 Hoblitzelle National Award in the Agricultural Sciences

in 1958.

All of the scientific recognitions of  E. R. Sears cannot be listed here; only the

major ones are mentioned:

Fellow, American Society of Agronomy 1956

Hoblitzelle Award 1958

U.S.D.A. Superior Service Award 1958

Gamma Sigma Delta National Award 1958

Member, National Academy of Sciences, U.S. 1965

Fellow, Indian Society of Genetics and Plant Breeding 1966

Honorary Doctor, University of Götingen, Germany 1970

Distinguished Service Citation, University of Oregon 1973

Honorary Member, Genetics Society of Japan 1975

Professor E. R. Sears Day in Missouri by Declaration

of the Governor, April 10, 1976, on the occasion of

his 40 years of service at the Missouri Agricultural

Experiment Station 1976

Award of Excellence, Genetics Society of Canada 1977

There can be no question in the mind of  anyone who is familiar with the

recent status of  agriculture and genetics that Dr. E. R. Sears has made

one of  the most serious impacts on the cultural and economic history of

mankind.

E. R. Sears has excelled, not only as a brilliant scientist and as an effective

teacher, but also as a great humanitarian. He is one of the most modest and

compassionate of men with the highest ethical standards.
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CHROMOSOMAL ENGINEERING OF WHEAT FOR

HIGHER AGRONIMIC PERFORMANCE

Bread wheat is by far the most important crop plant in the world. According to

1970 FAO data, the production figures of the major crop plants are as follows:

Crop Area Production

(million hectares) (million tons)

wheat 210.3 311.6

rice 135.5 306.8

corn 110.8 266.8

millet and sorghum 112.3 92.5

A very quick comparison indicates that yield per area units is variable among these

species. These figures also indicate where the greatest possibilities for genetic

improvement exist. In order to realize the biological potentials of plant breeding,

scientifically well-founded and practical methods are required.

E. R. Sears, working for over forty years as a U.S.D.A. geneticist at the Missouri

Agricultural Experiment Station, has made far greater contributions to the scientific

development of wheat breeding than any other basic scientist, past or present.

In 1946 E. R. Sears (with E. S. McFadden) synthesized for the first time a

hexaploid wheat, thus laying down the foundations of experimental evolutionary

work in the species.

In the 1950’s Dr. Sears completed the monosomic series of  wheat. This material,

available to research workers around the world, has remained the most important

tool of basic studies on this plant. Thus Dr. Sears is truly the founder of genetic

analysis at the chromosomal level in the allopolyploids.

E. R. Sears’ basic work on monosomics led him to the solution of the problem

of chromosome substitution. In the last few years the chromosome substitution

method has become the most powerful method of breeding hexaploid wheat, as

well as tobacco, cotton, oats, etc. It is now possible to introduce single isolated

chromosomes into an agronomically useful variety from other valuable strains.

Actually, practical techniques are available for the transfer of scientifically selected

desirable gene complexes, rather than entire chromosomes, from one variety to

another without losing any of the useful traits of the recipient. Never before in the

history of plant breeding, has it been possible to synthesize a favorable genetic

constitution in such a predictable manner.

This synopsis does not permit an adequate expositions of the theory or practice

of the development of substitution lines. It may suffice to mention that in 1971 the

European Wheat Aneuploid Cooperation was formed with the participation of

practically all European nations (including West and East) for the sole purpose of

implementing these scientific discoveries based upon E.R. Sears’ genetic research

on wheat.
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In the l950’s E.R. Sears pioneered in transferring agronomically useful

chromosomes (addition) or chromosomal segments (transfer) from wild relatives

of wheat (alien species).

During this period E. R. Sears, with his graduate student M. Okamoto, discovered

the mechanism of  control of  chromosome pairing in hexaploid wheat. Again, this

has been a major milestone in exploiting the genes of alien species useful in

breeding better wheat varieties. This method, as well as other methods based upon

E. R. Sears’ work, led to the development of several commercial wheat varieties in

the United States, Germany, and other countries.

Two very recent contributions of E. R. Sears [Genetics 80 (3) Suppl. 74 (1975)

and Ann. Rev. Genet. 10:31 (1976)] outlined a corollary to this sequence of

systematic engineering. Dr. Sears has isolated a mutant which lacks the gene that

normally prevents chromosome pairing between wheat chromosomes and their

homoeologous counterparts in alien species. The facilitation of pairing opens up a

simple and gentle procedure for introducing practically any gene from the species

with which wheat can be crossed. The wild relatives of wheat contain an immense

— so far unexploited-reservoir of  genes of  agronomic interest. In the past, the

utilization of these genes was not possible because there were no acceptable means

by which they could be transferred into the cultivated varieties without disrupting

the harmony of agronomically needed, co-adapted gene complexes.

This latest discovery, I believe, is one of the greatest potential value for securing

practical breakthroughs in wheat breeding. Since wheat is the most important food

source of the world, this series of discoveries will most likely shape the cultural

and economic history of mankind in the forthcoming century. It is not farfetched

to say that the research of E. R. Sears has had or will have a direct or indirect

impact on the life of every man of the world’ s population.

In 1986 Dr. Ernest R. Sears will have completed fifty years of work as a USDA

research geneticist and as a professor of genetics at the University of Missouri.

During that period he has made contributions to the scientific development of

wheat.

In 1946 E. R. Sears (with E. F. McFadden) synthesized for the first time a

hexaploid wheat. This has served as the foundation for experimental evolutionary

work in the species. By 1950, Dr. Sears had completed the establishment of the

monosomic series in wheat and later created a nullisomic, a trisomic series, a

tetrasomic series and a telosomic series of chromosomes in wheat.

In the late 1950’s E. R. Sears and one of his students, M. Okamoto discovered

that the pairing of the wheat chromosome is controlled primarily by the Ph. gene

present in the long arm of chromosome SB. The recognition of this basic biological

principle opened up a most rewarding procedure for introducing useful genes into

wheat from the immense pool of  alien species. Sears transferred rust resistance

from a wild species (Aegilops) to common wheat. According to estimates, the
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resistance factor that Sears introduced into wheat resulted in an increase of

approximately 3 million tons of  wheat annually in the United States alone.

Dr. Sears has meticulously documented all of the genetic stocks he produced

and his data are always adequate in amount and quantity before he will report or

speak about his discoveries. Dr. Sears is also known for his tremendous generosity

in the distribution of the genetic stocks that he developed. This legacy of Ernest

Sears will continue to enrich plant science into the future.

A BRIEF APPRAISAL OF THE SCIENTIFIC CONTRIBUTIONS

E. R. Sears, working for over forty years as a U.S.D.A. geneticist at the Missouri

Agricultural Experiment Station and as Professor of Genetics at the University of

Missouri, has made far greater contributions to the scientific development of

wheat breeding than any other basic scientist, past or present. His contributions to

the genetics of polyploid species of plantsare unmatched in depth in the field.

Many of the discoveries of E. R. Sears concerning chromosomal mechanisms in

aneuploidy serve as models for human clinical cytology.

In 1946 E. R. Sears (with E. S. McFadden) synthesized for the first time a

hexaploid wheat, thus laying down the foundations of experimental evolutionary

work in the species.

By 1950 Sears had completed the establishment of the monosomic series in

wheat. The monosomic plants, which have 41 chromosomes rather than 42, usually

produce egg cells with 20 chromosomes. When a 20-chromosome egg cell fuses

with the 21-chromosome sperm of  any variety, the genetic constitution of this

21st chromosome can be assessed.

If  the 21 chromosomes that make up the complete set are so tested, the gene

content of each of them can be determined. Such a procedure is also used for

chromosome substitution, which is one of the most powerful tools of scientific

plant breeding of the second half of the 20th century. The European Wheat

Aneuploid Cooperative was formed by a unique international cooperation for the

main purpose of exploiting these discoveries of E. R. Sears for the production of

more and better-quality bread.

After the completion of the nullisomic series of wheat, E. R. Sears synthesized

trisomic and tetrasomic lines to evaluate dosage effects of genes. The genetic

engineering of wheat was greatly refined when Sears synthesized a series of

telosomics. Because the telosomics carry only one arm of a chromosome, they can

be used to locate any gene to any of the 42 chromosome arms.

All of these methods are now being applied to the precise analysis of the

chromosomes of the major relatives of wheat. The techniques used to do this,

again worked out by Sears, have become known as alien addition, alien substitution

and alien transfer.
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In the late 1950’s E. R. Sears and one of his students, M. Okamoto, discovered

that the pairing of  the wheat chromosomes is controlled primarily by the Ph gene

of the long arm of chromosome 5B. The recognition of this basic biological principle

opened up a most rewarding procedure for introducing useful genes into wheat

from the immense pool of wild relatives of wheat. Within a few years after this

discovery numerous disease-resistant varieties of  wheat were developed and

introduced into commercial production in the United States as well as in several

other countries. These first success stories are just the beginning of  a long and

comprehensive reshaping of the present varieties of wheat.

Primarily through the initiative and analytical endeavors of Aaron Aaronsohn,

the late Director of  the Jewish Agricultural Experiment Station of  Haifa, an

invaluable treasure chest of  wild wheats exists now containing genes for large

kernel size, high amount and better quality of protein, disease resistance, etc. All

these can now be selectively and systematically incorporated into the best commercial

varieties of the world by the application of the genetic principles worked out by

E. R. Sears.

In such a brief summary it is not possible to point out — and even more

difficult to explain — the majority of the numerous contributions of Sears which

are detailed in his nearly one hundred scholarly papers and book chapters.
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Dr. Diener’s fundamental and applied studies have firmly established the existence

of viroids, a new group of subviral pathogens.

Dr. Diener discovered that the pathogen causing potato spindle tuber disease is

not a virus, as previously believed, but a much smaller, free RNA molecule, which

he named viroid. The discovery by Diener and his colleagues of other viroids

affecting various cultivated plants such as chrysanthemum stunt, coconut cadang-

cadang and planta macho viroid of tomato soon followed; so that today viroids are

considered to be an important group of disease agents affecting potatoes, tomatoes,

citrus, avocado, etc. His pioneering studies on isolation and purification showed

inequivocally that viroids have a unique molecular structure, different from any

other pathogen. Dr. Diener found that viroids replicate without helper virus; that

viroid-complementary DNA, produced by insertion into bacteria, are themselves

infectious and that the RNA transcribed in potato cells is identical with the viroid.

Cloned viroid-specific cDNAs were also developed by him for novel diagnostic

tests.

Dr. Diener’s work has direct application to the control of viroid diseases of

many crops, as well as to the elucidation of the unique biological and molecular

properties of these small disease agents.

Theodor O. Diener
Plant Protection Institute

USDA, Beltsville, Maryland, USA

k

1987 — for his discovery and pioneering
fundamental research on viroids and
his applied work on viroid detection
in crops.
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CURRICULUM VITAE

Date and place of birth: 28 February 1921, Zurich, Switzerland

EDUCATION AND POSITIONS HELD:

1942-46 - Swiss Federal Institute of Technology, Dipl. sc. nat. ETH, 1946.

1946-48 - Research Assistant, Department of Botany, Swiss Federal Institute of

Technology, Dr. sc. nat. ETH, 1948.

1948-49 - Plant Pathologist, Swiss Federal Horticultural Experiment Station,

Waedenswil.

1950 - Assistant Professor of Plant Pathology, Rhode Island State University,

Kingston.

1950-59 - Assistant to Associate Plant Pathologist, Washington State University,

Prosser, Washington.

Since 1959 - Research Plant Pathologist, U.S. Department of Agriculture, Beltsville,

Maryland.

HONORS AND AWARDS:

1968 - American Institute of Biological Sciences – Campbell Award

1973 - Appointed Fellow, American Phytopathological Society

1975 - Alexander von Humboldt Award

1976 - Ruth Allen Award, American Phytopathological Society

1977 - Elected Member, National Academy of Sciences USA

1977 - Distinguished Service Award, U.S. Department of Agriculture

1978 - Elected Fellow, American Academy of Arts and Sciences

1979-81 - Elected Andrew D. White Professor-at-Large, Cornell University

1980 - Appointed Member, Leopoldina, German Academy of Natural Scientists

1981 - James Law Distinguished Lecturer, New York State College of Veterinary

Medicine

1984 - Dean’s Distinguished Lecturer “Frontiers in Plant Science,” University

of California, Davis

LIST OF SIGNIFICANT PUBLICATIONS

Diener, T. O. and Raymer, W. B. Potato spindle tuber virus: a plant virus with

properties of a free nucleic acid. Science 158:378-381. 1967.

Diener, T. O. Potato spindle tuber virus. III. Subcellular location of PSTV-RNA and

the question of whether virions exist in extracts or in situ. Virology 43:75-89.

1971.

Diener, T. O. Potato spindle tuber “virus”. IV. A replicating, low molecular weight

RNA. Virology 45:411-429. 1971.
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Diener, T. O. Is the scrapie agent a viroid? Nature New Biology 235:218-219.

1972.

Diener, T. O. Potato spindle tuber viroid. VIII. Correlation of infectivity with a

UV-absorbing component and thermal denaturation properties of  the RNA.

Virology 50:606-609. 1972.

Sogo, J. H., Koller, T. and Diener, T. O. Potato spindle tuber viroid. X. Visualization

and size determination by electron microscopy. Virology 55:70-80. 1973.

Davies, J. W., Kaesberg P. and Diener, T. O. Potato spindle tuber viroid, XII. An

investigation of  viroid RNA as a messenger for protein Synthesis. Virology

61:28l-286. 1974.

Owens, R. A., Erbe, E., Hadidi, A., Steere, R. L. and Diener, T. O. Separation and

infectivity of circular and linear forms of potato spindle tuber viroid, Proc.

Nat. Acad. Sci. U.S.A. 74:3859-3863. 1978.

Diener, T. O. Viroids and Viroid Diseases. John Wiley & Sons, New York. 252 pp.

1979.

Diener, T. O. Are viroids escaped introns? Proc. Natl. Acad. Sci., U.S.A. 78:5014-

5015. 1981,

Owens, R. A. and T. O. Diener. Sensitive and rapid diagnosis of potato spindle tuber

viroid disease by nucleic acid hybridization. Science 213:670-672. 1981.

Owens, R. A., and T. O. Diener. RNA intermediates in potato spindle tuber viroid

replication Proc. Natl. Acad. Sci., U.S.A. 79:113-117. 1982.

Diener, T. O., H. P. McKinley, and S. B. Prusiner. Viroids and prions. Proc. Natl.

Acad. Sci., U.S.A. 79:5220-5224. 1982.

Kiefer, M. C., R. A. Ovens, and T. 0, Diener. Structural similarities between viroids

and transposable genetic elements. Proc. Natl. Acad. Sci., U.S.A. 80:6234-

6238. 1983.

Galindo, A. J., O. B. Smith and T. O. Diener. A disease-associated host protein in

viroid-infected tomato. Physiol. Plant Pathol. 24:257-275. 1984.

Owens, R. A. and Diener, T, O. Sensitive and rapid diagnosis of viroid diseases and

viruses. U.S. Patent No. 4,480,040 (1984).

DESCRIPTION OF SCIENTIFIC CONTRIBUTION

Dr. Diener’s discovery and characterization of  the viroid is an outstanding

contribution to plant pathology, virology, and molecular biology. His discovery has

been compared to the recognition of bacteria as pathogens in the late 1800’s and

to the discovery of viruses at the turn of this century.

Viroid Discovery and Characterization

In 1963, when Dr. Diener began intensive studies on a transmissible disease of

potato, spindle tuber, all infectious diseases of plants and animals were believed to
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be caused either by microorganisms or by viruses; and viruses were universally

accepted as the smallest possible agents of such diseases. By 1971, however,

Dr. Diener’s work had revealed that the potato spindle tuber agent (PSTV) is

neither a microorganism nor a virus, but instead the first representative of a

previously unknown type of  pathogen, far smaller than any virus, for which

Dr. Diener proposed the term viroid.

His investigations showed that no viral nucleoprotein particles exist in infected

tissue and that the causal agent consists solely of a free RNA molecule that is

several times smaller than the smallest viral nucleic acids known. Dr. Diener’s

studies revealed that the viroid, despite its small size, could replicate autonomously

(i.e. without a helper virus) in susceptible cells and that PSTV consists of one

molecular species only. These findings seemed incompatible with tenets widely

held at the time by virologists and molecular biologists; and the demonstration,

in 1974, by Dr. Diener and collaborators, that PSTV does not act as a messenger

RNA in Cell-free protein-synthesizing systems further deepened the viroid

enigma.

Even today, no viroid-coded proteins have been detected by Dr. Diener or by

other investigators. It follows that viroids must trigger their detrimental effects, not

via pathogen-specific proteins, as is believed to be the case with most viruses, but

by direct interaction of the viroid with host constituents. This is one of the reasons

why viroids are so intriguing to the molecular biologist. As suggested by Dr. Diener

in 1971, viroids may attach to regulatory sequences on host DNA and thus interfere

with gene regulation. If  so, study of molecular aspects of viroid infection may help

solve the problem of gene regulation in higher organisms — one of the major

remaining problems of modern biology.

Viroid Purification and Molecular Structure

Although the infectious RNA was known to constitute only an exceedingly small

portion of total cellular RNA, application by Dr. Diener of sophisticated nucleic

acid separation and purification procedures led to its isolation and purification in

1972. In collaboration with colleagues, Dr. Diener succeeded in visualizing the

viroid, for the first time, by electron microscopy and to confirm its low molecular

weight by direct length measurements. Determination of the viroid’s thermal

denaturation properties confirmed that the RNA has a unique, previously unknown,

molecular stucture.

Viroid Replication and Pathogenesis

With this background firmly established, Dr. Diener initiated studies designed to

answer several puzzling questions posed by the existence of the viroid. Foremost

among these are the following:
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1) How can viroids replicate autonomously in susceptible cells even though they

contain only very limited genetic information and are not translated into viroid-

specific proteins?

2) What are the molecular mechanisms by which virolds cause diseases?

3) What did viroids originate from?

Dr. Diener, sometimes in collaboration with colleagues, greatly contributed toward

answers to these and other questions. His demonstration that viroid replication is

sensitive to actinoinycin D and, more recently, the finding in Dr. Diener’s laboratory

of  replication intermediates much larger than the viroid itself  are important

contributions toward the elucidation of viroid replication and have suggested a

model involving a rolling-circle type mechanism.

Molecular Probes

Dr. Diener’s laboratory was first in applying modern methods of recombinant

DNA technology to the viroid problem. Synthesis of viroid-complementary DNAs

(cDNAs) has yielded valuable probes with which to study viroid-specific molecular

events in infected cells. By insertion into bacteria, such DNAs can be produced in

any desired amounts. Of great importance is the recent demonstration, first made

in Dr. Diener’s laboratory and now confirmed by other investigators, that artificially

produced cDNAS representing the complete structure of PSTV are infectious

(exhibit #10). Because the DNA mirrors the structure of PSTV, the RNA transcribed

in susceptible cells from the DNA is identical with PSTV. Thus, plants into which

the DNA has been introduced, produce PSTV and display the characteristic symptoms

of PSTV infection. Recombinant DNA technology makes it now possible to modify

the recombinant DNA in various ways, to introduce precisely known nucleotide

exchanges, insertions, or deletions, or to produce chimeric viroids. Because each

DNA mutation is faithfully and predictably reflected in the transcribed RNA, these

experiments are apt to identify specific regions of the viroid molecule involved in

symptom formation, replication efficiency, or host specificity. Today, Dr. Diener’s

laboratory is in the forefront of these important investigations which, undoubtedly,

will permit us to correlate viroid structure with biological function and result in

the elucidation of the molecular mechanism of viroid pathogenesis. Most types of

symptoms of  viroid infection have their counterpart in plants infected by

conventional viruses, and vice versa, indicating that viroids and viruses may, in

many cases, affect the same or similar plant metabolic systems. Thus, it is likely

that results obtained with viroids will explain mechanisms of  virus, as well as

viroid, pathogenesis.

Viroid Origin

With the discovery of split genes and RNA splicing, it has been suggested (by

Dr. Diener and others) that viroids might have originated by circularization of
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intervening sequences (introns) that are spliced out of  precursor RNAs. The

identification, by Dr. Diener, of a region in the nucleotide sequence of PSTV that is

homologous with the 5’ end of small nuclear RNA Ui (which is involved in the

splicing of  nuclear mRNA precursors) lent credence to the possibility that viroids

represent “escaped introns”. Recently, again in Dr. Diener’s laboratory, striking

sequence similarities have been discovered between viroids and class I introns,

further supporting a possible intron origin of  viroids.

Control of Viroid Diseases

Although Dr. Diener’s laboratory is dedicated primarily to fundamental research,

application of newly acquired knowledge for the diagnosis and control of viroid

diseases has not been neglected.

Thus, when viroid-specific, cloned cDNAs became available in his laboratory,

Dr. Diener realized their potential usefulness as diagnostic tools for viroid detection

in crop plants. He was aware of the urgent need for greatly improved methods of

viroid detection, particularly for the large-scale screening for PSTV in seed potato

and foundation stocks. In collaboration with Dr. H. A. Owens of his laboratory,

Dr. Diener has developed a reliable, extremely sensitive, and specific diagnostic

procedure that is based on molecular hybridization of  radioactive PSTV-

specific cDNA to PSTV immobilized on nitrocellulose membranes, followed by

autoradiographic detection of the hybrids formed (exhibit #12). Ease of sample

preparation (no extensive purification is required) and rapidity of the procedure

make the test admirably suited for the assay of large numbers of individual samples.

Indeed, the test (which has been awarded a U. S. Patent) has revolutionized PSTV

diagnosis worldwide; and commercial kits for the detection of PSTV by variations

of  Dr. Diener’s method are today available from at least two biotechnology

companies. Furthermore, “dot blot” nucleic acid hybridization tests are now widely

used for the detection of viroids other than PSTV and, in preference over available

immunological procedures, even for the detection of certain conventional plant

viruses.

Although prevention rather than cure of plant diseases still is the rule, results

from Dr. Diener’s laboratory suggest entirely novel approaches to the problem,

including the possibility of permanently protecting plants from the damaging effects

of viroid infection.

Epilogue

Dr. Diener has now been active in plant pathological research for 35 years and has

published some 180 scientific papers, including many book chapters and one

book. He has long been a recognized authority in plant pathology and particularly

in plant virology. With his discovery of the viroid, Dr. Diener’s international
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recognition and stature have been extended to other areas of  science, such as

animal virology, molecular biology, veterinary and human medicine, and

microbiology. He has received numerous invitations to lecture at prominent research

centers, medical and veterinary schools, and institutes of molecular biology, in the

U.S.A. and abroad. He has received many awards, and has been elected as a member

of several honorary societies, such as the U. S. National Academy of  Sciences, the

American Academy of Arts and Sciences, and the German Academy of Natural

Scientists, Leopoldina.

Dr. Diener was actively engaged in research with his small research unit, to

remain in the forefront of fundamental research on viroids and viroid diseases.
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Dr. Ernest John Christopher Polge is renowned for his pioneering work on the

cryopreservation of living cells, such as sperm and in embryos. His work in this

area promoted the development of the science of cryobiology. During the last 30

years he has also contributed significantly to our understanding of embryonic

development, in vitro fertilization and embryo transplants. In addition, he led a

group to international recognition for pioneering techniques in cloning livestock

animals by embryo division and nuclear transfer, and initiated transgenic research

by insertion of gene constructs into pronuclei of recently fertilized eggs.

Throughout his career he has been concerned with the transfer and application

of science for the improvement of livestock production.

IN MEMORIAN1

Christopher Polge, who died on August 17 aged 80, attained scientific eminence at

a remarkably early age: his discovery, whilst still a doctoral student, of how to

preserve living cells and tissues at very low temperatures solved a long-standing

and intractable problem in biology.

This breakthrough not only formed the basis for the new science of cryobiology

but has also had profound and continuing practical implications for agriculture

and medicine.

1926–2006

Ernest John Christopher Polge
Biotechnology Cambridge Ltd., Cambridge

United Kingdom

k

1988 — for pioneering work in
reproductive physiology including
cell preservation, fertilization processes,
egg biology and embryo manipulations
for domestic animal improvement.

1Telegraph, UK — 11/09/2006.
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The key to cell survival during the freezing process was the discovery, by Polge

and his colleague Dr Audrey Smith, of  a class of  chemicals now known as

cryoprotective agents. Although the potential importance of cell preservation by

freezing had long been recognized, experiments in freezing living cells or tissues

had invariably resulted in their death.

It rapidly became clear from the work of Polge and Smith that many of the cell

types in the body had highly specific requirements for freezing and thawing. Polge

chose to focus on the preservation of sperm and eggs in mammals, and in 1950

produced the first chicks from eggs fertilized with frozen sperm.

Although these chicks were the first vertebrates to be produced in this way,

much greater acclaim followed Polge’s report two years later of high pregnancy

rates in cattle using sperm that had been frozen for periods in excess of a year.

These reports had far-reaching consequences for the future of artificial insemination

and genetic improvement in livestock.

Within 10 years virtually every cattle-breeding centre in the world had converted

to the use of frozen semen; Polge gave assistance and advice to these centres,

travelling throughout Britain and across the world, particularly in North and

South America.

In the early 1970s pig semen was successfully frozen in Polge’s laboratory, and

he finally felt that he had fulfilled his objective of developing methods for the

cryopreservation of semen from all the major species of livestock.

Ernest John Christopher Polge was born on August 16, 1926, the son of a

Buckinghamshire farmer. He was educated at Bootham School, York, then read

Agriculture at the University of Reading. After working briefly as an agricultural

economist he decided to follow his vocation as a research scientist.

Polge studied for his doctorate at the Division of Experimental Biology at the

National Institute for Medical Research at Mill Hill, London, before moving to the

Animal Research Station at Cambridge under Sir John Hammond.

Hammond’s method was to carry out rigorous fundamental science with a

view to embracing a practical outcome. This approach appealed to Polge, and was

to guide his research throughout his lifelong association with the Research Station,

which he was to lead for the last eight years of his career.

After his initial successes in the cryobiological field, Polge realised that the

freezing of embryos for use in embryo transfer programs offered the next practical

means of contributing to the improvement of livestock. He recruited Ian Wilmut

(later to lead the team which cloned Dolly the Sheep) to work specifically on the

problem of  the low temperature preservation of embryos.

A series of advances by this team resulted in the birth, in 1973, of  Frosty, the

first calf from a cryopreserved embryo. At that time it was not foreseen that

embryo freezing would find its greatest use in assisted human reproduction; rather

the focus was on the genetic improvement of livestock.
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As problems in the cryopreservation of gametes were solved, Polge concentrated

on other methods of improving livestock production. He became an international

authority on reproductive biology and was in the forefront of new developments

in artificial insemination, control of the reproductive cycle, embryo transplantation

and in vitro fertilization in the pig.

In his final years as head of the Animal Research Station he fostered and

encouraged projects aimed at the production of chimaeras and identical offspring

in domestic animals. Success in these programs provided the foundation for

subsequent progress in cloning and in the production of transgenic animals.

Polge published more than 160 papers. In addition to his research, he taught at

Cambridge University, becoming an honorary professor and a fellow of Wolfson

College. He was a member of many national and international bodies.

He was generous in sharing research ideas with his colleagues, his many students

and his visitors from overseas. Even when he became head of the Animal Research

Station he never allowed himself  to become tied down by administration, instead

spending as much time as possible in his laboratory or with his experimental

animals.

After his retirement from the Animal Research Station in 1986 Polge co-founded

Animal Biotechnology Cambridge, a commercial enterprise set up to bridge the gap

between research discoveries and their conversion into profitable agricultural

products and practices.

Polge was elected to the Royal Society in 1983 and was appointed CBE in

1992.

He was elected to the United States Academy of Sciences as a foreign associate.

BIOGRAPHICAL DATA

Date and place of birth: 16 August 1926 - Jordans, Buckinghamshire

Education and positions held:

1940-1944 - Bootham School, York

1944-1946 - University of Reading, B.Sc. (Agriculture)

1947-1948 - Staff member, Department of Agricultural Economy, University of

Bristol

1948-1954 - Staff member, MRC National Institute for Medical Research, London

1953 - Ph.D., University of  London

1954 - Animal Research Station, Cambridge

1972 - Senior Principal, Scientific Officer (special merit), ARS, Cambridge

1979-1986 - Officer-in-Charge, ARS, Cambridge

Since 1986 - Scientific Director, Animal Biotechnology Cambridge Limited
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Honors and Awards:

1969 - John Scott Award, City of Philadelphia

1971 - Sir John Hammond

Memorial Prize, British Society of Animal Production

1983 - Fellow of The Royal Society

1984 - Fellow of the Royal Agricultural Society of England

1986 - Honorary Associate of the Royal College of Veterinary Surgeons

1987 - Pioneer Award, International Embryo Transfer Society

BRIEF DESCRIPTION OF SCIENTIFIC CONTRIBUTION:

When Dr. Polge was elected a Fellow of the Royal Society in 1983 the citation read

- ‘distinguished for his pioneering work on cryopreservation of semen for artificial

insemination of  farm animals and later of  embryos for implantation by

synchronising oestrus. His work has revolutionised animal breeding throughout

the world’.

Certainly the discovery in the early 1950’s by Dr. Polge and his colleagues of a

method for the preservation of living cells at very low temperatures has led to

major developments. It has promoted the growth of what has become a new

science of cryobiology with practical application in various spheres in medicine

and agriculture. There is no doubt that the largest application has been in the

deep-freezing of semen for artificial insemination, particularly in cattle in which

the impact on breeding and livestock improvement has been very great. Dr. Polge

was concerned not only with the development of the basic principles of semen

preservation, but also with its application in Britain and elsewhere through active

collaboration with such organizations as the Milk Marketing Board and the Meat

and Livestock Commission.

During the last 30 years Dr. Polge’s work on reproductive physiology in farm

animals has also made important contributions in a number of  other areas. This is

particularly true in relation to pig breeding. He was responsible for the control of

reproductive cycles and carried out experiments on fertilization and early embryonic

development. More recently he has been concerned with embryo transplantation

and fertilization in vitro. The development of techniques for the preservation of

embryos at low temperatures is now being applied in a number of farm animal

species.

For seven years Dr. Polge was Officer-in-Charge of  the world famous Animal

Research Station, Cambridge, which became part of the present AFRC Institute of

Animal Physiology and Genetics. Under his leadership the Animal Research Station

pioneered techniques for cloning livestock animals by embryo division and nuclear

transfer and initiated transgenic research by insertion of gene constructs into

pronuclei of recently fertilized eggs. Since his retirement from the Institute in
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1986 he has continued at the Animal Research Station site as Research Director of

a new Biotechnology Company — Animal Biotechnology Cambridge Ltd — where

his expertise is being utilized to develop commercial applications of much of the

breeding technology developed under his earlier guidance.

Throughout his career Dr Polge has been concerned with the application of

science to the practice of animal breeding. He does not live in an ‘ivory tower’, but

is as much concerned with the practical problems of farming as with basic science.

This philosophy has led to close liaisons with the industry in matters concerned

with animal breeding and has often enabled applications derived from basic research

to be applied quickly and effectively as is evidenced by new developments in

artifical insemination and embryo transplantation. He has undertaken numerous

lecture tours in the United Kingdom and abroad. He is the United Kingdom

representative on the EEC committee concerned with the physiology of reproduction

in farm animals. He is a consultant to the Food and Agriculture Organization on

the conservation of genetic resources, a member of the Genome Specialist Group

of the International Union for the Conservation of Nature and advises the Technical

Committee of the Rare Breeds Survival Trust. He has previously been Secretary

and Chairman of the Society for the Study of Fertility, Chairman of the Society for

Low Temperature Biology and is presently Chairman of the Journals of Reproduction

and Fertility Ltd. He is also a member of the Society for Endocrinology, Society for

the Study of Animal Breeding, Society for Cryobiology, Research Defence Society

and the Royal Institution.

LIST OF SIGNIFICANT PUBLICATIONS

Storage of bull spermatozoa at low tamperatures. Vet. Rec. 62, 115-116 (1950).

(With A.U. Smith).

The immobilization of spermatozoa by freezing and thawing and the protective

action of glycerol. Biochem. J. 58, 618-622 (1951). (With J.E. Lovelock).

Low temperature storage of mammalian spermatozoa. Proc. R. Soc. Lond. B 147,

498-508 (1957).

Effective synchronisation of oestrus in pigs after treatmant with ICI compound

33282. Vet. Rec. 77, 232-236 (1965).

Synchronization of ovulation and artificial insemination in pigs. Vet. Rec. 83,

136-142 (1968). (With B.N. Day & T.W. Groves).

Cytogenetic analysis. of pig oocytes matured in vitro. J. Exp. Zool. 176, 383-396

(1971). (With R.W. McGaughey).

Recent progress in techniques for increasing reproductive potential in farm animals.

In Proceedings of the 3rd World Conference in Animal Production (Melbourne)

3, 6(a) 1-14 (1973). (With L.E.A. Rowson).

The viability of deep frozen cow embryos. J. Repro. Fert. 52, 391-393 (1978).

(With S.M. Willadsen & L.E.A. Rowson.).
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Fertilization in the pig and horse. J. Repro. Fert. 514, 46l-470 (1978).

Embryo transplantation in the large domestic species: applications and perspectives

in the light of recent experiments with eggs and embryos. J. R. Agric. Soc.

141, 115-126 (1980). (With S.M. Willadsen).

Embryo transfer and preservation. In Control of Pig Reproduction (ed. D.J.A. Cole

& G.E. Foxoroft), pp. 277-291. London: Butterworths (1982).

Analysis of slow-warming injury of  mouse embryos by cryomicroscopical and

physiochemical methods. Cryobiology 21, 106-121 (1984). (With W.F. Rall &

D.S. Reid).

How does embryo manipulation fit into present and future pig reproduction.

J. Repro. Fert. S33, 93-100 (1985).
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Professor Emeritus Charles Thibault is renowned for his pioneering research on
the maturation of the egg and its fertilization. In this regard he had a major role in
characterizing the control of meiosis in the egg and providing the first cytological
descriptions of fertilization events leading up to the first cleavage. His work
progressed from these studies to in vitro fertilization and the conditions for culturing
eggs, the study of sperm capacitation and gamete ageing in a number of different
species. The results of his work improved our understanding of embryonic mortality
differences among species, elevating conception rates and factors involved in the
successful use of in vitro fertilization. Throughout his career he has been recognized
for his leadership in reproductive biology.

BIOGRAPHICAL DATA

Date and place of birth: July 14, 1919, Paris.

Education and positions held:

1949 - Doctorat-es-Science, Paris
1944-1949 - Scientific assistant, C.N.R.S.
1948-1949 - Assistant, Assistant-Professor, University of  Paris
1950-1967 - Senior Scientist, I.N.R.A.
1962-1976 - Head of the Department of animal Physiology, INRA
1968-1987 - Professor of reproductive Physiology, University of  Paris

1919–2003

Charles Thibault
Universite de Paris VI, Paris, France

k

1988 — for pioneering work in
reproductive physiology including
cell preservation, fertilization processes,
egg biology and embryo manipulations
for domestic animal improvement.
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Professor Emeritus

1950-1978 - Member of the CNRS Scientific Committees (Biology, Physiology)

1954-1958 - Dean of the National Center of Zootechnical Research, INRA

1960-1964 - Adviser of the Prime Minister for Biology

1976-1979 - President of Ph.D. Grant Committee (Biology, Agriculture, Medicine)

1979-1981 - President of the CNRS

Since 1986 - President of the French Society for the Study of Fertility

Honors and Awards:

Academy of Sciences: Prix FOULON (Zoology), 1950

Prix SERRES (Agriculture), 1955

Prix FOULON (Agricultural Economy), 1962

Prix A. & J. D’ALSACE (Gynecology), 1972

John HAMMOND lecture, London, 1977

Marechall Medal, Cambridge, 1982

Prix de la Ville de Paris (biology), 1982

Prix de l’Assocjation Etude Endocrjnologie et Fertilité, Paris, 1987

Officier Legion d’Honneur; Commandeur Méite agicole, Palmes academiques, né le

l4 juillet 1919

Docteur es Sciences, Paris 1949

Fonction de recherches et d’enseignment

1944-1946 Attaché do Recherches. CNRS.

1947-1949 Assistant puis Chef de Travaux Université de Paris.

1950-1967 Maître puis Directeur de Recherches. INRA.

1962-1975 Chef du Département de Physiologie animale. INRA.

1967-1987 Professeur de Physiologie de la reproduction. Université Paris VI.

Professeur Emerite. Université de Paris VI.

Fonctions d’adminsitration de la recherche

1954-1958 Administrateur du Centre de Recherches de Jouy-en-Josas. INRA.

1960-1964 Membre du Comité consultatif  de la recherche (Premier Ministre).

1951-1963 Membre scientifique du Conseil économique et social.

1950-1979 Membre des Commissions de Biologie puis Physiologie. CNRS.

1976-1979 Président de Is Commission des Bourses de Theses (Biologie).

1979-1981 Président du CNRS.

1986 Président de Is Société Française pour I’Etude de Is Fertilité.
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Prix scientifiques

1950 Prix Foulon (Zoologie).

1955 Prix Serres (Agriculture).

1962 Prix Foulon (Economie rurale).

1972 Prix do la Société française do Gynécologie (Annie. Jean d’ALSACE).

1980 Marschall Medal.

1983 Prix do Biologie do la Ville do Paris.

1987 Prix do l’Association pour I’Etude do. I’Endocrinologie et do Is Fertilité.

Decorations

1975 Officier de l’Ordre du Mérite (1967) et do la Legion d’Honneur.

1976 Commandeur des Palmes Académiques (1974) et du Mérite Agricole.

DESCRIPTION OF SCIENTIFIC ACHIEVEMENTS

Charles Thibault has been trained for research in a marine laboratory in Marseille

and, after the war, in a Paris university laboratory.

First he studied mechanisms of color adaptation in fish (1,2,6,7) and then he

used the effect of the angle of a beam light on fish equilibration to explore the

color sensitivity of fish retina. His conclusions were very similar to those obtained

in other Vertebrates by electrophysiological approaches: the retina is more sensitive

in the wavelength ranges of 650 mµ (red) 530 mµ (green) and 450 mµ (bleu).

The overall sensitivity is greater in central retina (8, 11, 12, 37). He has always

remained interested in fish physiology and created in 1966 a research group on

freshwater fish reproduction which has later become a department of our Institute.

However the major part of his scientific activity has been focused on the Biology

and Endocrinology of domestic mammals. As soon as 1947, his first experiments

singled out the possibility to increase ovulation rate in sheep of whatever breed by

gonadotropins and to initiate a second pregnancy per year by combining steroids

and gonadotropins (15, 19, 20, 42, 44).

Studying with farmers the limiting factors in animal production he concluded

that: increase of  birth rates; control of  birth period; extension of  artificial

Insemination to sheep, goat and pig; possibility of a balance between milk yields

and meat production by Inducing twin or triplet pregnancies and improvement of

growth would be the keys to an industrialization of breeding at low cost. However

around the fifties the scarcity of the knowledge of domestic mammal physiology

did not allow his conclusions to be applied straightaway. Therefore he initiated

basic researches on gametogenesis and, estrous cycles and their neuroendocrine

regulations, on fertilization and embryonic development both in vivo and in vitro,

17_1988 Thibault.p65 17-Mar-09, 9:21 AM279



280 Wolf Prize in Agriculture

on mammary gland and lactation, on muscle and fat tissue differentiation, on
blood groups and finally on feeding and sexual behavior.

He has regularly reminded us that fundamental research is a prerequisite to
application provided that solutions to practical problems should remain the leading
strand (see ref. 57 and 131).

Results of research on domestic mammals proved to be very useful for the
understanding or treatment of human pathology, especially in reproduction. So he
has been solicitude many times to give lectures In gynecological meetings (91, 92,
95, 100,109, 115, 118, 126, 128, 129, 130, 137) and at present he is the President
of the French Fertility Society.

His list of publications is limited to his personal contribution yet he has
prompted research works in many fields. His main work on applied research
concerns estrous synchronization, super ovulation, induction of a double sexual
season in sheep and production culture and preservation of gametes and embryos,
(sheep, goat, bovine and rabbit) (13, 19, 20, 25, 26, 2?, 31, 32, 35, 39, 42, 43,
48, 51, 55, 71, 73, 74, 80, 89, 90, 102, 127).

His personal contribution to basic knowledge may be summarized as

-Egg maturation. He discovered that:

1) granulosa cells are responsible for the maintenance of the oocyte meiotic arrest
in the graafian follicle up to ovulatory gonadotropin discharge at estrus (86,
94, 99, 134);

2) meiosis resumption at estrus is only one aspect of the final oocyte maturation
since isolatedly cultured oocytes are unable to assume sperm nucleus
decondensation, although meiosis has normally resumed (87, 88, 105, 108).
Granulosa and cumulus cells are necessary for what he has called cytoplasmic
and membrane maturation of the oocyte. This conclusion has been confirmed
many times in bovine, sheep, pig, rabbit and human oocytes. In vitro production
of normal oocytes is possible either in the follicle (94, 97, 105, 106, 107, 111,
113, 114, 116, 117, 121, 134) or in the presence of granulosa cells (see
STAIGMILLER and MOOR, 1984; CROZET et al., 1987).

3) After ovulation the fertilizable life of oocytes depends on the species; in rabbit,
pig and probably man ageing of the cocyte occurs very rapidly in few hours
but, in sheep and bovine, oocytes remain fertilizable during at least one day. In
the first group of species when aged oocytes are fertilized, polyspermy and
digyny are very frequent. Consequently there is an increase of embryonic
mortality and artificial insemination must be performed in these species in
such a way that sperm can be present in the ampullary portion of the fallopian
tube at the time of ovulation.

-Fertilization process. He gave the first cytological descriptions of  natural
fertilization in rabbit, pig, sheep and bovine with the chronology of the successive
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events up to the first cleavage (39, 47, 59, 76), What is more, he obtained, with
his group, the first true in vitro fertilization in 1954 (45, 47, 53). The birth of
young rabbits in 1959 in USA (CHANG) and in Jouy en Josas in 1961 (61) has
testified to the “normality” of the experimental procedure. Later on, in vitro
fertilization has been extended to domestic mammals in England, in USA, in Canada
and in our Institute. Trials on practical application are now in progres in France.

He used the in vitro fertilization technique as a tool for the study of  sperm
capacitation, gamete ageing and the consequence of triploidy on subsequent
development (65, 66, 67, 76, 84, 85, 91, 99, 102). Triploid embryos (rabbit) or
parthenogenetically activated rabbit or sheep eggs are able to cleave but in no case
develop beyond implantation (10, 14, 23, 34, 36).

He studied the conditions of culture of rabbit, sheep, goat and bovine eggs
fertilized either in vivo or in vitro and was the first to observe that sheep, goat and
bovine egg development stops in culture after few cleavages whatever the medium
(43, 74) showing that fallopian tubes play a role in egg development in these
species but, the nature of the factors involved so far remains unknown.

-Other topics. He published papers on sperm survival in vitro (46, 48) but, above
all has been interested in sperm ascent in the female tract in relation to insemination
practice. He showed that insemination stress is able to postpone sperm ascent in
the ewe and that ocytocin stimulates sperm transport in unstressed ewes (75); as
ocytocin is released by cervical stimulation this hormone probably plays a
physiological role in female tract sperm transport after natural as well as artificial
insemination. He demonstrated that in the cow, after mating, spermatozoa are
present in the ampullary portion of the oviduct only 8 hours after natural mating
and that in lower isthmus and uterotubal junction polynuclear cells and
inacrophages are normally absent. This region, and not the cervix as generally
assessed, is the reservoir from which the fertilizing sperm moves to the ampulla
(95, 98, 101, 104, 135). This conclusion fits well with the more recent observations
in rabbit, sheep, hamster and bats.

We must also mention his enlightening participation in the studies of the role
of the photoperiodism on sexual activity and mainly on spermatogenesis (50, 52,
54, 69, 73). He gave a general survey on the importance of photoperiodism in the
reproduction of domestic and wild mammals, mainly based on the results of the
Department of Physiology in Jouy en Josas (73) and this paper has remained a
reference.

During the past twenty years he has been Professor of Reproductive Physiology
in Paris VI University. He has trained many hundred students, Biologists,
Veterinarians, Agronomists and Physicians. Nany of  them are now in applied or
basic research teams in medicine, agriculture and biology. Five of them are university
professors. He has been a jury member at more than 300 PhD. He has published
three books and contributed to many others.
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LIST OF SIGNIFICANT PUBLICATIONS

1947. - Superfecondité experimentale chez la Brebis. (+M. LAPLAUD), C.R. Acad.
Sci. 224, 1786-1788.

1948. - Possibilité d’une gestation supplémentaire chez la Brebis (+M. LAPLAUD
et R. ORTAVANT), C.R. Acad. Agric., 34, 1-5.

- L’électroéjaculation chez le Taureau. Techniques et résultats (+M. LAPLAUD
et R. ORTAVANT), C.R. Acad. Sci., 226, 2006-2008.

1949. - L’oeuf des Nammifères. Son développement parthénogènétique (first Thesis),
Ann. Sci. Nat. Zool. 11, 1436-219.

- Action de la lumière cur la posture des poissons Tèlèostéens. Son utilisation
pour 1’étude de la vision. (2d Thesis) Archiv. Physiol. 3, 101-124.

1953. - Recherches expérimentales sur le role de la progesterone dans la cycle
sexual de la Brebis et de la Chèvre (+L. DAUZIER, S. WINTENBERGER).
Ann. Endocrinol., 14, 553-559.

1954. - La fècondation in vitro de l’oeuf  de la lapine (+L. DAUZIER at
S. WINTENBERGER), C.R. Acad. Sci. 238, 644-845.

1962. - Endocrine factors in the survival of spermatozoa in the female reproductive
tract (+ R. NOYES), Fert. Steril., 13, 346-365.

1966. - Regulation of breeding season and estrous cycles by light and external
stimuli (+ N. COUROT et al). J. Anim. Sci., 25, suppl. 119-139.

1969. - In vitro fertilization of the mammalian egg , In “Fertilization”, Vol. 2,
NETZ C.B., MONROY A. Eds, Acad. Press, N. Y. 405-435.

- Recherches expérimentales sur la maturation in vitro des ovocytes
de truie et de veau (+D. FOOTE), Ann. Biol. Anim. Bioch. Biophys. 9,
329-349.

1972. - Final steps of mammalian oocyte maturation and fertilization of rabbit
and cattle oocytes. In: “Oogenesis”. BIGGERS, J., SCHUETZ, A. W. Eds.
Univ. Park Press, Baltimore, 397-411.

1973. - In vitro maturation and fertilization of rabbit and cattle oocytes. In “The
regulation of mammalian reproduction” SEGAL S.J. et al, Eds, 231-46.

- Cytoplasmic and nuclear maturation of rabbit oocytes in vitro. Ann. Biol.
Anim. Bioch. Biophys., 13 (suppl.), 145-156.

- Sperm transport and storage in Vertebrates. J. Repr. Fert.18, 39-53.
1975. - Transport and survival of  spermatozoa in cattle (+M. GERARD at

Y. HEYMAN). In “The biology of the spermatozoa” HAFEZ E. et al, Eds,
156-165.

1977. - Are follicular maturation and oocyte maturation independent processes?
J. Reprod. Fertil. 51, 1-15.

1978. - Permeability of ovarian follicle; corona cell-oocyte relationship in mammals
(+SZOLLOSI D., GERARD M., MENEZO Y.) Ann. Biol. Biochem. Biophys.
511-521.
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1985. - Le corps jaune (+LEVASSEUR M.C.) Gynecologie, 36, 265-272.
1987. - Catecholamines within the rabbit oviduct at fertilization time. (+C.

KATCHADOURIAN, KENEZO Y., GERARD M.), Human Reprod. 2, 1-5.
- Fécondation in vitro d’ovocytes bovine maturés in vivo ou in vitro. (+B. LE

GUIENNE) Coll. Soc. fr. Etude Fertil., 25, 145-150.
- Nammalian oocyte maturation (+SZÔLLÖSI D.,GERARD M.), in press.

Books: Bases physiologiques de la contraception (+M.C. LEVASSEUR), 1967, Doin,
Paris. - La fonction ovarienne (+M. C. L.), 1979, Masson, Paris. - De la puberté à
la sénescence (+M.C.L.), 1980, Masson, Paris.

Chapters: 3 in “Traité de Zoologie” GRASSE P. Ed. 1969, Masson, Paris; 2 in
“Reproduction in Farm Animals” HAFEZ E., Ed., 1974, 80, Lea Febiger, Philadelphia,
and some others.
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Narrative curriculum vitae for Professor P.M.Biggs CBE, DSc, Ph.D, CBiol,

FIBiol, FRCPath, FRCVS, FMed Sci, FRS.

After schooling in England and the USA Professor Biggs joined the Royal Air Force

in 1944 and spent the first six months of his service at the Queen’s University,

Belfast reading physics and engineering. On demobilisation in 1948 he entered the

Royal Veterinary College. London and graduated in veterinary science and as a

veterinary surgeon in 1953. He then took a PhD on the subject of lymphoid tissues

in the domestic chicken at Bristol University where he subsequently joined the

staff of  the Veterinary School in 1955 as a lecturer in Clinical Pathology during

which time he started studies on the avian leucosis complex. In 1959 he moved to

the Houghton Poultry Research Station to form and Head a unit to study the

economically important lymphoid tumour conditions of the domestic fowl. He

built and led a group that established that there were two important lymphoid

tumour conditions of the fowl. One that had been shown in the USA to be caused

by what is now known as a retrovirus, now called lymphoid leucosis, and a second,

which he termed Marek’s disease after the Hungarian veterinary pathologist who

first described the disease, which was shown by the group to be caused by an

highly cell associated herpesvirus. Subsequently they developed an effective vaccine

Peter M. Biggs
AFRC Institute for Animal Health, Huntingdon

United Kingdom

k

1989 — for distinguished contributions
to basic science and its successful
translation into practice in the fields
of animal health and crop protection.
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against this serious tumour condition. This was the first vaccine effective against a

tumour in any species. Professor Biggs also contributed with his colleagues to

knowledge of the genetic control of resistance and susceptibility to infection with

retroviral tumour viruses of the fowl. He also described a novel disease in turkeys

which he named lymphoproliferative disease which he and colleagues showed was

caused by a retrovirus. Professor Biggs has published over 130 papers mainly on

viruses and poultry disease.

In 1971 Professor Biggs was appointed Deputy Director of Houghton Poultry

Research Station and its Director in 1974. During his Directorship he encouraged

the use of molecular biological techniques for the studies of avian disease pathogens

and appointed a number of molecular biologists to the staff of the Station. His

described a novel lymphoproliferative disease in turkeys and he and his research

group defined its retroviral cause.

On the re-organisation of the AFRC Institutes in 1986 he was appointed AFRC

Director of Animal Health charged with the remit of forming an Institute for

Animal Health comprising the former Animal Virus Research Institute, Pribright,

Houghton Poultry Research Station, Institute for Research on Animal Diseases,

Compton and the Neuropathogenesis unit in Edinburgh. He retired from this post

in 1988.

Between 1988 and 1994 he was an Andrew D. White Professor-at-Large at

Cornell University, Ithaca, N.Y. USA. and has been a Visiting Professor in Veterinary

Microbiology at the Royal Veterinary College, London University since 1982.

Professor Biggs is a Fellow of the Royal College of Veterinary Surgeons, founding

Fellow of the Academy of Medical Science, Fellow of the Royal College of Pathologists

and has been a Fellow of  the Institute of Biologists since 1973 and was its President

from 1990 to 1992. He has been President of the British Veterinary Poultry

Association, the World Veterinary Poultry Association, The International Association

for Comparative Research on Leukaemia and Related Diseases and a Vice President

of the British Veterinary Association.

He has been a member of a number of Government and other Committees and

Working Groups including the Ashby Working Party on Genetic Manipulation in

Micro-organisms, the AFRC/ADAS Working Party on Animal Disease Research in

the United Kingdom, the Virus Working Group of the Advisory Committee on

Genetic Manipulation, Advisory Committee on Dangerous Pathogens chairing its

Working Group on the handling of Transmissible Spongiform Encephalopathies,

the Veterinary Products Committee, the Royal College of  veterinary Surgeons’

Committee of Enquiry into Veterinary Research. He also chaired Visiting Groups to

the Ministry of Agriculture, Fisheries and Food Poultry Unit at the Experimental

Husbandry Farm, Gleadthorpe, the Pig Unit at the Experimental Husbandry Farm,

Terrington and the Central Veterinary Laboratory, Weybridge.
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Professor Biggs has received an Honorary Doctorate of Veterinary Medicine

from the Ludwig-Maximilian University, Munich, Germany, Honorary Doctorate

of the University of Liège, Belgium, and the Joszef Marek Memorial Medal from

the Veterinary University of Budapest, Hungary. He was elected a Fellow of the

Royal Society in 1976 and an Honorary Fellow of the Royal Agricultural Society of

England 1986. He was created a Commander of the Order of  the British Empire

(CBE) in 1987. He has been presented with the Tom Newman Memorial Award for

Poultry Husbandry Research by the Poultry Association of  Great Britain, the

Chalmers Watson Turkey Award of  the British Turkey Federation, the Poultry Stock

Association Distinguished Service to the Poultry Industry Award, the J.T. Edwards

Memorial Medal of the Royal College of Veterinary Surgeons for outstanding work

in the fields of pathology and virology, the Dalrymple-Champneys Cup and Medal

and the Chiron Award of the British Veterinary Association, the Bledisloe Veterinary

Award of the Royal Agricultural Society of England, the Wooldridge Memorial

Medal of the British Veterinary Association and the Gordon Memorial Medal and

in 1989 he was awarded The International Wolf Foundation Prize in Agriculture.

Until 2007 he was Chairman of The Scientific Advisory Committee of the

Animal Health Trust and Vice Chairman of its Executive Committee. He is currently

a Trustee and Chairman of the Gordon Memorial Trust, a Trustee and Chairman

of the British Egg Marketing Board Research and Education Trust, Chairman of

the Committee of Management of  the journal Avian Pathology and the Houghton

Trust, Vice Chairman of the Council of the Royal Veterinary College and  a member

of the Poultry Sector Board of Assured Chicken Production and Chairman of its

Technical Advisory Committee.

LIST OF PUBLICATIONS

Scientific papers

KING, A.S. and BIGGS, P.M. (l955) Experimental observations on the respiration

through the humerus of Gallus domesticus. J. Anat. (Lond.), 89: 567-568.

BIGGS, P.M. (1956) Lymphoid haemopoietic tissue. Vet. Rec., 68: 525-526.

BIGGS, P.M. (1957) The association of lymphoid tissue with the lymph vessels in

the domestic chicken (Gallus domesticus). Acta Anat., 29: 36-47.

KING, A.S. and BIGGS, P.M. (1957) General anaesthesia in Gallus domesticus for

non-survival laboratory experiments. Poult. Sci., 36: 490-495.

BIGGS, P.M. and KING, A.S. (1957) A new experimental approach to the problem

of the air pathway within the avian lung. J. Physiol., 138: 282-299.

BIGGS, P.M. and PAYNE, L.N. (1959) Cytological identification of proliferating

donor cells in chick embryos injected with adult chlcken blood. Nature, (Lond.),

184: 1594.
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BIGGS, P.M. and PAYNE, L.N. (1961) Pathological changes following the inoculation

of chick embryos with adult cells. 1. Spleen cells. Immunology, 4: 24-37.

BIGGS, P.M. and PAYNE, L.N. (1961) Pathological changes following the inoculation

of chick embryos with adult cells. 2. Blood cells. Immunology, 4: 38-48.

BIGGS, P.M. (1962) Some observations on the properties of cells from the lesions

of Marek’s disease and lymphoid leukosis. Proceedings of the 13th Symposium

of the Colston Research Society on Animal Health and Production, pp. 83-99.

Butterworth, London.

BIGGS, P.M. and PAYNE, L.N. (1963) Transmission experiments with Marek’s disease

(fowl paralysis). Vet. Rec., 75: 177-179.

BIGGS, P.M. and PAYNE, L.N. (l963) Some properties of the agent of Marek’s

disease (fowl paralysis, neuro-lymphomatosis). Proceedings of the International

Symposium on Comparative Leukemia, IV, 2. Hannover.

PAYNE, L.N. and BIGGS, P.M. (1964) Differences between highly inbred lines of

chickens in the response to Rous sarcoma virus of  the chorio-allantoic

membrane and of  embryonic cells in tissue culture. Virology, 24: 610-616.

PAYNE, L.N. and BIGGS, P.M. (1964) A difference in susceptibility to lymphoid

leukosis virus and Rous sarcoma virus between cells from two inbred lines.

Nature (Lond.), 203: 1306-1307.

PAYNE, L.N. and BIGGS, P.M. (1964) Transmission experiments with Marek’s disease

(fowl paralysis) and lymphoid leukosis. World’s Poultry Science Journal,

20: 284.

Biggs, P.M. and Payne, L.N. (1964) The relationship of Marek’s disease (neuro-

lymphomatosis) to lymphoid leucosis. National Cancer Institute Monograph,

17: 83-98

BIGGS, P.M., PURCHASE, H.G., BEE, B.R. and DALTON, P.J. (1965) Preliminary

report on acute Marek’s disease (fowl paralysis) in Great Britain. Vet. Rec.,

77: 1339-1340.

PAYNE, L.N. and BIGGS, P.M. (1965) Effect of lymphoid leucosis virus on the

response of the chorio-allantoic membrane to Rous sarcoma virus. Virology,

27. 621-622

PAYNE, L.N., BIGGS, P.M., CHUBB, R.C. and BOWDEN R.S.T.(1966) Contamination

of egg-adapted canine distemper vaccine by avian leucosis virus. Vet. Rec.,

78: 45-49

HARRIS, R.J.C., DOUGHERTY, R.M., BIGGS, P.M., PAYNE, L.N., GOFFE, A.P.,

CHURCHILL, A.E. and MORTIMER, R. (1966) Contaminant viruses in two live

virus vaccines produced in chick cells. J. Hyg. Camb., 64; 1-7.

PAYNE, L.N. and BIGGS, P.M. (1966) Genetic basis of cellular susceptibility to

the Schmidt-Ruppin and Harris strains of Rous sarcoma virus. Virology, 29:

190-198.

OWEN, J.J.T., MOORE, M.A.S. and BIGGS, P.M. (1966) Chromosome studies in

Marek’s disease. J. natn. Cancer Inst., 37: 199-209.
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KENZY, S.G. and B1GGS, P.M. (1967) Excretion of the Marek’s disease agent by

infected chickens. Vet. Rec., 80: 565-568.

BIGGS, P.M. and PAYNE, L.N. (1967) Studies on Marek’s disease. I. Experimental

transmission. J. natn. Cancer Inst., 39: 267-280.

PAYNE, L.N. and BIGGS, P.M. (l967) Studies on Marek’s disease. II. Pathogenesis.

J. natn. Cancer Inst., 39: 281-302.

CHURCHILL, A.E. and BIGGS, P.M. (1967) Agent of Marek’s: disease in tissue

culture. Nature (Lond), 215: 528-530.

PURCHASE. H.G. and BIGGS, P.M. (1967) Characterization of five isolates of Marek’s

disease. Res. vet. Sci., 8: 440-449.

BIGGS, P.M., THORPE, R.J. and PAYNE, L.N. (1968) Studies on genetic resistance to

Marek’s disease in the domestic chicken. Brit. Poult. Sci., 9: 37-52.

PURCHASE, H.G., CHUBB, R.C. and BIGGS, P.M. (1968) Effect of lymphoid leucosis

and Marek’s disease on the immunological responsiveness of the chicken.

J. natn. Cancer Inst., 40: 583-592.

CHUBB. R.C. and BIGGS. P.M. (1968) Neutralization of Rous sarcoma virus. J. gen.

Virol., 3: 87-96.

LONG, P.L., KENZY, S.G. and BIGGS, P.M. (1968) Relationship between Marek’s

disease and coccidiosis. I. Attempted transmission of Marek’s disease by avian

coccidia. Vet. Rec., 83: 260-262.

BlGGS, P.M., LONG, P.L., KENZY, S.G. and ROOTES, D.G. (1968) Relationship between

Marek’s disease and coccidiosis. II. The effect of Marek’s disease on the

susceptibility of  chickens to coccidial infection. Vet. Rec., 83: 284-289.

EPSTEIN, M.A., ACHONG, B.G., CHURCHILL, A.E. and BIGGS, P.M. (1968) Structure

and development of a herpes-type virus of Marek’s disease. J. natn Cancer

Inst., 41: 805-820.

CHURCHILL, A.E. and BIGGS, P.M. (1968) A herpes-type virus isolated in cell

culture from the tumours of chickens with Mareik’s disease. II. Studies in

vivo. J. natn. Cancer Inst., 41: 951-956.

BIGGS, P.M., CHURCHILL, A.E., ROOTES, D.G. and CHUBB, R.C. (1968) The etiology

of  Marek’s disease - an oncogenic herpes-type virus. In: Perspectives in
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Dr. Michael Elliot has demonstrated scientific vision in the field of crop protection

against insects. In the 1940’s he recognized that the naturally occurring insecticidal

compounds of  plant in the Composite (Sunflower family) Chrysanthemum

cinevariaefolium known as pyrethroids had important crop protective potential

but suffered from serious disadvantages of lack of  potency, stability and selectivity.

He, therefore, embarked on an imaginative program for the development of synthetic

analogues of the naturally occurring compounds and produced two, resmethrin

(1962) and bioresmethrin (1985) which had greatly enhanced potency and insect

specificity, combined with low mammalian toxicity. These compounds were

particularly effective for use in domestic and stored products, but were

photodegradable and therefore relatively ineffective under the field conditions. By

1973 Dr. Elliott had produced further analogues which combined crop surface

stability and insecticidal potency with exceptionally low mammalian toxicity; they

also had the advantage over the organochlorine insecticides of being readily

biodegradable in the soil without the formation of toxic residues. These compounds

have proved to be of enormous economic Importance in the protection of a very

wide variety of herbaceous and tree crops. At the fundamental level Dr. Elliott’s

work has made possible the establishment of  relationships between chemical

1924–2007

Michael Elliott
AFRC Institute of Arable Crops Research

Rothamsted, United Kingdom
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structure and insecticidal activity in pyrethroids; improved the understanding

of factors which determine photostability selectivity and mammalian toxicity

and provided a series of  steroisomers with contrasting insecticidal activities

which are proving to be powerful tools for neurophysiological “site of action”

studies.

CURRICULUM VITAE

BRIEF DETAILS OF CAREER

1935-1942 The Skinners Company’s School, Tunbridge Wells, Kent

1942-1945 University College, Southampton

1945-1948 Postgraduate research on the chemistry of the pyrethrins leading to

an external PhD of the University of London; 1945-6 at University

College, Southampton and 1946-8 at King’s College, London under

Professor S H Harper

1948 Appointed to Insecticides and Fungicides Department, Rothamsted

Experimental Station as Scientific Officer to study relationships

between molecular structure and biological activity

1953 Promoted to Senior Scientific Officer

1961 Promoted to Principal Scientific Officer

1970 Promoted to Senior Principal Scientific Officer (Individual Merit)

1969 & 1974 Visiting Lecturer, Division of Entomology, University of  California,

Berkeley, USA

1978 Visiting Professor, Imperial College of Science & Technology, London

1979 Promoted to Deputy Chief Scientific Officer (Individual Merit).

Appointed Head of Department of Insecticides and Fungicides and

Deputy Director, Rothamsted Experimental Station

1983 Resumed full-time research in the Department of Insecticides and

Fungicides

1984 Retired from staff of Rothamsted Experimental Station (30.9.1984)

1984-1985 Consultant on chemistry of  insecticides

1986-1988 Visiting Research Scientist Pesticide Chemistry and Toxicology

Laboratory, Division of Entomology, University of California at

Berkeley, CA 94720

1989-present Consultant on chemistry of insecticides (UK); Lawes Trust Senior

Fellow, Rothamsted Experimental Station

ACADEMIC, PROFESSIONAL AND TECHNICAL QUALIFICATIONS AND AWARDS

1945 BSc (Special) Chemistry (External, University of London)

1952 PhD (External, University of London)
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1971 DSc University of London

1975 Burdick and Jackson International Award for Pesticide Research

(American Chemical Society)

1977, 1980 ARC Awards to Inventors

1978 Second Holroyd Memorial Lecturer and Medallist, Society of Chemical

Industry, London

1978/9 John Jeyes Medallist and Lecturer of the Chemical Society, London

1979 Elected to Fellowship of the Royal Society of London

1982 Appointed Commander of the Order of the British Empire

1982 Royal Society Mullard Medallist*

1983 Awarded La Grande Medaille de la Societe Francaise de Phytiatrie et

de Phytopharmacie

1984 Elected Fellow of King’s College, University of London

1984 Elected to Fellowship of the Royal Society of Chemistry

1984 Received the first Royal Society of Chemistry Fine Chemicals and

Medicinals Group Award

1985 Awarded Honorary Doctorate of  Science by the University of

Southampton

1986 British Crop Protection Council Medal for outstanding service to

British Crop Protection

1988, 1992 BTG Awards to Inventors

1989 Awarded Wolf Foundation Prize in Agriculture

1989 Awarded Prix de la Fondation de la Chimie, Paris

1993 Awarded Environment Medal of the Society of Chemical Industry,

London

1996 Elected a Foreign Associate of the National Academy of Sciences,

USA

*The Royal Society Mullard Award is awarded in recognition of  outstanding contributions to the

advancement of  science or technology leading directly to national prosperity in the United Kingdom.

OTHER RELEVANT INFORMATION

1976 Rothamsted Experimental Station received a Queen’s Award for

Technological Achievement for work on first generation Pyrethroid

Insecticides (NRDC 104, 107)

1978 Research team at Rothamsted Experimental Station received the UNESCO

Science Prize, a biennial award, for developing pyrethroid insecticides

1980 Rothamsted Experimental Station received a second Queen’s Award for

Technological Achievement for work on second generation Pyrethroid

Insecticides (NRDC 143, 149, 161)

Over 120 patents and applications in the field of insecticides.
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BRIEF DESCRIPTION OF SCIENTIFIC ACHIEVEMENTS

Protecting Food Production Safely

All forms of  food are subject to loss through competing organisms. These organisms

have to be controlled and, against a wide range of  crop pests and animal disease

vectors, the pyrethroids represent the most intrinsically benign and effective of the

available control agents. They also embody substantially enhanced compatibility

with integrated pest management systems over earlier pesticides. The pyrethroids

were developed principally through the scientific commitment of Michael Elliott

in transforming the low mammalian toxicity, but high insecticidal activity, of the

naturally-occurring pyrethrin insecticides into a new generation of  field-stable

insecticides.

After attaining his B.Sc. in 1945, Elliott chose for his Ph.D. to study the natural

pyrethrins, a group of  highly potent insecticides found in a daisy-like plant,

Chrysanthemum (Tanacetum) cinerariaefolium, but which lacked sufficient

chemical stability for field use. During this work, he became convinced of the

value of these compounds and of  the possibility of synthesising analogues with

even better properties, particularly stability in the field. It was therefore entirely

appropriate that he was appointed, in 1948, to the Department of Insecticides

and Fungicides (now the Department of  Biological Chemistry) at Rothamsted

Experimental Station (now Rothamsted Research) to establish relationships between

molecular structure and biological activity. Over a period of nearly 15 years,

Dr. Elliott collaborated with biologists in developing and applying a suitable insect

bioassay procedure to his compounds and, with outstanding dedication, pursued

his initially defined goal. At this time, he was the only chemist involved in the

project, and the disadvantages of the organochlorines and other types of insecticides

had not then become apparent. Nonetheless, he had sufficient confidence in his

own judgement not to allow the research to be diverted. Eventually, in 1962,

promising results were obtained. He then took the extremely far-sighted decision

to approach the National Research Development Corporation (now the British

Technology Group) with his proposals; financial support was granted and has

continued thereafter.

The team of chemists led by Elliott (never more than six in all) has made a

series of discoveries of enormous importance to world agriculture. Essential factors

for this success were Elliott’s constantly cheerful enthusiasm, his ability to get the

best from each individual, his good judgement and his insistence on the very best

equipment and apparatus for the group.

Resmethrin and bioresmethrin, with greatly enhanced potency against some

insect species and outstandingly low mammalian toxicity, were discovered in 1965.

In 1972/3, the NRDC-supported project led to a further series of  compounds

including permethrin, cypermethrin and deltamethrin, which proved to be markedly
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more stable in light and air, rendering them suitable for use in a wide range of

agricultural situations. In addition, they were highly active (deltamethrin is one of

the most potent insecticides known) and had the low mammalian toxicity generally

associated with pyrethroids. The first indications of all these favourable properties

were shown in experiments at Rothamsted (insecticidal activity and photostability)

and at the MRC unit at Carshalton and the University of California at Berkeley

(mammalian toxicity and metabolism), all initiated by Dr. Elliott at exactly the time

they were needed.

The natural pyrethrins are a mixture of six complex molecules, each containing

over fifty atoms arranged in structures with three chiral centres, and three

opportunities for additional isomerism. Despite this daunting complexity, Elliott

was able to establish which parts of  the molecule could be replaced, and to

determine the stereochemical features that control the shape of active analogues.

The culmination of this research was deltamethrin, a single crystalline isomer (of

the eight possible), in which well over half of  the structural features of the natural

pyrethrin molecule have been replaced by new groups. These pyrethroids,

particularly deltamethrin, have substantially enhanced compatibility with integrated

pest management (IPM) over the earlier organochlorines, organophosphates and

carbamates, and include safety to pollinators under prescribed conditions. The

advances are summarised in the following table:

Representative LD50 (mg/kg)

The research led by Dr. Elliott and the discovery of exceptionally effective

synthetic pyrethroids has been described as “a classic example of applied science”.

His modesty made him reluctant to accept another phrase frequently applied to

him: “The father of modern pyrethroids”. The international significance of the

work has been recognised in several important ways, the most prestigious being

the award to Rothamsted of the UNESCO Science Prize for 1978.

Elliott eagerly accepted the responsibilities that went with his success — to

respond to requests for information, to write reviews and to present lectures.

Compound

Aldicarb

(carbamate)

Dimethoate

(organophosphate)

Pyrethrins

Permethrin

Cypermethrin

Deltamethrin

Insects

10

15

0.2

~0.2

~0.06

~0.008

Mammals

10

550

900

~2,000

~500

~100

Safety Factor

1

37

4,500

~10,000

~8,000

~13,000

Persistence

weeks

weeks

hours

weeks

weeks

weeks

19_1989 Elliott.p65 06-Mar-09, 7:24 PM307



308 Wolf Prize in Agriculture

Many can confirm his willingness to help, either by telephone or by encouraging

visits to him at Rothamsted. His publication list and curriculum vitae indicate the

scope and number of reviews he has written, in addition to original research

papers, and his enthusiasm to travel to talk about his work.

Statement of Impact

Of a million insect species, approximately 10,000 can be regarded as pests, and

about 30% of all the food we grow feeds insects rather than people.1 Despite the

success of alternative control methods, the protection of world food production

continues to rely very heavily on insecticides. Consequently, much effort has been

expended towards developing safer and more effective insecticides. Insects, being

animals, have many physiological processes in common with ourselves, and it is

therefore technically extremely demanding to produce insecticides that are also

benign to human beings and other warm-blooded animals. The immense impact

of the pyrethroids was assured by their being so highly insecticidal and yet rapidly

detoxified by mammals. With the discovery of the field-stable pyrethroids, e.g.

permethrin, and subsequently those optically resolved such as deltamethrin,

commercial development followed rapidly. The compounds have proved to be

suitable for lepidopterous pests worldwide and also for a multiplicity of other uses

in agriculture, animal husbandry and horticulture, generally at extremely low dose

rates, down to 10 g/ha. They were swiftly accepted because, unlike DDT and other

organochlorines, they are readily metabolised to harmless products in biotic media

such as soil. The research provided a new group of insecticides which immediately

rivalled the organophosphates as leading products for commercial crop protection.

This was achieved at a time when new insecticides were urgently needed to replace

compounds that had properties no longer considered suitable, or to which insects

had become resistant.

Once the discoveries had been announced, they were eagerly taken up by

industry, initially by eight separate firms. Even today, much of Elliott’s chemistry

remains the basis for the modern pyrethroid industry. For example, deltamethrin is

produced, stereochemically pure, on an enormous scale (hundreds of  tons)

essentially by the originally published route (Hoechst  Roussel), and Shell (now

Cyanamid) have responded to Elliott’s constant stress on the importance of

stereochemical purity to reduce environmental loading by developing a two-isomer

form of  cypermethrin, again using similar chemistry. The immense impact of

Elliott’s work lies, therefore, not only in providing safer food protectants but also

in opening up the opportunity for discovering new and more acceptable insecticides

in a novel chemical class.

The new class of agricultural insecticides that resulted from Elliott’s work

remains important more than 20 years after their introduction. Pyrethroids currently

(1997) represent 19% of the total world sales of insecticide ($1,530M of $8070M).2
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Of the sales of pyrethroids, about 70% are used on food crops. Although generic

products have subsequently been developed, the Elliott compounds still comprise

about half of  the pyrethroid market and continue to be used extensively in

developing agricultural regions.*

Rarely in the field of agricultural pest control can one contribution have had

such a significant and lasting influence on food production. Dr. Elliott’s research,

combined with that of John E. Casida, undoubtedly constitutes a major contribution

to the efficiency and safety of  food production worldwide, whilst minimising

undesirable effects on the environment. The award of the Wolf Foundation Prize

in Agriculture is a fitting tribute to the outstanding scientific integrity he has

shown so clearly throughout the whole of  his career and his single-minded

determination to help in the never-ending quest for the increased availability of

healthy food.
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Professor Jozef Stefaan Schell played a key role in the development of Agrobacterium

and its Ti plasmid as a vector for inserting genes into plants.

His subsequent work has moved to the use of transgenic plants to bring a new

dimension into the study of  classical problems in plant physiology, particularly in

relation to hormone receptors and the mechanisms of hormone action.

Another particularly notable feature of Professor Schell’s work has been his

orchestration of collaborative efforts to spread the knowledge and use of these

techniques around the world.

The impact of his pioneering contribution and leadership is now beginning to

appear as companies are developing transgenic plants for pest and disease resistance

and for effecting a range of  compositional changes of  potential industrial

importance.

Ti-plasmid-derived genetic constructions are the only proven vehicles for the

introduction of foreign DNA into plants. The newly acquired DNA integrates into

the plant’s genome and becomes a stable constituent of the genetic make-up of the

transformed plant.

1935–2003

Jozef Stefaan Schell
Max-Planck-Institute for Plant Breeding

Cologne, Germany

k

1990 — for his pioneering work in
genetic transformation of plants,
thereby opening up new horizons
in basic plant science and breeding.
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Professor Schell’s studies and research work of over many years led to the

elucidation of  the molecular basis of  crown gall formation on plants by

Agrobacterium tumefaciens and the mechanism of DNA transfer to higher plants,

and formed the basis for the development of sophisticated vectors and methods for

the introduction of novel or modified genes into plants. These developments now

allow the stable introduction of desirable genetic traits into plants, also those of

agricultural interest. Furthermore, the techniques and vector systems originating

from this work are being used to study gene expression in higher plants, in response

to hormones, heat shock, pathogens, light and symbiotically nitrogen fixing bacteria

and in a tissue specific manner. This led to the identification of tissue specific

promoters which can be used to direct the expression of newly introduced genes

in the desired tissue (organ) of  the plant.

The work of Schell and his coworkers, therefore, represents a major contribution

not only to a scientific (molecular) understanding of gene transfer to and gene

expression in higher plants, but also offers major new tools for modern plant

breeding.
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- Elected Foreign Associate of the National Academy of Sciences (USA)
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- “Doctor Philosophiae Honoris Causa”, Tel Aviv University (Israel)

- Nomination as Editorial Board Member of  “Molecular Cell” (until

12/2001)

- “Première Grande Médaille d’Or de l’Academie des Sciences”, Paris (France)

1998 - “Japan Prize” for Biotechnology in Agricultural Sciences by the “Science

and Technology Foundation of  Japan”

- “Gulden Spoor” in de pijler Wetenschap en bedrijfsevenementen, Comité

2002 Vlaanderen-Europa, Brugge (Belgium)

Member of “Conseil National de la Science”, Ministère de l’Education

Nationale, de la Recherche et de la Technologie, Paris (France), 10/1998-

- Professeur honoraire, Collège de France, Paris (France), 10/1998-
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“Doctor of Science honoris causa”, University of  East Anglia, Norwich

(Great Britain), 07/1999
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Editor’s Choice

Transformation of Plant Science in Our Time—the
Contribution of Jozef S. Schell (1935–2003)

Editor’s note: Plant Physiology does not ordinarily pub-
lish obituaries, but is making an exception in this issue to
honor Jeff Schell for his enormous contribution to plant
science.

The ability to introduce genes into plant species has
revolutionized fundamental research and allowed for
the fastest development of new varieties in the his-
tory of commercial agriculture, as all readers must
know. This technology probably represents the most
significant breakthrough in plant breeding for the
20th century. The relatively small number of pioneers
of this new technology in plant science have been
honored by the scientific community, governments,
awarding foundations, and scientific academies.
With the recent passing away of Jozef (Jeff) Schell
(April 2003) , it is appropriate to recall his contribu-
tion. He played an enormous role in both the discov-
ery underlying Agrobacterium-mediated transforma-
tion, and the vision for how this technology could
and should change opportunities for humankind
forever.

Why was Jeff’s influence so noteworthy? There are
many reasons. He was an exceptional scientist: char-
ismatic, physically strong, visionary, adventurous,
and politically astute. He was an advocate for gov-
ernments and industries, and he had an immense
capacity for hard work. His vision ranged from a
comprehension of the intricacies of the wonderful
evolutionary process of Agrobacterium T-DNA
transfer, to a world where many plants used by peo-
ple could and would be improved as never before. As
the subject of plant genetic engineering matured, he
believed, and continuously emphasized to all, that
plant biotechnology was essential for our crowded
world in order to give everyone a reasonable stan-
dard of living and a sustainable environment.

Many research scientists who employ Agrobacte-
rium transformation routinely, and obviously the
millions who eat transgenic food or grow transgenic
cotton, do not necessarily know how the gene-
transfer discoveries were originally made and har-
nessed. Although many reviews have been written
on the subject, it is not widely appreciated that in the
1960s and 1970s Jeff Schell and his colleague Marc
Van Montagu in Gent, Belgium, worked as microbi-
ologists, as bacterial geneticists, and not as plant
scientists. However, they, like a few others, became
intrigued by the long-established evidence that some
soil bacteria provoked formation of cancerous tissues
on certain plant species. Their papers of the day
focused on bacterial genetics, with the discovery,
isolation, and mapping of plasmids and recognition

of different kinds of agrobacterial plasmids. They
described the production of different metabolites,
notably nopaline and octapine, by the tumors, and
eventually the transfer of T-DNA. Their fundamental
research was driven by questions in bacterial genetics
and the evolution of an extraordinary plant-microbe
interaction; one in which plant cells were induced to
proliferate, make, and excrete a metabolite that the
particular Agrobacterial strain was exquisitely capa-
ble of using as a nitrogen and carbon source and that
allowed it to compete more effectively with other
microbes. Plant genetic engineering did not emerge
as a topic until it was proven that bacterial T-DNA
was incorporated into plant chromosomes. Even
when this was proven, the job of genetically dissect-
ing the functions of the T-DNA, learning how to iso-
late the Ti plasmid, learning how to clone the DNA, to
create deletions, to recombine DNA into plasmids in
vivo, to introduce novel genes into T-DNA on the Ti
plasmid, and to shuttle DNA from E. coli to Agrobac-
terium were the stuff only bacterial geneticists could
work out. Almost no plant scientist had these skills at
the time. Jeff and Marc were the leaders in this new
field because they had created the opportunity, were
skilled in the thinking and the required techniques,
and most importantly, had the foresight to know what
was there to be discovered.

Jeff’s first publications in the late 1950s and early
1960s were concerned with carbon metabolism inwww.plantphysiol.org/cgi/doi/10.1104/pp.900084.

Jozef S. Schell (1935–2003)
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bacteria. These studies were followed by ones on
modifications of phages and restrictions by their
hosts. His first paper, coauthored with Marc Van
Montagu, on Agrobacterium-related DNA was pub-
lished in 1972 and focused on Agrobacterium phages.
With Rob Schilperoort, he described in 1973 the de-
tection of Agrobacterium DNA in sterile crown gall
tissue cultures. In 1974, his group showed that a large
plasmid of Agrobacterium was essential for crown
gall induction, and this was followed by a series of
papers on the plasmids. The isolation of the Ti plas-
mid was described in 1976, and this breakthrough
opened up many new opportunities to study its
DNA. By 1977, several groups including those of
Schell and Van Montagu in Gent, Mary-Dell Chilton
in Eugene Nester’s laboratory in Seattle, and Schilp-
eroort’s lab in Leiden were actively testing the idea
that the Ti plasmid of Agrobacterium might provide
a means of inserting genes into plants. In 1978, Jeff
and his colleagues (including Marc Van Montagu)
published 18 papers covering the origins of crown
gall by Ti plasmid transfer and the manipulation of
the Ti plasmid by various bacterial genetic tricks,
including transposon mutagenesis, cointegration,
and transfections to reveal more about the plasmid,
the genes it contained, and the requirements for
crown gall induction. In 1980 the Gent group pub-
lished 20 papers, many being symposium articles, to
get the Ti–plant cell transformation message out to
receptive scientists. By the time the seminal papers
were published in 1983, showing the expression of
novel chimeric genes introduced into plant cells us-
ing a Ti plasmid-derived vector, Jeff and his col-
leagues had published some 150 papers. Then fol-
lowed many details of the Ti plasmid genes, their role
in oncogenesis, and the behavior of these genes when
transferred into plants. Some 23 papers were pub-
lished in 1984 describing the development of useful
vectors and the transfer of several more foreign genes
into plants. During this time he also studied the Ri
plasmid, the equivalent of the Ti plasmid, in Agrobac-
terium rhizogenes and its function after transfer to
plants cells. Once the subject was truly well estab-
lished, the concept of plant genetic engineering be-
came a topic of worldwide debate, and the plant
scientific community embraced these technologies to
literally transform the whole field of plant science.
During this period, Jeff and many colleagues, includ-
ing students and postdocs, and collaborators in other
laboratories published a large number of papers (an-
other 449 until his death in 2003) on Ti plasmid
biology, transformation vectors, plant gene discovery
especially in Arabidopsis, promoter analyses, hor-
mone biology, Rhizobium genetics, and plant genetic
engineering.

The enormous number of papers that carried his
name, first from Gent and then from his very large
group in the Max Planck Institute for Plant Breeding,
Köln, Germany, are a witness to the huge contribu-

tion he and his colleagues made to the development
and propagation of plant transformation and molec-
ular genetics. However, the expansion of a technol-
ogy and its adoption into another area of science
worldwide takes not only skilled experiments and
provocative publications. It takes teaching of a vision
to scientists, research funding agencies, industries
and governments, and the training of a new genera-
tion of scientists. Jeff did all of this, unceasingly, for
twenty years. He had a major impact on students,
established scientists, plant breeders, industries,
funding agencies, governments, as well as scientific
societies and the general public. During the 1980s
and 1990s, he sustained a punishing schedule of lec-
tures around the world. In the 1980s he was sought
by nearly every plant molecular biology conference,
and he wanted to attend them all to learn, to teach, to
inspire, and to open up the practice of plant molec-
ular genetics.

If he gave much to plant science everywhere by his
teaching, he gave much to European science by ac-
cepting in 1978 the Directorship of the Max Planck
Institute for Plant Breeding Research in Köln, Ger-
many. This appointment gave Jeff the opportunity to
establish a very large team of scientists, to develop
the new approaches to plant science, and to train
students and postdocs. The position also gave him
enhanced authority to talk to European governmen-
tal agencies and the European Union (EU). In the
early years of plant genetic engineering, he also ad-
vised Monsanto, the company that was to become the
foremost crop genetic engineering multinational. He
also forged a long-term, mutually beneficial, relation-
ship between the Max Planck Institute and Bayer, a
company located close to the Max Planck Institute in
Germany.

Jeff was a true European. The EU started to offer
substantial funds for research in the 1980s, and Jeff
and colleagues at the Max Planck Institute in Köln
saw the value and necessity for this pan-European
resource to spearhead the research that could help
address the substantial agricultural, economic, and
environmental problems of the future. He taught and
lobbied EU scientific leaders about the new plant
science. To improve the funding and management of
EU plant science programs, the Max Planck Institute
and the John Innes Centre (Norwich, England) –the
two largest centers for plant molecular genetics in
Europe –formed a legal entity under Jeff’s chairman-
ship. Much was changed during the 1990s via this
organization and Jeff’s tireless and influential lead-
ership. He saw the needs of European and global
societies and was not afraid to articulate the oppor-
tunities, needs, and requirements for change to
anyone.

While being a Director of a team of well over 100
scientists, an international leader, and an advocate
for European science and plant molecular biology for
agriculture and the environment in general, Jeff

Editor’s Choice
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found time to do many of the ordinary things that
senior scientists do write and review grant proposals
and papers and mentor students and postdocs in his
laboratory. He was a senior editor of The Plant Jour-
nal from 1990 to 1998. He also held the great distinc-
tion of being the Chairman of the European Molecu-
lar Biology Organisation (EMBO) Council from 1990
to 1995. EMBO is an organization much revered in
Europe and via his service to EMBO, Jeff gave much
to molecular biology as a whole. Of course, he sat on
many boards and committees around the world to
give wisdom and guidance to those who sought to
further science and plant molecular biology in
particular.

Plant science is not renowned for having individ-
uals honored by science and society, but Jeff collected
many honors. He was elected to be a Foreign Asso-
ciate of the US National Academy of Sciences (1985),
of the Indian National Science Academy (1998), of the
Royal Swedish Academy (1989), and of the Hungar-
ian Academy of Sciences (1993). He won many key
prizes, including the Mendel-Medaille of the Deut-
sche Akademie der Naturforscher Leopoldina (1985),
the Otto Bayer-Preis of the Otto-Bayer-Stiftung
(1985), Prix Alexandre de Humboldt (1985), the Rank
Prize for Nutrition (1987), the IBM Europe Science
and Technology Prize (1987), the Wolf Prize in Agri-
culture (1990), Prix Charles Leopold Mayer of the
Academie des Sciences, Paris (1990), the Japan Prize
for Biotechnology in Agriculture Sciences by the Sci-
ence and Technology Foundation of Japan (1998),
Premiere Grande Medaille d’Or de l’Academie des
Sciences, Paris (1997), the Australia Prize of the Aus-
tralian Academy of Science (1990), Prix Charles
Leopold Mayer of the Academy des Sciences, Paris
(1990), the Hansen Gold Medal of the Emil Christian

Hansen Foundation, Denmark (1991), and the
Wilhelm-Exner-Medaille of Vienna (1995). Several
universities awarded him an honorary doctorate de-
gree, including the Hebrew University, Israel (1994),
Tel Aviv University, Israel (1997), University of East
Anglia, Norwich, United Kingdom (1997), and Uni-
versity Louis Pasteur, Strasbourg (1992). One of his
most treasured appointments was of Professeur
Honoraire, College de France, Paris (1998).

One cannot look at plant science journals today and
their back issues and not recognize that plant science
has been transformed since the early 1980s following
the activities of those few who believed that crown
galls held some valuable biological secrets. Jeff Schell
was very much at the helm as he went around the
world giving such transforming talks, stimulating so
many experiments, writing so many papers, inform-
ing politicians and industries, and taking the time
here and there to confront “the greens” and skeptics.
Two titles of his papers in recent years describe his
vision: “Progress in plant science is our best hope to
achieve an economically rewarding, sustainable and
environmentally stable agriculture” (1995) and “Crop
Biotechnology - a necessity for an environmentally
friendly and sustainable agriculture” (1995). Let us
hope that as we go forward, his vision will be
realized.
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CURRICULUM VITAE

Education

B.S. National Taiwan University (in Agricultural Chemistry) 1956

M.S. National Taiwan University (in Agricultural Chemistry) 1958

Ph.D. Utah State University (in Plant Biochemistry) 1962

Postdoctoral Work

University of California Davis (with Prof. P.K. Stumpt) 1962-63

New York University Medical School (with Prof. B.N. LaDu) 1963-64

University of California, San Diego (with Prof. AA. Benson) 1964-65

Research and Professional Experience

Assistant Biochemist (1966-1969), Associate Biochemist (1969-1974) to Professor

and Biochemist (1974 to date), Chairman (1989-1990), Department of Vegetable

Crops, University of California, Davis.

1932–2007

Shang Fa Yang
Professor of Vegetable Crops
UC Davis, California, USA

k

1991 — for his remarkable
contributions to the understanding
of the mechanism of biosynthesis,
mode of action and applications
of the plant hormone, Ethylene.
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Visiting Professor: University of  Konstanz, Germany, 1974; National Taiwan

University, Taipei, 1983; University of Cambridge, England, 1983; Nagoya University,

Japan, 1988-1989

Scientific Societies

American Society for Biochemistry and Molecular Biology, American Society of

Plant Physiologists, American Society for Horticultural Science, Phytochemical Society

of North America, International Plant Growth Substances Association.

Research Activities

Biosynthesis and biochemical action of ethylene in relation to plant senescence;

postharvest biochemistry of fruits and vegetables; interaction of ethylene and other

plant hormones on plant growth; biochemistry of sulfite and sulfur amino acids.

Honors

American Institute of Biological Sciences - Campbell Award, 1969

J.S. Guggenheim Fellow, 1982

International Plant Growth Substances Association Research Award, 1985

Member of the National Academy of Sciences, USA, 1990

Wolf Prize in Agriculture, 1991

University of California - Davis Faculty Research Lecturer, 1991

American Society for Horticultural Science Outstanding Research Award, 1992

Member of Academia Sinica, 1992

Professional Service

Editorial Board of Plant Physiology, 1974-1992

Associate Editor of Journal Plant Growth Regulation, 1981-1993

Editorial Board of  Plant and Cell Physiology, 1987-1991

Editorial Board of Plant Physiology and Biochemistry, 1988-1993

Editorial Board of Acta Phytophysiologica Sinica, 1988-1993

Source: the Academic Senate of the University of California.

IN MEMORIAM

Shang Fa Yang, Emeritus Professor at the University of California, Davis, passed

away suddenly and unexpectedly on February 12, 2007 at the age of 74. As the

discoverer of the pathway for the biosynthesis of ethylene and the namesake of  the

Yang Cycle for the regeneration of methionine that initiates this pathway, he leaves
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a legacy of notable contributions to plant biochemistry and to the University of

California.

Shang Fa Yang was born in 1932 in Taiwan where he received his B.S. and

M.S. degrees in Agricultural Chemistry from the National University in the late

1950’s. He received a scholarship to do graduate work at Utah State University and

received his Ph.D. there in 1962 in Plant Biochemistry. He then came to the

University of California, Davis, where he did postdoctoral work with Dr. Paul K.

Stumpf on higher plants lipid metabolism. Shang Fa was eager to see the East Coast

and obtained a fellowship at New York University Medical School where he met

his wife, Eleanor, who was studying accounting at NYU. One year later, he returned

to California and to plant biochemistry as a postdoctoral scientist at Scripps Institute

of Oceanography in La Jolla, CA.

In 1966, Shang Fa was hired as an assistant biochemist in the Department of

Vegetable Crops at the University of California, Davis. A strong advocate for his

hiring was Harlan K. Pratt, a pioneering researcher in ethylene physiology with

whom he initially shared a lab in the newly constructed Mann Laboratory. Shang

Fa’s early studies on ethylene were assisted by the homemade gas chromatograph

that Pratt had cobbled together. Although large and cumbersome, that instrument

could measure the parts-per-million concentrations of  ethylene produced by plants

and remained in use for over 35 years. Armed with this tool and his broad

knowledge of chemistry and biochemistry, Shang Fa set out to explore plant ethylene

biology.

Since 1934, when ethylene was conclusively shown to be produced by ripening

fruit, considerable effort had been expended to discover how the volatile hormone

was made in plants. The modern search for the ethylene biosynthetic pathway

began in 1965 when it was observed that plants converted methionine to ethylene.

This discovery led many scientists around the world on a quest to identify the

subsequent steps in the pathway. Shang Fa’s first paper on ethylene in 1966 (one

of more than 200 publications in his career) explored the intricacies of  an in vitro

model system for the generation of  ethylene from methionine, and his group

made many important contributions during this period. In 1977, Shang Fa and

his Ph.D. student, Douglas Adams, showed that methionine was converted to

S-adenosylmethionine (SAM) and that SAM was a precursor of ethylene. Doug

Adams also discovered that when tissues were kept under low oxygen conditions, a

treatment known to suppress ethylene biosynthesis and thereby promote postharvest

storage of fruits and vegetables, a metabolic intermediate accumulated. The pace

quickened and a real race ensued among various labs to identify the intermediate

between SAM and ethylene. This intensive effort culminated in 1979 when Adams

and Yang identified 1-aminocyclopropane-1-carboxylic acid (ACC) as the final

precursor of ethylene.
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Assays for ACC were quickly developed and physiological studies into the

regulation of ethylene biosynthesis accelerated. For example, Shang Fa’s group

demonstrated that under low oxygen conditions, such as root flooding, ACC could

accumulate and be transported in the xylem to the shoot and subsequently converted

to ethylene, serving as a translocatable signal of root stress to the shoots. His group

also discovered that ACC could be conjugated to malonate, resulting in an alternative

pool of ACC in plant tissues. It had been noted that methionine pools in plants are

too low to sustain the observed rates of  ethylene synthesis, but Shang Fa and his

students resolved this controversy by demonstrating that the methylthio group

released from SAM during the synthesis of ACC is recycled to replenish methionine

levels. The reactions of this recycling pathway were subsequently christened the

Yang Cycle in plant biochemistry texts. As the tools became available for cloning

and characterizing the genes responsible for the steps in ethylene biosynthesis,

Shang Fa contributed to many studies of the regulation of those genes in fruit

ripening, plant growth, wounding and stress responses. He wrote numerous reviews

and book chapters that defined ethylene biosynthesis and its role in plant biology

for a generation of students and researchers.

In all his work, Shang Fa continually linked his discoveries to practical

applications in postharvest biology and plant growth regulation. He used what he

knew about physiology to learn more about ethylene biosynthesis, and he applied

what he learned about ethylene biosynthesis to contribute to improvements in

postharvest storage conditions. He was known for his clarity of thought and the

ability to identify and design critical experimental tests of hypotheses. Shang Fa

always maintained an open mind and was willing to challenge accepted ideas, even

his own, when they proved untenable in the face of experimental data.

Shang Fa had an uncommon faith in humanity and urged his students to

always expect the best of people. The coupling of an affable nature and a genuine

concern for his students and colleagues enabled Shang Fa to assemble a powerful

and effective research group that shared his vision and strove to match his intensity.

He also developed an extensive and international network of friends and colleagues.

Despite his many honors, he remained humble and always willing to share credit

for the many discoveries coming out of his lab or to acknowledge the priority of

other groups.

Shang Fa figured prominently at many national and international research

conferences over the years and served on the editorial boards of leading journals

and as a member of several learned societies. He won many awards and honors,

including the Campbell Award of the American Institute of Biological Sciences in

1969, a Guggenheim Fellowship in 1982, the International Plant Growth Substances

Association Research Award in 1985, and the Outstanding Researcher Award from

the American Society of Horticultural Science in 1992. Shang Fa was named the

UC Davis Faculty Research Lecturer in 1992. In 1990 and 1992, he was elected to
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the National Academy of Sciences, USA and to the Academia Sinica, Taiwan,

respectively. In 1991, he received the prestigious international Wolf Prize in

Agriculture.

After taking early retirement from University of California in 1994, Shang

Fa served as Professor in the Department of Biology at Hong Kong University of

Science and Technology from 1994 to 1997, where he established an active

research group, and as a Distinguished Research Fellow and the Director of the

Institute of Botany at Academia Sinica, Taipei, Taiwan. From 1996 to 1999, he

was Vice President of  the Academia Sinica and directed its numerous research

institutes.

Shang Fa is survived by his wife Eleanor and two sons, Albert and Bryant, who

have pursued careers in engineering and chemistry, respectively. While future

plant biologists will know of Shang Fa through the Yang Cycle and his many other

contributions to our field, students and colleagues who were fortunate enough to

know him personally will also remember his humor, his humanity, and his sparkling

intellect.

Kent J. Bradford

Alan B. Bennett

John M. Labavitch

Mikal E. Saltveit
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Abstract

Shang Fa Yang was born in Taiwan in 1932. After receiving his B.S. and M.S. degrees in Agricultural Chemistry from the National Taiwan

University, he came to the United States in 1958 to pursue a Ph.D. degree at Utah State University. Following three postdoctoral years, he was hired

at the University of California, Davis, in 1966 where he was a biochemist and professor for 28 years. After retiring early from UC Davis, he

subsequently established a research program at the Hong Kong University of Science and Technology and served as Vice President of Academia

Sinica in Taiwan. Yang’s research achievements included discovering the biochemical pathway for the synthesis of ethylene by identifying the key

steps by which S-adenosylmethionine (SAM) is converted into 1-aminocyclopropane-1-carboxylic acid (ACC) and subsequently into ethylene.

Yang further demonstrated how the methylthio and ribose moieties from SAMwere recycled back into methionine in order to sustain high rates of

ethylene synthesis, as in ripening fruits. This recycling pathway is now known as the Yang Cycle. Yang also contributed to the isolation,

characterization and cloning of ACC synthase and ACC oxidase, the two enzymes in the ethylene biosynthetic pathway, and to the elucidation of

their structure and reaction mechanisms. He made important contributions to auxin, cytokinin, cyanide and sulfur metabolism in plants as well. His

work formed the basis for subsequent research that has established ethylene as the most thoroughly characterized of the hormonal biosynthesis and

signaling pathways in plants.

# 2008 Elsevier Ireland Ltd. All rights reserved.

Keywords: Shang Fa Yang; Ethylene; ACC; Yang Cycle

1. Introduction

Shang Fa Yang (Fig. 1) was born in Taiwan in 1932. He was

the youngest child of a large family (five elder brothers and six

elder sisters), and his father was a businessman involved in the

production maltose from sugarcane. He attended the National

Taiwan University and received his B.S. and M.S. degrees in

Agricultural Chemistry in 1956 and 1958, respectively. A

scholarship brought him to Utah State University to do graduate

work with G.W. Miller on the effects of fluoride on plant

biochemistry and metabolism [1]. Yang received his Ph.D. in

1962 in Plant Biochemistry and then accepted a postdoctoral

position with Paul K. Stumpf at the University of California,

Davis, where he worked on lipid biosynthesis in avocado fruits

[2]. He then accepted a postdoctoral fellowship with B.N. LaDu

at New York University Medical School in 1963–1964, where

he met his future wife Eleanor Liu who was studying

accounting there. He subsequently returned to California and

worked as a postdoctoral researcher with Andrew A. Benson at

Scripps Institute of Oceanography in La Jolla during 1964–

1965.

Yang was hired in 1966 as an assistant biochemist in the

Department of Vegetable Crops at the University of California,

Davis, to study the postharvest biochemistry of fruits and

vegetables. California ships fresh produce long distances to

markets in the eastern US and internationally, making

postharvest storage and physiology of fresh produce of

considerable importance to the state. He initially shared a

laboratory with Harlan K. Pratt, a pioneering researcher in

ethylene physiology, in the newly constructed Mann Labora-

tory, named after Louis Mann. This laboratory was built

specifically for postharvest biology studies and was well

equipped with controlled temperature chambers and gas flow

equipment. In addition, Pratt had custom-built one of the first

gas chromatographs that could measure ethylene in the parts-

per-million concentrations that are produced by plants. The

gaseous compound was found in the early decades of the 20th

century to hasten the ripening of fruits and to cause growth
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distortions in growing plants, generally associated with leaking

gas mains. However, research primarily at the Boyce

Thompson Institute in the 1930s showed that plants produce

ethylene and that it is broadly involved in regulating plant

growth and development, including seed germination, root and

shoot growth, responses to environmental stresses, flowering,

fruit ripening and senescence or death of plant tissues and

organs [3]. However, little was known about the pathway of

ethylene biosynthesis in plants, and armed with Pratt’s gas

chromatograph and his broad knowledge of chemistry and

biochemistry, Yang set out to explore plant ethylene biology.

2. Ethylene biosynthesis

Ethylene is a simple gaseous compound containing two

carbon and four hydrogen atoms and one double bond

(C2H4). At the time that Yang entered the field, Morris

Lieberman and others had evidence that amino acids,

particularly methionine, might be a precursor for ethylene

production [4,5]. Various in vitro systems were being used to

convert methionine and other potential precursors into

ethylene, and Yang contributed significantly to these studies,

using his knowledge of chemistry to explore different

reaction mechanisms [6]. He subsequently utilized both in

vitro and in vivo approaches to explore potential inter-

mediates of and mechanisms for the conversion of

methionine to ethylene [7,8]. He also studied the mechanism

of formation of ethylene from 2-chloroethylphosphonic acid

in plant tissues [9]. This compound, under the generic name

of ethephon, enabled the commercial application of ethylene

for agricultural purposes, as it is taken up by plants

and converted into ethylene. It has been widely used as a

Fig. 1. Portrait of professor Shang Fa Yang.
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fruit-ripening agent, to loosen fruits for harvest and for

defoliation of cotton before harvest [3].

Continuing studies on the biogenesis of ethylene showed

that methionine was converted to S-adenosylmethionine (SAM)

and that SAM was a precursor of ethylene. When apple tissues

were supplied with 14C-SAM under anaerobic conditions that

prevented ethylene formation, a labeled compound accumu-

lated in tissues [10]. This discovery stimulated active

competition among various groups to identify the unknown

intermediate between SAM and ethylene that culminated in the

identification by Adams and Yang of 1-aminocyclopropane-1-

carboxylic acid (ACC) as the final in vivo precursor of ethylene

(Fig. 2; [11]). Yang’s group quickly developed a sensitive assay

for ACC via its chemical conversion to ethylene [12], which

facilitated wide-ranging studies by his group on the regulation

of ACC and ethylene biosynthesis in plant growth, fruit

ripening, and stress responses [13–15].

The ethylene biosynthetic pathway requires only two

specific steps, the conversion of SAM to ACC and of ACC

to ethylene (Fig. 2), and attention quickly turned to the

identification of the enzymes responsible for them. Yang’s

group and that of Hans Kende at Michigan State University

soon reported the properties of 1-aminocyclopropane carbox-

ylate synthase, the enzyme responsible for the conversion of

SAM to ACC [16–18]. The subsequent cloning of ACC

synthase, in which the Yang, Kende and A. Theologis

laboratories were involved, is described in detail by Kende

[19]. Isolation of the ethylene-forming enzyme, or ACC

oxidase, was a more difficult task, as the enzyme appeared to be

membrane-associated and activity was lost upon cellular

disruption and fractionation. The gene coding for the enzyme

was eventually cloned by D. Grierson’s group based upon

expression of a ripening-related cDNA and demonstration that

its suppression blocked ethylene synthesis [19–21]. Yang

contributed to the characterization of the multiple alleles in the

ACC synthase and ACC oxidase families and to structure-

function studies of the reaction mechanisms of the two enzymes

[22–29].

3. ACC metabolism and the Yang Cycle

Ethylene synthesis exhibits multiple points of regulation,

including transcriptional control of multiple ACC synthase and

ACC oxidase genes and the activation state and/or stability of

the enzymes themselves [30]. For example, light, carbon

dioxide, oxygen, and water stress all influence the conversion of

ACC to ethylene [31]. The conversion of ACC to ethylene is

also stereospecific, as demonstrated by the differential

conversion of stereoisomers of 1-amino-2-ethylcyclopropane

carboxylic acid to 1-butene [32]. This provided an important

test for the enzymatic conversion of ACC to ethylene versus

non-specific chemical conversion [33] that was important in the

subsequent isolation and cloning of ACC oxidase [34,35]. In

addition to being converted to ethylene, Yang’s group

determined that ACC could be malonylated and that this pool

of conjugated ACC was largely unavailable for conversion to

ethylene (Fig. 2; [36]).

An early dilemma in ethylene biosynthesis was that

methionine pools were generally too low in plant tissues to

sustain the observed rates of ethylene synthesis. Some had

suggested that following ACC formation, the methylthio group

from methionine would be attached to an existing homo-

cysteine molecule to form a new methionine molecule, thus

recycling only the methylthio group. However, Yang’s and

Lieberman’s groups demonstrated that after ACC is released

from SAM, the methylthio group and the ribose moiety from

the remaining methylthioadenosine (MTA) are both recycled to

replenish methionine levels and sustain ethylene biosynthesis

[37–39]. This cycle has been christened the Yang Cycle in plant

biochemistry texts (Fig. 2; [40]).

4. Other activities and honors

While most widely known for his work on ethylene

biosynthesis and action, Yang also maintained active research

programs in other areas of plant growth and metabolism,

including on auxin metabolism and action [41–43], on

cytokinin action [44,45], on the biological effects of sulfite

and sulfur dioxide [46,47], and on cyanide generation and

metabolism in plants [48].

A theme throughout all of Yang’s work is a linkage to

practical applications in postharvest biology and plant growth

regulation. He applied his knowledge of ethylene biosynthesis

to contribute to improvements in postharvest storage conditions

[49–52]. Yang figured prominently at many national and

international research conferences and served on the editorial

boards of leading journals and as a member of several learned

societies. He won many awards and honors, including a

Guggenheim Fellowship in 1982, the International Plant

Growth Substances Association Research Award in 1985,

and the Outstanding Researcher Award from the American

Society for Horticultural Science in 1992. In 1992, he was

named the UC Davis Faculty Research Lecturer, the highest

honor given by that institution for excellence in research. He

was elected to the US National Academy of Sciences in 1990

and to the Academia Sinica, Taiwan, in 1992. In 1991, Yang

received the prestigious international Wolf Prize in Agriculture,

which many consider to be the ‘‘Nobel Prize’’ for agricultural

research.

After a distinguished career as professor and biochemist at

the University of California, Davis, Yang took early retirement

in 1994 to accept a Distinguished Professorship at the Hong

Kong University of Science and Technology, where he

established an active plant research group in the Department

of Biology. In 1995, he was recognized as a Distinguished

Research Fellow by the Institute of Botany of the Academia

Sinica in Taipei, Taiwan, and returned to Taiwan in 1996 to

serve as Vice President of Academia Sinica from 1996 to 1999.

In this position he directed its numerous research institutes,

including the establishment of a new Institute of Agricultural

Biotechnology (subsequently renamed the Agricultural Bio-

technology Research Center). In both Hong Kong and Taiwan,

Yang played important leadership roles in advancing plant

biology and agricultural biotechnology. Following his tenure at
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Academia Sinica, Yang retired to Davis, California in 1999,

although he continued to actively publish additional scientific

work as recently as 2007.

Shang Fa Yang passed away suddenly and unexpectedly

from complications of pneumonia on February 12, 2007 at the

age of 74 years. As was his wish, the Shang Fa and Eleanor

Yang Scholarly Exchange Endowment was established in

October 2007 to support exchange of scholars in the

agricultural, biological and chemical sciences between UC

Davis and Academia Sinica, Taiwan, two institutions that Yang

served with distinction.

5. Concluding remarks

Shang Fa Yang’s pioneering studies in the biosynthesis and

action of ethylene have ensured his legacy in the history of plant

biology. Future plant biologists will know of him through his

discovery of ACC and the biosynthetic pathway for ethylene

biosynthesis, for the Yang Cycle and for his many other

contributions to our field that are described in more than 225

journal articles and book chapters that he published during his

career. Hewas known for his clarity of thought and his ability to

identify and design critical experimental tests of hypotheses.

Fig. 2. The Yang Cycle and formation of ethylene and other products from ACC. See text for details.
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Yang maintained an open mind and was willing to challenge

accepted ideas, even his own, when they proved untenable in

the face of experimental data. As a mentor, Yang was

demanding and rigorous yet positive, encouraging and

supportive. Many graduate students and postdoctoral associates

benefitted greatly from both his mentorship and his subsequent

support for their careers. Students and colleagues will

remember and miss his humor, his humanity, and his sparkling

intellect. This special issue is a fitting tribute to Shang Fa

Yang’s pioneering contributions to our understanding of the

role of ethylene in plant biology.
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AUTOBIOGRAPHICAL SKETCH AND SELECTED PUBLICATIONS

Preface

John E. Casida was a major contributor to the Golden Age of insecticide research.

This was an era of glory. DDT, invented by Nobel Laureate Paul Müller, greatly

increased crop yields and brought devastating insect-transmitted human diseases

under control. Many other insecticides quickly followed to eliminate practically all

pest insect problems. It was also a time, as pointed out by Rachel Carson in her

book “Silent Spring”, when broadscale application of toxic and persistent pesticides

damaged natural ecosystems with an impact on life in general. Industries pursued

more effective insecticides and governments regulated their safe use. Fundamental

knowledge was needed from academic research. This was the origin of the fields

of Insect Toxicology and Pesticide Chemistry and Toxicology.

Early Life and Education

John was born in 1929 in Tempe, Arizona. During this recession period his family

moved annually from Arizona to Arkansas, Missouri and Wisconsin as teaching
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and research positions became available for his father Lester Earl Casida (Professor

of Reproductive Physiology, University of Wisconsin, Madison). He has an older

brother (Lester Earl Casida Jr., Professor of  Bacteriology, Pennsylvania State

University) and younger sister (Betty Ruth Damerau, violinist, Denver Symphony

Orchestra). He attended grade and high schools and University in Madison. John

was allowed great freedom to explore, living close to a large arboretum and setting

up a basement science laboratory. He participated in all aspects of the Boy Scouts

program and high school science and photography clubs. At University he was

captain of the fencing team and medalist in saber. Four summers were spent in

forestry nursery and vegetable research stations and in programs for seed

certification and insect rearing and toxicity testing. Graduate school was interrupted

after one year by service in the Korean War as a First Lieutenant in the United

States Air Force specializing in Medical Entomology at Camp Detrick (Frederick,

Maryland).

Marriage, Family and Travels

John met Katherine (Kati) Faustine Monson, a sculptor and painter, through a

mutual friend that was a technician in John’s laboratory and said to John he had to

meet this fantastic girl. Soon after they met, their busy lives took them in different

directions — Kati teaching art on the east coast and John doing research in

Wisconsin. Then the events were replayed when another technician in John’s

laboratory, also a friend of Kati’s, quite independently got them back together. The

wedding in 1956 was followed by a honeymoon country-hopping through Central

America with laboratory and field work in Costa Rica and New Years Eve celebrated

in barely pre-Castro Havana. Shared experiences in art, science, travel and pre-

Columbian cultures from that time were developed continually thereafter. Two

sons, Mark Earl (Professor of Theoretical Chemistry, University of Grenoble, France)

and Eric Gerhard (Chief Technical Officer, Excelics Semiconductor, Sunnyvale,

California), grew up in Berkeley.

Academic Career

John graduated from the University of Wisconsin at Madison with a B.S. degree in

Entomology in 1951, an M.S. in Biochemistry in 1952 and a Ph.D. jointly in

Biochemistry, Entomology and Plant Physiology in 1954. He began research in

entomology and on insecticides in high school and as an undergraduate in college

by field evaluation of botanicals and isolation of  their insecticidal ingredients. His

Ph.D. thesis was on the metabolic activation of  systemic organophosphorus

insecticides. Dr. Casida was appointed Assistant Professor of Entomology (Insect

Toxicology) at the University of Wisconsin at Madison in 1954 and was promoted

to Associate Professor in 1957 and Full Professor in 1961. In 1964 he moved to
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the University of California at Berkeley as Professor of Entomology and Director of

the Environmental Chemistry and Toxicology Laboratory, positions which he has

held since then with the additional title of Professor of Toxicology in 1998. While

at Wisconsin, Dr. Casida was appointed Haight Traveling Fellow in 1958-1959 for

research in enzymology at the University of Stockholm in Sweden and in pesticide

metabolism and toxicology at Bayer in Germany, CIBA-Geigy in Switzerland, and

Fisons Pest Control in England. John received a Guggenheim Foundation Fellowship

in 1970-1971 for research in analytical chemistry at the University of Stockholm,

agricultural chemistry at Kyoto University, and insect physiology at Cambridge

University. In 1986-1987 Dr. Casida conducted research at the Institute of

Molecular Biology and Biotechnology of  the University of Crete, Greece and at the

Laboratory of Cellular and Molecular Neurobiology, CNRS, Gif-sur-Yvette, France.

John was appointed to the newly-created William Mauriece Hoskins Chair in

Chemical and Molecular Entomology in 1996 and as Professor of the Graduate

School in 2008: these are his current positions on the Berkeley faculty.

Organophosphorus Toxicants

Research in the 1950s and 1960s on organophosphorus and methylcarbamate

insecticides, such as schradan and carbaryl, laid the background for safety

evaluations by synthesis, structure-activity and metabolism studies on perhaps 50

candidate or commercial anticholinergic pesticides. During this period John

discovered the insecticide and anthelmintic butonate, the first specifically-designed

selective proinsecticide based on species differences in activation and detoxifying

enzymes. Studies with tri-o-cresyl phosphate (the casual agent for 40,000 cases of

human peripheral neuropathy) identified a saligenin cyclic phosphate as the highly

potent activated metabolite and established later that the biochemical lesion involved

inhibition of a lysophosphatidylcholine hydrolase designated neuropathy target

esterase. Kynurenine formamidase was shown to be the target for organophosphate

and methylcarbamate insecticides that are extremely potent in producing embryonic

abnormalities (teratogenic effects) in avian embryos. Later studies at Berkeley

established major enzymes involved in organophosphate toxicant detoxification

and multiple effects on the cannabinoid system and lipid biochemistry and signaling.

These are just a few of many sensitive serine hydrolase targets shown to have

toxicological significance.

Botanical Insecticides and Synergists

Investigations on natural product insecticides were initiated at Wisconsin by

radiosynthesis of [14C]rotenone and [14C]pyrethrin and transferred to California

for characterization of  their metabolic and photodegradative mechanisms.

[14C]Rotenone was then used with NADH-Q oxidoreductase in the first successful
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radioligand study of  the reversible binding of  an insecticide to an enzyme.

Photoaffinity labeling was employed later to define the specific binding protein for

rotenone and a multitude of other respiratory inhibitors. In a major program at

Berkeley, fundamental research on the chemistry, stereochemistry, structure-activity

relationships, metabolism, photodecomposition and mode of action of pyrethrum

flower constituents and on synthetic pyrethroids ultimately had a major influence

on pyrethroid discovery, development and safety evaluations. John Casida made

seminal observations and important contributions at critical stages in the evolution

of the modern synthetic pyrethroids. These resulted from Casida’s fundamental

research on the photochemistry, metabolism and mode of action of the pyrethrins

and more stable analogs conducted by his California team alone or in collaboration

with Michael Elliott (Wolf Laureate in Agriculture 1989) from the Rothamsted

Experimental Station in England during research periods at Berkeley. Investigation

with specifically-prepared [14C]methylenedioxyphenyl compounds demonstrated

that important insecticide synergists such as piperonyl butoxide act as both substrates

and inhibitors for cytochrome P450-dependent microsomal oxidases, thereby

blocking detoxification of pyrethroids (and other insecticides), prolonging their

persistence and increasing their potency and cost effectiveness. This research on

natural products and synergists led to the following awards: Medal of the VIIth

International Congress of Plant Protection in 1970; the American Chemical Society

Burdick and Jackson International Award for Research in Pesticide Chemistry in

1970 and the Spencer Award for Research in Agricultural and Food Chemistry

in 1978.

Research on natural product insecticides continued through the 1970s and

1980s on isobutylamides (from black pepper), on veratridine from Sabadilla (leading

to enhanced potency and selectivity) and on nikkomycin (radiosynthesis and

inhibition of chitin synthetase). In related research, diflubenzuron and its analogs

were shown to block the final polymerization step in chitin synthesis but not chitin

synthetase itself. The principal active ingredient of the insecticide ryania (the

ground stemwood of Ryania speciosa) was identified as 9,21-dehydroryanodine,

leading to the radiosynthesis of [9,21-3H]ryanodine and showing that this new

radioligand probe acted at the calcium release channel of muscle sarcoplasmic

reticulum. To find that on hydrolysis of ryanodine to ryanodol (also a natural

product) it became more selective and acted at a different site was surprising.

Subsequent work by others established the ryanodine receptor at another site as a

major target for selective insecticide action. The toxic principal of blister beetles

and purported aphrodisiac cantharidin (the active ingredient of Spanish fly) was

prepared as a radioligand and the binding protein isolated and identified as

protein phosphatase 2A, thereby explaining its pharmacological and toxicological

properties.
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GABAergic Insecticides

A major advance in insecticide toxicology came from a chance observation of very

simple and highly toxic bicyclophosphates and related bicycloortho-carboxylates

with a totally unexpected mode of action, followed by fundamental research on

neurobiology. Radioligands were prepared (now available commercially as [35S]TBPS,

[3H]TBOB and [3H]EBOB) and receptor binding studies combined with physiological

assays established that the new toxicants are noncompetitive blockers of  the

γ-aminobutyric acid (GABA)-gated chloride channel. The binding site of TBPS and

the bicycloorthocarboxylates was discovered to be the same as, or closely coupled

to, that of the polychlorocycloalkane insecticides (such as dieldrin, lindane and

toxaphene) so finally establishing their mode of action after 3 billion pounds

had been used. As further evidence for this mode of action, toxaphene was examined

and shown to be a mixture of >188 isomeric polychlorobornanes which were

fractionated and the principal toxic hepta- and octachlorobornanes identified. The

trace isomers most toxic to insects, fish and mammals are the same as those most

active in vitro at the receptor. A rational approach to totally new classes of

insecticides then led to 1,4-disubstituted-2,6,7-trioxabicyclo[2.2.2]octanes and to

2,5-disubstituted-1,3-dithianes, non-halogenated and non-phosphorus compounds

of unusually simple structure, some of which are more active than many commercial

insecticides. These new heterocyclic insecticides were optimized for high potency,

selective toxicity, and use as photoaffinity ligands and affinity columns. Studies

with [3H]EBOB in Drosophila established that resistance to nine classes of

insecticides is due to a single amino acid change in the chloride channel.

Demonstration that the noncompetitive antagonist site is highly expressed and

ultra sensitive in a human β3 subunit GABAA receptor homopentamer ultimately

allowed a model for the precise binding site of multiple classes of natural and

synthetic toxicants blocking the chloride channel. The arylpyrazole insecticide

fipronil acting at the GABA receptor undergoes a totally unexpected yet facile

photodesulfinylation reaction to become much more toxic and persistent. α-Thujone,

the principal active ingredient of the aperitif  absinthe, was shown to act as a

noncompetitive antagonist of the GABA receptor solving a century-old mechanistic

puzzle.

Neonicotinoid Insecticides

Nicotine was used for centuries to control insect pests with marginal effectiveness

and considerable health risk. The discovery of  synthetic alternatives, the

neonicotinoids, allowed optimization for potency, safety, and photostability,

ultimately leading to the neonicotinoids, currently the third most important class

of insecticides. [3H]Neonicotinoids prepared as radioligands showed the unique

sensitivity of the nicotinic acetylcholine receptor of insects compared with mammals.
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Related chemistry served to isolate pure native Drosophila receptor by affinity

chromatography and photoaffinity label the binding subunit. The acetylcholine

binding protein, used as a surrogate for the nicotinic receptor, was photoaffinity

labeled with azidonicotinoids and azidoneonicotinoids and the derivatives identified

by mass spectrometry to precisely define the unique binding sites conferring

sensitivity differences between mammalian α4β2 and insect subclasses of receptors.

Comparative metabolism studies on all commercial neonicotinoids established their

ease of biodegradation and the formation of many bioactive metabolites acting on

the nicotinic receptor or altering the synchronization of  plant growth and response

to stress.

Herbicide Research

Herbicide research established that: (a) the metabolic activation of  important

thiocarbamates involves previously-unrecognized thiocarbamate sulfoxides; (b) the

action of dichloroacetamides as safeners lowering the toxicity of thiocarbamates to

maize but not to weeds involves inducing the synthesis of glutathione and glutathione

S-transferase that rapidly detoxify the metabolically-activated herbicide; (c) major

thiocarbamate herbicides and the fungicide benomyl are potent acetaldehyde

dehydrogenase inhibitors and may therefore sensitize agricultural workers to

ethanol intoxification; (d) the mutagenic and carcinogenic activity of  chloroallyl

thiocarbamates and dibromochloropropane are attributable to 2-haloacrolein

metabolites; (e) the stereospecific metabolic conversion of phenoxyaryloxypropionates

to their coenzyme A esters greatly enhances their potency as inhibitors of acetyl-

coenzyme A carboxylase; (f) the inhibition of protein phosphatase 2A in plants by

endothal accounts for its phytotoxicity, as with cantharidin and its effects in mammals;

(g) a 3H-labeled N-aryltetrahydrophthalimide developed as a radioligand effectively

quantitates the protoporphyrinogen IX oxidase site which is very similar in plants

and mammals.

Recognition of Lifetime Achievements

The research described above is detailed in a portion of the 737 publications and

31 patents by Dr. Casida and his coworkers. His contributions also involved the

training of  scientists from throughout the world in pesticide chemistry and

toxicology. Sixty-three Ph.D. students have taken their degrees in entomology,

molecular toxicology, comparative biochemistry, or agricultural and environmental

chemistry under his supervision and he has worked with 160 postdoctoral fellows

or visiting scholars, many of whom are now leading scientists in universities,

government and industry concerned with pesticide design, development and safety.

The National Institutes of Health Program Project “Mode of Action and Metabolism

of Organic Toxicants” and related grants with Professor Casida as the Principal
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Investigator, first in Madison and then at Berkeley, supported one of  the longest

continuous major academic programs on pesticide science in the United States.

Dr. Casida was a member of the United States National Advisory Environmental

Health Sciences Council and currently serves as a consultant in the United States

and abroad on agrochemical research. He is a major contributor to international

congresses and meetings and had joint research programs in Israel and

Hungary and served as advisor to the Ministers of Agriculture and Irrigation

in Egypt.

The lifetime contributions of Professor John Casida have been recognized by

the Jeffrey Lectureship at the University of New South Wales, Australia in 1983,

the Messenger Lectureship at Cornell University in Ithaca in 1985, the Yabuta

Lectureship in Fukuoka and the Botyu-Kagaku Lectureship in Kyoto in 1987, the

Sterling B. Hendricks Memorial Lectureship of  the United States Department of

Agriculture in 1992, the Third World Academy of Sciences Lectureship in Sciences,

University of Buenos Aires in Argentina, 1997, and the University of California at

Berkeley Faculty Research Lectureship (the highest distinction the Berkeley campus

can bestow in honoring research accomplishments) in 1998. He received the

Distinguished Service Award for research by the United States Department of

Agriculture in 1988, the J.E. Bussart Award and the title Fellow by the Entomological

Society of America in 1989, the Kôrô-sho Prize of the Pesticide Science Society of

Japan in 1995 and was named Honorary Member of the Society of  Toxicology in

1996 and the Pesticide Science Society of Japan in 2005. Professor Casida was

elected as a member of the United States National Academy of Sciences in 1991, as

a foreign member of the Royal Society (United Kingdom) in 1998, as a member of

the European Academy of Sciences in 2004, and received the Wolf Foundation

Prize in Agriculture in 1993.

Education/Training

University of Wisconsin, Madison: B.S. 1951 Entomology, M.S. 1952 Biochemistry,

Ph.D. 1954 Entomology/Biochemistry

Professional Positions

1954-63 Assistant, Associate and Full Professor of Entomology, University of

Wisconsin, Madison

1958-59 Visiting Researcher, University of Stockholm and Several European

Laboratories

1970-71 Visiting Researcher, Cambridge University, University of Stockholm,

and Kyoto University

1986-87 Visiting Researcher, University of Crete (Greece) and Centre National

de Recherche Scientifique (Gif-sur-Yvette, France)
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1964-present Professor of Entomology and Toxicology and Director, Environmental

Chemistry and Toxicology Laboratory, Dept. of  Environmental

Science, Policy and Management, University of California, Berkeley

1996-present William Muriece Hoskins Chair in Chemical and Molecular

Entomology, University of California, Berkeley

Award(s)

1958 Haight Fellow

1970 Guggenheim Fellow

1970 International Award for Research in Pesticide Chemistry, American Chemical

Society

1978 Spencer Award for Research in Agricultural & Food Chemistry, American

Chemical Society

1988 Distinguished Service Award for Research, USDA

1989 J.E. Bussart Award and Fellow of the Entomological Society of America

1991 National Academy of Sciences (U.S.A.), Member

1992 Sterling B. Hendricks Memorial Lectureship, Agricultural Research Service,

USDA & American Chemical Society

1993 Wolf Foundation Prize in Agriculture

1994 Founders Award, Society of Environmental Toxicology and Chemistry

1995 Koro-Sho Prize, Pesticide Science Society of Japan

1997 Honorary Member, Society of Toxicology

1997 Honorary Doctor Degree and Third World Academy of Sciences Lectureship,

University of Buenos Aires, Argentina

1998 Faculty Research Lecturer, U.C. Berkeley

1998 Royal Society of the United Kingdom, Fellow (FRS) and Foreign Member

2004 European Academy of Sciences, Member

2005 Honorary Member, Pesticide Science Society of Japan

USA and International Patents with Chemical Abstracts Citations

P1. 1957. Stahmann,  M.A.,  T.C.  Allen,  J.E.  Casida  and  R.K.  Chapman.

Organophosphoramide N-oxide pesticide product and process for

making it. U.S. Pat. 2,814,636. Nov. 26, 1957.

P2. 1959. Casida, J.E. and B.W. Arthur. Process of preparing dimethyl-2,2,2-

trichloro-1-n-butyryloxyethylphos-phonate. U.S. Pat. 2,911,435.

Nov. 3, 1959.

P3. 1960. Casida, J.E. and B.W. Arthur. Dimethyl-2,2,2-trichloro-1-acetyloxyethyl

phosphonate. U.S. Pat. 2,927,880. Mar. 8, 1960.

P4. 1960. Casida, J.E. and B.W. Arthur. Dimethyl-2,2,2-trichloro-1-n-

butyryloxyethyl-phosphonate. U.S. Pat. 2,927,881. Mar. 8, 1960.
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P5. 1962. Esenther, G.R., T.C. Allen, J.E. Casida and R.D. Shenefelt. Decayed

wood extract as termite attractant. U.S. Pat. 3,070,495. Dec. 25,

1962.

P6. 1975. Tilles, H. and J.E. Casida. Method of  making carbonoyl sulfoxide

derivatives. U.S. Pat. 3,896,169. July 22, 1975.

P7. 1975. Tilles, H. and J.E. Casida. Carbamoyl sulfoxide derivatives. U.S. Pat.

3,928,436. Dec. 23, 1975.

P8. 1985. Palmer, C.J. and J.E. Casida. Pesticides comprising 1,4-bis-substituted

2,6,7-trioxabicyclo[2.2.2]octanes. PCT Int. Appl., 34 pp. CA103(23):

191474k

P9. 1986. Dureja, P., J.E. Casida and L.O. Ruzo. Additives for improved pesticide

photostability. U.S. Pat. 4,622,315. Nov. 11, 1986, 6 pp.

P10. 1987. Casida, J.E., C.J. Palmer, J.P. Larkin and I.H. Smith. Trioxabicyclo

[2.2.2]octanes as insecticides and acaricides. Eur. Pat. Appl., 65 pp.

CA106(21): 176403e

P11. 1987. Casida, J.E., C.J. Palmer, J.P. Larkin and I.H. Smith. Preparation of

heterobicycloalkane pesticidal compounds. Eur. Pat. Appl., 52 pp.

CA107(1): 2705k

P12. 1988. Palmer, C.J. and J.E. Casida. 1,4-bis-Substituted-2,6,7-trioxabicyclo

(2,2,2)-octanes having ethynyl substituted phenyl group. U.S. Pat.

4,772,624. Sept. 20, 1988, 8 pp.

P13. 1988. Casida, J.E., C.J. Palmer, J.P. Larkin and I.H. Smith. Preparation of

1-aryl-2,6,7-trioxabicyclo[2.2.2]octanes as pesticides. Eur. Pat. Appl.,

25 pp. CA109(25): 231038d

P14. 1988. Casida, J.E., M. Elliott and D.A. Pulman. Preparation and testing of

4-(tertiary butyl)-1,3-dithianes and oxidized derivatives as insecticides,

acaricides, and anthelmintics. Eur. Pat. Appl., 85 pp. CA110(21):

192834j

P15. 1988. Palmer, C.J. and J.E. Casida. 1,4-Bis-substituted 2,6,7-trioxabicyclo

[2.2.2]octanes having an ethynyl-substituted phenyl group, and their

pesticidal compositions. Eur. Pat. appl., 8 pp. CA110(23): 212833p

P16. 1988. Casida, J.E., M. Elliott and D.A. Pulman. Preparation of dithianes as

pesticides and parasiticides. Eur. Pat. Appl., 44 pp. CA110(25):

231651u

P17. 1989. Palmer, C.J. and J.E. Casida. New class of pesticides comprising 1,4-

bis-substituted-2,6,7-trioxabicyclo(2,2,2)octanes. U.S. Pat. 4,876,274.

Oct. 24, 1989, 12 pp.

P18. 1990. Casida, J.E., C.J. Palmer, J.P. Larkin and I.H. Smith. Pesticidal compounds.

U.S. Pat. 4,942,173. July 17, 1990, 10 pp.

P19. 1990. Casida, J.E., C.J. Palmer, J.P. Larkin and I.H. Smith. Pesticidal compounds.

U.S. Pat. 4,965,257. Oct. 23, 1990, 19 pp.
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P20. 1990. Casida, J.E. and M. Elliott. Preparation of dithiaspiroundecane- and

dithiaspiro-undecadiene derivatives as pesticidal compounds. Eur. Pat.

Appl., 24 pp. CA113(23): 211963f

P21. 1990. Casida, J.E., M. Elliott and D. Parkin. Preparation of dithianes as

pesticides and drugs. Eur. Pat. Appl., 30 pp. CA114(5): 42773g

P22. 1990. Larkin, J.P., J.B. Weston, I.H. Smith, C.J. Palmer and J.E. Casida.

Preparation of  2,6,7-trioxabicyclo[2.2.2]octanes and analogs as

pesticides. Eur. Pat. Appl., 42 pp. CA114(5): 42795r

P23. 1990. Larkin, J.P., D. Parkin, C.J. Palmer and J.E. Casida. Preparation of 1,3-

dithianes as pesticides. Eur. Pat. Appl., 45 pp. CA115(1): 8817k

P24. 1991. Casida, J.E. and M. Elliott. Dialkyl-substituted dithianes and pesticidal

compositions. U.S. Pat. 4,985,411. Jan. 15, 1991, 10 pp.

P25. 1991. Casida, J.E., C.J. Palmer, J.P. Larkin and I.H. Smith. Pesticidal compounds.

U.S. Pat. 5,057,508. Oct. 15, 1991, 19 pp.

P26. 1991. Palmer, C.J., J.E. Casida and J.P. Larkin. Alkynylphenyl-substituted 1,3-

oxathione compounds with pesticidal activity. U.S. Pat. 5,061,726. Oct.

29, 1991, 14 pp.

P27. 1992. Casida, J.E., C.J. Palmer, J.P. Larkin and I.H. Smith. Pesticidal compounds.

U.S. Pat. 5,157,029. Oct. 20, 1992.

P28. 1993. Larkin, J.P., J.B. Weston, I.H. Smith, C.J. Palmer and J.E. Casida. Pesticidal

compounds. U.S. Pat. 5,204,333. April 20, 1993, 17 pp.

P29. 1994. Palmer, C. and J.E. Casida. Trithiabicyclo(2.2.2)octanes. U.S. Pat.

5,371,075. December 6, 1994, 19 pp.

P30. 1996. Casida, J.E., M. Elliott and D.A. Pulman. Heterocyclic pesticidal

compounds. U.S. Pat. 5,502,073. March 26, 1996, 31 pp.

P31. 2001.  Latli, B. and J.E. Casida. Substituted pyridines as modulators of the

mammalian neuronal nicotinic acetylcholine receptor. U.S. Patent

6,303,638, October 16, 2001, 13 pp.
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Selected Publications

(*Reprints included)

Casida, J.E. and T.C. Allen. 1951. A laboratory method for evaluating the

phytotoxicity or phytostimulation of insecticides. Science 113: 553-555.

*1Casida, J.E., T.C. Allen and M.A. Stahmann. 1953. Enzymatic and chemical

oxidation of  dimethylphosphoramides to biologically active dimethyl-

phosphoramide oxides. Nature 172: 243-245.

Casida, J.E. 1955. Isomeric substituted-vinyl phosphates as systemic insecticides.

Science 122: 587-598.

*Casida, J.E. 1958. Phosphorus-32 pentasulfide: preparation by isotopic exchange

and conversion to thiophosphoryl-32 chloride and phosphorus-32 trichloride.

Acta Chem. Scand. 12: 1691-1692.

*1Casida, J.E., M. Eto and R.L. Baron. 1961. Biological activity of a tris-o-cresyl

phosphate metabolite. Nature 191: 1396-1397.

Dorough, H.W., N.C. Leeling and J.E. Casida. 1963. Nonhydrolytic pathway in

metabolism of N-methylcarbamate insecticides. Science 140: 170-171.

Roger, J-C., H. Chambers and J.E. Casida. 1964. Nicotinic acid analogs: effects on

response of chick embryos and hens to organophosphate toxicants. Science

144: 539-548.

Casida, J.E., J.L. Engel, E.G. Essac, F.X. Kamienski and S. Kuwatsuka. 1966. Methylene-

C14-dioxyphenyl compounds: metabolism in relation to their synergistic action.

Science 153: 1130-1133.

Fukami, J.-I., I. Yamamoto and J.E.Casida. 1967. Metabolism of rotenone in vitro

by tissue homogenates from mammals and insects. Science 155: 713-716.

Tsukamoto, M. and J.E. Casida. 1967. Metabolism of methylcarbamate insecticides by

the NADPH2-requiring enzyme system from houseflies. Nature 213: 49-51.

Ivie, G.W. and J.E. Casida. 1970. Enhancement of photoalteration of cyclodiene

insecticide chemical residues by rotenone. Science 167: 1620-1622.

Casida, J.E. 1970. Mixed-function oxidase involvement in the biochemistry of

insecticide synergists. J. Agric. Food Chem. 18: 753-772.

*1Casida, J.E., E.C. Kimmel, M. Elliott and N.F. Janes. 1971. Oxidative metabolism

of pyrethrins in mammals. Nature 230: 326-327.

Maddrell, S.H.P. and J.E. Casida. 1971. Mechanism of insecticide-induced diuresis

in Rhodnius. Nature 213: 55-56.

Abernathy, C.O. and J.E. Casida. 1973. Pyrethroid insecticides: esterase cleavage in

relation to selective toxicity. Science 179: 1235-1236.

Bellet. E.M. and J.E. Casida. 1973. Bicyclic phosphorus esters: high toxicity without

cholinesterase inhibition. Science 182: 1135-1136.

*2Casida, J.E., R.L. Holmstead, S. Khalifa, J.R. Knox, T. Ohsawa, R.J. Palmer and R.Y.

Wong. 1974. Toxaphene insecticide: a complex biodegradable mixture. Science

183: 520-521.
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*2Lay, M.-M., J.P. Hubbell and J.E. Casida. 1975. Dichloroacetamide antidotes

for thiocarbamate herbicides: mode of action. Science 189: 287-289.

*2Schuphan, I., J.D. Rosen and J.E. Casida. 1979. Novel activation mechanism for

the promuta-genic herbicide diallate. Science 205: 1013-1015.

Wing, K.D., A.H. Glickman and J.E. Casida. 1983. Oxidative bioactivation of

S-alkyl phosphorothiolate pesticides: stereospecificity of profenofos insecticide

activation. Science 219: 63-65.

Lawrence, L.J. and J.E. Casida. 1984. Interactions of  lindane, toxaphene and

cyclodienes with brain-specific t-butylbicyclophosphorothionate receptor. Life

Sci. 35: 171-178.

Palmer, C.J. and J.E. Casida. 1985. 1,4-Disubstituted 2,6,7-trioxabicyclo

[2.2.2]octanes: a new class of insecticides. J. Agric. Food Chem. 33: 976-980.

Waterhouse, A.L., I.N. Pessah, A.O. Francini and J.E. Casida. 1987. Structural aspects

of ryanodine action and selectivity. J. Med. Chem. 30: 710-716.

Casida, J.E. 1990. Pesticide mode of action: evidence for and implications of a

finite number of biochemical targets. Pp. 11-22 in Pesticides and Alternatives:

Chemical and Biological Approaches to Pest Control. (Casida, J.E., Ed.), Elsevier

Science Publ., New York.

Deng, Y., C.J. Palmer and J.E. Casida. 1991. Housefly brain γ-aminobutyric acid-

gated chloride channel: target for multiple classes of insecticides. Pestic.

Biochem. Physiol. 41: 60-65.

Elliott, M., D.A. Pulman, J.P. Larkin and J.E. Casida. 1992. Insecticidal 1,3-dithianes.

J. Agric. Food Chem. 40: 147-151.

*Li, Y.-M. and J.E. Casida. 1992. Cantharidin-binding protein: identification as

protein phosphatase 2A. Proc. Natl. Acad. Sci. USA 89: 11867-11870.

Liu. M.-Y. and J.E. Casida. 1993. High affinity binding of [3H]imidacloprid in the

insect acetylcholine receptor. Pestic. Biochem. Physiol. 46: 40-46.

Tomizawa, M., B. Latli and J.E. Casida. 1996. Novel neonicotinoid-agarose affinity

column for Drosophila and Musca nicotinic acetylcholine receptors.

J. Neurochem. 67: 1669-1676.

Hainzl, D. and J.E. Casida. 1996. Fipronil insecticide: novel photochemical

desulfinylation with retention of neurotoxicity. Proc. Natl. Acad. Sci. USA 93:

12764-12767.

Casida, J.E. and G.B. Quistad. 1998. Golden age of insecticide research: past, present

or future? Annu. Rev. Entomol. 43: 1-16.

Fang, N. and J.E. Casida. 1998. Anticancer action of cubé insecticide: correlation for

rotenoid constituents between inhibition of NADH:ubiquinone oxidoreductase

and induced ornithine decarboxylase activities. Proc. Natl. Acad. Sci. USA 95:

3380-3384.

Schuler, F., T. Yano, S. Di Bernardo, T. Yagi, V. Yankovskaya, T.P. Singer and J.E.

Casida. 1999. NADH-quinone oxidoreductase:PSST subunit couples electron
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transfer from iron-sulfur cluster N2 toquinone. Proc. Natl. Acad. Sci. USA 96:

4149-4153.

*3Höld, K.M., N.S. Sirisoma, T. Ikeda, T. Narahashi and J.E. Casida. 2000.

α-Thujone (the active component of absinthe): γ-Aminobutyric acid type A

receptor modulation and metabolic detoxification. Proc. Natl. Acad. Sci. USA

97: 3826-3831.

Ratra, G.S., S.G. Kamita and J.E. Casida. 2001. Role of human GABAA receptor β3

subunit in insecticide toxicity. Toxicol. Appl. Pharmacol. 172: 233-240.

Winrow, C.J., M.L. Hemming, D.M. Allen, G.B. Quistad, J.E Casida and C. Barlow.

2003. Loss of  neuropathy target esterase in mice links organophosphate

exposure to hyperactivity. Nat. Genet. 33: 477-485.

Quistad, G.B, C. Barlow, C.J. Winrow, S.E. Sparks and J.E Casida. 2003. Evidence

that mouse brain neuropathy target esterase is a lysophospholipase. Proc.

Natl. Acad. Sci. USA 100: 7983-7987.

Nomura, D.K., D. Leung, K. Chiang, G.B. Quistad, B.F. Cravatt and J.E. Casida.

2005. A brain detoxifying enzyme for organophosphorus nerve poisons. Proc.

Natl. Acad. Sci. USA 102: 6195-6200.

*4Chen, L., K.A. Durkin, and J.E. Casida. 2006. Structural model for γ-aminobutyric

acid receptor noncompetitive antagonist binding: widely-diverse structures fit

the same site. Proc. Natl. Acad. Sci. U.S.A. 103: 5185-5190.

*5Tomizawa, M., T.T. Talley, D. Maltby, K.A. Durkin, K.F. Medzihradszky, A.L.

Burlingame, P. Taylor and J.E. Casida. 2007. Mapping the elusive neonicotinoid
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1Initial publication by Nature Publishing Group.
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Proposed Interactions of Insecticides and Analogs

Above : at the agonist site of the acetylcholine binding protein (Fig. 4 of Tomizawa

et al., 2007).

Below : at the noncompetitive antagonist site of  the GABAA receptor β3
homopentamer (Fig. 6 of Chen et al., 2006).
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Source: From Science Vol. 183, No. 124, pp. 520-521 (1974). Reprinted with permission from AAAS.
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Source: From Science Vol. 189, No. 4199, pp. 287-289 (1975). Reprinted with permission from

AAAS.
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Source: From Science Vol. 205, No. 4410, pp. 1013-1015 (1979). Reprinted with permission from

AAAS.
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�-Thujone (the active component of absinthe):
�-Aminobutyric acid type A receptor modulation and
metabolic detoxification
Karin M. Höld*, Nilantha S. Sirisoma*, Tomoko Ikeda†, Toshio Narahashi†, and John E. Casida*‡

*Environmental Chemistry and Toxicology Laboratory, Department of Environmental Science, Policy and Management, 114 Wellman Hall, University of
California, Berkeley, CA 94720-3112; and †Department of Molecular Pharmacology and Biological Chemistry, Northwestern University Medical School,
Chicago, IL 60611-3008

Contributed by John E. Casida, January 31, 2000

�-Thujone is the toxic agent in absinthe, a liqueur popular in the 19th
and early 20th centuries that has adverse health effects. It is also the
active ingredient of wormwood oil and some other herbal medicines
and is reported to have antinociceptive, insecticidal, and anthelmintic
activity. This study elucidates the mechanism of �-thujone neurotox-
icity and identifies its major metabolites and their role in the poison-
ing process. Four observations establish that �-thujone is a modulator
of the �-aminobutyric acid (GABA) type A receptor. First, the poison-
ing signs (and their alleviation by diazepam and phenobarbital) in
mice are similar to those of the classical antagonist picrotoxinin.
Second, a strain of Drosophila specifically resistant to chloride channel
blockers is also tolerant to �-thujone. Third, �-thujone is a competitive
inhibitor of [3H]ethynylbicycloorthobenzoate binding to mouse brain
membranes. Most definitively, GABA-induced peak currents in rat
dorsal root ganglion neurons are suppressed by �-thujone with
complete reversal after washout. �-Thujone is quickly metabolized in
vitro by mouse liver microsomes with NADPH (cytochrome P450)
forming 7-hydroxy-�-thujone as the major product plus five minor
ones (4-hydroxy-�-thujone, 4-hydroxy-�-thujone, two other hy-
droxythujones, and 7,8-dehydro-�-thujone), several of which also are
detected in the brain of mice treated i.p. with �-thujone. The major
7-hydroxy metabolite attains much higher brain levels than �-thujone
but is less toxic to mice and Drosophila and less potent in the binding
assay. The other metabolites assayed are also detoxification products.
Thus, �-thujone in absinthe and herbal medicines is a rapid-acting and
readily detoxified modulator of the GABA-gated chloride channel.

Absinthe was a popular emerald-green liqueur in the 19th and
early 20th centuries. It was commonly imbibed by artists and

writers including Vincent van Gogh, Henri de Toulouse-Lautrec,
and Charles Baudelaire, often inducing fits and hallucinations
and sometimes contributing to psychoses and suicides (1–5).
Absinthe became an epidemic health problem and was banned
in many countries early in the 20th century, but its use continues
legally or illicitly even now (6, 7). The toxic properties of absinthe
are attributable to wormwood oil used in making the beverage.
Wormwood oil is in itself a prevalent herbal medicine for
treating loss of appetite, dyspeptic disorders, and liver and
gallbladder complaints (8, 9).

�-Thujone (Fig. 1) generally is considered to be the principal
active ingredient of wormwood oil and toxic principle in absinthe
(2). The content of �-thujone often exceeds that of �-thujone
depending on the plant source, but the �-diastereomer (Fig. 1)
is generally of lower toxicity. �-Thujone also is reported to have
antinociceptive activity in mice (10). This monoterpenoid occurs
in many plants, including Artemesia species, sage, and the Thuja
tree (4). Extracts of wormwood were used to control gastroin-
testinal worms with records back to ancient Egyptian times (4).
Artemesia absinthium and wormwood oil have insecticidal prop-
erties (11), and �-thujone was one of the two most toxic
monoterpenoids tested against western corn rootworm larvae
(12). Public mistrust of synthetic pharmaceuticals and pesticides
has led to the increasing popularity of herbal medicines and

botanical insecticides even though they have not been subjected
to the same rigorous tests of safety and evaluation of toxicolog-
ical mechanisms (13–15).

Abbreviations: EBOB, ethynylbicycloorthobenzoate or 4�-ethynyl-4-n-propylbicycloortho-
benzoate; GABA, �-aminobutyric acid; GABAA receptor, type A GABA receptor; LC50,
median lethal concentration.
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Fig. 1. Structures of �-thujone (1S, 4R, 5R-thujone) and its metabolites in the
mouse liver microsomal P450 system, the brain of treated mice, and the urine
of treated rabbits. The hydroxythujones and dehydro-�-thujone are observed
in the mouse liver microsomal P450 system and in brain whereas thujol and
neothujol are identified in the rabbit liver cytosolic ketone reductase system
and in urine as conjugates. The major metabolite in mouse brain and the P450
system is 7-hydroxy-�-thujone. �-Thujone is the 1S, 4S, 5R diastereomer (struc-
ture not shown).
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The toxic effects of �-thujone in mammals are well established
but the mode of neurotoxic action is poorly understood. It is
porphyrogenic, possibly thereby contributing to the absinthe-
induced illness of Vincent van Gogh (5, 16). �-Thujone is
neurotoxic in rats (17), and ingestion of wormwood oil contain-
ing �-thujone recently resulted in human poisoning (18). The
hypothesis that �-thujone activates the CB1 cannabinoid recep-
tor, based on the structural similarity of thujone enol with
tetrahydrocannabinol (19), was not supported experimentally
(20). The convulsant action led to multiple speculations on
mechanisms, one of which was antagonism of the �-aminobutyric
acid (GABA) receptor system (20), a proposal that was not
explored further. �- and �-Thujone are reduced in rabbits from
the ketones to the corresponding alcohols (thujol and neothujol)
(21) of unknown toxicity but no other metabolites are identified.

The goals of this study are to define the mechanism of
neurotoxicity of �-thujone and identify its major metabolites
(Fig. 1) and their role in the poisoning process. Emphasis is
placed on the hypothesis that the convulsant action is caused by
modulating the GABA-gated chloride channel.

Materials and Methods
Chemicals. Sources were: �-thujone (�99% purity) from Fluka;
wormwood oil (3.2% �- and 35% �-thujone) from Lhasa Karnak
(Berkeley, CA) and absinthe with 0.4 ppm �-thujone, 5 ppm
�-thujone, and 50% (vol�vol) ethanol labeled Herring Absenta
(Zaragoza, Spain) with concentrations based on analyses in this
laboratory; picrotoxinin, diazepam, and sodium phenobarbital
from Sigma; dieldrin and �-endosulfan from Chem Service
(West Chester, PA); [3H]ethynylbicycloorthobenzoate ([3H]E-
BOB) (38 Ci�mmol) from NEN. Although not detailed here,
7-hydroxy-�-thujone, 4-hydroxy-�-thujone, 4-hydroxy-�-
thujone, 7,8-dehydro-�-thujone, and a thujol�neothujol mixture
were synthesized as standards for comparison with metabolites.

Toxicity to Mice. Male albino Swiss–Webster mice (22–28 g) were
treated i.p. with the test compound by using propylene glycol (2
�l�g body weight) as the carrier vehicle. Prophylactic i.p. treat-
ments also were examined for their effect on �-thujone toxicity
(100 mg�kg) individually with ethanol (0.5 or 1.0 g�kg as 20%
and 40% solutions in saline, 20 min pretreatment), diazepam (1
mg�kg, 15 min pretreatment), or phenobarbital (15 mg�kg, 15
min pretreatment).

Toxicity to Drosophila. Fruit f lies (Drosophila melanogaster) were
used in two types of assays: comparing two strains known to be
different in sensitivity to insecticidal chloride channel blockers
and comparing �-thujone and its metabolites for toxicity to the
susceptible strain. The median lethal concentration (LC50) was
determined for �-thujone and dieldrin with two strains of
Drosophila: a dieldrin-resistant RdlMD-RR strain (22, 23) (ob-
tained from the Bloomington Drosophila Stock Center at Indi-
ana University, Bloomington) and the Canton-S, wild-type sen-
sitive (S) strain. The test chamber was a glass tube (12 � 75 mm)
containing a filter paper strip (Whatman no. 1, 8 � 65 mm). Five
adult f lies were placed in the tube, which then was closed with
a single layer of parafilm. A solution of �-thujone or dieldrin in
propylene glycol (5 �l) was injected with a 10-�l syringe through
the parafilm onto the filter paper after which the tube was
covered with a second piece of parafilm. Mortality was recorded
after 8 h at 25°C as flies that could not move. The experiment
was repeated four times to prepare dosage mortality curves for
calculation of resistance ratios (LC50 Rdl�LC50 S).

Effect on [3H]EBOB Binding in Mouse Brain Membranes. Mouse brain
membranes were prepared and depleted of GABA as described
(24). For inhibitor potency assays, the membranes (200 �g
protein) were incubated with the test compound (added in

DMSO, final concentration 1%) and [3H]EBOB (0.7 nM) in
1.0 ml of 10 mM sodium phosphate, pH 7.5 buffer containing
200 mM sodium chloride at 37°C for 70 min (25). Scatchard
analyses were performed with no inhibitor and with 5 and 25 �M
�-thujone by using [3H]EBOB at 0.08–26 nM. The inhibitory
potency also was compared for ethanol and absinthe (based on
ethanol content) with that for ethanol containing 5 �M �-thu-
jone. The incubated mixtures were filtered through GF�C glass
fiber filters, then rinsed twice with 5 ml of ice-cold 0.9% sodium
chloride, by using a cell harvester. Specific binding was consid-
ered to be the difference between total binding and nonspecific
binding determined in the presence of 5 �M �-endosulfan {a
potent GABA type A (GABAA) receptor antagonist and specific
inhibitor of [3H]EBOB binding}.

Effect on GABA-Induced Whole-Cell Currents. Rat dorsal root gan-
glion neurons were prepared and cultured as described (26).
Currents were induced by 10-msec pulses of 300 �M GABA and
recorded by using the whole-cell patch clamp technique. The
GABA-induced inward current of this preparation was carried
by chloride ions through open chloride channels (27). Each cell
was tested for the degree of suppression caused by bath appli-
cation of �-thujone to determine the concentration for 50%
inhibition (IC50).

GC-MS Identification and Analysis of �-Thujone and Metabolites.
Standard analytical methods of GC-MS and derivatization of
alcohol and ketone functionalities were applied to �-thujone and
its metabolites. Analyses used the DB-5 fused silica gel capillary
column (30 m, 0.25 mm i.d., 0.25 �m film thickness) (J&W
Scientific, Folsom, CA). The initial column temperature of 80°C
was programmed to 200°C at the rate of 5°C�min, followed by an
increase at 20°C�min to 300°C where it was maintained for 2 min.
The carrier gas and reagent gas were helium and methane,
respectively. Temperatures of the injection port and detector
were 250°C and 280°C, respectively. The mass spectrometer was
operated in the positive chemical ionization mode. One micro-
liter was injected splitless onto the column. For quantitation, the
GC-MS was operated in the selected ion monitoring (SIM)
mode, measuring m�z 135 for �-thujone and m�z 151 for the
hydroxythujones, dehydrothujone, and (S)-(�)-carvone (inter-
nal standard). The concentration of each analyte was deter-
mined from least-squares equations generated from peak-
area ratios of �-thujone, 7-hydroxy-�-thujone, and the internal
standard. Identification of �-thujone and metabolites involved
comparison with standards by cochromatography and MS frag-
mentation patterns as parent compounds and two derivatives.
Trimethylsilyl ethers were formed on reaction of alcohols with
N-methyl-N-trimethylsilyltrif luoroacetamide and methyloximes
on coupling ketones with methoxyamine. These derivatization
procedures and MS fragmentation patterns also allowed assign-
ment of some metabolites as hydroxythujones without specifying
the position of hydroxylation.

Enzymatic Metabolism. Rabbit or mouse liver cytosol (1 mg
protein) or washed mouse liver microsomes (1 mg protein) and
NADPH (or other cofactor, 1 mM final concentration) were
incubated with �-thujone (30 �g, 0.2 �M final concentration) in
100 mM phosphate, pH 7.4 buffer (1 ml) for 1 h at 37°C. For
analysis the internal standard S-carvone (0.05 �g) was added in
ethanol (10 �l), and the mixture was saturated with sodium
chloride and extracted with ethyl acetate (3 ml) for 30 min by
gentle rocking. The organic extract, recovered by centrifugation
at 900 g, was almost completely evaporated (but never to
dryness) under a stream of nitrogen at room temperature and
reconstituted in ethyl acetate (50 �l) for GC-MS analysis.
Recovery values by this procedure for �-thujone and the major
metabolite were �60% with no degradation during GC.
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Analysis of Brain. Mice were treated i.p. with �-thujone. At
appropriate times thereafter the animals were killed and whole
brains were removed for analysis. They were rinsed and homog-
enized in 10 ml of 100 mM phosphate, pH 7.4 buffer. The
internal standard was added as above. The mixtures were
centrifuged at 1,500 � g for 10 min. The pellet was resuspended
in 2 ml of phosphate buffer, sonicated for 1 min, and centrifuged,
and the supernatant fractions were combined. The samples were
extracted with ethyl acetate (6 ml) and analyzed as described in
Enzymatic Metabolism.

Results
�-Thujone Is a Convulsant. The i.p. LD50 of �-thujone in mice is
about 45 mg�kg, generally with 0% and 100% mortality at 30 and
60 mg�kg, respectively. Mice at the higher dose undergo a tonic
convulsion leading to death within 1 min whereas at 30–45
mg�kg they exhibit tail-raising within the first 2 min, followed by
flexion of the trunk and clonic activity of the forelimbs, pro-
gressing to generalized and protracted tonic�clonic convulsions
that ultimately result in death or recovery. Intraperitoneal
administration of diazepam or phenobarbital 15 min before
�-thujone at 100 mg�kg results in almost all of the mice surviving
this otherwise lethal dose. Ethanol i.p. pretreatment at 1 g�kg
(but not at 0.5 g�kg) also protects against the lethal effects of
�-thujone at 100 mg�kg.

�-Thujone Cross-Resistance in Drosophila Strain Resistant to Dieldrin.
Flies of the Rdl strain (�55-fold resistant to dieldrin; LC50 �275
�g�tube for Rdl versus 5 �g�tube for S) are 5-fold resistant to
�-thujone (LC50 65 �g�tube for Rdl versus 12 �g�tube for S)
(Fig. 2). This finding establishes moderately high insecticidal
activity for �-thujone and cross-resistance in the dieldrin-
resistant strain.

�-Thujone Inhibition of [3H]EBOB Binding. The IC50 of �-thujone for
[3H]EBOB binding in mouse brain membranes is 13 � 4 �M
(Fig. 3A). The binding of �-thujone is competitive with that of
[3H]EBOB based on Scatchard analysis (Fig. 3B). For compar-
ison, other IC50 values are 29 � 8 �M for �-thujone, 37 � 8 �M
for wormwood oil (calculated as molecular weight of thujone),
and 0.6 � 0.1 �M for picrotoxinin (inhibition curves not shown).

�-Thujone Modulation of the GABAA Receptor-Chloride Channel. The
currents induced by 300 �M GABA are suppressed with 30 �M
bath-applied �-thujone and there is full reversal on washing with
�-thujone-free solution (Fig. 4 A and B). The IC50 for �-thujone
is 21 �M in suppressing the GABA-induced currents (Fig. 4C).

Absinthe, Ethanol, and Ethanol Containing �-Thujone as Inhibitors of
[3H]EBOB Binding. The inhibitory effects on [3H]EBOB binding
were compared for absinthe, ethanol, and ethanol containing
�-thujone to help understand their independent and combined
actions on the chloride channel. The IC50 for absinthe (based on
ethanol content) is 263 � 47 mM and for ethanol is significantly
higher at 370 � 4 mM (Fig. 5A). There is no significant
interaction between the effects of ethanol and �-thujone (Fig.
5B), i.e., �-thujone (5 �M) inhibition is 20–30% independent of
ethanol concentration up to 300 mM.

Metabolism of �-Thujone by Liver Enzymes. Incubation of �-thujone
with rabbit (but not mouse) liver cytosol gives thujol and
neothujol, identified by GC-MS comparison with authentic

Fig. 2. Drosophila of the dieldrin-resistant (Rdl) strain are also resistant to
�-thujone. The susceptible (S) strain is Canton S. Concentration is shown on a
logarithmic scale and mortality on a probit scale.

Fig. 3. �-Thujone and 7-hydroxy-�-thujone inhibit [3H]EBOB binding to
mouse brain membranes. (A) IC50 determination for �-thujone and 7-hydroxy-
�-thujone (mean � SEM, n � 4). (B) Scatchard plots as average of duplicate
measurements for [3H]EBOB alone (Kd 2.8 nM and Bmax 1,700 fmol�mg pro-
tein) and with �-thujone at 5 �M (Kd 4.1 and Bmax 1,700) and 25 �M (Kd 7.2 and
Bmax 1,700).
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standards per se and by forming trimethylsilyl (but not methyl-
oxime) derivatives. This enzymatic reduction depends on
NADPH but occurs in small yield. Metabolism in mouse liver
microsomes is a much more facile reaction and gives no thujol or
neothujol but instead different products. �-Thujone is stable on
incubation with mouse liver microsomes alone but is almost
completely metabolized when NADPH (but not NADP, NADH,
or NAD) also is added. Six NADPH-dependent microsomal
metabolites are evident by GC-MS, each at higher retention time
than the parent �-thujone (Fig. 6). The first-eluting metabolite
is identical in GC and MS features to synthetic 7,8-dehydro-�-
thujone. The next five metabolites each are converted to tri-

methylsilyl and methyloxime derivatives, indicating the presence
of both an alcohol substituent and a ketone functionality.
Synthesis of various hydroxythujones and their comparison
with the metabolites (directly, and as trimethylsilyl ethers and
methyloximes) identifies the major product as 7-hydroxy-�-
thujone and two minor metabolites as the diastereomers of
4-hydroxythujone.

Metabolites in the Brain of �-Thujone-Treated Mice. The brain
contains �-thujone, dehydro-�-thujone, and four hydroxythu-
jones (7-hydroxy-� major plus 4-hydroxy-�, 4-hydroxy-�, and
one other) also observed in the liver P450 system (Fig. 6).
Identifications are based on retention times and MS fragmen-
tation patterns both direct and as trimethylsilyl and methyloxime
derivatives. The brain levels of �-thujone and 7-hydroxy-�-
thujone are dose- and time-dependent after i.p. injection of
�-thujone (Fig. 7). Importantly, �-thujone appears at much
lower levels and is less persistent than 7-hydroxy-�-thujone. At
severely toxic �-thujone doses (40–60 mg�kg) the levels in brain

Fig. 4. Suppression of GABA-induced peak currents by bath application of
�-thujone. Currents were induced by 300 �M GABA (10 msec) pulses. The peak
amplitude of current decreased with 30 �M �-thujone and recovered after
washing with �-thujone-free solution. (A) Time course of 30 �M �-thujone-
induced changes in peak current amplitude. (B) Representative current
records. (C) Concentration-response relationship (mean � SD, n � 4–5).

Fig. 5. Absinthe, ethanol, and ethanol containing �-thujone inhibit [3H]E-
BOB binding to mouse brain membranes. (A) Comparison of an absinthe
preparation (based on ethanol content) with ethanol (average of duplicate
measurements or mean � SD, n � 6). (B) Comparison of ethanol with ethanol
containing 5 �M �-thujone (average of duplicate measurements).
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at 30 min are 0.3–1.0 ppm for �-thujone and 1.5–8.4 ppm for
7-hydroxy-�-thujone (Fig. 7A) with much higher levels (11 and
29 ppm for �-thujone and 7-hydroxy-�-thujone, respectively) at
2.5 min (Fig. 7B) when the poisoning signs are most intense. The
minor hydroxythujone metabolites are detectable only up to 20
min after the 50 mg�kg �-thujone dose.

Biological Activities of Metabolites. Synthetic standards of the
metabolites shown in Fig. 1 except the 4-hydroxy-�-thujone
diastereomers were compared with �-thujone for potency as
toxicants to mice and Drosophila and inhibitors of [3H]EBOB
binding. The discriminating levels used were 50 mg�kg i.p. for
mice and 50 �g�tube for the S strain of Drosophila. With mice,
�-thujone is lethal, whereas 7-hydroxy-�-thujone, dehydro-�-
thujone, and thujol�neothujol are not lethal. With Drosophila,
�-thujone gives complete mortality, dehydro-�-thujone gives
70% mortality, and 7-hydroxy-�-thujone and thujol�neothujol
give about 30% mortality. In the [3H]EBOB binding assay,
7-hydroxy-�-thujone gives an IC50 value of 730 � 265 �M versus
13 � 4 �M for �-thujone (Fig. 3A), whereas the value for
dehydro-�-thujone is 149 � 10 �M (inhibition curve not shown).

Discussion
This study establishes that �-thujone modulates the GABAA
receptor based on four observations. Comparison with picro-
toxinin, the classical GABAA receptor antagonist, revealed
similar poisoning signs and in both cases alleviation of the

toxicity by diazepam, phenobarbital, and ethanol (28, 29). Dro-
sophila with a single point mutation in the Rdl GABA receptor
subunit of Ala302 to Ser conferring resistance to dieldrin (22, 23)
is also resistant to �-thujone, albeit to a lesser degree. �-Thujone
is a competitive inhibitor of [3H]EBOB binding, i.e., of the
noncompetitive blocker site of the GABA-gated chloride chan-
nel (25). Most importantly, electrophysiological studies establish
that in dorsal root ganglion neurons �-thujone is a reversible
modulator of the GABAA receptor.

Absinthe and wormwood oil contain not only �-thujone as
their purported active ingredient but also many other candidate
toxicants, including �-thujone and ethanol in the case of ab-
sinthe. �-Thujone is less toxic than �-thujone to mice (10) and
Drosophila and in addition is 2.3-fold less potent in the [3H]E-
BOB assay (this investigation). Ethanol also enhances neuronal
GABAA receptor function (30) and therefore might suppress the
blocking action of �-thujone in absinthe. However, ethanol does
not alter the inhibitory action of �-thujone on [3H]EBOB
binding. The �- and �-thujone content of the absinthe sample
examined here (0.4 and 5 ppm or 2.6 and 33 �M, respectively)
may be a contributing factor in the somewhat greater potency of

Fig. 6. Representative GC-MS- selected ion monitoring chromatograms for
�-thujone and metabolites extracted from the mouse liver microsome-NADPH
(P450) system and the brain of �-thujone-treated mice (50 mg�kg, i.p., 10 min
after treatment). The major metabolite is 7-hydroxy-�-thujone. Four minor
hydroxythujone metabolites are as follows: 1) 4-hydroxy-�; 3) 4-hydroxy-�; 2
and 4) others. Dehydro refers to 7,8-dehydro-�-thujone. Shaded peaks not
derived from �-thujone are an endogenous substance (end) and the internal
standard (IS). All thujone-derived metabolites fall within the chromatographic
region shown.

Fig. 7. Brain levels of �-thujone and 7-hydroxy-�-thujone as a function of
dose and time in mice treated i.p. with �-thujone. Average of determinations
on two mice except for a single determination at 5 min. (A) Dose studies at 30
min after treatment. (B) Time studies at 50 mg�kg.
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absinthe (based on ethanol content) than of ethanol per se in the
[3H]EBOB assay. However, the 10 ppm (66 �M) upper limit of
the European Commission (6) and particularly the 260 ppm
(1710 �M) thujone content of old absinthe (6) would give a
detectable to major inhibitory effect beyond that of the ethanol
content. Current low levels of �- and �-thujone in absinthe are
of much less toxicological concern than the ethanol content (6).

�-Thujone as other monoterpenes is easily metabolized. The
single report on metabolism identifies thujol and neothujol
probably as conjugates in the urine of thujone-treated rabbits
(21). We find enzymatic reduction (possibly by a cytosolic ketone
reductase) (31) of �-thujone to thujol and neothujol in low yield
by rabbit but not mouse liver cytosol with NADPH. The mouse
liver microsomal P450 system rapidly converts �-thujone to
7-hydroxy-�-thujone (major), the diastereomers of 4-hy-
droxythujone (minor), and other hydroxythujones (minor). In-
terestingly, the major sites of P450 hydroxylation at the 4- and
7-positions are those involving intermediate tertiary radicals that
are more stable than secondary and primary radicals. Dehydro-
�-thujone also is observed and may arise from dehydration of the
7-hydroxy compound as a biological reaction because this pos-
sible conversion is not an artifact during the extraction and
analysis procedure. The various hydroxythujones probably are
not the terminal metabolites because they are expected to
undergo conjugation and excretion. However, the presence of
hydroxythujones in the brain suggests their potential importance
in the neurotoxicity.

Metabolic detoxification is a dominant feature of �-thujone
neurotoxicity in mice. There are two principal candidate toxi-

cants, �-thujone and its 7-hydroxy metabolite. The 7-hydroxy
compound is present in brain at much higher levels than the
parent �-thujone, suggesting possible conversion in situ, but this
oxidation was not observed on incubation of �-thujone with
brain microsomes and NADPH. �-Thujone compared with
7-hydroxy-�-thujone is 56-fold more potent in the [3H]EBOB
binding assay and much more toxic to mice and houseflies. It
appears that all of the metabolites studied here are detoxifica-
tion products, i.e., less toxic than �-thujone. However, the level
in brain of 7-hydroxy-�-thujone is several-fold greater than that
of �-thujone (e.g., 29 and 11 ppm, respectively, at the time of
severe poising signs), suggesting that either one or both may
contribute to the toxic manifestations.

This study establishes that �-thujone acts at the noncompet-
itive blocker site of the GABAA receptor and is rapidly detox-
ified, thereby providing a reasonable explanation for some of the
actions of absinthe other than those caused by ethanol, and
allowing more meaningful evaluation of risks involved in the
continued use of herbal medicines containing �-thujone.
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Several major insecticides, including �-endosulfan, lindane, and
fipronil, and the botanical picrotoxinin are noncompetitive antag-
onists (NCAs) for the GABA receptor. We showed earlier that
human �3 homopentameric GABAA receptor recognizes all of the
important GABAergic insecticides and reproduces the high insec-
ticide sensitivity and structure-activity relationships of the native
insect receptor. Despite large structural diversity, the NCAs are
proposed to fit a single binding site in the chloride channel lumen
lined by five transmembrane 2 segments. This hypothesis is ex-
amined with the �3 homopentamer by mutagenesis, pore structure
studies, NCA binding, and molecular modeling. The 15 amino acids
in the cytoplasmic half of the pore were mutated to cysteine,
serine, or other residue for 22 mutants overall. Localization of
A-1�C, A2�C, T6�C, and L9�C (index numbers for the transmembrane
2 region) in the channel lumen was established by disulfide
cross-linking. Binding of two NCA radioligands [3H]1-(4-ethynyl-
phenyl)-4-n-propyl-2,6,7-trioxabicyclo[2.2.2]octane and [3H] 3,3-
bis-trifluoromethyl-bicyclo[2,2,1]heptane-2,2-dicarbonitrile was dra-
matically reduced with 8 of the 15 mutated positions, focusing
attention on A2�, T6�, and L9� as proposed binding sites, consistent
with earlier mutagenesis studies. The cytoplasmic half of the �3
homopentamer pore was modeled as an �-helix. The six NCAs
listed above plus t-butylbicyclophosphorothionate fit the 2� to 9�

pore region forming hydrogen bonds with the T6� hydroxyl and
hydrophobic interactions with A2�, T6�, and L9� alkyl substituents,
thereby blocking the channel. Thus, widely diverse NCA structures
fit the same GABA receptor � subunit site with important impli-
cations for insecticide cross-resistance and selective toxicity be-
tween insects and mammals.

�3 homopentamer � transmembrane 2 � insecticide � disulfide trapping �
receptor model

Pest insect control in the past 60 years was achieved, in part,
by application of �3 billion (3 � 109) pounds of polychlo-

rocycloalkane insecticides, including cyclodienes (e.g., �-en-
dosulfan and dieldrin), lindane and its isomers, and others, which
are now highly restricted or banned except for endosulfan and
some uses of lindane (1–3). One of the replacement compounds
is the phenylpyrazole fipronil. All of these insecticides and the
botanical picrotoxinin (PTX) have widely diverse chemical
structures but appear to act at the same nerve target. It is
therefore important to understand how these compounds work
in mammals and insects, or how they do not work when resistant
insect strains appear.

The GABA-gated chloride channel is the target for the insecti-
cides and toxicants referred to above based on radioligand binding
and electrophysiology studies (3–10). Important radioligands in
these developments are [3H]dihydroPTX (4, 11), [35S]t-
butylbicyclophosphorothionate (TBPS) (5, 12), [3H]1-(4-ethynyl-
phenyl)-4-n-propyl-2,6,7-trioxabicyclo[2.2.2]octane (EBOB) (6),
and [3H]3,3-bis-trif luoromethyl-bicyclo[2,2,1]heptane-2,2-
dicarbonitrile (BIDN) (8) (Fig. 1A). All of these compounds act in
mammals and insects as noncompetitive antagonists (NCAs) to

block chloride flux so the target is referred to as the GABA
receptor NCA-binding site. Vertebrate GABA receptors consist of
�, �, �, �, and other subunits in various combinations, for example,
�1�2�2 as a heteropentamer and �1 as a homopentamer (13–15).
The molecular localization of the NCA site defined here (Fig. 1B)
was first indicated by mutagenesis studies (16) as A2� (17–20), T6�
(21, 22), and L9� (23, 24) in the cytoplasmic half of the transmem-
brane 2 domain of the channel (Fig. 2). Drosophila resistant to
dieldrin (RDL) have a mutation conferring GABA receptor in-
sensitivity identified as A2�S (17). The NCA target of the GABAA
receptor requires a � subunit, and a �3 homopentamer is sufficient
for binding (9, 26). Importantly, the �3 subunit from human brain,
when expressed in insect Sf9 cells, assembles to form a receptor
sensitive to all of the important GABAergic insecticides (9) and,
surprisingly, reproduces the insecticide sensitivity and structure-
activity relationships of the native insect receptor (27). Studies of
the GABA receptor NCA site are therefore simplified by using this
highly sensitive �3 homopentamer, an approach verified by showing
here that Cys and Ser or Phe mutations in �3 at each of the 2�, 6�,
and 9� positions greatly reduce or destroy NCA radioligand binding.

This study tested the hypothesis that insecticides and convul-
sants of many chemical types act at the same GABA receptor site
in the same way to initiate insecticidal action and mammalian
toxicity. The goal was to characterize the GABA receptor–NCA
interaction by using the human GABAA receptor recombinant
�3 homopentamer as a model. The first step was to prepare Cys
and other mutations to scan the cytoplasmic half of M2 and the
flanking region (�4� to 10�), overall 22 mutants involving 15
positions. The mutants were used to identify Cys residues
undergoing disulfide cross-linking as a guide to channel pore
structure (28). Next, [3H]EBOB and [3H]BIDN were used to
identify positions where mutation altered binding (6, 8). Finally,
modeling of the NCA-binding domain (29, 30) was applied to the
�3 homopentamer to determine whether the wide diversity of
NCAs could fit the same site.

Results
Mutagenesis and Protein Expression. The transfection efficiency of
each recombinant baculovirus was examined by PCR analysis.
The nonrecombinant virus would give one 839-bp band of its
polyhedrin region and the recombinant virus incorporating the
1,425-bp �3 cDNA would appear at 2.3 kb. Each extracted
recombinant virus gave only one 2.3-kb band (Fig. 3A), indicat-
ing a recombination efficiency for the target gene of nearly 100%
for all mutants and the WT. Further, all PCR products from
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virus extraction were sequenced and confirmed as the right
mutations.

The expression levels of the WT and mutant �3 subunits were
determined by Western blotting. The monoclonal anti-�-chain
antibody recognized a very specific band at �55 kDa with similar
intensity for membrane extracts of the WT and each mutant (Fig.
3B). Equal protein transfer levels were determined by Ponceau
S staining. As exceptions, two mutants (L3�C and L3�F) were not
expressed.

Disulfide Cross-Linking Profiles. Oxidation of the Cys mutants with
copper sulfate:1,10-phenanthroline (Cu:phen) resulted in four

cases of a molecular mass increase from 55 kDa to �130 kDa for
the monomer and dimer, respectively, as detected by SDS�
PAGE and immunoblotting (Fig. 4). Cys substituents at �1�, 2�
(weak), 6�, and 9� formed disulfide-linked dimers in the presence
but not in the absence of Cu:phen. Only trace amounts of the �1�
and 9� monomers are left with Cu:phen indicating more exten-
sive reaction possibly due to higher flexibility at these positions.
Dimers were not detected under the same conditions for Cys
substituents at 0�, 1�, 4�, 5�, 7�, 8�, and 10�, although in some cases
there were apparent losses in receptor levels on oxidation.
Disulfides at �1�, 2�, and 9� were completely reversed with DTT,
but the one at 6� was only partially reversed.

Effect of Site-Specific Mutations on [3H]EBOB and [3H]BIDN Binding.
Membranes (100 �g of protein) from the WT were assayed with
[3H]EBOB (1 nM) or [3H]BIDN (2.5 nM) by using incubations
for 90 min at 25°C. Specific binding (n � 10) was 2,458 � 250
dpm for [3H]EBOB and 1,253 � 100 dpm for [3H]BIDN with
nonspecific binding of 496 � 45 and 225 � 16 dpm, respectively,
i.e., 83–85% specific relative to total binding. Using the same

Fig. 1. Structure-activity relationships of seven GABA receptor noncompetitive antagonists. (A) Structures of three important insecticides (lindane, fipronil,
and �-endosulfan) and four radioligands (asterisk designates labeling position). The high potencies of each compound with the �3 homopentamer are indicated
by the 2.7 nM Kd for [3H]EBOB on direct binding and 0.47–59 nM IC50 values for the other compounds in displacing [3H]EBOB binding (9). (B) Models of four
antagonists positioned as in A showing their proposed �3 homopentamer M2 binding sites in the channel lumen. A, L, and T refer to the side chains of the
interacting 2�, 6�, and 9� residues, respectively.

Fig. 2. Alignment of the cytoplasmic half of the M2 and flanking sequences
of various GABA receptor subunits. The species are human or rat for �, �, and
�, rat for �, and Drosophila for WT and RDL. Index numbers for positioning in
M2 (25) are shown at the top. The �3 homopentamer region studied here is
shown in a box with the channel lumen residues defined in the present
investigation by disulfide cross-linking in bold type (�1�, 2�, 6�, and 9�). The
resistance-associated RDL mutation (A2�S) in Drosophila (17) is underlined.

Fig. 3. Baculovirus transfection efficiencies and protein expression levels of
WT (S-3�S) and mutant �3 subunits. (A) PCR analysis of recombinant efficiency.
(B) SDS�PAGE-Western blotting analysis of protein expression level. VWT refers
to membrane transfected with WT baculovirus. Samples were treated with 10
mM DTT in sample buffer.

5186 � www.pnas.org�cgi�doi�10.1073�pnas.0600370103 Chen et al.
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conditions and amounts of receptors, the mutants were then
compared to the WT for both [3H]EBOB and [3H]BIDN bind-
ing. The binding activities of A-4�S, T7�C and T10�C were similar
to the WT, whereas A-2�S and V1�C gave reduced binding (Fig.
5). All of the rest gave little or no specific binding. It was indeed
surprising to find that the low binding for mutants involves the
whole segment from A2� to I5�, in addition to the expected T6�
to L9�, with the two exceptions of L3� not expressed and T7�
normal. More generally, mutations in the lowest region of the
channel have no (�4� or �3�) or little (�2�) influence on
activity, whereas those in the region of �1� to 10�, except 1�, 7�,
and 10�, drastically reduce [3H]EBOB and [3H]BIDN binding.
This reduction is not due to interference from oxidation of the
Cys moiety because (i) DTT did not restore the activity of the
eight low-binding mutants (data not shown), and (ii) the findings
are essentially the same with Ser (0�, 2�, and 9�), Leu (5�), Phe
(6�), and Ala (4� and 8�) as well as for the corresponding Cys
mutants. It is assumed that the mutants, which do not bind
NCAs, form functional channels that are correctly assembled on

the cell surface because, on the Western blot, they all have a
protein of similar size and presumably maturely glycosylated.
Most importantly, on an overall basis, the results are essentially
the same with [3H]EBOB and [3H]BIDN.

Two methanethiosulfonate (MTS) sulfhydryl-modification re-
agents provided further information on the NCA site by com-
paring their effect on [3H]EBOB binding for the Cys active
mutants 1�, 7�, and 10� compared with the WT. With both
sulfhydryl reagents, there was a site-dependent effect on [3H]E-
BOB binding with little inhibition for the T7�C mutant, moder-
ate for T10�C, and almost complete for V1�C.

Structural Model for NCA Binding. Fig. 6 Upper Left shows a model
of the channel lumen from the 2� to 9� positions with five �3
�-helices and lindane docked into the putative binding site,
which it clearly fills to block the pore. Similar models of the six
other NCAs also show filling of the pore space.

Attention was focused on A2�, T6�, and L9�, because these
residues are in the channel lumen (based on disulfide trapping)
and mutations (Cys versus Ser or Phe in each case) at these sites
greatly reduce or abolish binding. The interacting sites are shown
in Figs. 1B and 6. Docking of EBOB positions the A2� methyls
interacting with the normal-propyl and two O-methylenes, two
T6� hydroxyls interacting with the oxygens (H---O distance
�3.1Å), T6� methyls binding to the phenyl moiety, and, at a
slightly longer range, a L9� methyl also interacting with the
ethynyl substituent (evident in Fig. 1B but not Fig. 6). TBPS has
numerous favorable A2� interactions with the tertiary-butyl
moiety, and the T6� methyls and hydroxyls interact with the
sulfur and cage oxygens. PTX has A2� methyl interactions with
the isopropenyl methyl and methylene and three T6� hydroxyl
hydrogen bonding interactions to three PTX oxygens. BIDN has
multiple contact points with A2� methyls and T6� methyls and
hydroxyls. A cyano nitrogen and a fluorine each form hydrogen
bonds to a T6� hydroxyl. Lindane bridges A2� methyls and T6�
hydroxyls and methyls, each interacting with multiple chlorines.
�-Endosulfan and fipronil have multiple interaction sites and
types, with A2� methyls and T6� methyls and hydroxyls for both
compounds reinforced by L9� side chains for fipronil. More
complete depictions of the �3 homopentamer model and the
docked ligands are given in supporting information, which is
published on the PNAS web site.

Discussion
Mutagenesis and Expression. The cytoplasmic half of the M2
region contains 11 amino acids (0� to 10�), and this number is
extended to 15 (�4� to 10�) with the flanking region of interest.
Site-specific mutagenesis introduced Cys at 12 sites (A-1�C to
T10�C), Ser at five sites (A-4�S, A-2�S, R0�S, A2�S, and L9�S),
and Phe at two sites (L3�F and T6�F). In addition, three
mutations were introduced with little change in polarity, i.e.,
G4�A, I5�L and V8�A. The 3�-position was an exception because
L3�C and L3�F did not show detectable expression by Western
blotting either in the �3 homopentamer studied here or the �1�3
heteropentamer (data not shown).

Pore-Lining Residues. The position of pore-lining residues was
determined by disulfide cross-linking, cysteine accessibility, and
molecular modeling. Cys sulfhydryl substituents in the pore
lining can be oxidized to disulfides resulting in dimerization.
Disulfide trapping for Cys mutants in the present study places the
sulfhydryl substituents of �1�, 2�, 6�, and 9� within the channel
lumen; disulfide trapping of A-1�C, A2�C, and L9�C was not
established before. The tight protein packing in the 2� position
(31) may account for the weak dimer formation by limiting the
required flexibility and close proximity for disulfide bond for-
mation. Disulfides are not formed with 0�, 1�, 4�, 5�, 7�, 8�, and
10�, indicating they are probably not in the pore or have low

Fig. 4. Disulfide cross-linking profiles. Samples are control without Cu:phen
or DTT (–�–), oxidized with Cu:phen but not treated with DTT (��–), or
oxidized with Cu:phen then reduced with 10 mM DTT (���). Reactions were
terminated with 10 mM N-ethylmaleimide before SDS�PAGE-Western blot-
ting analysis.

Fig. 5. Effect of site-specific mutations (Cys, Ser, Ala, Leu, or Phe) on specific
binding of [3H]EBOB and [3H]BIDN. NE, not expressed. Data are percent of WT
(S-3�S) � SD.

Chen et al. PNAS � March 28, 2006 � vol. 103 � no. 13 � 5187
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mobility�f lexibility. For T6�, similar findings are obtained with
the �1T6�C�1T6�C receptor but only in the presence of GABA
(28), suggesting that the �3 homopentamer of the present
investigation assumes the spontaneous open state (32). Homol-
ogy of the GABA receptor �3 homopentamer with the nicotinic
acetylcholine receptor (33) indicates the narrowest gating region
of the pore is between 9� and 14�, suggesting the positioning of
L9�C in the pore (24, 31). In the �1 subunit of the �1�1�2
receptor, A2�C, T6�C, T7�C (slow reaction rate), V8�C, L9�C,
and T10�C are all accessible to a sulfhydryl-modification reagent
depending on the state of the channel (31). Methanethiosulfon-
ate reagents in the present �3 homopentamer study show that
V1�C is transiently available in the channel lumen in contrast to
T7�C and T10�C, which are not readily accessible. In addition,
reaction with the cationic methanethiosulfonate reagent sug-
gests that the anion-selective filter may be below V1�C. Molec-
ular modeling of the �3 homopentamer as an �-helix (Fig. 6)
places �1�, 2�, 6�, and 9�, but not 0�, 1�, 3�, 4�, 5�, 7�, 8�, or 10�,
in the channel pore (see supporting information), consistent with
the other approaches.

Sites for NCA Interactions. The interacting residues are considered
to be A2� (or more generally the A2�-I5� hydrophobic pocket)
and T6� (the highly conserved and most important structural
determinant) with a supplemental role for L9�. A biophysical
calculation model focused on PTX interactions with A2� and T6�
of the �1 receptor (29). The present study uses site-specific
mutations in the �3 homopentamer to determine the importance
of 10 other amino acid residues in NCA binding, i.e., the whole
cytoplasmic half of the M2 region. A-4�, S-3�, and A-2� are
apparently outside of the binding site. �3 homopentamer mu-
tants A-1�C, R0�C, and R0�S block binding, perhaps because of
proximity to A2�. Sulfhydryl modification at V1�C impedes
[3H]EBOB binding (this study), possibly by overlapping the
sensitive A2� position. Further, for 2�, the low sensitivity of the
Drosophila RDL homomeric receptor to [3H]EBOB with A2�S
(or A2�G) (34) suggests this site for binding with confirmation
here from A2�C and A2�S mutants in the �3 homopentamer. In

addition, with V2�C at the �1 subunit of the �1�1�2 receptor,
PTX protects against sulfhydryl derivatization (18), and a sulf-
hydryl-reactive fipronil analog [-C(O)CH2Br replaces -S(O)CF3]
serves as an irreversible blocker (19). The involvement of 3�,
directly or by influencing the neighboring A2�, is shown by L3�F
at �3 of the �1�3 receptor almost abolishing TBPS and PTX
binding (20). The structurally critical apolar pocket in the �3
homopentamer appears to involve A2�, L3�, G4�, and I5�, i.e., a
tightly packed and completely hydrophobic region that may play
a role in stabilizing the helical structure (31, 35). Although G4�
is on the backside of the helix, the side chains introduced with
the G4�C and G4�A mutants appear to perturb the tightly packed
2�-5� region of the channel lumen to disturb NCA binding. The
T6�C and T6�F mutations in the �3 homopentamer abolish NCA
sensitivity, and introducing T6�F in �2 (or �1 or �2) of �1�2�2
greatly reduces PTX sensitivity (21). Mutagenesis of the 6�
position of �1 and �2 receptors from rats showed this site to be
important in PTX sensitivity (22). T7�C and V8�C fall outside the
pore and, therefore, are not expected to be important binding
sites, yet the 8� mutants block binding, perhaps, by changing the
shape of the pore. For L9�, where a mutation can potentially
perturb the gating kinetics (24), the L9�C and L9�S mutations for
�3 abolish NCA binding here and L9�S reduces PTX sensitivity
in each subunit of �1�2�2 (24). Finally, with �1, several mutations
at L9� also reduce PTX sensitivity (23). Lying outside the pore,
T10�C does not affect [3H]EBOB or [3H]BIDN binding.

Widely Diverse NCA Structures Fit the Same Site. The RDL A2�S
mutation confers cross-resistance of insects to all classes of com-
mercial NCA insecticides (10, 17), and this cross-resistance also
applies to the highly potent model compounds EBOB and BIDN.
The effect of all mutations is essentially the same with [3H]EBOB
and [3H]BIDN, indicating that they both have the same binding site.
More generally, an extremely wide diversity of chemical types, each
with configurational specificity, appears to act the same way as
GABA receptor NCAs (3, 9, 36, 37). Figs. 1B and 6 illustrate how
they, in fact, may all fit the same site by showing the proposed
interactions of seven NCAs with the �3 homopentameric receptor.

Fig. 6. Proposed interactions of seven noncompetitive antagonists at the same GABAA receptor �3 homopentamer binding site. (Upper Left) lindane (space
fill, red and blue for partial negative and positive charges of chlorine and carbon, respectively) binds to the GABAA receptor (five �3 �-helices shown in green)
to block the channel pore shown as the 2� to 9� positions viewed from the top into the pore. Remaining panels: seven ligands (see Fig. 1A) docked at their
optimized positions with the perspective chosen for ease of viewing. A, L, and T refer to the side chains of the interacting 2�, 6�, and 9� residues, respectively.
van der Waals contacts are illustrated in green (see text for discussion of hydrogen bonding). The space filling aspects of all of the ligands are most readily evident
in supporting information.
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Favorable hydrophobic interactions are observed for the A2�
methyls with the alkyl substituents of EBOB, TBPS, PTX, and
BIDN, the trifluoromethylsulfinyl and pyrazole cyano of fipronil,
the hexachlorocyclopentenyl moiety of endosulfan, and the hexa-
chlorocyclohexane isomer lindane. The T6� methyls interact with
the ethynylphenyl and trifluoromethylphenyl substituents of EBOB
and fipronil, respectively, the trifluoromethyls and cyanos of BIDN,
and the exocyclic oxygen of �-endosulfan. The T6� hydroxyl sub-
stituent hydrogen bonds (H-X distance 	3.5 Å) to multiple elec-
tronegative sites, i.e., the trioxabicyclooctane oxygens of EBOB and
TBPS; the exocyclic oxygen of endosulfan; the epoxy, hydroxyl, and
lactone exocyclic oxygens of PTX; the pyrazole, amino, and cyano
nitrogens of fipronil; and a cyano nitrogen and fluorine of BIDN.
In lindane, four chlorines are 	3.5 Å from T6� hydroxyl hydrogens.
On calculating the relative energies of the bound ligands by using
MAESTRO�MACROMODEL (Schrödinger LLC, Portland, OR), the
most potent � isomer lindane binds in a more stable configuration
than the less active �, �, and � isomer(s) by �30 kJ�mol and the
more active �-endosulfan versus the less potent �-endosulfan by 15
kJ�mol. The L9� side chains associate with the phenyl group of
EBOB and fipronil, the ethynyl of EBOB and the aryl trifluorom-
ethyl and chloro substituents of fipronil, enhancing the potency of
these long or extended molecules. The more compact NCAs,
including TBPS, lindane, and BIDN, require only A2� and T6� for
fit lengthwise or lying across the pore, and this positioning probably
also applies to �-endosulfan and PTX. These docking proposals are
consistent with current structure-activity relationships and may
help in further ligand optimization.

The NCAs are chloride channel blockers, i.e., their potency in
binding to the NCA site is proportional to their effectiveness in
inhibiting chloride flux (38, 39). In the proposed binding site
model, the NCAs fill up and actually block the pore, although
they also may act allosterically by changing the channel confor-
mation. The internuclear distance across the channel pore is on
the order of 8.5 Å, which is the same as or only slightly longer
than the distance across multiple types of NCAs (6–8 Å).

NCA Potency and Selectivity Conferred by Subunit Specificity. The �3
homopentamer has higher NCA sensitivity than other vertebrate
GABA receptors and any replacement subunits of those tested
reduce ligand affinity (9). The �3 homopentamer can form a
spontaneously opening ion channel (32), potentially facilitating
ligand binding. GABA and other agonist modulators affect NCA
binding with native and �1 subunit-containing receptors but not
with the �3 homopentamer (9, 12, 40). As with related ligand-
gated ion channels the NCA potency profile varies with subunit
composition. Selectivity is conferred by these additional subunits
as evident by comparing native receptors with �1�2�2 hetero-
pentameric and �3 homopentameric recombinant receptors (9,
27). NCAs with excellent fit for the �3 homopentamer model
may show less favorable docking in the heteropentameric native
receptors associated with subunit variation at the 2� position.

Concluding Remarks. The human GABAA receptor recombinant
�3 homopentamer retains the NCA site in its most sensitive
form, equal to the insect site. Both the �3 homopentamer pore
and principal radioligand [3H]EBOB are symmetrical, thereby
greatly facilitating receptor modeling and ligand positioning.
Ligands of widely diverse structures approach similar potency
when optimized. The effect of mutations is the same for [3H]E-
BOB and [3H]BIDN binding and possibly for the other NCAs as
well. A model for the GABAA receptor M2 region applied to the
�3 homopentamer brings these observations together to propose
structural aspects of the NCA site. Further test of this proposal
requires direct rather than indirect structural analysis of the
homopentameric and heteropentameric GABA receptors.

Materials and Methods
Site-Directed Mutagenensis. cDNA encoding the human GABAA
receptor �3 subunit inserted in the pVL1392 baculovirus transfer
vector was described in ref. 9. Point mutations were introduced
with the QuikChange Site-Directed Mutagenesis kit (Strat-
agene). Mutagenic oligonucleotides were prepared by Operon
(Huntsville, AL). All mutations were confirmed by double-
strand DNA sequencing (DNA Sequencing Facility, University
of California, Berkeley).

Cell Culture and Protein Expression. Insect Sf9 cells (serum-free
adapted, derived from ovaries of Spodoptera frugiperda) were
maintained by described methods in refs. 9 and 41. Recombinant
baculoviruses were constructed by using a Bacfectin-mediated
transfection kit (BD Biosciences Clontech). The Invitrogen
protocol was used for PCR analysis of recombinant virus. All
PCR products were recycled with GelQuick Gel Extraction Kit
(Qiagen, Valencia, CA) and then were sequenced as described
above. Log phase Sf9 cells were infected with recombinant
baculovirus at a multiplicity of infection of 5–8. Cells were
harvested at 65 h after infection. They were pelleted at 1,500 �
g for 5 min and washed once with PBS (155 mM NaCl�3.0 mM
NaH2PO4�1.0 mM K2HPO4, pH 7.4). Cell pellets were stored at
�80°C until ready to use.

Membrane Preparation. The pelleted cells were resuspended in
PBS and homogenized in a glass tube with a motor-driven Teflon
pestle (9, 41). Cellular debris was removed by centrifugation at
500 � g for 10 min at 4°C. The supernatant was centrifuged at
100,000 � g for 40 min at 4°C, and the resulting pellet was
resuspended in PBS and stored at �80°C. Protein concentration
was determined with the detergent-compatible Lowry assay
(Bio-Rad).

Western Blotting. Membrane preparations were mixed with Lae-
mmli sample buffer (1.5% SDS�5% glycerol�65 mM Tris�HCl,
pH 6.8, with or without 10 mM DTT). After boiling at 100°C for
5 min, samples were analyzed by SDS�PAGE (10% acrylamide)
by using a Mini-PROTEAN II apparatus (Bio-Rad). Proteins
were transferred onto poly(vinylidene difluoride) membranes
for 2 h at 100 V and 4°C by using the Transblot apparatus
(Bio-Rad). The membranes were blocked in Tris-buffered saline
(Bio-Rad) containing 2% nonfat dry milk with 0.5% Tween 20
for 1 h at room temperature and incubated with the mouse
anti-GABAA receptor, �-chain monoclonal antibody (Chemicon
International, Temecula, CA), at a dilution of 1:1,000, also for
1 h at room temperature. After three 5-min washings in TBS with
0.5% Tween 20, the blots were incubated with anti-mouse
horseradish peroxidase-linked secondary antibodies (Santa Cruz
Biotechnology) at a dilution of 1:2,000 for 1 h at room temper-
ature. After extensive washing, immunoreactivity was detected
by chemiluminescence kit (PerkinElmer). Finally, the trans-
ferred protein was visualized by incubation in Ponceau S solution
(Bio-Rad).

Disulfide Cross-Linking and Sulfhydryl Modification. For disulfide
cross-linking, the membrane preparation (100 �g of protein) in
PBS (100 �l) was oxidized with Cu:phen (100 �M:400 �M) (28,
42) for 5 min at 25°C. The reaction was terminated by adding 10
mM N-ethylmaleimide and 1 mM EDTA (final concentrations).
After 3 min, the membranes were recovered by centrifugation
(20,000 � g for 15 min at 4°C), resuspended in PBS, mixed with
sample buffer with or without 10 mM DTT, and subjected to
SDS�PAGE (10% acrylamide) and Western blot analysis. For
sulfhydryl modification, two methanethiosulfonate reagents
were used, 2-(trimethylammonium)ethyl methanethiosulfonate
bromide and sodium (2-sulfonatoethyl)methanethiosulfonate,
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under described conditions (18, 43) with analysis for their effect
on [3H]EBOB binding.

[3H]EBOB and [3H]BIDN Binding. Assay mixtures contained 1 nM
[3H]EBOB (48 Ci�mmol; 1 Ci � 37 GBq) (PerkinElmer) (6, 9)
or 2.5 nM [3H]BIDN (50 Ci�mmol) (8) and the recombinant
expressed receptor (100 �g protein) in PBS (500 �l final volume)
(6). After incubation for 90 min at 25°C, the samples were
filtered through GF�B filters (presoaked in 0.2% polyethylenei-
mine for 3 h) and rinsed three times with ice-cold saline (0.9%
NaCl). Nonspecific binding was determined in the presence of 1
�M �-endosulfan for [3H]EBOB or 5 �M unlabeled BIDN for
[3H]BIDN by using 5 �l dimethyl sulfoxide to add the displacing
agent immediately before incubation. Each experiment was
repeated three or more times with duplicate samples. The
binding activity of mutants was expressed as percent (mean �
SD) of that for the WT. Supplemental binding studies were made
by using DTT preincubation (10 mM for 5 min at 25°C) in
deoxygenated PBS continuously bubbling with argon to rule out
any spontaneous disulfide formation.

Modeling Receptor–Ligand Interactions. Modeling started from the
�1�2�2 GABAA receptor based on the homologous nicotinic
acetylcholine receptor and acetylcholine binding protein (30).
This �-helical structure was reconstructed here as the �3 ho-
mopentamer, i.e., the two �2 subunits were directly replaced by
�3, because they have the same M2 sequence, then the two �1
subunits and one �2 subunit were replaced with �3, by using the

original �1 and �2 backbone atom positions as a guide, to make
the homopentameric model. The cytoplasmic side of the M2
region and adjacent residues are considered, i.e., A-4� to T10�
(Fig. 2), with particular attention to A2� to L9�.

All modeling was done with MAESTRO 6.5 (Schrödinger
LLC). Macromodel atom types were used to assign partial
charges (44). van der Waals contacts were defined as C �
(distance between atomic centers)�(radius 1st atom � radius
2nd atom) where good, bad, and ugly contacts are defined as C �
1.3, 0.89, and 0.75 Å, respectively. The antagonists were manu-
ally docked into the putative binding site to maximize good
contacts, and then the ligand geometry and location were
allowed to optimize relative to the �3 homopentamer, which was
itself constrained. In this optimization, all settings were left at
the default values except a water model (generalized Born�
surface area) was used instead of a gas phase model. In each case,
sufficient optimization steps were performed as necessary to
ensure that the convergence criteria were met.
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Two types of structurally similar nicotinic agonists have very
different biological and physicochemical properties. Neonicotin-
oids, important insecticides including imidacloprid and thiacloprid,
are nonprotonated and selective for insects and their nicotinic
receptors, whereas nicotinoids such as nicotine and epibatidine are
cationic and selective for mammalian systems. We discovered that
a mollusk acetylcholine binding protein (AChBP), as a structural
surrogate for the extracellular ligand-binding domain of the nic-
otinic receptor, is similarly sensitive to neonicotinoids and nicoti-
noids. It therefore seemed possible that the proposed very differ-
ent interactions of the neonicotinoids and nicotinoids might be
examined with a single AChBP by using optimized azidochloropy-
ridinyl photoaffinity probes. Two azidoneonicotinoids with a nitro
or cyano group were compared with the corresponding desnitro or
descyano azidonicotinoids. The four photoactivated nitrene
probes modified AChBP with up to one agonist for each subunit
based on analysis of the intact derivatized protein. Identical mod-
ification sites were observed by collision-induced dissociation
analysis for the neonicotinoids and nicotinoids with similar label-
ing frequency of Tyr-195 of loop C and Met-116 of loop E at the
subunit interface. The nitro- or cyano-substituted guanidine/ami-
dine planes of the neonicotinoids provide a unique electronic
conjugation system to interact with loop C Tyr-188. The neonic-
otinoid nitro oxygen and cyano nitrogen contact loop C Cys-190/
Ser-189, whereas the cationic head of the corresponding nicotin-
oids is inverted for hydrogen-bonding and cation-� contact with
Trp-147 and Tyr-93. These structural models based on AChBP
directly map the elusive neonicotinoid binding site and further
describe the molecular determinants of agonists on nicotinic
receptors.

acetylcholine binding protein � imidacloprid � neonicotinoid insecticides �
nicotinic receptor � photoaffinity labeling

Selective toxicity is critical for insecticide use, combining
outstanding effectiveness for pests with safety for humans

and wildlife. Neonicotinoids, exemplified by the major imida-
cloprid (IMI), thiacloprid (THIA), and acetamiprid (ACE)
(Figs. 1 and 2), are the most important new class of insecticides
of the past three decades and are increasingly replacing the
organophosphates and methylcarbamates. The favorable selec-
tivity of the neonicotinoids occurs largely at the target level,
which is the agonist binding site of the nicotinic acetylcholine
(ACh) receptor (nAChR). Nicotine, the namesake of the
nAChR, has been used for pest control since the 17th century
despite the risk for people and limited insecticidal efficacy. In
contrast, the new and nicotine-like neonicotinoids have low
activity on mammalian relative to insect nAChRs, providing a
mechanistic basis for their safety (1, 2).

Primary insights into the structure and function of agonist-
gated ion channel complexes came from electron microscopy
analysis of the Torpedo nAChR (3) and x-ray crystallography of
ACh binding proteins (AChBPs), soluble homologues of the
nAChR extracellular drug-binding domain (4–7). Nicotine and
its more potent analog epibatidine (EPI) (Fig. 2) (8) played a
major role in structural characterization of the agonist-binding

domain. Protonation of these agonists at physiological pH is
important for binding site interactions at the superfamily of
neurotransmitter-gated ion channels (5, 7, 9–11). Neonicotin-
oids, on the other hand, are uncharged with an electronegative
nitro or cyano pharmacophore (12, 13). The first step in under-
standing neonicotinoid binding sites was identification of the
molecular determinants for target site resistance and site-
directed mutagenesis (14–16), but such studies do not provide a
complete description of the binding site.

We report here that AChBP from the saltwater mollusk
Aplysia californica surprisingly shows high sensitivity to the
neonicotinoids. Photoaffinity labeling combined with MS anal-
ysis identifies the sites for specific probe incorporation by using
photoreactive neonicotinoid and nicotinoid agonists (probes 1–4
in Fig. 1), defining the structure of the elusive neonicotinoid
binding site in comparison with that of the well understood
nicotinoid site.

Results
Pharmacological Profiles. The affinities of eight neonicotinoids
and four nicotinoids for the Aplysia AChBP were evaluated as
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Fig. 1. Structures of neonicotinoids, nicotinoids, and photoaffinity probes.
(Upper) Neonicotinoid insecticides (IMI and THIA) and the corresponding
desnitro and descyano nicotinoid analogs (DNIMI and DCTHIA). (Lower)
5-Azido-6-chloropyridin-3-ylmethyl photoaffinity probes (1–4) and the pho-
toactivated nitrene that derivatizes the AChBP agonist-binding domain.
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competition with the neonicotinoid radioligand [3H]ACE and
the nicotinoid probe [3H]EPI (Table 1). Five neonicotinoids had
high affinities with Ki values of 2–41 nM [probe 2, olefin analog
of THIA (THIAolf), THIA, nitromethylene analog of IMI
(IMI-CHNO2), and ACE], whereas three others showed mod-
erate affinity with Ki values of 180–808 nM (IMI, nitenpyram,
and clothianidin). The descyano and desnitro analogs of THIA
and IMI [descyanothiacloprid (DCTHIA) and desnitroimida-
cloprid (DNIMI), respectively] are categorized as nicotinoids
because they are iminium cations and act like EPI and nicotine
(1, 2). DCTHIA is almost equal to EPI in potency and DNIMI
has a six to seven times higher affinity than nicotine. The effect
of introducing an azido group at the 5-position was examined
with a reference ligand probe 2, and it gave similar binding
affinity to its parent compound THIAolf, consistent with our
earlier findings with the nAChR (17). Most interestingly, an
excellent correlation (r2 � 0.98) was evident for the potencies of
the 12 ligands in competing for the [3H]ACE and [3H]EPI
binding site(s) (Fig. 2).

[3H]5 Photoaffinity Labeling. The azido substituent gave very
effective neonicotinoid photoaffinity probes, which, in principle,
bind to the specific site and then the reactive nitrene interme-
diate, generated by photoirradiation, reacts covalently with
AChBP (Fig. 1). [3H]5, as an easily labeled representative

compound, was used for visualization and quantification of the
photoderivatization. [3H]5 photoreacted with 8.4 � 1.1 pmol
sites of AChBP (76 pmol sites) with nonspecific labeling of
0.27 � 0.04 pmol determined in the presence of IMI (specific
labeling 97%) (Fig. 3), occupying 11% of the total AChBP. IMI
concentration-dependently inhibited specific incorporation of
[3H]5 into AChBP (38 pmol sites) with 50% protection at �500
pmol. Edman sequencing then identified two peptides Gln-184–
Lys-203 and Pro-98–Arg-122 with similar levels of radioactivity.

MS Analysis of Photoaffinity-Labeled AChBP. Liquid chromatogra-
phy/MS of the labeling mixture for each photoaffinity probe
revealed unmodified protein and covalently derivatized AChBP
based on the expected mass increase (Table 2). The relative
intensities of the deconvoluted components established at least
15% single and negligible double labeling in all experiments (SI Fig.
7, for example, data with 1-nitrene). The calculated mass for the
intact, FLAG-tagged [numbered as (�8)DYKDDDDKL(0)] re-
combinant protein is 25,944 Da. From the mass measured for the
unmodified protein and the collision-induced dissociation (CID)
data acquired from the tryptic digests we concluded that a mixture
of sequences with ragged termini were present. Tyr(-7) to Arg-215
features the closest mass to the measured value: 25,324 Da (�0.1%
deviation).

To identify the site(s) of modification the proteins were
digested with trypsin, after disulfide-bridge reduction and car-
bamidomethylation of the free sulfhydryls, and then analyzed by

Table 1. Pharmacological profiles of 
3H�ACE and 
3H�EPI binding
sites in Aplysia AChBP

Ki � SEM (nM, n � 3 or 4)†

Ligand* 
3H�ACE 
3H�EPI

Neonicotinoids
Probe 2 2.3 � 0.2 1.7 � 0.1
THIAolf 4.5 � 0.5 2.8 � 0.2
THIA 9.9 � 1.7 8.4 � 2.8
IMI-CHNO2 14 � 2 4.1 � 1.1
ACE 41 � 3‡ 19 � 3
IMI 267 � 4 180 � 40
Nitenpyram 335 � 21 186 � 20
Clothianidin 808 � 74 574 � 18

Nicotinoids
DCTHIA 10 � 1 8.5 � 1.8
(�)-EPI 14 � 2 8.6 � 2.0‡

DNIMI 56 � 3 44 � 8
(�)-Nicotine 415 � 27 260 � 6

*Chemical structures are given in Fig. 1 and supporting information (SI) Fig. 6.
†Averages for Hill coefficients in 
3H�ACE and 
3H�EPI bindings are 1.03 and
1.02, respectively.

‡Dissociationconstantsdeterminedbydirect radioligandsaturationexperiments.

Fig. 2. Correlation plot of Ki values of neonicotinoids and nicotinoids for
[3H]ACE and [3H]EPI binding sites in Aplysia AChBP. Asterisks indicate positions
of tritium labeling for the two radioligands.

Fig. 3. [3H]5 photoaffinity labeling. (Upper) (Right) The structure of [3H]5 is
indicated with an asterisk for the position of tritium label. (Left) Fluorography
of [3H]5-derivatized AChBP with Coomassie blue-stained protein. AChBP (76
pmol sites) was photoaffinity-labeled by [3H]5 (92 pmol) without (�) and with
IMI (10,000 pmol) (�). (Lower) Protection of photoaffinity labeling by unla-
beled IMI is shown. AChBP (38 pmol sites) was reacted with [3H]5 (46 pmol).

Table 2. Mass measurements of Aplysia AChBP subunit (intact
protein) labeled with neonicotinoid and nicotinoid
photoaffinity probes

Molecular mass, Da

Nitrene* Unmodified Modified Increase

1 25,352 25,620 (25,887)† 268 (535)†

2 25,351 25,615 (25,879)† 264 (528)†

3 25,351 25,575 224
4 25,351 25,590 239

*Structures of azido precursors and photoactivated nitrenes are shown in
Fig. 1.

†Mass in parentheses indicates the negligible double modification.
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liquid chromatography/MS/MS. Two-step searches were per-
formed with the CID data, the first with very strict search
parameters establishing the identity of the protein and the purity
of the preparation. The second search to identify modification(s)
was performed allowing an addition of up to 300 Da on any
amino acid in the sequence. The labeled peptides were identified
by the predicted mass shifts corresponding to the different
labeling molecules (Table 3). MS/MS (CID) data provided the
final proof, both confirming the identity of the labeled peptides
and pinpointing the modification site. Assignments were based
on the presence of the properly shifted fragment ions in the CID
spectra of the labeled peptides. This evidence identified Tyr-195

and Met-116 in all cases as the labeled sites (SI Figs. 8 and 9
showing the CID data for the 1-nitrene-labeled peptides as an
example). It was observed that some modified fragments may
undergo a gas-phase rearrangement reaction and lose the label
(SI Fig. 8), a process that could hamper the site assignment, but,
fortunately, even peptides bearing the less stable labels yielded
sufficient information to identify the modification site.

Structural Models for Neonicotinoid and Nicotinoid Binding Interac-
tions. Structural models for interactions of the neonicotinoids
and nicotinoids with the agonist binding domain were estab-
lished by combining (i) the photoaffinity labeling results for
precisely positioning the chloropyridinyl moiety with (ii) the
crystal structure of Aplysia AChBP defining the localization and
geometry of all relevant nearby residues (Fig. 4). IMI and THIA
are calculated to dock in the same orientation into the binding
pocket with energies of �7.42 and �7.17 kcal/mol, respectively.
The nearby amino acids are: Tyr-93 (loop A); Trp-147 (loop B);
Tyr-188, Ser-189, Cys-190, and Tyr-195 (loop C); Tyr-55 (loop
D); and Ile-106, Met-116, and Ile-118 (loop E). The chlorine
atom of IMI and THIA interacts with the loop E segment and
particularly makes van der Waals contacts to the backbone
carbonyl oxygen atoms of Ile-106 (4.2 and 4.3 Å, respectively)
and Met-116 (4.8 and 4.3 Å, respectively). The pyridine nitrogen
of IMI or THIA is expected to undergo hydrogen-bonding with
the backbone carbonyl oxygen atoms of Ile-118 (4.3 and 4.2 Å,
respectively) and Trp-147 (3.7 and 3.2 Å, respectively) via water
bridge(s). Tyr-195 and Met-116 are located at spatially suitable
positions to be modified by the photoactivated nitrene of the
probes (distance between nitrene and hydroxyl oxygen of Tyr-

Table 3. Tryptic peptides labeled by nitrene identified by FTICR

Nitrene
m/z,

observed (z)

Molecular mass, Da*

Measured Theoretical

Gln-184 to Lys-203 with Tyr-195 modified
1 906.0771 (3) 2,715.2078 2,715.2091
2 678.5490 (4) 2,710.1647 2,710.1646
3 668.5632 (4) 2,670.2215 2,670.2239
4 672.3003 (4) 2,685.1699 2,685.1694

Thr-80 to Arg-122 with Met-116 modified
1 1,224.3602 (4) 4,893.4096 4,893.4063
2 1,223.0987 (4) 4,888.3636 4,888.3621
3 970.6924 (4) 4,848.4229 4,848.4213
4 973.6812 (5) 4,863.3669 4,863.3668

*�M are 0.0 to 0.8 ppm.

Fig. 4. Structural models for neonicotinoid (Upper, IMI and THIA) and nicotinoid (Lower, DNIMI and DCTHIA) binding site interactions based on photoaffinity
labeling and the crystal structure of EPI–AChBP complex (Protein Data Bank ID code 2BYQ) (7). View angle is from an apical and radial location. Residues in yellow
are from the (�)-face and in blue are from the (�)-face. Loop C (shown as a portion Tyr-188 to Cys-191) flexibility (7) may yield multiple similar conformations
induced by neonicotinoid binding. Tyr-195 is not displayed for the IMI and THIA models because it would visually obscure their nitro and cyano substituents,
respectively, but the positioning is evident from the lower two images (see also SI Fig. 10).
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195 or sulfur of Met-116 is presumably 	 3 or 4 Å). N1, C2, and
S6 (Fig. 1) of the imidazolidine and thiazolidine rings are
surrounded by Trp-147 and Tyr-188, and N7 (Fig. 1) of the
imidazolidine approaches Tyr-55. The distance between the
hydroxyl oxygen of Tyr-55 and the hydrogen on N7 of IMI is 2.1
Å. The guanidine/amidine plane of the two neonicotinoids
interacts with Tyr-188 at 3- to 4-Å distance in a slipped-stack
geometry attributable to a stabilizing nonbonded interaction
analogous to �-stacking. The imine moiety (C2 and N3) faces
Tyr-188 and Cys-190. O5 of the nitro group of IMI interacts with
loop C Cys-190, whereas O6 is directed toward loop D Tyr-55.
The important electronegative tip oxygen O5 (corresponding to
that of the active nitroso analogs) (13) or cyano nitrogen N5
makes a hydrogen bond with the backbone NH of Cys-190 (2.2
and 2.7 Å, respectively). IMI nitro O6 also interacts with the
hydroxyl group of Tyr-55 (2.2 Å). Further hydrogen-bonding
and/or hydrophobic contacts can be predicted between the
IMI/THIA tip atom and Cys-190 and Ser-189 within 3 or 4 Å and
also a solvent bridge is theoretically possible with the nitro
oxygen or cyano nitrogen atoms.

The chloropyridinyl moiety of the nicotinoids is buried in
the agonist binding pocket in fundamentally the same direction
as that of the neonicotinoids (Fig. 4). The calculated binding
energies for DNIMI and DCTHIA are �8.22 and �8.24
kcal/mol, respectively. The chlorine atom of DNIMI and
DCTHIA contacts the backbone carbonyl oxygen atoms of
Ile-106 (3.2 and 3.5 Å, respectively) and Met-116 (3.2 and 3.1
Å, respectively). The pyridine nitrogen atoms are directed to
the backbone carbonyl oxygen atoms of Ile-118 (4.4 and 4.5 Å,
respectively) and Trp-147 (3.5 and 3.5 Å, respectively) for
solvent bridge(s). In contrast to the neonicotinoids, the imi-
nium end of DNIMI and DCTHIA interacts with Trp-147, i.e.,
hydrogen-bonding with the backbone carbonyl oxygen (2.0 and
2.5 Å, respectively) and also with the hydroxyl oxygen atom of
loop A Tyr-93 (2.2 and 2.1 Å, respectively). Cation-� inter-
actions of DNIMI and DCTHIA to the center of the six-
membered aromatic residues are expected for Trp-147 (3.8 and
4.0 Å, respectively), Tyr-93 (4.7 and 4.5 Å), Tyr-195 (both 4.8
Å), and Tyr-188 (5.5 and 5.1 Å) but not for Tyr-55 (7.1 and
7.2 Å).

Discussion
Some Common and Unique Molecular Aspects of Neonicotinoids and
Nicotinoids. This study considers two azidoneonicotinoids with a
nitro or cyano group and the corresponding azidonicotinoids or
iminium analogs. The azido substituent presumably does not
greatly alter the fit because it does not appreciably change the
potency (17). The neonicotinoids are nonprotonated and
the nicotinoids predominantly protonated at physiological pH.
The neonicotinoids have an electronegative nitro or cyano tip
versus the nicotinoid positively charged end (ammonium or
iminium cation). In contrast to the nicotinoids, the neonicoti-
noids are coplanar between the nitro- or cyano-substituted
heterocyclic guanidine/amidine planes (13, 18) providing elec-
tronic conjugation, which facilitates partial negative charge (��)
f low toward the tip. However, the equivalent region of positive
charge to balance the partial negative charge on the tip is not
localized on any specific atom but rather is dispersed into the
whole heterocyclic moiety (13, 19).

Same Binding Site Pocket. The Aplysia AChBP is a homopentamer
with five ligand binding sites equally sensitive to neonicotinoids
and nicotinoids. The pharmacological profile determined with
the neonicotinoid radioligand [3H]ACE is identical to that with
the nicotinoid [3H]EPI, suggesting that neonicotinoids and
nicotinoids bind to the agonist site without cooperativity in the
same manner. Both neonicotinoid and nicotinoid probes spe-
cifically bind with an incorporation ratio of one photoactivated

(nitrene) probe molecule in each subunit interfacial binding
domain based on analysis of the intact derivatized protein. In all
cases, the sites for specific derivatization are both Tyr-195 and
Met-116 identified by CID. Tyr-195 is located on the loop C
segment of the principal or (�)-face subunit of AChBP, whereas
Met-116 is on loop E of the complementary or (�)-face subunit
and these residues are 3D neighbors to each other. Photoderi-
vatization occurs in similar frequency with Tyr-195 and Met-116,
indicating their proximity and reactivity. These labeling results
further define the chloropyridinyl position of the neonicotinoids
and nicotinoids under physiologically relevant conditions, and it
is identical to that of the crystal structure of EPI-bound AChBP
(7). This similarity extends to the loop C conformational rear-
rangement involved in capping the binding pocket for both
neonicotinoids and nicotinoids.

Unique Binding Site Interactions. The chloropyridinyl moiety is
positioned in the same place for the neonicotinoids and nicoti-
noids and serves as the fulcrum for the rest of the molecules that
are superimposable for IMI with THIA and for DNIMI with
DCTHIA as observed in the AChBP binding pocket (Fig. 5). The
neonicotinoid nitroguanidine or cyanoamidine moiety interacts
with loop C Tyr-188 and the nitro oxygen or cyano nitrogen
contacts Cys-190/Ser-189. Interestingly, Ser-189 of AChBP cor-
responds to Glu in the vertebrate neuronal �4 and �7 nAChRs
and faces inside the binding pocket based on the �4�2 nAChR
model (SI Fig. 11), whereas Val, Thr, Pro, Ala, or Ser takes its
place in the insect � subunits (20). The Glu negatively charged
carboxyl residue possibly repels the electronegative nitro or
cyano pharmacophore of the neonicotinoids in the vertebrate
system. When Gln-57 on the AChBP (�)-face is substituted by
the corresponding Arg/Lys of the insect nAChR � subunit (16),
the Arg/Lys is predicted to undergo hydrogen networks with the
loop C Cys-190–191 on the (�)-face or � subunit in the

Fig. 5. Conformational comparison of neonicotinoids and nicotinoids as
observed in the AChBP binding pocket. The relevant amino acid residues
shown in Fig. 4 are not exhibited here. Two neonicotinoids and two nicotin-
oids are superimposable but the neonicotinoid and nicotinoid pharmacoph-
ores are inverted relative to each other.
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neonicotinoid-bound complex, presumably stabilizing the neo-
nicotinoid interaction with loop C in the closed-conformation
(SI Fig. 12). Thus, the conformational f lexibility of the loop C
segment induced by ligand binding (7) appears to play an
important role for interaction with the electronegative pharma-
cophore of the neonicotinoid. In sharp contrast to the neonic-
otinoid, an iminium cation of the nicotinoid DNIMI or
DCTHIA, as with an ammonium moiety of nicotine or EPI,
critically contacts the carbonyl oxygen of the loop B Trp-147 via
hydrogen-bonding and secondarily makes van der Waals contact
with the �-electron of the Trp indole side chain (cation–�
interaction) (5, 7, 9, 21). Amazingly, these two very different
interactions of neonicotinoids and nicotinoids occur in the same
binding pocket, accounting for the similarity of their structure–
activity relationships (22, 23).

Concluding Remarks. Neonicotinoids are selectively toxic to in-
sects and nicotinoids to mammals attributable in part to the
relative ease of penetration into the nervous system but mostly
because of differences in target site interactions (1). New
approaches are needed in defining the unique aspects of neo-
nicotinoid and nicotinoid binding with the nAChR. The Aplysia
AChBP provides an ideal model because it interacts with
neonicotinoids and nicotinoids equally well and the positioning
of nicotinoid (EPI) binding is unequivocally established (7).
Photoaffinity labeling provided the crucial information that the
chloropyridinyl substituent of the neonicotinoid and nicotinoid
fits exactly the same site in the same way, focusing attention on
the orientation of the rest of the molecule. Nicotinoid analogs of
the insecticides dock identically to EPI (7). The neonicotinoids,
on the other hand, assume a unique inverted pharmacophore
position for the nitro or cyano plus guanidine or amidine
coplanar system compared with the cationic equivalent of their
desnitro and descyano analogs (Fig. 5). These types of neonic-
otinoid and nicotinoid interactions with AChBP subsites may
serve as models for their unique positioning with nAChRs of
insects and mammals, leading to selective agonist action and
toxicity. The AChBP model so important in understanding
nicotinic drug action also helps solve the problem of the elusive
neonicotinoid binding site.

Materials and Methods
Chemicals. The neonicotinoids and related compounds including
photoaffinity probes 1-4, [3H]ACE, and [3H]5 used here were
available from previous studies in the Berkeley laboratory (12,
17, 24, 25). Structures are given in SI Fig. 6. [3H]EPI was
purchased from Amersham Biosciences (Piscataway, NJ). (�)-
EPI and (�)-nicotine were from Tocris (Ellisville, MO) and
Sigma (St. Louis, MO), respectively.

AChBP and Radioligand Binding. Aplysia AChBP (flanked with an
N-terminal FLAG epitope) was expressed from chemically
synthesized cDNA as a soluble exported protein from stably
transfected HEK293S cells lacking the N-acetylglucosaminyl-
transferase I gene and selected for geneticin resistance (7, 26).
Culture media containing AChBP were collected at 24- to 36-h
intervals and stored at 4°C with 0.02% sodium azide. AChBP was
purified on immobilized anti-FLAG antibody and dialyzed
against 50 mM Tris buffer (pH 7.4) containing 150 mM sodium
chloride and 0.02% sodium azide. The dialysate was concen-
trated by ultrafiltration using the YM-50 Centricon unit (Milli-
pore, Bedford, MA), and the Tris buffer dissolving the protein
was finally exchanged by 50 mM sodium phosphate buffer
containing 50 mM sodium chloride (pH 7.5) (PBS) using the
YM-50 Centricon to give 2–3 mg/ml. Potencies of test chemicals
(Ki values) against the Aplysia AChBP were evaluated by an
adaptation of a scintillation proximity assay (11) with [3H]ACE
and [3H]EPI. In brief, AChBP, polyvinyltoluene anti-mouse SPA

scintillation beads (Amersham Biosciences), monoclonal anti-
FLAG M2 antibody from mouse (Sigma), and either [3H]ACE
or [3H]EPI were combined in a 100 mM sodium phosphate
buffer (pH 7.0) with or without the test compound in a final
volume of 100 �l. After equilibration for 2 h at room temper-
ature the reaction mixtures were measured by liquid scintillation
counting.

Photoaffinity Labeling. AChBP (38 or 76 pmol sites) was incubated
with 1.2-fold molar excess [3H]5 for 60 min in the dark at 25°C, and
the reaction mixture (final volume 50 or 100 �l of PBS) was then
irradiated with 300-nm lamps for 20 s (5-azidopyridinyl moiety of
the probe completely photoreacted in this condition). Underivat-
ized radioligand was removed by ultrafiltration with the YM-30
Centricon unit, and the radiolabeled AChBP was recovered to
proceed with SDS/PAGE separation. The radiolabeled protein
band was visualized by fluorography and quantified by scintillation
counting. For identification of the modified amino acid(s) involving
MS analysis, unlabeled photoreactive probes (1–4) were used
instead of the radiolabeled form 5. AChBP (200 pmol sites) was
incubated and photoreacted with 1.5-fold molar excess of unlabeled
photoprobes using the above condition. The derivatized AChBP
was loaded onto the YM-30 Centricon unit for quick purification,
and the reaction buffer PBS was exchanged to 25 mM ammonium
bicarbonate buffer (pH 7.8).

MS Analysis. Molecular weights of intact proteins were measured
on an MDS Sciex QSTAR hybrid quadrupole time-of-f light mass
spectrometer (Applied Biosystems, Foster City, CA). Samples in
10 mM ammonium bicarbonate were separated by a 150 � 0.1
mm Onyx monolithic column (Phenomenex, Torrance, CA)
flowing at 500 nl/min using acetonitrile/water 1:1 with 0.1%
formic acid as the mobile phase. Charge state distributions were
converted to a normalized zero charge spectrum by using
Analyst 1.1 software. The mass accuracy was �1–2 Da for
proteins in this mass range.

Each intact protein (�1 �g in 10 �l of ammonium bicarbonate
buffer) mixed with an equal volume of acetonitrile was reduced
with DTT, alkylated with iodoacetamide, and digested with
trypsin at pH 7.8 for 4 h at 37°C. After removal of the
acetonitrile, digested samples were analyzed by nanoflow liquid
chromatography/MS/MS on the QSTAR instrument using a
self-packed 150 � 0.1 mm capillary column (Ultro 120, 5-�m
particle size packing from Peeke Scientific, Redwood City, CA).
The flow rate was 300–330 nl/min, and the gradient was 5%
acetonitrile to 50% acetonitrile in 60 min (all solvents contained
0.1% formic acid). Data were acquired in the Information-
Dependent Acquisition mode by using 1.0-s mass acquisitions
followed by 3.0-s CID analyses of the most abundant multiply
charged ion in the MS survey. The database search was per-
formed with the v4.23.4 in-house version of ProteinProspector.

Accurate masses of the labeled peptides were obtained on a
LTQ FT hybrid linear ion trap FTICR mass spectrometer
(Thermo Electron, Waltham, MA) with chromatography as
above. The Data-Dependent Acquisition method consisted of
one full mass survey scan in the FTICR at 25,000 resolution. The
three most intense target ions were isolated for accurate mass
measurement in the FTICR in SIM mode, using a 10-Da mass
window at 50,000 resolution. The accuracy of the mass mea-
surements is typically within 2 ppm under such conditions. These
three ions were then fragmented in the linear ion trap by using
CID. Target values for the three different scan modes were
3,000,000, 50,000, and 30,000, respectively.

Calculation. Structural models for the binding sites of IMI, THIA,
DNIMI, and DCTHIA were established based on the present
photoaffinity labeling and crystal structure of the EPI–AChBP
complex (Protein Data Bank ID code 2BYQ) (7). EPI was re-
moved, and then the four neonicotinoids and nicotinoids were
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individually redocked. Docking calculations were carried out by
using the GALS algorithm in AutoDock 3 (27, 28). The force field
in AutoDock is derived from Amber and models electrostatic and
van der Waals effects. Docked molecules were constrained to a
40-point grid in the region of the binding pocket. Visualizations
were done with Maestro 7.5 (Schrödinger, Portland, OR).
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1988 - National 4-H Club Distinguished Alumni Award

1990 - Outstanding Alumnus Award, College of  Agriculture and Home

Economics, University of Arkansas

1990 - Distinguished Alumni Award, University of Arkansas Alumni Association

1990 - William Henry Hatch Memorial Lecturer, Division of  Agriculture,

National Association of State Universities and Land Grant Colleges

1992 - Honorary Member, International Congress of Entomology

1992 - Distinguished Service Award, American Agricultural Editors Association

1994/95 - Wolf Prize in Agriculture

1995 - “Award of Distinction” in recognition of outstanding services in plant

protection. XIII International Congress of Plant Protection. The Hague,

The Netherlands. July 2-7, 1995

1997 - Honorary Doctorate of Science, University of Arkansas, May 10, 1997

1997 - World Food Prize

1999 - Named by Progressive Farmer as one of 24 Scientists having the greatest

impact on American agriculture in the 20th Century
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2003 - Named as one of the 60 individuals making the most outstanding

contributions to agriculture during the past 60 years. The Inter-

American Institute for Cooperation on Agriculture, Washington, DC

SIGNIFICANT GRANTS:

National Science Foundation:

Photoperiodic Control of Insect Diapause, 1961-1966

Cotton Incorporated:

Systems Approach to Cotton Insect Control, 1970-1973

Development of  Juvenile Hormone as a Third Generation Insecticide, 1970-

1973

U.S. Department of Agriculture:

Seasonal Biology of the Boll Weevil in the Texas High Plains, 1965-1968

Potential Attractants for Use in Controlling the Tobacco Budworm, 1966-1968

Improvement of Methods for the Total Population Suppression of  the Boll

Weevil, 1971-1974

Rockefeller Foundation:

Development of Insect-Resistant Cotton Varieties to Minimize Insecticide

Treatments for Control of  Bollworms (Heliothis spp.), 1971-1976

International Biological Program/National Science Foundation-Environmental

Protection Agency Project:

The Principles, Strategies and Tactics of  Pest Population Regulation and

Control in Major Crop Ecosystems: Director, Cotton Project; Member, Project

Executive Committee, 1970-1978

Environmental Protection Agency/USDA Project:

Development of Comprehensive, Unified, Economically and Environmentally

Sound Systems of  Integrated Pest Management for Major Crops, 1979-1985

MEMBERSHIPS:

National Academy of Sciences

American Academy of Arts and Sciences

American Association for the Advancement of Science

Entomological Society of America (President, 1974)

International Organization for Biological Control

Southwestern Entomological Society

Sigma Xi

American Registry of Professional Entomologists (President, 1977)

Phi Kappa Phi

Gamma Sigma Delta
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PROFESSIONAL ACTIVITIES:

Member, Plains Cotton Growers, Inc., Technical Advisory Committee on Boll Weevil

Control, 1968-72

Member, UN/FAO Panel of Experts on Integrated Control, 1968-82

Chairman, Committee on Memorial Lectures, Entomological Society of America

(ESA), 1969-71

Chairman, Scientific Advisory Committee to Governor of  Texas on Uses of

Agricultural Chemicals, 1970-72

Chairman, Texas Pesticide Advisory Committee, 1970-78

Consultant, US/EPA Office of Water Programs, 1971-72

Southern Agricultural Experiment Station Directors’ Representative to the Southern

Regional Pest Management Working Group, 1971-72

Consultant on Pesticide Use, US/EPA Hazardous Advisory Committee, 1971-72

Member, Governing Board, Entomological Society of  America (ESA), 1971-75

Adviser on Pesticides to Texas Legislature, 1972

Member, Texas Structural Pest Control Board, 1972-78

Member, NAS Committee on Biologies of  Pest Species (Chairman, 1975-79)

1973-79

President, Entomological Society of America, (ESA), 1974

Member, Executive Committee, N AS Environmental Sciences Board Study Group

on Problems of Pest Control, and Member, Cotton Study Team of this Project,

1974-76

Member, Editorial Board, Annual Review of Entomology, 1974-78

Chairman, Governing Council, American Registry of Professional Entomologists,

1975-76

Vice-Chairman, NAS Committee on Acquisition and Use of Scientific and Technical

Information in Regulatory Decision-Making, 1976-77

Member, NAS Committee on World Food and Nutrition, 1976-77

President, American Registry of Professional Entomologists, 1977

Member, NRC Committee for the International Union of  Biological Sciences,

1979-1985

Member, NAS Class Ill Membership Committee, 1980-83

Member, NAS ad hoc Committee on Relationships between Universities and the

U.S. Government 198 1-83

A BRIEF DESCRIPTION OF THE SCIENTIFIC ACHIEVEMENTS

The many contributions of Perry Adkisson to science and society in developing

integrated pest management (IPM) systems for the protection of  major crops are

widely recognized. He utilized the knowledge gained in basic and field research to

develop IPM systems that have protected crop yields in a sustainable manner while
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greatly reducing the use of chemical insecticides. The decreased use of insecticides

has lessened the exposure of  farm workers to these toxic chemicals and has

decreased pesticide pollution of the environment.

Among Adkisson’s most important contributions was the development of one

of the first semi-synthetic diets for the laboratory rearing of phytophagous insects.

He and E. S. Vanderzant developed the Vanderzant-Adkisson Wheat Germ Diet

that is widely used for rearing plant-feeding caterpillars in the laboratory under

controlled conditions. This diet has greatly facilitated basic studies in insect

physiology, developmental biology, toxicology, ecology and genetics. Research in

these areas previous to the diet had been very difficult to do when the insects had

to be reared on plants or plant parts.

In research using insects reared on artificial diets, Adkisson and his students

made many important contributions, elucidating the role of  photoperiod,

temperature and diet in controlling growth and development of the most important

insect pests of cotton in the United States. Especially important was their work

demonstrating the role of photoperiod and temperature in controlling the onset

and termination of diapause in certain of these pests. Among the most important

of these studies was research conducted with Prof. C. M. Williams (Harvard

University) which showed that the photoperiod has its primary action on certain

receptors in the insect brain by regulating the flow of hormones that control insect

growth and development. Adkisson later showed that the onset of diapause in field

populations of pest insects whose diapause is photoperiodically controlled can be

predicted with considerable precision.

The fundamental knowledge gained in these studies was utilized by Adkisson

and co-workers to develop improved 1PM systems for cotton. These were designed

to make more effective use of cultural and phytosanitation measures for suppressing

pests. When these practices were combined with the limited use of insecticides,

maximum suppression of the primary pests could be obtained while preserving

the natural enemies of key secondary pests.

These programs were implemented on millions of acres of  cotton and proved

effective in increasing yields. They also saved farmers millions of dollars by greatly

reducing the amounts of  insecticides used on the crop. The reduced use of

insecticides prevented the release of  hundreds of  tons of these chemicals that

otherwise would have entered the environment.

Based on the early success of 1PM, Adkisson, Carl Huffaker (co-recipient of

the 1994-95 Wolf Prize in Agriculture) and several colleagues organized, gained

funding for, and managed the first large national 1PM research program in the

United States. This project involved more than 250 scientists from seventeen

universities who focused their efforts on developing new and improved 1PM systems

for managing the arthropod pests of six major crops. This project, known as the

Huffaker project, was successfully completed in the late 1970’s. It was succeeded
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by an even larger project organized and managed by Adkisson and R. E. Frisbie

(Texas). This project was designed to build on the successes achieved by the Huffaker

project.

These two projects were successful in developing more effective, environmentally

friendly systems of  pest management for the target crops. The new 1PM systems

were widely implemented by U.S. farmers providing satisfactory pest suppression

and greatly reducing the amounts of pesticides applied to U.S. croplands.

The success of these two projects reshaped the philosophies of crop protection

specialists across the world. It directed their efforts towards ecologically-based,

systems-oriented approaches to pest management and away from the unilateral

use of chemical pesticides. 1PM now is accepted internationally as the best approach

for protecting crops from insect pests.

Many people were involved in developing 1PM for the protection of  crops. Of

these, Perry Adkisson as been one of the most influential in developing the concepts

and principles of IPM, demonstrating the economic and environmental benefits of

1PM in experimental plots and farmers’ fields, and popularizing it on a global

basis.

LIST OF PUBLICATIONS
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Source: From Science Vol. 216, No. 4541, pp. 19-22 (1982). Reprinted with permission from AAAS.
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Professor Carl B. Huffaker performed basic research on crop pests, and subsequently

broadened their work to develop biologically-based systems for pest control. Both

were major contributors to the development and implementation of integrated

pest management, or IPM, systems for crop production. Huffaker successfully

demonstrated the efficacy of  biological control agents for the control of weeds and

insects.

Huffaker was one of the leaders in large-scale programs that demonstrated the

effectiveness of IPM systems for crop protection, and that led to the establishment

of IPM as an environmentally beneficial and economically favorable system for

crop production that is today used throughout the world.

CURRICULUM VITAE

General

Born September 30, 1914, Monticello, Kentucky (USA)

Attended public schools in Monticello, Kentucky, 1920-1933

1914–1995

Carl B. Huffaker
University of California

Berkeley, California, USA

k

1994/5 — for his contribution to the
development and implementation of
environmentally beneficial integrated
pest management systems for the
protection of agricultural crops.
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Training and Degrees

1935-38 - University of Tennessee, Knoxville, B.A.

1939 - University of Tennessee, Knoxville, M.S.

1940 - North Carolina State University, Raleigh

1940-42 - Ohio State University, Columbus, Ph.D.

Positions

1940-41 Teaching Assistant in Zoology, Ohio State University

1941 U.S. Department of Agriculture, Bureau of Entomology (summer)

1941-43 Assistant Entomologist, University of Delaware

1943-45 Associate Entomologist, then Entomologist, Health and Sanitation

Division, Institute of  Inter-American Affairs (Colombia, Haiti and

Dominican Republic)

1946-1984 Assistant Entomologist, then Associate Entomologist, then Entomologist

and Professor of Entomology, University of  California, Berkeley

1970-1983 Director, International Center for Integrated and Biological Control,

University of California, Berkeley and Riverside

1985- Emeritus Professor, Division of Biological Control, University of

California, Berkeley

Honors and Activities

Phi Kappa Phi

Sigma Xi

Guggenheim Fellow

AAAS Fellow

Fellow Franklin Institute

C. W. Woodworth Award

Louis E. Levy Medal of the Franklin Institute

The Journal Premium Award of the Franklin Institute

Rockefeller Foundation Resident-Scholar to Bellagjo Study and Conference Center

(Italy)

Honorary Fellow, Royal Entomological Society of London

President, International Organization for Biological Control (1972-1976, 1978-

1980)

President, Entomological Society of America (1981)

Member, National Academy of Sciences since 1982

Recipient, Berkeley Citation, University of California, Berkeley
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American Association Advancement of Science

Entomological Society of America

Ecological Society of America

Pacific Coast Entomological Society

Pacific Coast Entomological Society

Society Population Ecology

Entomological Society of Canada

Secretary (1958) and Chairman (1959), Biological Control Section, Entomological

Society of America

Member, entomological delegation to USSR, 1959 (Department of State auspices)

U. S. Public Health Service, National Institutes of Health grants 1967-1973 in

population ecology

National Science Foundation grants 1967-1981

Subcommittee member, U.S. National Committee of the International Biological

Programme from its inception in 1966 and member of International Working

Group for Biological Control

World coordinator of IBP program on biological control of spider mites, 1966-

1970

Member of ad hoc committee to organize a Western Hemisphere Section of the

International Organization for Biological Control, then Vice-president of that

body

Member of Subcommittee on Weeds, Agricultural Board, National Academy of

Sciences, National Research Council, 1966-1968

Director of nationwide, 18-university Integrated Pest Management Project (NSF,

EPA, USDA support) 1972-1981

President, International organization for Biological Control, 1972-1977

Member of the board, Division of Environmental Biology, International Union of

Biological Sciences, 1973-1977

Member, EPA Office of Pesticides Ad Hoc Committee on Pest Management, 1973-

1975

Visited USSR as a participant in U.S./USSR Integrated Pest Management Program,

under the Environmental Agreement, was among scientists invited to meet

with Russian scientists and to advise on plans for future exchanges 1974

Member, Insect Study Group to visit People’s Republic of China under the auspices

of the Committee for Scholarly Communication with the People’s Republic of

China, NAS, 1975

Consultant, United Nations Environmental Programme (1975)

Member, Pesticide Advisory Committee, California State Department of Food and

Agriculture, 1976

Participant, UC/AID Pest Management Program, Huancayo, Peru, November 1979
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Research Interests

Population ecology, integrated control, natural balance and regulating mechanisms,

biological control, roles of predators, parasites and environmental conditions in

population dynamics. Use of experimental models and analysis of  performance

and functions of components. Integrated pest management.

General

Dr. Huffaker’s services to education and governmental agencies have included, in

addition to those listed above, consultations and briefs to the National Science

Foundation, the President’s Office of Science and Technology, the Agricultural

Research Policy Advisory Committee, and various state and national investigative

committees. He has acted as consultant to and prepared background papers for

the United Nations Environmental Programme, the United Nations Development

Program, Food and Agricultural Organization of the United Nations, and the

Consortium for International Crop Protection. As a member of various committees

within the College of Agriculture, University of California, Berkeley, he has helped

to upgrade existing courses and to help establish new courses, especially in the

field of pest management.

He has served as reviewer for NSF, NIH and EPA grant proposals and has

reviewed both scientific and popular articles and books on ecology and pest

management for U.S. and foreign publishers. He was a member of the Editorial

Advisory Committee for Agro-Ecosystems (Elsevier Publ. Co.). Author of over 200

scientific publications, Dr. Huffaker is editor of and contributor to the book

“Biological Control” (Plenum Press, N.Y., 1971), co-editor with P.S. Messenger and

contributor to “Theory and Practice of Biological Control” (Academic Press, 1976),

editor of and contributor to “New Technology of Pest Control” (Wiley, N.Y., 1980),

and co-editor with R L Rabb and contributor to Ecological Entomology (Wiley,

N.Y., 1984).

Education and Main Positions Held

1938 - B.A., University of Tennessee, Knoxville

1939 - M.S., University of Tennessee, Knoxvile

1942 - Ph.D., Ohio State University, Columbus

1941-43 - Assistant Entomologist, University of Delaware

1943-45 - Associate Entomologist, then Entomologist, Institute of Inter-American

Affairs

1946-84 - Assistant Entomologist, then Associate Entomologist, then Entomologist

and Professor of  Entomology, University of California, Berkeley

1970-83 - Director, International Center for Integrated and Biological Control,

University of California, Berkeley and Riverside

1985 - Emeritus Professor, University of California, Berkeley
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Major Honors and Awards (only most prominent ones)

Member, US National Academy of Sciences (1982- )

Phi Kappa Phi; Sigma Xi; Guggenheim Fellow; AAAS Fellow; Fellow Franklin Institute;

etc.

Honorary Fellow, Royal Entomological Society of London

President, International Organization for Biological Control (1972-76, 1978-80)

President, Entomological Society of America (1981)

Recipient, C.W. Woodward Award; Louis E. Levy Medal of the Franklin Institute;

Berkeley Citation, University of California, Berkeley; etc.

Director, nationwide l8-university Integrated Pest Management Project (1972-81)

DESCRIPTION OF SCIENTIFIC ACHIEVEMENTS

Carl Huffaker is one of those rare scientists whose illustrious career has included

major contributions both to applied, problem-solving research and to basic science.

He has been one of the few outstanding leaders in the fields of biological control

and integrated pest management, as well as in arthropod population ecology. His

achievements in each of these areas alone would have made him an excellent

candidate for the Wolf Prize.

Professor Huffaker’s contributions, to the theory and practice of biological

control are unsurpassed. He has been responsible for landmark projects of

“classical” biological control, both against weeds (e.g. Klamath weed, Hypericum

perforatum, in the northwestern United States) and against insects (e.g. the olive

scale, Parlatoria oleae, in California), which have resulted in outstanding, permanent

successes and in multimillion-dollar savings to agriculture. Based on these and

other projects, his numerous thoughtful articles, and especially his books, “Biological

Control” (1971) and “Theory and Practice of Biological Control” (1976), have

shaped the scientific background, policy and methodology of biological control. No

other person has had a greater impact on biological control as a science.

With his biological control projects as a solid foundation, Dr. Huffaker has

carried out numerous fundamental studies in the population ecology of insects

and mites, particularly in the area of predator-prey relations. His early investigations

of predation in acarine systems have become classics of ecological research, and

his population models have affected current concepts on the role of natural enemies

in the regulation of  arthropod populations. These studies, culminating in his

monumental book, “Ecological Entomology” (1984), have made Carl Huffaker the

undisputed world leader in the science of insect (and mite) ecology.

Ever since the early days of his scientific career, Dr. Huffaker has not limited

himself to biological control, but was one of the pioneers of the integrated approach

to pest management. He was one of the first to explore the role of DDT in inducing

pest outbreaks, and his work with the cyclamen mite, Steneotarsonemus Dallidus,

provided one of the earliest examples of modern integrated control. He has always

24_1994-5 Huffaker.p65 06-Mar-09, 7:35 PM483



484 Wolf Prize in Agriculture

been one of the leading advocates of integrating biological control, along with

other selective alternatives to the wholesale use of toxic pesticides, in a holistic

system now known as 1PM, and has been instrumental in implementing this

approach in California in his capacity as Director of the Statewide International

Center for Biological and Integrated Control (1970-83). His unrelenting efforts,

and the increasing realization that unilateral chemical control will not solve pest

problems, eventually led to the endorsement of 1PM by government agencies in

the USA and elsewhere. The turning point was the initiation of a huge nation-wide

project, known as the “Huffaker Project”, which he directed during 1972-78.

Engaging some 300 scientists from 18 universities and funded jointly by the NSF,

EPA and USDA, it was aimed at promoting the development of integrated pest

management programs in major agro-ecosystems including soybeans, cotton, alfalfa,

pome and stone fruits, citrus and coniferous forests. Summarized in his book,

“New Technology of  Pest Control” (1980), this unprecedented project had a

tremendous impact on the philosophy and practice of plant protection world-

wide, and the resulting reduction in pesticide use has already affected environmental

quality in many parts of the world.

Professor Huffaker continues to be highly active in both theoretical and practical

research, and his seminal publications will continue to influence the world’s

agricultural and scientific communities for generations to come.

LIST OF SIGNIFICANT PUBLICATIONS

1956. (with C.E. Kennett). Experimental studies on predation. (1) Predation and

cyclamen mite populations on strawberries in California. Hilgardia 26:

191-222.

1957. Fundamentals of biological control of weeds. Hilgardia 27: 101-157.

1958. Experimental studies on predation. II. Dispersion factors and predator- prey

oscillations. Hilgardia 27: 343-383.

1959. Biological control of  weeds with insects. Ann. Rev. Entomol. 4: 251-276.

1964. (with P.S. Messenger). Population ecology - historical development,

pp. 45-73, and: The concept and significance of natural control, pp. 74-117,

In: P. DeBach, ed., Biological Control of Insect Pests and Weeds. Chapman and

Hall, London and Reinhold, New York.

1966. (with C.E. Kennett). Biological control of Parlatoria oleae (Colvèe) through

the compensatory action of two introduced parasites. Hilgardia 37: 283-355.

1969. (with M. van de Vrie and J.A. McMurtry). The ecology of tetranychid mites

and their natural control. Ann. Rev. Entomol. 14: 125-174.

1969. (with M.P. Hassell). Regulatory processes and population cyclicity in

laboratory populations of Anagasta kuhniella (Zeller) (Lepidoptera: Phycitidae).

III. The development of population models. Res. Popul. Ecol. 11: 186-210.

24_1994-5 Huffaker.p65 06-Mar-09, 7:35 PM484



Carl B. Huffaker 485

1971. Editor. Biological Control. Plenum Press, New. York, 511 pp.

1976. Editor (with P.S. Messenger). Theory and Practice of Biological Control.

Academic Press, New York, 788 pp.

1980. Editor. New Technology of Pest Control. Wiley, New York, 500 pp.

1983. (with D. Rosen). An overview of desired attributes of  effective biological

control agents, with particular emphasis on mites, pp. 2-11. In: M.A. Hoy,

G.L. Cunningham and L. Knutson, ed., Biological Control of Pests by Mites.

Univ. Calif. Div. Agric. Publ. 3304.

1984. Editor (with R.L. Rabb). Ecological Entomology. Wiley, New York, 844 pp.

1990. (with A.P. Gutierrez). Natural enemies and prey population regulation,

pp. 183-195, and: Evaluation of  efficiency of natural enemies in biological

control, pp. 473-495, In: O. Rosen, ed., Armored Scale Insects: Their Biology,

Natural Enemies and Control. Elsevier, Amsterdam.
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Morris Schnitzer
Centre for Land and Biological Resources Research

Agriculture Canada, Ottawa, Ontario, Canada

k

1995/6 — for the pioneering
contributions to our understanding of
the chemistry of soil organic matter
and its application to agriculture.

CURRICULUM VITAE

Born February 4, 1922 in Bochum, Germany

Immigrated to Canada in May, 1947

DEGREE RECEIVED

B. Sc. Agr. (Soil Chemistry), 1951 - McGill University, Montreal, Canada.

M. Sc. Soil Chemistry, 1952 - McGill University, Montreal, Canada.

Ph.D. Soil Chemistry, 1955 - McGill University, Montreal, Canada.

Postdoctorate studies in organic chemistry, 1961-62, Imperial College of Science

and Technology, London, England, with Prof. D. H. R. Barton, Nobel Laureate.

PROFESSIONAL POSITIONS HELD

Research and Development Chemist, Aluminum Company of  Canada, Arvida,

Quebec, 1955-1956.

Research Scientist, Agriculture Canada, 1956-1991.

Retired as Principal Research Scientist in 1991. He is currently Emeritus

Distinguished Research Scientist, Agriculture Canada.
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PROFESSIONAL PUBLICATIONS

a) Books Written

Schnitzer, M. and S.U. Khan. 1972. Humic Substances in the Environment.

Marcel Dekker, New York. 327 Pages.

b) Books edited

- Schnitzer, M. and S.U. Khan. 1978. Soil Organic Matter. Elsevier, Amsterdam,

319 pages.

- Huang, P.M. and M. Schnitzer. 1984. Interaction of Soil Minerals with Natural

Organics and Microbes. Soil Science Society of America, Madison, Wisconsin,

606 pages.

c) Scientific papers

355 refereed scientific papers.

HONORS AND AWARDS RECEIVED

B. Sc. First Class Honours with Distinction (1951)

MacDonald College Alumni Scholarship (1952)

Agricultural Institute of Canada Fellowship (1952)

Fellow, Canadian Society of Soil Science (1971)

Fellow, Soil Science Society of  America (1977)

Fellow, American Society of Agronomy (1977)

Honorary Member, International Humic Substances Society (1986)

Fellow of the Royal Society of  Canada (1991)

Soil Science Award (1984) of the Soil Science Society of America

Soil Science Distinguished Service Award of the Soil Science Society of  America

(1995)

1995/96 Co-winner Wolf Prize in Agriculture

EDITORIAL WORK

Served on the editorial boards of the Canadian Journal of Soil Science, Soil Science,

Geoderma, and Plant and Soil.

CONTRIBUTION TO SOCIETIES, COMMITTEES, SYMPOSIA, ETC.

- Chairman, Commission II (Soil Chemistry) of  the International Society of soil

Science (1978-1982).

- Founding member of the International Humic Substances Society (1982).

- Associate editor of the Canadian Journal of Soil Science (1975-1978).

- Served on the editorial boards of Soil Science, Geoderma, Agrochimica, and

Plant and Soil.
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- Lectured and participated in scientific meeting and symposia on soil organic

matter and humic substances in Canada, the U.S.A., Argentina, India, Israel,

France Italy, West Germany, Austria, The Netherlands, Switzerland, the West

Indies, and the U.S.S.R.

- Acted as the advisor to CIDA, the international joint committees of Agriculture

Canada and the USA department of Agriculture.

- From 1978-1986 was responsible for the design and execution of  research

programs in soil chemistry and soil biology in the Chemistry and Biology Research

Institute of Agriculture Canada in Ottawa.

- Adjunct Professor of Soil Science, University of Guelph (1986). Frequent lecturer

at MacDonald College of McGill University.

BRIEF DESCRIPTION OF SCIENTIFIC ACHIEVEMENTS

The main objective of my research was to better understand the chemistry and

reactions of humic substances, the major components of soil organic matter in

agricultural soils. Over the years, I have developed a variety of novel chemical,

physical and spectroscopic methods, and applied these to the analysis of

humic acids, fulvic acids and humins, the major humic substances. I have also

pioneered the use of sophisticated methods such as 13C NMR spectrometry, gas

chromatography/mass spectrometry, and pyrolysis gas chromatography/mass

spectrometry in investigations on the chemical structures of humic materials.

Many of the methods, which I developed, are now widely employed in soil and

environmental science laboratories all over the world. I also used a number of

colloid-chemical methods, electron microscopy and X-ray analysis to shed light on

shapes, sizes, molecular weights and other molecular properties of humic substances.

On the chemical side, I did numerous oxidative degradations of humic materials.

Probably, my most important contribution to soil science was the development of

model structures for humic acid, soil organic matter and a whole soil. These model

structures are in harmony with the chemical, colloid-chemical, 13C NMR, X-Ray

and mass spectrometric data on humic substances, which my co-workers and I

have obtained over many years. Other research was concerned with metal- and

clay-humic interactions and with the identification of N-heterocyclics in soils.

SCIENTIFIC PUBLICATIONS

1. Schnitzer M. and W.A. Delong. A note on the podzolization process. Sci. Agr.

32: 680-681, 1952.

2. Schnitzer M. and W.A. Delong. Note on the reaction of  2,2’-dipyridyl

with iron in the presence of organic matter. Cand. J. Agr. Sci. 34: 324-325,

1954.
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3. Schnitzer M. and W.A. Delong. Note on relative capabilities of solutions

obtained from forest vegetation for mobilization of iron. Can. J. Agr. Sci. 34:

542-543, 1954.

4. Delong, W.A. and M. Schnitzer. Investigations on the mobilization and

transport of  iron in the forested soils: I. the capacities of  leaf extracts and

leachates to react with iron. Soil. Sci. Soc. Am. Proc. 19: 360-363, 1955.

5. Schnitzer, M. and W.A. Delong. Investigations on the mobilization and

transport of  iron in forested soils: II. The nature of the reaction of leaf

extracts and leachates with iron. Soil Sci. Soc. Am. Proc. 19: 363-368, 1955.

6. Schnitzer, M. and J.R. Wright. Note on the extraction of organic matter from

the B horizon of a podzol soil. Can. J. Agr. Sci. 36: 511-512, 1956.

7. Schnitzer, M. and J.R. Wright. Extraction of organic matter from podzol by

means of dilute inorganic acids. Can. J. Soil Sci. 37: 89-95, 1957.

8. Schnitzer, M. Mobilization of iron in podzol soils by aqueous leaf extracts.

Chem. & Ind. 1594-1595, 1957.

9. Wright, J.R., M. Schntzer and R. Levick. Some characterizations of the organic

matter extracted by dilute inorganic acids from a podzolic B horizon. Can. J.

Soil Sci. 38: 49-53, 1958.

10. Schnitzer, M., J.R. Wright and J.G. Desjardins. A comparison of the effectiveness

of various extractants for organic matter from two horizons of a podzol

profile. Can. J. Soil Sci. 38: 49-53, 1958.

11. Hoffman, I., M. Schnitzer and J.R. Wright. Thermogravimetry of  soils. Chem.

& Ind. 261, 1958.

12. Wright, J.R. and M. Schnitzer. Alkaline permanganate oxidation of the organic

matter of the A0 and B21 horizons of a podzol. Can. J. Soil Sci. 39: 44-53,

1959.

13. Schnitzer, M., J.R. Wright and I. Hoffman. Use of the thermobalance in the

analysis of soils and clays. Anal. Chem. 31: 440-444, 1959.

14. Schnitzer, M., D.A. Shearer and J.R. Wright. A study in the infrared of high

molecular weight organic matter extracted by various reagents from a podzolic

B horizon. Soil Sci. 87: 252-257, 1959.

15. Schnitzer, M. Interaction of iron with rain-fall leachates. J. Soil Sci. 10:

300-308, 1959.

16. Wright, J.R. and M. Schnitzer. Oxygen-containing functional groups in the

organic matter of  a podzol soil. Nature 184: 1462-1463, 1959.

17. Wright, J.R., I. Hoffman and M. Schnitzer. Application of thermogravimetry

to the analysis of carbonates occurring in soils. I. Analysis of pure carbonates

and naturally occurring limestones. J. Sci. Food Agr. 11: 163-167, 1960.

18. Hoffman, I., M. Schnitzer and J.R. Wright. Application of thermogravimetry

to the analysis of carbonates occurring in soils. II. Analysis of carbonates in

soils. J. Sci. Food Agr. 11: 167-172, 1960.
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19. Schnitzer, M. and J.R. Wright. Nitric acid oxidation of the organic matter of

a podzol. Soil Sci. Soc. Proc. 24: 273-276, 1960.

20. Schnitzer, M. and J.R. Wright. Studies on the oxidation of  the organic matter

of the AO and Bh horizons of a podzol. Proc. 7th Intl. Congr. of Soil Sci. II:

112-119, 1960.

21. Wright, J.R. and M. Schnitzer. Functional groups in the organic matter of the

AO and Bh horizons of a podzol. Proc. 7th Intl. Congr. of Soil Sci. II: 120-127,

1960.

22. Wright, J.R. and M. Schnitzer. An estimate of the aromaticity of the organic

matter of a Podzol soil. Nature 190: 703-704, 1961.

23. Schnitzer, M. and I. Hoffman. Thermogravimetry of the organic matter of a

Podzol soil. Chem. & Ind. 1397-1398, 1961.

24. Schnitzer, M. and J.G. Desjardins. Cryoscopic molecular weight apparatus.

Chemist-Analyst 50: 117, 1961.

25. Turner, R.C. and M. Schnitzer. Thermogravimetry of the organic matter of a

Podzol. Soil Sci. 93: 225-232, 1962.

26. Schnitzer, M., J.R. Wright and I. Hoffman. High temperature thermo-

gravimetry of  chloride and sulphates. Anal. Chim. Acta. 26: 371-377,

1962.

27. Schnitzer, M. and J.G. Desjardins. Molecular and equivalent weights of the

organic matter of  a Podzol. Soil. Soc. Am. Proc. 26: 362-365, 1962.

28. Barton, D.H.R. and M. Schnitzer. A new experimental approach to the humic

acid problem. Nature 198: 417-418, 1963.

29. Wright, J.R. and M. Schnitzer. Metallo-organic interactions associated with

podolization. Soil Sci. Soc. Am. Proc. 27: 171-176, 1963.

30. Schnitzer, M. and S.I.M. Skinner. Organo-metallic reactions in soils. 1: Soil

Sci. 96: 86-93, 1963.

31. Schnitzer, M. and S.I.M. Skinner. Organo-metallic reactions in soils. 2. Soil

Sci. 96: 181-186, 1963.

32. Hoffman, I. and M. Schnitzer. Thermogravimetry: A. valuable analytical tool,

Chemistry in Canada 16: 30-32, 1964.

33. Schnitzer, M., R.C. Turner and I. Hoffman. A thermogravimetric study of

organic matter of representative Canadian podzol soils. Can. J. Soil Sci. 44:

7-13, 1964.

34. Schnitzer, M. and U.C. Gupta. Some chemical characteristics of the organic

matter extracted from the O and B2 horizon of the grey wooded soil. Soil Sci.

Soc. Am. Proc. 28: 374-377, 1964.

35. Schnitzer, M. and I. Hoffman. Pyrolysis of soil organic matter. Soil Sci. Soc.

Am. Proc. 28: 520-525, 1964.

36. Schnitzer, M. and S.I.M. Skinner. Organometallic reactions in soil. 3: Soil Sci.

98: 197-203, 1964.
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37. Schnitzer, M. and J.G. Desjardins. Gas chromatographic separation of benzene

carboxylic acids. J. Gas Chromatography 2: 270-271, 1964

38. Schnitzer, M. and J.G. Desjardins. Further investigations on the alkaline

permanganate oxidation of organic matter extracted from a podzole Bh

horizon. Can. J. Soil Sci. 44: 272-278, 1964.

39. Schnitzer, M. and U.C. Gupta. Determination of acidity in soil organic matter.

Soil Sci. Soc. Am. Proc. 29: 274-277, 1965.

40. Schnitzer, M. and S.I.M. Skinner. Organometallic reactions in soil. 4: Soil Sci.

99: 278-284, 1965.

41. Schnitzer, M. and I. Hoffman. Thermogravimetry of soil humic compounds.

Geochim. et Cosmochim. Acta. 29: 859-870, 1965.

42. Schnitzer, M. and S.I.M. Skinner. The carbonyl group in a soil organic matter
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A REVIEW OF RESEARCH WORK

I was born into a Jewish family in Bochum, Germany, and survived the Holocaust.

I immigrated to Canada in May, 1947and enrolled at McGill University in September

of the same year. My goal was to study soil chemistry. I obtained my B.Sc. Agr. in

1951, M.Sc. in 1952, and Ph.D in 1955. From 1954 to 1956 I worked as a

Research and Development Chemist for the Aluminum Company of Canada (Alcan)

in Arvida, Quebec. My task was to develop analytical methods for the analysis of

trace metals in aluminum alloys. This work in industry gave me a strong background

in analytical chemistry, which underlies all of chemistry, and prepared me for the

research that I did later. In 1956, I joined the Research Branch of Agriculture

Canada in Ottawa. My first research involved the development and improvement

of methods for the extraction of  organic matter from soils and sediments and the

separation of the extracts into humic and fulvic acids. The organic matter remaining

with the soil was humin. Following extractions, each of the three humic fractions

was de-ashed and dried so that materials low, or free of ash available for further

investigations. Methods of  characterization, which we used in late 1950’s

were elemental analysis (C,H, N, O, S), functional group analysis (CO2H, alcoholic

OH, phenolic OH, carbonyl, quinone, ester, and ether groups), infrared

spectrophotometry, and molecular weight measurements. Several of these methods

were developed in our laboratory and are still used in many soil laboratories all

over the world. My co-workers and I also began studies on the oxidative degradation

of humic and fulvic acids by alkaline permanganate solutions and nitric acids

followed by the identification of oxidation products in order to gain an insight into

the chemical structures of these materials.

From 1961 to 1962 I spent a sabbatical in the organic chemistry department

of the Imperial College of Science and Technology in London England working

under the guidance of Sir Derek Barton, Nobel Laureate in Organic Chemistry. I

did my research on a Spodosol fulvic acid, which I had extracted and purified in

Canada. With the help of Prof. Barton, I developed a new approach to solving

structural problems in fulvic acid. What we did was to exhaustively methylate the

25_1995-6 Schnitzer.p65 06-Mar-09, 7:36 PM513



514 Wolf Prize in Agriculture

oxygen containing functional groups in fulvic acid so that 50% of it became

soluble in benzene. The benzene extract was then separated in alumina into several

fractions, which differed in molecular weights, functional groups and spectroscopic

properties.

After my return to Canada, my co-workers and I started a long-term investigation

on the oxidative degradation of humic acids, fulvic acids, humins as well as whole

soils from widely differing locations. We greatly improved the methods of

identification of oxidation products by including a gas chromatography-mass

spectrometry system. The major oxidation products were aliphatic carboxylic,

phenolic and benzene carboxylic acids. From the structural point of view, these

studies showed that (a) isolated aromatic rings are important units in all humic

substances; (b) aliphatic structures are linking aromatic rings to form aliphatic-

aromatic networks; and (c) the structures contains voids of various dimensions

that can trap organics and inorganics.

The reductive degradation of humic substances produced methyl-substituted

polycyclics ranging from naphthalene to perylene. In other researches in the 1960’s,

my co-workers and I investigated the chemical nature of metal and clay humic

interactions. These interactions include the formation of water soluble simple mixed

legand complexes sorption and desorption, dissolution of  minerals, adsorption on

external clay surfaces and in expanding clay interlayer at pH below 5.0.

During 1970’s, my co-workers and I examined the colloid-chemical properties

of humic materials. Surface pressure, surface tension, and viscosity measurements

showed that under the conditions prevailing in most agricultural soils, humic

substances behave like flexible linear polyelectrolyte. This view is also supported

by studies with the transmission electron microscope, which showed that in dilute

aqueous solutions, humic substances formed flat, elongated, multi-branched

filaments, which, at higher humic concentrations coalesced to sheet-like structures

perforated by voids of varying dimensions.

Near the end of the 1970’s, as 13C NMR spectrometers became commercially

available, we focused our attention on developing suitable conditions for the analysis

of humic substances by liquid- and solid-state 13C NMR. Until the arrival of 13C

NMR spectrometers, most soil chemists thought that the chemical structure of

humic substances was predominantly aromatic. 13C NMR, however, demonstrated

that concentrations of aliphatic structures in humic substances were often as high

and, sometimes, even higher than those aromatic structures. Analyses of humic

substances by 13C NMR allowed us to determine the following types of carbons: C

in alkanes and fatty acids, in -OCH3 groups, in carbohydrates, in aromatic

compounds, phenolic OH groups and in CO2H groups, esters and amides. From

the ratio of aromatic C to total C (aliphatic + aromatic C), it is possible to calculate

the aromaticity. Thus, 13C NMR is a powerful fast, and relatively simple method for

the analysis of humic, and fulvic acids in either the liquid or solid state, and also
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for humins and whole soils in the solid state. Valuable information on the chemical

structure of humic substances can be obtained by combining 13C NMR with

chemical methods. In this manner, effects on the chemical structure of  humic

substances of different extractants, methylations, hydrolysis, oxidation and reduction

can be evaluated.

Electron spin resonance measurement of  humic substances showed that these

materials are rich in free radicals (unpaired electrons). These free radicals participate

in inorganic-organic and organic-organic interactions. From the electron spin

resonance spectra it appears that the prominent free radicals in humic substances

are semiquinones or substituted semiquinones. We found two types of free radicals

in humic substances: (a) permanent ones with long lifetimes; and (b) transient free

radicals with relatively short lives (several hours). Transient free radicals in humic

materials can be generated by chemical reduction, irradiation or increase in pH.

Permanent free radicals appear to stabilize the complex chemical substances of

humic materials. Electron spin resonance spectroscopy also provides important

information on the co-ordination and symmetry of  paramagnetic metal ions

complexed by humic substances.

During the 1990’s, I collaborated with H.-R. Schulten of the Fresenius Technical

University in Wiesbaden, Germany, on developing methods for the mass

spectrometric analysis of humic substances. We found that pyrolysis-field ionization

mass spectrometry (Py-FIMS) and Curie point-gas chromatography-mass

spectrometry (Cp-GC/MS) were suitable for this purpose. The components of

humic substances, which could be identified by these methods, were: carbohydrates,

phenols, lignin monomers, lignin dimers, n-fatty acids, unsaturated fatty acids,

n-alkanes, alkenes, n-alkyl monoesters, n-alkyl diesters, n-alkyl benzenes,

naphthalenes, phenanthrenes and N- and S-containing compounds. The methods

could be applied to humic acids, fulvic acids, humins, and whole soils. It was no

longer necessary to extract the humic substances and de-ashing them prior to

chemical analyses.

One important application of Py-FIMS and Cp-GC/MS was in structural studies

on humic substances. By both methods we found that benzene, substituted benzenes,

and C1 to C13 n-alkyl benzenes were the major products. From these data we

concluded that n-alkylbenzenes were the main structural features in humic

substances and that the aromatic rings were linked covalently by aliphatic chains,

which were broken during pyrolysis. We then developed an averaged two

dimensional model humic acid structure based on n-alkylbenzenes with oxygen

containing functional groups (CO2H, OH, C=O) on the outside. From the two

dimensional structure a three-dimensional structure was derived with the aid of

computational chemistry. Throughout our structural work, we saw to it that our

model humic acid structure was in harmony with chemical, colloid-chemical,

electron microscopic, 13C NMR, X-ray and mass spectrometric data, which my
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co-workers and I had obtained over a period of  many years as well as with

exhaustive consultations of the voluminous literature. One of  the main features of

our model humic acid structure is that it is perforated by voids of  various

dimensions, which can trap or retain both inorganic and organic molecules such

as clays, pesticides, herbicides, carbohydrates and peptides. Another significant

point is that we do not consider carbohydrates and proteinaceous material

components of the humic acid structure. We believe that the latter are either

retained by the voids or adsorbed on the humic acid surfaces. The reason for this is

that these compounds are rapidly removed by acid hydrolysis, leaving the humic

acid structure intact. Our model structure contains relatively large numbers of

CO2H and OH groups so that there are many opportunities for interacting with

metal ions, metal oxides and minerals. There are also many possibilities for the

formation of both inter and intra-molecular H-bonds. So far we have developed

model structures for humic acids, soil organic matter and a whole soil. As new

information on these materials becomes available, it may be necessary to modify

and refine the model structures. We hope that our research on model soil organic

matter structures will be beneficial to the development of a sustainable agriculture

and to the protection of the environment.

To obtain information on the “unknown” N in soils and humic substances, my

co-workers and I used Py-GC/MS, with the gas chromatograph being equipped

with a N-selective detector. This means that only N-containing compounds

were transferred to the mass spectrometer for identification. Employing this

approach, we identified over 100 N-containing compounds, many of which were

N-heterocyclics. The data included pyrroles, pyrrolidines, imidazoles, pyridines,

pyrazines, indoles, quinolines, benzothiazoles, and pyrimidines. In another invention

with scientists at the University of Saskatchewan we studied the catalysis of the

Maillard reaction by δ-MnO2 and found that N-heterocyclics could be formed

abiotically in this manner.

After the year 2000, I worked only half time and joined a group of  scientists at

Agriculture and Agri-Food Canada here in Ottawa, who worked on composting of

all kinds of organic residues. My job was to elucidate the chemical reactions,

which were controlling the decomposition of the organics. One of  the interesting

conclusions of this research was that the biological and chemical reactions during

composting focused mainly on the degradation of the aliphatic structures while

the aromatic structures were preserved. In recent years I have worked on the

chemistry of  bio-oils produced by the fast pyrolysis of  chicken manure. The bio-

oils produced in this manner contained at least 500 organic compounds. So far we

have identified by 13C NMR and by mass spectrometric methods about 350 of

these compounds.

My lifetime research was concerned with the chemistry and reactions of soil

humic substances and with many N-containing compounds in agricultural soils. I
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spent close to 50 years on this research. During that time I had many co-workers.

These were 30 postdoctoral fellows, from 15 different countries, 10 technicians,

and 20 scientists from Canada and outside Canada. Each person who worked with

me became a co-author of the paper reporting the research, which he or she did

with me (see list of publications). I am most grateful to each of them for their

contributions. I learned as much from them as they learned from me.

Finally, let us remember that the soil is our most important resource. It is the

presence of organic matter, by acting as a habitat for the microbes, fungi, small

animals, etc., which distinguishes the soil from a mass of rock particles and allows

it to become a living system. Our ability to produce sufficient food for our expanding

population and, at the same time, protect the environment, demands a

comprehensive understanding of the physical, chemical, and biological properties

of the soil and soil organic matter. I hope that the research, which my colleagues

and I have done, will contribute to attaining these objectives.
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1949 Bachelor of Science degree, Brigham Young University.
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1953-1990 Research and teaching in soil chemistry, Department of Agronomy,

University of Illinois.
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Fellow of the American Association for the Advancement of Science, Paul A Funk

Recognition Award, American Soil Science Society Research Award, Bouyoucos Soil

Science Career Award, and the prestigious Wolf Prize in Agriculture (shared with

Dr. Morris Schnitzer of Ottawa, Canada).

Over the years, extensive research was conducted on the forms of nitrogen

in soils, sediments, and sedimentary rocks; geochemistry of nitrogen; chemical

nature of  soil organic substances; mineralization-immobilization turnover of

fertilizer nitrogen in soils; and reactions of humic substances with micronutrient

cations (i.e., copper and zinc) and toxic heavy metals (i.e., lead and

cadmium).
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DESCRIPTION OF SCIENTITIC ACHIEVEMENTS

Initial research at the University of Illinois dealt with a study of nitrogen compounds

in soil, which are of importance to soil fertility in that they serve as sources of

nitrogen for plant growth. Modem chromatographic procedures were applied for

isolating and identifying nitrogenous biochemicals, notably amino acids and amino

sugars. Soils were contained several amino acids not commonly found in plant and

animal proteins. Distribution patterns for both amino acids and amino sugars

varied with soil type and changes were found to be brought about through

cultivation. For amino sugars, distribution patterns varied with depth in the soil

profile and were affected by soil management practices.

The work with amino sugars was expanded to an examination of  these

constituents in the Rhizobia (bacteria responsible for the fixation of atmospheric

nitrogen in leguminous plants). Differences were observed in the kinds and amounts

of amino sugars in the various Rhizobium species, from which it was postulated

that chromatography patterns for amino sugars might serve as a “finger-print”

technique for their classification.

An interesting aspect of  the soil studies was that some of  the nitrogen

(particularly in the subsoil) occurred as ammonium held within the lattice structures

of clay minerals (i.e., as “fixed ammonium”). Narrowing of the carbon/nitrogen

(C/N) with increasing depth in the soil profile was demonstrated to be due to an

increase in the percentage of the soil nitrogen as clay-bound ammonium rather

than to enrichment with nitrogenous organics, as had commonly been thought.

Attention at this time was directed to nitrogenous constituents in sedimentary

rocks and marine sediments, where much of the nitrogen was also found to exist

as clay-bound ammonium. Examination of depth samples from the Experimental

Mohole (a project of the US National Science Foundation to drill a hole through

the earth’s crust and into the mantle) showed that, with these sediments, the

disappearance of amino acids during digenesis was partly abiotic (i.e., due to

chemical processes). With deep-sea sediments from the Argentine Basin, amino

acid levels were correlated with climatic changes during Quaternary times, which

was attributed to reduced microbial activity during the colder periods, with

enhanced preservation of organic substances.

Rocks and potassium-bearing primary silicate minerals (e.g., feldspars and

micas) contain small amount of nitrogen and it was found that this nitrogen

occurred as ammonium in bound forms. Previous estimates for the total amount of

nitrogen in primary rocks of the earth’s crust and mantle were found to be high

and a revised estimate was made for the geochemical distribution of nitrogen in

the earth.

Other research dealt with chemical and biological transformations of fertilizer

nitrogen in soils, the physical and chemical properties of humic substances (dark

colored components of soils), and reactions of micronutrient cations (e.g., copper
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and zinc) and toxic heavy metals (i.e., lead and cadmium) with soil organic

substances. For the latter, a continuous distribution model was proposed for the

calculations of stability constants of  metal-humate complexes.

Regarding the chemical properties of humic substances, infrared studies on

humic and fulvic acids and their methylated/acetylated derivatives showed that

the acidity of the different reactive groups overlapped; accordingly, methods for

the determining of functional groups based on acidity are not specific and values

obtained there from cannot be used as an absolute measure for functional group

content.

In cooperation with others, research was carried out on the mineralization-

immobilization turnover of biologically and chemically fixed nitrogen in soil, using

the stable isotope nitrogen-15 as a tracer. This research was of importance in that

as much as one-third of the nitrogen applied to temperate zone soils as fertilizer is

retained in organic forms after the growing season and that an equal amount is

lost from the soil-plant system in as yet unexplained ways. Findings of the research

have been of use in modeling fertilizer nitrogen transformations in soil, thereby

leading to improvements in the management of fertilizer nitrogen for increasing

crop yields while at the same time protecting the environment by reducing

movement of nitrates into water supplies.

LIST OF SELECTED PUBLICATIONS

BOOKS WRITTEN:

F. J. Stevenson, 1982, Humus Chemistry: Genesis, Composition, Reactions. John

Wiley & Sons, NY (Translated 1994 into Chinese by Dr. Xia Rong-ji and

published by the Beijing Agricultural University Press).

F. J. Stevenson. 1986. Cycles of  Soil: C, N, P. S, Micronutrients. John Wiley &

Sons.

F. J. Stevenson. 1994. Humus Chemistry. 2nd. Ed., John Wiley & Sons, NY.

F. J. Stevenson and M. A. Cole. 1999. Cycles of Soil: 2nd. Ed., John Wiley & Sons.

BOOKS EDITED:

Eliott, L. F. and F. J. Stevenson (Co-Editor). 1976. Soils for Management of Organic

Wastes and Waste Waters. Amer. Soc. Agron., Madison, WI, 650 pp.

F. J. Stevenson (Editor). 1982. Nitrogen in Agricultural Soils. Amer. Soc. Agron.,

pp. 940.

BOOK CHAPTERS:

F. J. Stevenson. 1964. Soil Nitrogen. In: Fertilizer Nitrogen: Its Chemistry and

Technology. Amer. Chem. Soc. Monog. 161, Reinhold, pp. 18-39.
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F. J. Stevenson. 1965. Origin and distribution of nitrogen in soil. In: Soil Nitrogen.

Amer. Soc. Agron., Madison, WI, pp. 1-42.

F. E. Broadbent and F. J. Stevenson.1966. Organic matter interactions. In: Agricultural

Anhydrous Ammonia: Amer. Soc. Agron., Madison, WI, pp. 169-187.

F. J. Stevenson. 1967. Organic acids. In: Soil Bioch. Marcel Dekker, NY,

pp. 119-146.

F. J. Stevenson. 1969. Nitrogen origin and distribution. In: McGraw Hill Yearbook

Science and Technology for 1969, pp. 313-315.

F. J. Stevenson and J. H. A. Butler. 1969. Chemistry of humic acids and related

pigments. In: Organic Geochemistry: Methods and Results. Springer-Verlag,

NY, pp. 534-557.

F. J. Stevenson and G. H. Wagner, 1970, Chemistry of  nitrogen in soils.

In: Agricultural Practices and Water Quality. Iowa State Univ. Press, Ames, IA,

pp. 125- 141.

F. J. Stevenson and M. S. Ardakani. 1972. Organic matter interactions involving

micronutrients in soil. In: Micronutrients in Agriculture. Amer. Soc. Agron.,

pp. 79-114.

F. J. Stevenson and A. Fitch. 1981. Reactions with soil organic matter, In: Copper in

Soils and Plants. Academic Press, NY, pp. 69-95.

F. J. Stevenson. 1982. Origin and distribution of nitrogen in soil. In: Nitrogen in

Agricultural Soils. Amer. Soc. Agron., Madison, WI, 1-42. Also: Organic forms,.

pp. 67-122.

F. J. Stevenson. 1983. Trace metal-organic matter interactions in geologic

environments. In: The Significance of Trace Elements in Solving Petrogenetic

Problems and Controversies. Theophrastus Publications, Athens, pp. 671-691.

A. Fitch and F. J. Stevenson. 1983. Stability constants of metal-organic matter

complexes. Ibid., pp. 645-669.

F. J. Stevenson. 1985. Geochemistry of  soil humic substances. In: Organic

Geochemistry: Vol. 1, Wiley, pp. 13-52.

F. J. Stevenson. 1985. Nitrogen transformations in soil: A perspective. In: Nitrogen

and the Environment. Nuclear Institute for Agriculture, Faisaisbad, Pakistan,

pp. 7-26.

F. J. Stevenson and K. A. Kelley. 1985. Stabilization, chemical characteristics,.and

availability of immobilized nitrogen in soil. Ibid, pp. 239-259.

Y. Chen and F. J. Stevenson. 1986. Soil organic matter interactions with trace

elements. In: The Role of Organic Matter in Modern Agr. Martinus Nijhoff,

The Netherlands, pp. 73-116.

F. J. Stevenson and A. Fitch. 1986. Chemistry of complexation of metal ions by soil

solution organics. In: Interaction of Soil Minerals with Natural Organics and

Microbes. Amer. Soc. Agron., pp. 29-58.

F. J. Stevenson. 1989. Reductive degradation of humic substances. In: Organic

Geochemistry: Vol. 2, Wiley, pp. 122-142.

26_1995-6 Stevenson.p65 06-Mar-09, 7:36 PM522



Frank J. Stevenson 523

F. J. Stevenson and X-T. He. 1989. Nitrogen in humic substances as related to soil

fertility. In: Advances in Humic Substances Research Related to Soil and Crop

Sciences. Soil Sci. Soc. Amer. Special Pubi., pp. 91-110.

F. J. Stevenson and G. F. Vance. 1989. Naturally occurring aluminum-organic

complexes. In: The Environmental Chemistry of Aluminum. CRC Press, Boca

Raton, FL, pp. 117-146.

F. J. Stevenson and E. T. Elliott. 1990. Methodologies for assessing organic matter

quality. In: Dynamics of Organic Matter in Tropical Soils. Univ. Hawaii Press,

173-199

F. J. Stevenson. 1991. Organic matter-micronutrient reactions in soils. In:

Micronutrients in Agriculture. 2nd Ed., Amer. Soc. Agron., pp. 145-186.

G. F. Vance, F. J. Sikora, and F. J. Stevenson. 1995. Aluminum-organic matter

complexes. In: The Environmental Chemistry of Aluminum. CRC Press, Boca

Raton, FL.

K. A. Kelley and F. J. Stevenson, 1996. Organic forms of Soil N. In: Humic Substances

in Agricultural Ecosystems. Elsevier, Chapter 10.

ENCYCLOPEDIA ARTICLES & SPECIAL PAPERS:

Among these papers were a number of articles for the Encyclopedia of  Earth

Sciences, the Encyclopedia of Geochemistry & Environmental Sciences, and Methods

of Soil Analysis, and Developments in Soil Science Research.

RESEARCH ARTICLES:

Over 100 articles in a wide variety of research journals. These papers are cited in

reviews and book chapters, as noted above.
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Neal L. First
University of Wisconsin

Madison, Wisconsin, USA

k

1996/7 — for his pioneering research in
the reproductive biology of livestock.

Professor Neal L. First has made pioneering contributions to animal genetics by the

development of  systems of  bovine embryo cloning, gene transfer, and

in-vitro production of livestock embryos. His research has resulted in major advances

in the application of biotechnology to reproduction in farm animals, eliminating

the need for brood cows in beef cattle breeding.

Nuclear transfer of genetic material is being developed to clone farm animal

embryos. His ground-breaking research in this field has led to significant discoveries

in reproductive biology. Prof. First’s laboratory pioneered the application of this

technique to the genetic selection of livestock. He and his colleagues defined the

conditions leading to optimal in-vitro fertilization and high frequency embryo

development. They developed the defined growth media that are widely used to

culture bovine embryos. The procedures developed in Prof. First’s laboratory have

led to major discoveries throughout the world concerning embryo development in

domestic animals.

The new knowledge provided by Prof. First’s research is having a major impact

on the production of genetically advanced strains of livestock throughout the

world. Advances include improved reproduction, growth, lactation, and disease

resistance.
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CURRICULUM VITAE

Date and Place of Birth: October 9, 1930, Michigan

EDUCATION:

1948-1952 - B.S. Michigan State College, Animal Husbandry

1954-1957 - M.S. Michigan State University, Animal Science

1957-1959 - Ph.D. Michigan State University, Animal Science and Physiology of

Reproduction (Ph.D. Thesis Title: Fertility of Frozen Ram Semen)

PROFESSIONAL EXPERIENCE:

1956-1960 - Instructor, Michigan State University-East Lansing.

1960-1964 - Assistant Professor, Department of  Meat and Animal Science,

University of Wisconsin-Madison.

1964-1968 - Associate Professor, Department of Meat and Animal Science,

University of Wisconsin-Madison.

1968-present - Member, Endocrinology-Reproductive Physiology Program,

University of Wisconsin.

1968-present - Professor, Department of Meat and Animal Science, University of

Wisconsin-Madison.

1987-1990 - Joint Appointment in Dept. of Obstetrics and Gynecology, Medical

School.

1990 - Director USDA-CSRS-ARS National Animal Genome Mapping

Program.

HONORS AND AWARDS:

Alexander von Humboldt Award, 1987

Elected to National Academy of Science, 1989

Society for the Study of Reproduction Research Award, 1991

Animal Physiology and Endocrinology Award, American Society of Animal Science,

1977

National Association of Animal Breeders National Research Award, 1986

Outstanding Teacher, University of Wisconsin-Madison, 1978

Outstanding Teacher, University of Wisconsin, College of Agricultural and Life

Sciences, 1968

University of Wisconsin Distinguished Professor Chair, L.E. Casida, Professor of

Reproductive Biology and Biotechnology, 1989

Saddle and Sirloin Club Honorary Recognition Award, 1983

ASAS Morrison Award, 1993
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NATIONAL COMMITTEES:

Acting Director, National Program in Mapping the Genome of Domestic Animals,

1992

National Academy of  Science, Institute of  Laboratory Animal Research,

1991-1993

NAS Institute of  Medicine Committee on Fetal Research and Application,

1992-1993

NAS Class Membership Committee, 1992-1993

National Advisory Board on Ethics in Reproduction, 1994

BRIEF DESCRIPTION OF SCIENTIFIC ACHIEVEMENTS

Dr. Neal L. First pioneered and developed animal biotechnologies used in and

supporting the embryo transfer industry. The methods for in vitro production of

bovine embryos coming originally from his laboratory have reached application in

most laboratories doing research on gametes, fertilization and embryos and are

being applied by private companies such as ABS Global, Em Tran, Trans Ova,

Mastercalf and many others to produce large numbers of  offspring from high

genetic value cows. Companies such as BoMed Inc. have arisen to sell oocytes and

materials to companies producing embryos in vitro.

Development of systems for producing embryos in vitro required new discoveries

in oocyte maturation, sperm capacitation, in vitro fertilization and embryo culture.

His laboratory was the first to develop a successful system for maturing oocytes

from small bovine follicles in vitro by showing the importance of their surrounding

follicular cells to the development of competence to complete embryo development

and the first to produce calves from in vitro fertilization of in vitro matured

oocytes.

I. His laboratory defined many of the conditions required to achieve a high

frequency of oocyte maturation and embryo development from in vitro matured

oocytes, including the recent discovery that embryos developing after in vitro

fertilization were primarily from the first oocytes reaching metaphase II and

the frequency of early metaphase II was greatly increased by replacing the

hormone, Follicle Stimulating Hormone (FSH), in cultures with Lutenizing

Hormone (LH). Early oocytes are now selected to give high frequency of embryo

development.

II. The work in his laboratory on sperm biochemistry led to identification of a

follicular fluid and oviduct factor, which prepares sperm for fertilization. The

active material identified was heparin sulfate which became the compound

used around the world to capacitate or prepare bull sperm for fertilization.

Using the information gained from these studies, his laboratory was the first to
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in vitro fertilize in vitro matured oocytes and the first to define many of the

conditions for efficient IVF such as temperature and timing.

III. In embryo culture his laboratory was the first to characterize the in vitro block

to bovine embryo development, to describe the timing of bovine embryonic cell

cycles and to describe the time of initiation of embryonic transcription, and

the mechanisms initiating bovine embryonic transcription. His students were

the first to show that bovine embryos could be cultured past the period of

blocked development by co- culture with oviduct epithelial cells or their

conditioned media. His laboratory then developed a defined medium CR1aa

that is widely used to culture bovine embryos.

Together these discoveries led to an efficient system for producing embryos in vitro

that is being used to eliminate the brood cow in beef cattle breeding, to propagate

valuable animals and to make possible more efficient nuclear and gene transfer.

An explosion of information concerning early development and differentiation in

domestic animals has resulted in laboratories around the world, stemming directly

from the systems developed by Dr. First’s laboratory. Dr. First’s laboratory was also

original in developing cloning of cattle embryos and pigs. It was the first to produce

offspring from cultured bovine embryonic stem cells. These two technologies when

combined with in vitro production of embryos and homologous DNA recombination

provide the basis for effective gene transfer or gene deletion in cattle. The enormous

impact on research and commercial animal production will long be felt due to the

work of Dr. First and his laboratory for developing systems necessary to the in

vitro production of bovine embryos.

SELECTED PUBLICATIONS

Schoff, P.K. and N.L. First. 1995. Manipulation of bovine sperm metabolism and

motility using anoxia and phosphodiesterase inhibitors. Cell Motility and the

Cytoskeleton 31:140-146.

Jones, J.M. and N.L. First. 1995. Expression of cell cycle control protein cdc25 in

cleavage stage bovine embryos. Zygote. 3: May, 1995.

Hageman, L.J., Hillery, F.L., Leibfried-Rutledge, M.L. and First, N.L. 1994. Activation

of murme oocytes with Ca2-i- ionophore and cycloheximide. J. Exper. Zool.

271:57-61.

Susko-Parrish, J., Leibfried-Rutledge, M.L., Northey, D., Schutzkus, V. and First, N.L.

1994. Inhibition of protein kinases after an induced calcium transient causes

transition of bovine oocytes to embryonic cycles without meiotic completion.

Developmental Biology. 166: 729-739.

Rosenkrans, C.F. and First, N.L. 1994. Effect of free amino acids and vitamins on

cleavage and developmental rate of bovine zygotes in vitro. J. Anim. Sci. 72:

434-437.
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First, N.L., Sims, M.M., Park, S.P., and Kent-First, M.J. 1994. Systems for production

of calves from cultured bovine embryonic cells. Reprod. Fertil. and Dev. 6:

553-562.

Sims, M.M. and First, N.L. 1994. Production of calves by transfer of nuclei from

cultured inner cell mass cells. Proc. Natl. Acad. Sci. USA 90: 6143-6147.

Navara, C.S., First, N.L. and G. Schatten. 1994. Microtubule organization in the

cow during fertilization, polyspermy, paerthenogenesis and nuclear transfer:

The role of the sperm aster. Dev. Biol. 162:29-40.

Sims, M.M., and First, N.L. 1994. Production of calves by transfer of nuclei from

cultured inner cell mass cells. Proc. Natl. Acad. Sci. USA 90:6143-6147.

First, N.L., and Leibfried-Rutledge M.L. 1993. Nuclear Transfer in Mammals. lit “In

vitro fertilization and Embryo Transfer in Primates” (D.P. Wolf, Stouffer R.L.,

and Brenner, R.M., Eds.), Springer-Verlag New York, Inc. 3 17-330.

Fulka Jr., J., Leibfried-Rutledge M.L, and First, N.L. 1993. Control of germinal

vesicle breakdown in bovine x murine hybrid oocytes. Reprod. Nutr. Dev.

33:411-417.

Kim, T., M.L. Leibfried-Rutledge and First, N.L. 1993. Gene transfer in bovine

oocytes using replication-defective retroviral vectors packaged with Gibbon

ape leukemia virus envelopes. Molec. Reprod. Dev. 35: 105-113.

Kim, T., M.L. Leibfried-Rutledge and First, N.L. 1993. Gene transfer in bovine

oocytes using replication-defective retroviral vectors packaged with Gibbon

ape leukemia virus envelopes. Molec. Reprod. Dev. 35: 105-113.

Prather, R.S. and First, N.L. 1993. Cell-to-cell coupling in early-stage bovine embryo:

a preliminary report. Theriogenology 39:561-567.

Takahashi, Y. and First, N.L. 1993. In vitro fertilization of bovine oocytes in the

presence of theophylline. Anim. Reprod. Sci. 34:1-8.

Takahashi, Y. and First, N.L. 1993. In vitro culture of bovine one-cell embryos

fertilized in vitro using synthetic oviduct fluid medium supplemented with

fetal calf serum. Anim. Reprod. Sci. 3 1:33-47.

Rosenkrans, Jr., C.F., G.Q. Zeng, G.T. McNamara, P.K. Schoff and First, N.L. 1993.

Development of bovine embryos in vitro as affected by energy substrates.

Biol. Reprod. 49:459-462.

Rosenkrans, Jr., CF., and First, N.L. 1993. Effect of free amino acids and vitamins

on cleavage and developmental rate of bovine zygotes in vitro. J. Anim. Sci.

72:434-437.

Yom, H.C., R.D. Bremel and First, N.L. 1993. Mouse mammary tumor virus promoter

directs high-level expression of bovine S1 casein in the milk of transgenic

heterozygous and homozygous mice. Anim. Biotech. 4(1):89-107.

Hagemann, L.J. and First, N.L. 1992. Embryonic cytoplasmic extracts rescue murine

androgenones to the blastocyst stage. Development 114(4): 997-1001.
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Takahashi, Y. and First, N.L. 1993. In vitro development of  bovine one-cell

embryos: influence of glucose, lactate, pyruvate, amino acids and vitamins.

Theriogenology 39:56 1-567.

Eyestone, W.H., J.M. Jones and First, N.L. 1991. Oviduct-conditioned medium for

the culture of early bovine embryos to the blastocyst stage. J. Reprod. Fertil.

92:59-64.

Eyestone, W.H. and First, N.L. 1991. Characterization of developmental arrest in

early bovine embryos cultured in vitro. Theriogenology 35:613-624.

Hagen, D.R., R.S. Prather, M.M. Sims and First, N.L. 1991. Development of

one-cell porcine embryos to the blastocyst stage in simple media. J. Anim. Sci.

69:1147-1150.

First, N.L. and R.S. Prather. 1991. Genomic potential in mammals. Differentiation

48:1-8.

Prather, R.S., M.M. Sims and First, N.L.. 1991. Culture of  porcine embryos

from one and two cells to blastocysts in sheep oviducts. Theriogenology

35:1147-1152.

Fulka, J., Jr., M.L. Leibfried-Rutledge and First, N.L. 1991. Effect of  6-

dimethylaminopurine upon germinal vesicle breakdown of bovine oocytes.

Mol. Reprod. Dev. 29:379-384.

Barnes, F.L. and First, N.L. 1991. Embryonic transcription in in vitro cultured

bovine embryos. Molec. Reprod. Dev. 29:117-123.

Fulka, J., Jr., M.L. Leibfried-Rutledge and First, N.L. 1991. Effect of  6-

dimethylaminopurine upon germinal vesicle breakdown of bovine oocytes.

Mol. Reprod. Dev. 29:379-384.

Barnes, F.L. and First, N.L. 1991. Embryonic transcription in in vitro cultured

bovine embryos. Molec. Reprod. Dev. 29:117-123.

Hagen, D.R., R.S. Prather and First, N.L. 1991. Response of porcine oocytes to

electrical and chemical activation during maturation in vitro. Mol. Reprod.

Dev. 28:70-73.

Saeki, K., M. Hoshi, M.L. Leibfried-Rutledge and First, N.L. 1991. In vitro

fertilization and development of  bovine oocytes matured in serum-free

medium. Biol. Reprod. 44:256-260.

Patents

Co-culture of embryos with other cell types

CRlaa embryos cultural system

Nuclear transfer process

Patents Pending

A. Bovine embryonic stem cell derivation

B. Production of bovine parthenotes

27_1996-7 First.p65 17-Mar-09, 9:34 AM530



531

Ilan Chet
Faculty of Agriculture

The Hebrew University of Jerusalem
Rehovot, Israel

k

1998 — for his contributions to the
environmentally safe development of
world agriculture through innovative
approaches in plant breeding and
bio-control.

Prof. Ilan Chet is internationally recognized as a pioneer in the field of biological
control of plant pathogens which cause major crop losses. This field is of primary
importance in the protection of  crops as an alternative to environmental
contamination by hazardous pesticides. He has pioneered the application of fungal
physiology and the use of micro-organisms for biological control of plant diseases.
His research combines in-depth knowledge of the physiology and the biochemistry
of the fungi at the cellular and molecular levels, seeking explanations for pathogenic
processes.

Professor Chet’s ability to effectively link fundamental and applied aspects of
such diverse fields as plant pathology, soil microbiology and biotechnology led to
the development of novel biological control agents which are now successfully
used as commercial products. Professor Chet has also trained and mentored a new
generation of plant biologists and thus contributed to the wide-spread application
of new biological approaches in agriculture.

CURRICULUM VITAE

PERSONAL

Date and place of birth: April 12, 1939, Haifa, Israel.
Nationality: Israeli.

Marital status: Married, with five children.
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UNIVERSITY DEGREES

1962 - B.Sc. with honors. The Hebrew University of  Jerusalem, Faculty of

Agriculture, Rehovot.

1964 - M.Sc. with honors. The Hebrew University of Jerusalem.

1968 - Ph.D. The Hebrew University of  Jerusalem.
Thesis: The structure and behaviour of the fungus Sclerotium rolfsii.

PRIZES AND AWARDS

1968 - Fulbright Foundation Postdoctoral Travel Grant

1979 - Recipient of Kadma Prize for Plant Protection
1982 - Recipient of the A.Z. Cohen Prize for Plant Protection

1982 - Recipient of the Gottingen University “Heinrich-Christian Burchadt Medal”

for distinguished research in biological control

1989 - Recipient of  Ulitzky Prize for excellence in soil microbiology

1990 - Recipient of the Rothschild Prize for Agricultural Research

1991 - Honorary doctorate of the Faculty of Natural Sciences, Lund University,
Sweden

1991 - Fellow of the American Phytopathological Society

1992 - The Francis Ariowitsch Chair for Agricultural Biotechnology

1994 - Recipient of the Max-Planck Research Award

1996 - Recipient of  the International Union of Microbial Societies Arima Prize for
Applied Microbiology

1996 - Recipient of  the Israel Prize for Agricultural Research

1998 - Recipient of  the Wolf Prize for Agriculture

1998 - Elected member of  the Israel National Academy of Sciences and Humanities

2001 - Recipient of the Officer’s Cross of the Order of Merit of the Federal Republic

of Germany award
2003 - Recipient the EMET Prize in Agriculture Awarded by the A.M.N. Foundation

2004 - Elected Member of the European Academy of Sciences and Arts

2004 - Awarded the “lifetime achievement award” by the Trichoderma Society

2004 - Noted by ISI among the most cited scientsts in the world

2005 - Nominated Institute Professor at the Weizmann Institute of Science

2005 - “Paul Harris Fellow” of the Rotary
2006 - Honorary doctorate (Ph.D. honoris causa), Haifa University, Israel

2007 - Honorary associate of Tel Hai College

2007 - Honorary associate of  Hadassa College

2008 - Honorary Doctorate (Ph.D. honoris causa), University of Naples, Italy

ACTIVITIES WITHIN THE HEBREW UNIVERSITY

1965 - Assistant in Microbiology, Faculty of Agriculture, Rehovot

1967 - Instructor in Microbiology
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1969 - Lecturer in Microbiology, Department of  Plant Pathology and

Microbiology, Faculty of Agriculture

1970-72 - Visiting Lecturer, The Ben-Gurion University of the Negev, Beer Sheva,

Israel

1972 - Senior Lecturer in Microbiology

1972-74 - Chairman, The Biochemistry and Physiology Interdepartmental

Teaching Programme, Faculty of Agriculture

1973-74 - Head, The Interdepartmental Equipment Unit and Equipment

Committee

1975 - Associate Professor of Microbiology

1976-77 - Member, The Faculty Teaching Committee

1976 - Member, The Cell & Molecular Biology Sub-Committee for Research

Students

1977-79 - Head of the Sub-Committee for Agriculture and Applied Biology

and a member of the Hebrew University Committee for Research

Students in Natural Sciences

1977-78 - Chairman, The Plant Protection Interdepartmental Teaching

Programme, Faculty of Agriculture

1978 - Elected as a Member of the Senate of the Hebrew University

1978 - Professor of Microbiology

1980-81 - Chairman of the Research Committee

1981-82 - Member, The Development Committee

1981-82 - Member, The Board of Directors of the Authority of Research and

Development of the Hebrew University

1981-83 - Head, Department of Plant Pathology and Microbiology, Faculty of

Agriculture

1981-83 - Chairman of the Committee for Plant Protection

1981-82 - Member of the Appointment Committee of  the Hebrew University

1983-86 - Director of  the “Otto Warburg Center of  Biotechnology in

Agriculture”, Rehovot, Israel

1984-86 - Member, The University Steering Committee of Biotechnology

1985-86 - Member, The University Committee for Basic Equipment

1986-89 - Dean of the Faculty of Agriculture, Rehovot

1989-90 - Chairman of the Hebrew University Committee of Life Sciences

1990-1992 - Director of the Otto Warburg Center for Biotechnology in Agriculture

1990-1992 - Member of the Executive Committee of the Hebrew University

1990-2001 - Member of the Board of Managers of the Hebrew University of

Jerusalem

1990-1992 - Member, University Committee for Academic Policy

1992-2001 - Chairman, The Authority for Research and Development of  the

Hebrew University
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1992-2001 - Vice President for Research and Development of  the Hebrew

University of Jerusalem

1992-2001 - Member of  the Board, Yissum R&D Company of  the Hebrew

University of Jerusalem
1992-1994 - Member of the Board, Scientific Incubators, Co., Jerusalem

1997-2001 - Member, Advisory Board of Batsheva de Rothschild Foundation

1998-2001 - Chairman, The National Committee for Strategic Infrastructure

ACTIVITIES WITHIN THE WEIZMANN INSTITUTE

2001-2005 - Professor in the Department of Biological Chemistry

2001-2006 - President of the Weizmann Institiute

2005-2006 - Professor in the Department of Plant Sciences

2001-2006 - Member of the Board of Yeda Co.

ACADEMIC ACTIVITIES AND HONORS ABROAD

1968 Research Associate in McArdle Laboratory for Cancer Research,

Medical Center, The University of Wisconsin, Madison, Wisconsin,

USA

1970 Research Fellow in the Laboratory of Applied Microbiology, Harvard

University, Cambridge, Massachusetts, USA
1972 Visiting Scientist in Gottingen University, West Germany

1975 Visiting Professor, Laboratory of Applied Microbiology, Division of

Applied Sciences, Harvard University, Cambridge, MA, USA

1978 “Richard Merton Professor”, Gottingen University, West Germany

1979-80 Visiting Professor, Department of  Botany and Plant Pathology,

Colorado State University, Fort Collins, CO, USA
1980 Visiting Professor, Harvard University, Cambridge, MA, USA

1984 “DFG Visiting Professor”, University of  Gottingen, FRG

1986 Visiting Professor, Auburn University and Cornell University, USA

1986 Visiting Professor, Lund University, Lund, Sweden

1989-90 Senior Visiting Scientist, E.I. DuPont de Nemours & Co. Agricultural

Experimental  Station, Agricultural  Products  Department,
Biotechnology Division, Wilmington, Delaware, USA

1991 Senior Visiting Scientist, E.I. DuPont de Nemours & Co.

1992 Visiting Professor, Cape Town University, South Africa

1994-1995 Visiting Professor, Rutgers University, New Jersey, USA

1995-2006 Visiting Professor, Rutgers University, New Jersey, USA (in summers)

NATIONAL AND INTERNATIONAL ACTIVITIES

1972-1974 Member of the Board of Directors and a Treasurer of the Israeli

Phytopathological Society
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1977 Convenor, The Symposium on Sclerotial Morphogenesis, in the Second

in the Second International Mycological Congress, Tampa, USA

1977-78 Member of the Board of Directors of the Israeli Phytopathological

Society

1978-79 Head, the Supervising Committee of the Tel-Hai College

1979-82 Member, The Technical Advisory Committee of the United States-

Israel Agricultural Research and Development Fund (BARD)

1981-1986 Member of  the Editorial Board of  the International Journal

“Phytoparasitica”

1982 Chairman of  the Organizing Committee of  the “France-Israel”

Symposium on Plant Resistance

1982 Coordinator of the “Gottingen - Jerusalem Symposium” on Soil Plant

Relationship

1983 Invited Lecturer, Conference of the French Phytopathological Society

on Biological Control, Bordeaux, France

1983 Invited Lecturer, 4th International Congress of  Plant Pathology,

Melbourne, Australia

1983 Delegate member, the Mycology Division Council of the International

Union of Microbiological Societies (IUMS)

1984-1994 Member of the UN Panel for Applied Microbiology and Biotechnology

(ICRO)

1984-88 Member, The Special Projects Committee of the International Society

for Plant Pathology

1984-1986 Chairman, The Committee of National Council of  Research and

Development for Agriculture and Biotechnology

1985-1992 Member of the National Committee for Biotechnology

1986-1990 Member of BARD Fellowship Committee

1986-1992 Member of the Commission on Biotechnology of the International

Union of Pure and Applied Chemistry (IUPAC)

1987 Keynote Address Speaker of  the 25th Anniversary of  the

Phytopathological Society, South Africa

1987 Invited Lecturer to Meeting of  the American Phytopathological

Society, Cincinnati, Ohio

1987-1989 Member, The Scientific Advisory Committee of the Applied Science

Institute, Ben Gurion University of  the Negev

1988 Invited speaker to the Finland-Israel Symposium on Symbiosis,

Shoresh, Israel

1988 Member, Organizing Committee, and invited lecturer to the

Bat-Sheva Seminar on Host-Fungus Interaction, Jerusalem

1988 Invited speaker to the Niedersachsen Conference - Frontiers in

Biology,Chemistry and Physics - Braunschweig, W. Germany
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1988 Invited speaker to the VII International Congress on the Global Impact

of Microbiology (GIAM), Hong Kong

1988 Invited speaker to the International Congress of  Plant Pathology,

Kyoto, Japan

1988 Invited speaker to the Annual Meeting of the British Society of Plant

Pathology, Reading, England

1989 Invited speaker to the UCLA Symposium on Molecular and Ecological

Aspects of Biological Control, Frisco, Colorado

1989-1993 Chairman, The Special Projects Committee of the International

Society for Plant Pathology (ISPP)

1989-1994 Member of the Scientific Advisory Committee of the Institute for

Cereal Crops Improvement. Tel Aviv University

1989 Invited speaker to the Biotechnology Workshop, Rutgers University,

New Jersey, USA

1989 Invited speaker to the Beltsville Symposium on the Rhizosphere and

Plant Growth, Beltsville, USA

1990 Invited speaker to the Fourth International Mycological Congress,

Regensburg, F.R.G.

1990 Invited speaker to the German Botanical Society Meeting, Regensburg,

F.R.G.

1990 Invited speaker to the Workshop on Biological Control of Postharvest

Diseases, Sheperdstown, West Virginia, USA

1990- Member, International Editorial Board, Crop Protection

1991 Invited speaker to the XII International Plant Protection Congress,

Rio de Janeiro, Brazil

1991 Invited speaker to the International Symposium on Application of

Biotechnology to tree culture protection and utilization. Columbus,

Ohio, USA

1991- Advisory Editor, Wiley Series in Ecological and Applied Microbiology

1992 Invited overview speaker to the International Seminar on “Impact

of Biotechnology on Agriculture and Food in Developing Countries”,

Madras, India

1992 Teaching Course, University of Torino, Italy

1992 Invited speaker, The Center of Bioengineering, Academy of Sciences

of Russia

1992-1994 Member, The Committee for Reduction of  Pesticides, Ministry of

Agriculture

1993-1999 Member, The Scientific Committee of  “Med-Campus” of  the

EEC

1993 Invited speaker, International Conference on Agricultural and

Environmental Biotechnology, Torino, Italy
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1993 Invited speaker, The British Society of Phytopathology Meeting,

Rothamstead, England

1994 Keynote speaker, International Conference on Host-Pathogen

Interactions, GIF Conference, Greifswald, Germany

1994 Invited lecturer, Summer Course in Biotechnology to Scandanavian

Countries, Uppsala, Sweden

1994 Invited speaker in “The Year of Louis Pasteur Conference” Organized

by Institut Pasteur, Microbes, Environment and Biotechnology, May

1995, Papeete, Tahiti

1994 Member of  Organizing Committee and speaker in the Katzir

Conference on Plant Molecular Biology, Biotechnology and

Environment, Koln, Germany

1994 Member of Organizing Committee and speaker in the Conference

on “International Cooperation for development of biotechnology”,

Jerusalem, Israel

1995 Member of  Organizing Committee of  “IUMS Congress of

Microbiology and Mycology” and Chairman of Mycology Program

Committee, Jerusalem, Israel

1995 Member of Organizing Committee of the International Mycological

Congress (IMC-6), Jerusalem, Israel

1995- Member of Editorial Board, The European Journal of Plant Pathology

1996-2000 Member, German Israel Coooperation Council for High and

Environmental Technology

1996-1997 Member, National Committee of Biotechnology

1997-2003 Chairman of the Rothschild Prize Committee

1997- Chairman of “Mifal Hapayis” Committee for scientific research Prizes

1997 Invited speaker in the Symposium on Molecular Aspects of Biological

Control, Delemont, Switzerland

1997 Invited speaker in the Congress on Techniques and Developments

for the Food Industry, Agriculture and the Environment, Perugia,

Italy

1998 Invited speaker in the International Symposium on Fungal Control

of Pests, Weeds and Diseases, Univ. of Southampton, U.K.

1998 Co-organizer of the BARD Workshop on Soilborne Plant Pathogens,

Ramat Rachel, Israel

1998 Co-organizer of the Warburg Symposium on Antibiosis, Göttingen,

Germany

1998 Invited speaker in the International Congress of Plant Pathology,

Edinburgh, UK

1998 Chairman and invited speaker in the 6th International Mycological

Congress, Jerusalem, Israel
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1998-2002 Member, External Advisory Group (EAG) to the European Union

Research Program

1999 Invited speaker in conference on Application of Biological Control.

Alghero, Sardinia, Italy

2000 Invited speaker in the International Conference on Managing Natural

Resources, New Delhi, India

þ2000 Invited speaker, European Symposium on Soil Inoculants. Amsterdam,

Holland

2000 Keynote Speaker, Third International Symposium on Rhizoctonia,

ISR 2000. Taichung, Taiwan

2000-2003 Member, The Advisory Panel of NATO Science Program

2001 Invited speaker and a chairman, in the 3th International Symposium

on Chitin Enzymology. May, Senigallia, Italy

2001 Invited speaker in the International workshop on Agricultural

Biotechnology. Algehro, Sardinia

2001 Invited lecturer in the New Horizon in Biotechnology conference.

Trivandrum, India

2002 Keynote speaker in the workshop “Biotechnology in the service of

Agriculture. Warsaw, Poland

2002 Chairman and invited speaker of the session of transgenic plants in

FEBS Conference. Istanbul, Turkey

2002 Invited speaker in VIII International Fungal Biology Conference.

Guanojuato, Mexico

2003 Invited plenary speaker in Bioacademy 2003 Conference, Tel-Aviv,

Israel

2003 Chairman, Ag-Biotech session in Israel Biotech Conference. Tel-Aviv,

Israel

2003 Invited participant and speaker in the annual meeting of the World

Economic Forum. Davos, Switzerland

2003 Invited participant of “Fortune Brainstorming”, Aspen, Co., USA

2003 Invited plenary speaker in “World Knowledge Forum”, Seoul, Korea

2003 Keynote speaker on the Beneficial Relations between Universities

and Industry. Niedersachsen Symposium, Gottingen, Germany

2004 Elected Member of the Perspective Committee of Research Center

Julich, Germany (nomination of the Minister of Science)

2005 Member of the International Board of the International Society of

Microbial Ecology

2005 Member of the Advisory Board of the Institute of Life Sciences,

Hyderabod, India

2005- Member of the International Board of the International Society of

Microbial Ecology
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2006 Chairman, Session on Induced Resistance in the International

Trichoderma Workshop, Vienna Austria

2006 Invited speaker, the Max Planck Conference on Innovative Research,

Munchen Germany

2006 Member of the International Advisory Committee of the International

Society of Microbial Ecology

2006 Chair of  Session, 9th International Workshop on Trichderman,

Vienna Austria

2006 Invited speaker in the International Conference on Identification

and Implementation of Research Topics, Ringberg Castle, Germany

2006 Invited speaker in the International Conference on Medical Plants

and Functional food, Tashkent, Uzbekistan

Keynote speaker in the International Symposium on Acquired Plant

Resistance, Budapest, Hungary

2006 Advisor to Evogene Co., Rehovot, Israel

2007 Board member of Makhteshim-Agan Chemical Company

2007 Board member of Fertiseed

2007 Chairman of the Environment and Health Fund, Jerusalem

2007- Vice President Ilanit-Bilogical Societies

2007- Chairman of the Health & Environmental Fund

2007- Chairman of the National Committee for Knowledge Centers

2007 Invited Speaker “Subramanian memorial lecture”, Potnugar

University, India

2008 Invited Speaker Plant Micro-Interactions Congress, Sorento, Italy

2008 Invited Speaker in Plant Microbe Interaction conference, Salamanca,

Spain

2008 Chairman of the National Committee for Stem Cells Centers

2008 President of  Ilanit – Biological Societies

2008 Invited Speaker in the Tricoderma conference, Costa Rica

2008 Chairman of  session on Biological Control in the International

Congress of Plant Protection, Torino, Italy

2008 Invited speaker in Plant-Microbe Conference, Salamanca, Spain

MEMBERSHIP IN SCIENTIFIC SOCIETIES AND ORGANIZATIONS

Israel Society for Microbiology

Israel Phytopathological Society

Israel Biochemical Society

Israel Society of Cell Biology

American Phytopathological Society

American Society of Microbiology

International Organization for Biotechnology and Bioengineering (IOBB)
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International Society of Plant Pathology (ISPP)

International Mycological Association (IMA)

British Mycological Society

International Society for Molecular Plant-Microbe Interactions (IS-MPMI)

European Chitin Society

GRANTS

Since 1973, Professor Chet has received research grants from the following:

Agencies and foundations:

Israel Ministry of Agriculture

Deutsche Forschungsgemeinschaft (DFG)

National Council for Research and Development (NCRD)

Federal German Ministry for Science and Technology (BMFT)

Ministry of Niedersachsen for Science, Germany

Binational Agricultural Research and Development Fund (BARD)

The Wolfson Foundation, England

Agency for International Development (AID)

Kay Foundation for Biotechnology

The Szold Foundation

GIFRID Foundation, Germany

German-Israeli Agricultural Research and Development (GIARA)

German-Israeli Foundation (GIF)

Volkswagen Foundation (VW)

Dutch-Israel Agricultural Foundation (DIAF)

Charles Wolfson Charitable Trust

The Chais Family Charitable Fund

European Union (E.U)

Belgian Trilateral Governmental Fund

Federal German Ministry for Education and Science (BMBF)

Horowitz Association

Industry:

Teva Pharmaceutical Industry

Galil Advanced Technologies

Bio Technology General Ltd. (BTG)

Gadot Petrochemical Industries

Biotechnology Application (BA)

Makhteshim

Migal, Israel

FRM Agricultural Sciences Partnership
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Yissum, Israel

Ecogen, USA

Ieves Rocher, France

Israel Biotechnology Research (IBR)

Haifa Chemicals

Mycontrol

Biotechnological Integrated Technologies BIT, (Italy)

Algatech

PATENTS

1. Henis, Y. and I. Chet. 1971. Method for drug detection. Israel Patent 38,233.

2. Mitchell, R. and I. Chet. 1977. Magnetic separation method. U.S. Patent

4,00-197.

3. Sivan, A., I. Chet and Y. Elad. 1985. Fungicidal compositions and method for

using them. Israel Patent 68124.

4. Sivan, A. and I. Chet. 1985. Antifungal compositions containing Trichoderma

active against Fusarium. Israel Patent 69368.

5. Chet, I., A. Sivan, and Y. Elad. 1985. Novel isolates of Trichoderma fungicidal

compositions containing said isolates and use thereof. European Patent 133878.

6. Shoseyov, O., B.A. Bravdo, R. Ikan and I. Chet. 1987. Production and utilization

of a specific endo-beta-glucosidase for food, wine and perfume industries.

Israel Patent No. 82980-2, 1987, U.S. Patent Pending, 1988.

7. Chet, I. and Sivan, A. 1988. Antifungal compositions containing Trichoderma

active against Fusarium. US Patent 4,784,021.

8. Oppenheim, A., I. Chet and R. Shapira. 1988. A system for excretion of

foreign protein, enzymes or polypeptides from E. coli into the culture media,

especially for the production and purification of the enzyme chitinase. Israel

Patent Pending 85408/3.

9. Eyal, Z., I. Chet and M. Fleishman. 1988. Method of controlling foliar diseases

caused by fungal pathogens with fungicidal bacteria and novel pure cultures

of fungicidal bacteria. Israel Patent Pending 87322.

10. Spiegel, I., I. Chet and E. Cohn. 1988. Method and composition for combating

soil nematodes comprising chitinolytic bacteria and novel pure cultures of

certain such bacteria. Israel Patent 87388.

11. Spiegel, I., I. Chet, Cohen, E. and Galper, S. 1989. Nematocidal microorganisms,

their isolation and their use as bionematocides. European Patent 89114460.2.

12. Eyal, Z., I. Chet, M. Fleishman and E. Levy. 1989. Method of controlling foliar

diseases caused by fungal pathogens with fungicidal bacteria and novel pure

cultures of fungicidal bacteria. European Patent No. 89114108.7.

13. Chet, I., A. Sivan and Y. Elad. 1990. A novel isolate of Trichoderma fungicidal

compositions containing said isolate and use thereof. U.S. Patent 4,915,944.
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14. Ordentlich, A., Z. Weisman , H. Gottlieb and I. Chet. 1991. Antimicrobial

compound and compositions. Israel Patent No. 097928.

15. Elad, Y., Zimand, G. and Chet, I. 1991. Novel isolate of Trichoderma harzianum,

T-39, fungicidal compositions containing said isolate and use against B. cinerea

and S. scherotiorum. European Patent No.466.133.

16. Spiegel, I., Chet, I., Cohn, E. and Galper, S. 1992. Nematicidal strain of

Pseudomonas and its use as a biocontrol agent. U.S. Patent No. 5,089,263.

17. Elad, Y. and Chet, I. 1993. Novel isolate of Trichodrema harzianum T-39,

fungicidal compositions containing said isolate and use against B. cinerea and

S. sclerotiorum.. New Zealand Patent No. 238925.

18. Logemann, J., Jach, G., Gornhardt, B., Mundy, J., Schell, J. Eckes, P. and Chet, I.

1993. Transgenic, pathogens-resistant organisms. German Patent No. P 42 34

131.0.

19. Logemann, J., Jach, G., Gornhardt, B., Mundy, J., Schell, J. Eckes, P. and

Chet, I. 1993. Transgenic, pathogens-resistant organisms. European Patent

No.93116011.3.

20. Logemann, J., Jach, G., Gornhardt, B., Mundy, J., Schell, J., Eckes, P. and Chet,

I. 1994. Transgenic, pathogens-resistant organisms. Canadian Patent 2,108,112.

21. Elad, Y., Zimand, G. and Chet, I. 1993. Isolate of Trichoderma fungicidal

compositions containing said isolate and use against B. cinerea and

S. sclerotiorum. US Patent No. 5,238,690.

22. Elad, Y., Zimand, G. and Chet, I . 1993. Isolate of Trichoderma harzianum

23. I-952 fungicidal compositions containing said isolate and use against

B. cinerea and S. sclerotiorum. US Patent No. 5,266,316.

24. Elad, Y., Zimand, G. and Chet, I. 1994. Novel isolate of Trichoderma harzianum,

T-39, fungicidal compositions containing said isolate and use against B. cinerea

and S. scherotiorum. Australian Patent No. 649.050.

25. Herrera-Estrella, A. and Chet, I. 1995. Metodo para la obtencion de cepas

mejoradas de Trichoderma spp. en su capacidad como agentes de control

biologico, y la cepa obtenida por el mismo. 1995. Mexican Patent

No. 949442.

26. Nussinovitch, A., Chet, I., Gershon, Z. and Abramsky, M. 1995. Pesticide

against soil pests. Israel Patent No. 116008.

27. Elad, Y., Zimand, G. and Chet, I. 1996. Fungicidal compositions containing

isolate I-952 of  Trichoderma harzianum T-39 and their use against

B. cinerea and S. sclerotiorum. Israel Patent No. [11][21] 95066.

28. Shoseyov, O., Chet, I., Bravdo, B-A. and Ikan, R. 1997. Flavor and fragrance

enhancing enzymes. European Patent Application EP/0307071 B1.

29. Chet, I., Salt, D., Blaylock, M and Raskin, I. 1998. Microbial isolates promote

phytoremediation. United States Patent Number 5,809,693. Date of  Patent:

Sept. 22, 1998.
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30. Herrera-Estrella, A.H., Flores-Martinez, A. and Chet. I. 1999. Method

for obtaining strains of  Trichoderma spp. United States Serial Number

08/849,345. Filed 07/25/97.

31. Mirelman, D., Abramski, M., Chet, I., Miron, T., Rabinkov, A. and Wilchek, M.

2001. Method for Soil Sterilization from Pathogens. PXT Patent Application

No. PCT/US02/01204; Publication No. WO 02/056683.

32. Chet, I. and Viterbo,.A. Fungal Chitinases, Polynucleotide Sequences Encoding

Promoters of Same and uses thereof. Patent Pending No. PCT/IL02/00351.

Filed 5.5.2002.

33. Chet, I. and Viterbo,.A. Fungal Chitinases, Polynucleotide Sequences Encoding

Promoters of Same and uses thereof. Israel Patent Application No. 158732.

34. Chet, I. and Viterbo,.A. Fungal Chitinases, Polynucleotide Sequences Encoding

Promoters of Same and uses thereof. US Patent Application No. 10/475.853.

35. Chet, I. and Viterbo,.A. Fungal Chitinases, Polynucleotide Sequences Encoding

Promoters of  Same and uses thereof. European Patent Application

No. 02722649.7.

36. Chet, I. and Viterbo,.A. Fungal Chitinases, Polynucleotide Sequences Encoding

Promoters of Same and uses thereof. Indian Patent Application No.1898/

CHENP/2003.

37. Harman, G.E., Khadge, B.R., Lorito, M., Seaman, A.J., Bergstrom, G.C. and

Chet, I., Control of Plant Pathogens using Trichoderma Spp. United States

Patent Pending 19603/4190.

38. Viterbo A. and Chet I. 2005. Antifungal activity of a novel endochitinas gene

(chit 36) Bo/288.421, USA.

LIST OF PUBLICATIONS

I. Books

1. Chet, I. 1967. The structure and behaviour of the fungus Sclerotium rolfsii.

Ph.D. Thesis. Supervised by Prof. Y. Henis.

2. Huttermann, A. and I. Chet (eds.). 1986. Soil-Plant Interaction. Gottingen

Bodenkundische Berichte, FRG, pp. 269.

3. Chet, I. (ed.). 1987. Innovative Approaches to Plant Disease Control. John

Wiley & Sons, N.Y. pp. 372.

4. Chet, I. (ed.) 1993. Biotechnology in Plant Disease Control. John Wiley &

Sons, N.Y. pp. 373.

II. Publications in Peer-Reviewed Scientific Journals

5. Henis, Y., I. Chet and Z. Avizohar-Hershenzon. 1965. Nutritional and

mechanical factors involved in mycelial growth and production of sclerotia
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by Sclerotium rolfsii in artificial media and amended soil. Phytopathology

55:87-91.

6. Chet, I., Y. Henis and R. Mitchell. 1966. The morphogenic effect of sulfur

containing amino acids, glutathione and iodoacetate on Sclerotium rolfsii.

J. Gen. Microbiol. 45:541-546.

7. Henis, Y. and I. Chet. 1967. Mode of  action of ammonia on Sclerotium

rolfsii. Phytopathology 57:425-427.

8. Chet, I., Y. Henis and R. Mitchell. 1967. Chemical composition of hyphal

and sclerotial walls of Sclerotium rolfsii Sacc. Can. J. Microbiol. 13:137-141.

9. Henis, Y. and I. Chet. 1968. The effect of nitrogenous amendments on the

germinability of  sclerotia of  Sclerotium rolfsii and their accompanying

microflora. Phytopathology 58:209-211.

10. Chet, I. and Y. Henis. 1968. The control mechanism of sclerotial formation

in Sclerotium rolfsii Sacc. J. Gen. Microbiol. 54:231-236.

11. Chet, I. and Y. Henis. 1968. X-ray diffraction analysis of hyphal and sclerotial

walls of Sclerotium rolfsii. Can. J. Microbiol. 14:815-816.

12. Henis, Y. and I. Chet. 1968. Development biology of sclerotia of Sclerotium

rolfsii. Can. J. Bot. 46:947.

13. Henis, Y. and I. Chet. 1968. Experimental soil microbiology. The Hebrew

University, Faculty of Agriculture, Rehovot (in Hebrew), pp. 18.

14. Chet, I., Y. Henis and N. Kislev. 1969. Ultrastructure of  sclerotia and hyphae

of Sclerotium rolfsii Sacc. J. Gen. Microbiol. 57:143-147.

15. Chet, I. and Y. Henis 1969. Effect of  catechol and disodium EDTA on melanin

content of hyphal and sclerotial walls of Sclerotium rolfsii Sacc. and the role

of melanin in the susceptibility of  these walls to (1+3) glucanase and

chitinase. Soil Biol. Biochem. 1:131-138.

16. Chet, I. 1969. The role of sclerotial rind in the germinability of sclerotia of

Sclerotium rolfsii. Can. J. Bot. 47:593-595.

17. Chet, I. and H.P. Rusch. 1969. Induction of spherule formation in Physarum

polycephalum by polyols. J. Bacteriol. 100:673-678.

18. Melera, P.W., I. Chet and H.P. Rusch. 1970. Electrophoretic characterization of

RNA from Physarum polycephalum. Biochim. Biophys. Acta 209:569-572.

19. Chet, I. and H.P. Rusch. 1970. RNA differences between sporulating and

growing microplasmodia of  Physarum polycephalum as revealed by

sedimentation pattern and DNA-RNA hybridization. Biochim. Biophys. Acta

209:559-568.

20. Chet, I. and H.P. Rusch. 1970. Differences between hybridizable RNA during

growth and differentiation of  Physarum polycephalum. Biochim. Biophys.

Acta 213:478-483.

21. Chet, I. and H.P. Rusch. 1970. RNA and protein synthesis during germination of

spherules of Physarum polycephalum. Biochim. Biophys. Acta 224:620-622.
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22. Chet, I.S. Fogel and R. Mitchell. 1971. Chemical detection of microbial prey

by bacterial predators. J. Bacteriol. 106:863-867.

23. Huttermann, A. and I. Chet. 1971. Activity of some enzymes in Physarum

polycephalum III. During spherulation (differentiation) induced by mannitol.

Arch. Microbiol. 78:180-192.

24. Mitchell, R., S. Fogel and I. Chet. 1972. Bacterial chemoreception: an

important ecological phenomenon inhibited by hydrocarbons. Water Research

6:1137-1140.

25. Okon, Y., I. Chet and Y. Henis. 1972. Lactose-induced synchronous sclerotium

formation in Sclerotium rolfsii and its inhibition by ethanol. J. Gen. Microbiol.

71:465-470.

26. Assa, Y., B. Gestetner, I. Chet and Y. Henis. 1972. Fungistatic activity

of  lucerne saponins and digitonin as related to sterols. Life Sciences

11:637-647.

27. Chet, I., N. Retig and Y. Henis. 1972. Changes in total soluble proteins and in

some enzymes during morphogenesis of Sclerotium rolfsii. J. Gen. Microbiol.

72:451-456.

28. Chet, I. and Y. Henis. 1972. The response of two types of Sclerotium rolfsii

to factors affecting sclerotium formation. J. Gen. Microbiol. 73:483-486.

29. Okon, Y., I. Chet and Y. Henis. 1973. Effect of  lactose, ethanol and

cycloheximide on the translocation pattern of radioactive compounds and on

sclerotial formation in Sclerotium rolfsii. J. Gen. Microbiol. 74:251-258.

30. Chet, I., N. Retig and Y. Henis. 1973. Changes in ribonucleases during

differentiation (spherulation) of Physarum polycephalum. Biochim. Biophys.

Acta 294:343-347.

31. Kislev, N. and I. Chet. 1973. Scanning electron microscopy of sporulating

cultures of  the myxomycete Physarum polycephalum. Tissue and Cell

5:349-357.

32. Chet, I., Y. Henis and R. Mitchell. 1973. The effect of biogenic amines and

cannabinoids on bacterial chemotaxis. J. Bacteriol. 115:1215-1218.

33. Tirosh, R., A. Oplatka and I. Chet. 1973. Motility in a “cell sap” of the slime

mold Physarum polycephalum. FEBS Letters 34:40-42.

34. Chet, I., Y. Zilberstein and Y. Henis. 1973. Chemotaxis of Pseudomonas

lachrymans to plant extracts and to water droplets collected from the

leaf  surfaces of  resistant and susceptible plants. Physiol. Plant Pathol.

3:473-479.

35. Henis, Y., Y. Okon and I. Chet. 1973. The relationship between early hyphal

branching and formation of sclerotia in Sclerotium rolfsii. J. Gen. Microbiol.

79:147-150.

36. Chet, I. and N. Kislev. 1973. Scanning electron microscopy of spherules of

Physarum polycephalum. Tissue and Cell 5:545-551.
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37. Okon, Y., I. Chet, N. Kislev and Y. Henis. 1974. Effect of lactose on soluble

glucan production and on the ultrastructure of Sclerotium rolfsii Sacc. grown

in submerged culture. J. Gen. Microbiol. 81:145-149.

38. Kislev, N. and I. Chet. 1974. Scanning electron microscopy of freeze-fractured

sclerotia of  Physarum polycephalum. Tissue and Cell 6:209-214.

39. Retig, N. and I. Chet. 1974. Catechol-induced resistance of tomato plants to

Fusarium wilt. Physiol. Plant pathol. 4:469-475.

40. Assa, Y., I. Chet, B. Gestetner, R. Govrin, Y. Birk and A. Bondi. 1975. The

effect of alfalfa saponins on growth and lysis of Physarum polycephalum.

Arch. Microbiol. 103:77-81.

41. Mitchell, R. and I. Chet. 1975. Bacterial attack of corals in polluted seawater.

Microbiol. Ecol. 2:227-233.

42. Okon, Y., I. Chet and Y. Henis. 1975. The effect of glucose and lactose on

β-D-galactosidase activity and formation of sclerotia in Sclerotium rolfsii.

Can. J. Microbiol. 21:1123-1126.

43. Lisker, N., J. Katan, I. Chet and Y. Henis. 1975. Release of  cell-bound

polygalacturonase and cellulase from mycelium of Rhizoctonia solani. Can.

J. Microbiol. 21:521-526.   

44. Chet, I. 1975. Ultrastructural basis of sclerotial survival in soil. Microbiol.

Ecol. 2:194-200.

45. Spiegel, S., Y. Henis, I. Chet and G. Messer. 1975. The effect of heat shock on

differentiation of germinating conidia of Trichoderma viride. Can. J. Bot.

53:2274-2281.

46. Chet, I., P. Asketh and R. Mitchell. 1975. Repulsion of bacteria from marine

surfaces. Appl. Microbiol. 30:1043-1045.

47. Chet, I. and R. Mitchell. 1976. Petroleum hydrocarbons inhibit decomposition

of organic matter in seawater. Nature 261:308-309.

48. Kritzman, G., Y. Okon, I. Chet and Y. Henis. 1976. L-threonine metabolism
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SUMMARY

Peptaibols, the products of non-ribosomal peptide synthetases
(NRPS), are linear peptide antibiotics produced by Trichoderma
and other fungal genera. Trichoderma virens strain Gv29-8, a
well-known biocontrol agent and inducer of plant defence
responses, produces three lengths of peptaibols, 11, 14 and 18
residues long, with several isoforms of each. Disruption of the
NRPS gene, tex1, encoded by a 62.8-kb uninterrupted open
reading frame, results in the loss of production of all forms of
18-residue peptaibols. Tex1 is expressed during all Trichoderma
developmental stages (germinating conidia, sporulating and
non-sporulating mycelia) examined on solid media. Expression
analysis by reverse transcriptase PCR shows that in Gv29-8
wild-type the abundance of tex1 transcript is greater during co-
cultivation with cucumber seedling roots than when grown alone.
Cucumber plants co-cultivated with T. virens strains disrupted in
tex1 show a significantly reduced systemic resistance response
against the leaf pathogen Pseudomonas syringae pv. lachrymans,
and reduced ability to produce phenolic compounds with inhib-
itory activity to the bacteria as compared with plants grown in
the presence of wild-type. Two synthetic 18-amino-acid peptaibol
isoforms (TvBI and TvBII) from Gv29-8 when applied to cucumber
seedlings through the transpiration stream can alone induce
systemic protection to the leaf pathogenic bacteria, induce
antimicrobial compounds in cucumber cotyledons and up-regulate
hydroxyperoxide lyase (hpl ), phenylalanine ammonia lyase (pal1)
and peroxidase (prx) gene expression. These data strongly
suggest that the 18mer peptaibols are critical in the chemical
communication between Trichoderma and plants as triggers of
non-cultivar-specific defence responses.

INTRODUCTION

Peptaibols are a class of linear, short-chain-length (≤ 20 residues)
peptides of fungal origin. Typical features are the presence of
α-amino isobutyric acid moieties, acetylation of the N-terminus
of the peptide chain and reduction of the C-terminus to an amino
alcohol (Grigoriev et al., 2003). In a previous study we have
shown that tex1, a non-ribosomal peptide synthetase (NRPS), is
responsible for peptaibol production in Trichoderma virens
(Wiest et al., 2002). NRPSs are large proteins capable of enzy-
matic assembly of small peptides, characterized by an ordered
modular arrangement. Each module consists of approximately
1100-amino-acid residues (Marahiel et al., 1997) and catalyses
the incorporation of a single amino acid residue. Modular order
parallels the order of the residues in the product (Marahiel et al.,
1997). A single module of an NRPS, at minimum, consists of three
domains: adenylation (A-domain), thiolation (T-Domain) and
condensation (C-domain). The coding sequence of tex1 repre-
sents the largest known open reading frame (ORF), 62.8kb, and
contains modules for the incorporation of 18 amino acids as well
as motifs for the acetylation of the N-terminus and the reduction
of the C-terminus. Even though a peptaibol database (http://
public-1.cryst.bbk.ac.uk/peptaibol/home.shtml) provides docu-
mentation of over 300 subfamilies of these unique compounds,
their role in biological systems has only been partially demon-
strated for a few individual compounds (Chug and Wallace, 2001;
Rebuffat et al., 2000; Schirmbock et al., 1994). The in vitro
antibacterial activity of several peptaibols has been shown
(Szekeres et al., 2005), suggesting a role for these compounds as
competitive inhibitors of other microbes in soil or the rhizosphere.
The antibiotic functions of peptaibols arise from their membrane
insertion and pore-forming abilities (Duclohier and Wroblewski,
2001). There are a few reports indicating that peptaibols may also
represent a novel class of plant elicitors. Exogenous application
of the 20-residue peptaibol alamethicin, produced by T. viride,
has been shown to induce defence responses in Phaseolus
lunatus (lima bean) (Engelberth et al., 2000) and Arabidopsis
thaliana (Chen et al., 2003). In lima bean these responses include
biosynthesis of volatile compounds and salicylate biosynthesis.

*Correspondence: Tel.: +972 8 9344466; Fax: +972 8 9344112; 
E-mail: ada.viterbo@weizmann.ac.il.
†Present address: Fungal Genetics Stock Center-School of Biological Sciences, SBS 404,
University of Missouri, Kansas City, MO 64110, USA.
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A. thaliana showed increased production of methyl salicylate.
Furthermore, Chrysospermin, a 19-residue peptaibol from
Apiocrea chrosospermin, afforded Nicotiana tabacum protection
from tobacco mosaic virus infection (Kim et al., 2000).

As a ubiquitous soil inhabitant and rhizosphere competent
fungus, T. virens has been used successfully as a biological
control agent for the management of plant pathogens (Fravel,
2005; Lumsden et al., 1996). Several mechanisms of biocontrol
have been proposed for T. virens, including competition,
mycoparasitism and the induction of plant defence responses due
to colonization of plant root intercellular spaces (Baek et al.,
1999; Harman et al., 2004; Howell, 2003; Pozo et al., 2004). The
induction of both local and systemic resistance in cotton has been
demonstrated by the application of the proteinaceous elicitor SM1
(Djonovic et al., 2006). Considering the large number of metabolites
secreted and the intimate contact with the root epidermis by
T. virens, as well as the expanding list of diverse elicitors produced
by fungi, peptaibols may be part of a signalling cascade resulting
in greater colonization by T. virens or plant resistance induction.

Several types of peptaibols are produced by T. virens strain
GV29-8, including 11-, 14- and 18-amino-acid residue isoforms.
Our initial tex1 disruptant strains (Gv234 and Gv223) were the
result of multiple integration events, and we have reported that
they produced no peptaibol isoforms (Wiest et al., 2002). In order
to generate single homologous integration disruptants, the
fungal transformation was repeated. In the present study,
analysis of peptaibols from the new disruptants revealed that the

11- and 14-residue isoforms were still produced, while all forms
of the 18-residue peptaibol were absent. These results, similar to
the findings of Wei et al. (2005), suggest that the NRPS TEX1 is
only responsible for the production of 18-residue isomers.

To explore the significance of peptaibol production in T. virens,
we examined the expression patterns of tex1 in an axenic plant
system along with several developmental and nutrient conditions.
We also took advantage of the new tex1 knockouts and synthetic
18-residue peptaibols to test whether these peptides alone are
necessary or sufficient to induce plant defence responses in vivo.
Our data strongly suggest that in addition to their antibacterial activity,
peptaibols also have a role as signalling molecules during the devel-
opment of symbiotic interactions between Trichoderma and plants.

RESULTS

tex1 expression analysis by RT-PCR

RT-PCR was used to investigate expression of tex1. Northern
analysis was not attempted because the probability of isolating
intact tex1 mRNA was low as RNA is prone to shearing during
extraction procedures. Using this indirect technique, tex1
transcript was detected differentially. Intensity of RT-PCR
products was used as a preliminary indicator of tex1 expression
following amplification with primer pairs for module 1 (AW1 and
AW2). tex1 was expressed at all developmental stages for at
least one of the conditions on solid media (Fig. 1A). Transcript

Fig. 1 (A) Tex1 expression during developmental stages of Gv29-8. Conditions used: germinating spores (gs) for 12 h on solid VMS (lane1) or PDA (lane 2); 2-day-
old non-sporulating mycelia (nsm) on solid VMS (lane 3) or PDA (lane 4); 5-day-old sporulating mycelia (sm) from solid VMS (lane 5) or PDA (lane 6); mycelia of Gv29-
8 indirectly confrontating a culture of R. solani (lane 7); 5-day-old VMS liquid culture of Gv29-8 (lane 8); genomic DNA (lane 9). (B) Tex1 expression in liquid media differing 
in carbon and ammonium source. Conditions used: VM (Vogel’s minimal with no carbon), VMR (VM + 0.5% R. solani cell walls), VMG (VM with 1.5% glucose), VMG-N (no
ammonium), VMR-N (0.5% R. solani cell walls without ammonium). (C) Tex1 expression under cucumber co-cultivation (+) and without (–) at 24 h and 48 h. Mycelia 
were pooled for RNA extraction from three different hydroponic culture boxes each containing 25 seedlings. Graph illustrates quantification of mRNA fold induction. The values
obtained for each band were normalized to β-tubulin. The results are averages of three independent experiments and the error bars indicate standard deviations.
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level was higher among conidia germinating on the complex
medium PDA than the minimal medium VMS. However, in both
types of mycelia (sporulating and non-sporulating), tex1 was
expressed at higher levels in VMS than in PDA. There appears to
be transient induction in VM liquid culture at 12 h and consistent
expression in VMG at 12, 24 and 48 h (Fig. 1B). In the absence of
a nitrogen source, the levels appear faint, indicating a partial
dependence on nitrogen. Simulated mycoparasitism towards
Rhizoctonia solani did not induce tex1 expression either on solid
or in liquid cultures. tex1 transcript was detected at a higher level
in PGM with cucumber than PGM alone at both 24 and 48 h
(Fig. 1C).

tex1 Disruption and confirmation

We previously reported the detection of three lengths of peptaibol
isoforms in Gv29-8, but not in two other tex1 disruptants
strains, Gv223 and Gv234 (Wiest et al., 2002). These two original
disruption strains were generated using hygromycin resistance as
a selectable marker. These strains contained multiple copies of
the disruption vector and had reduced growth compared with
Gv29-8. New disruptant strains were generated using comple-
mentation of arginine auxotrophy as a selectable marker. The
colossal size of tex1 precluded elimination of the entire gene
from the genome; therefore, arg2 was inserted between modules
10 and 11 to interrupt the reading frame. This region was chosen
as it was the furthest upstream module characterized at the time.

tex1 disruptants were generated by replacing a 3-kb NdeI
fragment of module 10 with the arg2 gene using disruption
vector pSKO2 (Fig. 2). Of 85 stable transformants, 23 were screened

by Southern analysis using NcoI- and XhoI-digested genomic
DNA. A homologous double crossover event was identified by a
3.0-kb NcoI fragment and a 3.8-kb XhoI fragment. In the
wild-type strain or transformants containing ectopic copies of
the disruption vector, bands of 12.5 kb (NcoI) and 8.5 kb (XhoI)
were detected. Three transformants, GvL1, GvC3 and GvC12, con-
tained single-copy homologous integrations of the disruption
vector (Fig. 3). Several ectopic integrants were also detected
(data not shown) but were not analysed further. The three
transformants had growth rates, colony morphology and sporu-
lation rates comparable with the wild-type (data not shown).

Two of the homologous single-integrant disruptants were
further tested by RT-PCR. RNA isolated from mycelia of Gv29-8,
GvL1 and GvC12 was used as template for cDNA synthesis.
Transcripts of tex1 were detected by amplification of cDNA
fragments using primer pairs located upstream (P1: AW1 and
AW2 in module 1) and downstream (P2: RT1 and RT2 in module
14; P3: AW3 and AW4 in module 18) of the disruption event
(Fig. 4A). Strains GvL1 and GvC12 yielded PCR products upstream
of the disruption, but not downstream, indicating that tex1 was
not fully transcribed in these strains (Fig. 4B). In Gv29-8,
transcripts of tex1 were detected using all primer pairs. No prod-
ucts were amplified in the negative control reactions. To ensure
cDNA preparations were free of genomic DNA contamina-
tion, amplification of actin, including genomic introns, was used
as a control. All cDNA preparations yielded a single intronless
576-bp actin PCR product while the genomic DNA control
yielded a 940-bp PCR product.

Fig. 2 Tex1 disruption vector pPSKO2. The disruption vector cassette is shown 
relative to the wild-type region. A homologous double crossover disruption 
event yields a 3.0-kb NcoI fragment and a 3.8-kb XhoI fragment when probed 
with the 832-bp region shown.

Fig. 3 Confirmation of tex1 disruptants. Strains Gv29-8, GvL1, GvC3 and 
GvC12 were digested with either NcoI (lanes 1–4) or XhoI (lanes 5–8) and 
probed with the 832-bp probe indicated in Fig. 2. Wild-type bands, shown in 
lanes 1 and 5, are 12.5 kb (NcoI) and 8.5 kb (XhoI). The presence of 3.0-kb NcoI
(lanes 2–4) and 3.8-kb XhoI (lanes 6–8) fragments confirms homologous disruption 
of tex1 in GvL1, GvC3 and GvC12. DNA fragment sizes are indicated by arrows.
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Peptaibol detection

Using MALDI-TOF (matrix-assisted laser desorption/ionization-
time of flight mass spectrometry) on lyophilized fungal tissue

harvested from cultures grown for 9 days on VMS without
shaking, we detected only the 11- and 14-residue peptaibol forms
in the tex1 disruptant strains. The wild-type produced all three
isoforms (Fig. 5). Peptaibols were detected from tissue co-
cultivated with and without cucumber (data not shown)

Induced resistance towards the leaf pathogen 
P. syringae pv. lachrymans

Two tex1 mutants (GvL1 and GvC12) were tested in a plant
interaction assay as described in Yedidia et al. (1993). No signif-
icant differences could be detected between tex1 disruptants and
wild-type in the ability to colonize roots (Fig. 6A). However, the
protective effect conferred towards the leaf pathogen Pseudomonas
syringae pv. lachrymans (Psl ) was significantly reduced in cucumber
seedlings colonized by tex1 mutants (Fig. 6B). The aglyconic
phenols fraction extracted from such plants had an almost
undetectable antimicrobial activity towards Psl bacteria (Fig. 6C).
Clear zones of bacterial inhibition were seen with increasing
amounts of these fractions prepared from cultures of Gv29-8
(Fig. 6C).

RT-PCR analysis shows that priming of hpl, pal1 and prx
expression in leaves of cucumber seedlings inoculated with GvL1
or GvC12 mutants and challenged with the pathogen Psl is
clearly less pronounced than in seedlings inoculated with Gv29-
8 wild-type (Fig. 6D).

Fig. 4 (A) Schematic representation of RT-PCR primers: RT-PCR primer pairs 1 
(P1), 2 (P2) and 3 (P3) shown in relation to tex1 modules. The triangle between 
modules 10 and 11 indicates the location of the disruption event. (B) RT-PCR 
analysis of GvL1, GvC12 and Gv29-8 (lanes 1, 2 and 3, respectively, under each 
heading). Lane 4 under actin is positive control and under primer headings, 
lane 4 is negative control.

Fig. 5 MALDI-TOF of lyophilized fungal tissue harvested from 9-day-old stationary cultures grown in VMS. Strains GvL1 and GvC12 are disrupted in tex1.
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Synthetic TvBI and TvBII peptides when applied through the
transpiration stream (9.6 nmol) for 48 h prior to the bacteria
challenge could mimic the protective effect of wild-type Gv29-8
(Fig. 7A). The phenol aglyconic extract from such plants also

presented growth-inhibitory activity towards the Psl bacteria at
a much higher extent than the extract obtained from plants
challenged with the bacteria without prior incubation with the
two 18mer peptaibols (Fig. 7B). When synthetic TvBI or TvBII

Fig. 6 (A) T. virens colony forming units per 
gram of root tissue for the wild-type (Gv29-8) and 
two tex1 disruptants, GvL1 and GvC12. (B) Effect 
of Trichoderma root inoculation on multiplication 
of Psl in challenged cotyledons, 96 h after 
infection. (C) Bioassay comparing the 
antimicrobial activity of 5–15 µL of the aglycone 
fraction obtained 48 h post-challenge with Psl,
by acid hydrolysis of crude phenolics extract of 
cucumber leaves from seedlings inoculated with 
Gv18-9 and deletion mutants L1 and C12, 48 h 
prior to challenge with Psl. (D) RT-PCR analysis of 
systemic up-regulation of pal1, hpl and prx genes
by Gv29-8, GvL1 and GvC12. Cucumber 
seedlings pretreated with the different 
Trichoderma isolates were infected after 48 h 
with Psl and RNA was extracted from cotyledons 
48 h post bacterial challenge. Control (C) are 
seedlings challenged with Psl and not 
pre-inoculated with Trichoderma. Three seedlings 
were pooled for each extraction. Gel is 
representative of one out of three independent 
extractions.

Fig. 7 Plant elicitation responses by synthetic 18mer peptaibols TVBI and TVBII. (A) Psl multiplication in cotyledons of cucumber seedlings treated with 9.6 nmol of 
TvBI or TvBII (and mock) 48 h prior to bacterial challenge. The results are the average of three independent experiments. (B) Bioassay comparing the antimicrobial 
activity of the aglycone fraction obtained by acid hydrolysis of crude phenolics extract of cucumber cotyledons from seedlings treated for 48 h with 9.6 nmol of TvBI 
(and mock), 48 h post challenge with Psl. (C) RT-PCR analysis of hpl, pal1 and prx expression in cotyledons 24 h and 48 h after application of TvBII (9.6 nmol) applied 
through the transpiration stream. Three seedlings were pooled for each extraction, and three independent extractions were performed per time point. (D) RT-PCR 
analysis of hpl, pal1 and prx expression in cotyledons 24 h and 48 h after injection with TvBI (lanes 1 and 3) and TVBII (lanes 2 and 4) (3 nmol). As a control cotyledons 
were infiltrated with 0.1% methanol. The gel is representative of one experiment out of five independent injections.
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peptides (5, 10, 20 nmol) were incubated overnight with cultures
of Psl or P. syringae DC3000, no growth inhibition (OD600) could
be detected (data not shown).

Induction of defence-related genes expression by 
synthetic 18mer peptaibols TvBI and TvBII

Induction of hpl, pal1 and prx genes by synthetic TvBI and TvBII
was followed in cucumber cotyledons that were directly injected
with a peptide solution (3 nmol) or that were harvested from
cucumber seedlings after the peptide solution (9.6 nmol) was
applied through the transpiration stream. In both experimental
systems a clear up-regulation of these genes could be detected
by RT-PCR analysis even after 24 h (Fig. 7C–D). Expression of β-
glucanase and chitinase1 genes was not affected (data not
shown). No phytotoxic symptoms were detected in infiltrated
cucumber leaves or treated seedlings at these concentrations.

DISCUSSION

Peptaibols are the largest known products produced by peptide
synthetases and over 300 have currently been identified (http://
www.cryst.bbk.ac.uk/peptaibol/home.shtml) (Chugh and Wallace,
2001). Because of the similar structure of most peptaibols and
the evolutionary relatedness of the producing fungi, it is likely
that all peptaibols are produced by NRPS enzymes encoded by
genes similar to tex1. Our study shows that disruptants of tex1
still produce 11- and 14-residue peptaibols. This suggests that
there is more than one NRPS responsible for peptaibol production
in T. virens. In a recent study (Wei et al., 2005) the tex1 homologue
was examined in a commercially relevant T. virens strain, G20. As
our MALDI-TOF data of the strains disrupted in tex1 indicated,
this gene is only responsible for the production of an 18mer
peptaibol, and not 11mer and 14mer peptaibols. Two additional
NRPS adenylate domains were identified in T. virens, and sequence
comparisons suggest that these might be part of a separate
peptaibol synthesis NRPS gene. It is likely that there are two
additional NRPS genes, one producing the 11-residue isoforms
and one producing the 14-residue isoforms. The predicted sizes of
these genes are approximately 38 and 49 kb, respectively. Indeed,
the genomic sequence of Trichoderma reesei reveals two large
NRPSs of 14 and 18 modules of approximately 51 and 69.3kb,
respectively. (http://genome.jgi-psf.org/Trire2/Trire2.home.html).

Tex1 expression is generally detectable in all the fungal
developmental stages we examined, being down-regulated by
low nitrogen levels in liquid cultures and up-regulated during
plant–root interaction. In a previous study (Schirmbck et al.,
1994) it was shown that Botrytis cinerea cell walls trigger the
production of both cell wall hydrolytic enzymes and peptaibols in
T. harzianum. In the present study, simulated mycoparasitism of
T. virens with R. solani cell walls or mycelium did not show tex1

gene induction, suggesting that the products of the NRPS may
not be directly involved in this specific interaction. All three tex1
disruptants were capable of contacting and coiling around the
hyphae of R. solani, indicating that the peptaibol 18mer isoforms
are not required for the initial stages of mycoparasitism (data not
shown). Both synthetic 18mer peptaibols had weak antifungal
activity at 200 µg/mL when tested against R. solani on PDA
plates (data not shown).

Engelberth et al. (2000) showed that emission of ethylene,
jasmonic acid and volatile compounds related to the octadecanoid
signalling pathway are inducible responses to treatment of lima
bean plants with alamecithin, an ion channel-forming peptaibol
from T. viride. Interestingly, these compounds and pathways are
the same as those involved in the Trichoderma plant-induced
resistance (Shoresh et al., 2005; Yedidia et al., 2003). These
observations led us to verify the direct involvement of peptaibols
in the elicitation of Trichoderma–plant-induced resistance.

tex1 mutants still retain the 11- and 14-amino-acids peptaibols,
but these strains do not provide full systemic protection as the
wild-type strain, indicating that the 18-amino-acid peptaibols
have a dominant effect in initiating the very first steps of the
signalling cascade of the plant defence response, most
probably due to their membrane channel-forming properties
(Engelberth et al., 2000). Changes in membrane potential are
the initial responses in many signalling pathways (Ehrhardt
et al., 1992).

Yedidia et al. (2003) demonstrated that the inhibition of Psl
proliferation in cucumber leaves by application of T. asperellum
to the roots correlated with the accumulation of antimicrobial
aglyconic phenolic compounds. Concomitantly, expression of
pal1 and hpl, genes related to the phytoalexin synthesis pathway,
was increased in roots and cotyledons when plants were treated
with T. asperellum. Exogenous application of synthetic peptides
of TvBI and TvBII confirmed that these isoforms are effective
inducers of defence responses in cucumber against Psl. The defence
response involves the production of antimicrobial compounds
originating through the signalling cascade of pal1 and hpl path-
ways (Fig. 7). Jabs et al. (1997) have already suggested that the
induction of phytoalexin biosynthesis in plants might be directly
linked to ion fluxes and subsequent intracellular signalling. The
protective effect of the 18-residue peptaibols against the leaf
pathogen is mediated by the induction of the plant disease
defence system. At comparable and even higher concentrations
of the peptides, no inhibitory effect on growth of the pathogen
could be seen after 24 h of direct incubation of bacteria with the
peptides (data not shown). As Psl are Gram-negative bacteria,
the lipopolysaccharides of their outer membrane form a strong
diffusion barrier against hydrophobic molecules as peptaibols.
This effect has been shown for alamethicin (Duclohier and
Wroblewski, 2001) and trichokonins from T. koningii (Song et al.,
2006). As the tex1 transformants are capable of producing the 11
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and 14mer peptaibols, the interesting quandary is the inability of
these two peptaibols to induce plant defence responses. There is
evidence for major differences in the relative membrane activities
of peptaibols depending on the length of the peptide chain and
amino acid composition (Grigoriev et al., 2003). Efficiency of
membrane pore formation by peptaibols containing > 17 amino
acids was much greater than for smaller peptaibols. Peptaibols
of 11 residues appear to lack the ability to span membranes,
greatly decreasing their membrane activity (Shenkarev et al.,
2004).

Therefore, it has been suggested that the capacity of channel
formation decreases in parallel with the decreasing number of
the constituting amino acids (Berg et al., 2003).

In addition, it is possible that the genes coding for the 11- and
14-amino-acid peptaibols are less affected by the interaction
with the plant roots and more involved as component of
mycoparasitism.

In the communication zone between plant and Trichoderma
there are many molecules that can act as PAMPs/elicitors that
can affect different signalling pathways, in turn affecting
different classes of pathogens. In T. virens we have already
shown that the small hydrophobin-like protein SM1 can induce
expression of defence responses in cotton and maize (Djonovic
et al., 2006). Here we present genetic and chemical evidence for
the first time that also 18mer peptaibols in T. virens are potent
elicitors of defence responses in cucumber against the leaf
pathogen P. syringae pv. lachrymans and can be assumed as
major players in the ‘antigenic’ potential of Trichoderma virens to
trigger non-cultivar-specific defence responses.

EXPERIMENTAL PROCEDURES

Strains, culture conditions and fermentation

The wild-type strain (WT) of Trichoderma virens, Gv29-8, was
isolated from a cotton field in College Station, TX. Strain Tv10.4,
an arginine auxotroph, was created by a point mutation in the
small subunit of a carbamoyl phosphate synthetase (arg2) after
treatment with 4-nitroquinoline-1-oxide (NQO) (Baek and
Kenerley, 1998). Vogel’s minimal medium (Vogel, 1956) was
used with different carbon sources: VMS (1.5% sucrose), VMR
(0.5% Rhizoctonia solani cell wall), VMG (glucose 1.5%).
Ammonium was omitted from treatments labelled VM-N, VMG-N
and VMR-N. Stock cultures were stored at –80 °C as conidial
suspensions in 30% glycerol.

tex1 Disruption vectors and Southern analysis

The tex1 disruptants were generated by replacing a 3-kb NdeI
fragment coding for module 10 with the arg2 gene. The disruption
vector pPSK2 contained 1.65- and 2.4-kb fragments from cosmid

CMK40B7 flanking the selectable arg2 gene. This plasmid was
transformed as described (Thomas and Kenerley, 1989) into the
arginine auxotrophic strain Tv10.4 with selection for arginine
prototrophy. DNA was extracted as described (Xu et al., 1996)
from 23 putative transformants, digested with either NcoI or
XhoI, and screened by Southern blot analysis to identify strains
containing the disruption. A 832-bp probe was amplified from
pPSK2 using primers PS9348 (5′-TCAACCATCGGCCACCCTGTC-3′)
and PS3-11 (5′-GTGACAAGATGGATGGC-3′). Based on tex1 sequence
data, a positive disruption event was expected to yield a 3.0-kb
band (vs. a 12.5-kb band in the wild-type) for the NcoI digest and
3.8-kb band (vs. a 8.5-kb band in the wild-type) for the XhoI
digest.

Growth and sporulation assays

Transformants and the WT strains were assayed for radial growth
and colony morphology. Agar plugs from actively expanding
colonies were placed in the centre of VMS, PDA or WA (water
agar) plates. Production of aerial hyphae and colony colour and
morphology were visually inspected after 7 days and hyphal
extension recorded at 24 and 48 h at 27 °C. Conidial production
among the various strains was assayed by inoculating PDA with
conidial suspensions (1 × 106 mL–1). After 10 days of incubation,
three agar plugs (5 mm diameter) were removed from each of
five repetitions and placed in 10 mL of sterile water containing
0.1% triton. Conidial concentrations were determined by
haemacytometer. Surface area of growth for each day was
determined by photographing fungal growth and importing
the images into ImageJ software (http://rsb.info.nih.gov/) for
calculations. The treatments contained four repetitions and
each experiment was repeated at least twice. Data analysis
were performed by analysis of variance and Fisher’s PLSD test
(P < 0.05).

Detection of peptaibols by MALDI-TOF

Mycelia harvested from 9-day-old stationary cultures grown in
liquid VMS were filtered, flash frozen in liquid nitrogen and
lyophilized overnight. Dried cells were dissolved in water/
ethanol/acetonitrile (1 : 1 : 1). All samples were analysed in a
saturated alpha-CHCA matrix solubilized in 30% acetonitrile,
0.07% TFA. A mixture of 1 µL matrix and 1 µL sample was prepared
directly on the plate. The samples were analysed using a MALDI
VOYAGER ELITE time-of-flight mass spectrometer with a nitrogen
laser giving a 337-nm output. The ions were accelerated with a
voltage of 20 kV. Measurements were performed in the delayed
extraction mode, allowing the determination of monoisotopic
mass values. The mass spectrometer was used in the positive ion
detection and reflector mode (Texas A&M University, College
Station, TX, and Anagnostec Luckenwalde, Germany).
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Peptide synthesis

Peptides TvBI (Ac-UGAVUQUAUSLUPLUUQV-OH) and TVBII
(Ac-UGALUQUAUSLUPLUUQV-OH) (Wiest et al., 2002) were
synthesized and purchased from EZBiolab Inc., IN, USA. The
peptides were dissolved in methanol to give a 6 mM stock
solution (10 mg/mL). This solution was diluted in water to dif-
ferent concentrations as detailed in the different experiments.

Cucumis sativus seedling growth conditions

Cucumis sativus seeds (Kfir, Gedera Seeds, Israel) were surface
disinfested in 2% NaOCl for 2 min and thoroughly washed with
sterile distilled water. Growth containers with plant growth
medium (PGM) (Yedidia et al., 2003) were aerated through
0.45-µm pore-size filters. Plants were grown in a controlled
environment: 26 °C, 80% relative humidity, light at 300 µE/m2/s,
and a circadian cycle of 14 h of light and 10 h of darkness.
T. virens was inoculated as described (Yedidia et al., 2003). Briefly,
germinated T. virens conidia were inoculated into the PGM of 7-
day-old seedlings to a final concentration of approximately 105

germinated conidia/mL.

Root colonization assay

Root colonization assays were performed according to Viterbo et al.
(2005). Briefly, roots were detached 48 h post-inoculation and
extensively washed in water. After sterilization in 1% NaOCl for 2 min,
the roots were washed with sterile distilled water, weighed and homog-
enized using an ULTRA-TURRAX apparatus (Janke & Kunkel, Staufen,
Germany) in 20 mL water for 1 min. Serial dilutions were assayed
for CFU on Trichoderma-selective medium (Elad et al., 1981) at 30 °C.

Phenolic extraction from cucumber cotyledons

Phenolic extraction was performed 48 h post-challenge
inoculation with P. syringae pv. lachrimans according to Yedidia
et al. (1993). Briefly, fresh foliar material was ground to a fine
powder in liquid N2 and extracted in 80% acidified methanol
[10 g (fresh weight) per 100 mL). The mixture was maintained for
24 h in the dark under nitrogen. The extract was filtered through
glass fibre and concentrated with a rotoevaporator. The aqueous
residue was partitioned against hexane and ethyl acetate and
subjected to acid hydrolysis. The hydrolysate was cooled and
partitioned against ethyl acetate. This fraction was dried, and
resuspended in absolute methanol [2.5 g (fresh weight)/mL].

Microbial bioassay

Cells of P. syringae pv. lachrymans were cultured in trypticase soy
broth. Crude phenolic extracts were further concentrated by

Speed-Vac and adjusted to 100 µL with absolute methanol.
Different amounts of the concentrated samples were pipetted
on to trypticase soy agar plates (TSA) and dried. Bacterial
suspensions (200 µL) were mixed into 3 mL of soft TSA and
overlaid on the dried plates. Antimicrobial activity of the extract
was assayed 48 h after bacterial application and appeared as
clear lytic circles on the plates (Yedidia et al., 2003).

Elicitation of plant defence responses by synthetic TvBI 
and TVBII

Cucumber seeds were germinated and cultivated as described in
the previous section. After 6 days, seedlings with fully expanded
cotyledons were transferred to small vials containing 400 µL of a
solution of 9.6 nmol of a methanol stock of TvBI or TvBII diluted
in water or mock (methanol/water 4 : 1000). The vials were then
placed in a sterile polycarbonate culture box (Djonovic et al.,
2006). After 48 h the seedlings were inoculated with 10 µL of
bacterial suspension as described in Yedidia et al. (2003). Water
was added after the first 24 h to the small vials as needed.
Cotyledons were sampled at different times for RNA extraction,
bacterial counting or phenolic extraction. Synthetic peptaibols at
different concentrations (3–9 nmol) were also directly injected
into cucumber leaves or cotyledon tissues through a needless
syringe on the abaxial surface.

RNA extraction from T. virens

Transcriptional analysis of tex1 during developmental stages of
T. virens was performed as described by Djonovic et al. (2006).
Developmental stages included: germinating spores (GS),
non-sporulating mycelia (nSM) and sporulating mycelia (SM)
grown on solid VMS or PDA; mycelia grown in liquid VMS; and
mycelia of T. virens indirectly confronting R. solani (Cortes et al.,
1998). For the GS stage, conidia from 5-day-old cultures of PDA
were spread on to cellophane overlaid on VMS or PDA and
incubated for 12 h at 27 °C in the dark. The germinated spores
were then scraped off the cellophane, and frozen in liquid
nitrogen for RNA extraction. An agar plug from an actively
growing culture was placed on cellophane overlaid on a VMS or
PDA plate to obtain the nSM stage. After 2 days’ growth in the
dark, the mycelia were harvested. For the SM stage, mycelia were
collected with a scalpel from 5-day-old cultures on VMS or PDA.
Mycelium was harvested from liquid VMS following inoculation
with conidia (final concentration 106 spores/mL) and incubation
for 5 days at room temperature. Indirect confrontation with
R. solani was conducted by placing an agar plug of R. solani on
to VMS, followed by two cellophane discs and then an agar plug
of T. virens. The mycelia of T. virens were allowed to grow for
approximately 3 days on the cellophane and then harvested
from areas that overlapped with the hyphae of R. solani. Assays
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to determine the expression of tex1 under various nutritional
conditions were performed by inoculating liquid VMS with
conidia (final concentration 106 spores/mL), and incubating for
24 h at 25 °C while shaking. Germlings were then harvested,
washed with sterile distilled water, and an equal fresh weight
transferred to other liquid media (VM, VMS, VM-N, VMG, VMG-N,
VMR, VMR-N and PGM). Mycelia were filtered on miracloth,
ground in liquid nitrogen and RNA extracted (Jones et al., 1985)
and quantified by UV spectroscopy.

RNA was also extracted from T. virens mycelium wrapped
around the roots as described in Viterbo et al. (2005). Control
RNA for this experiment was extracted from cultures grown in
PGM amended with 0.05% glucose.

tex1 RT-PCR analysis: primer design and reaction 
conditions

RNA was treated with DNase and 2.5 µg was used as template
for reverse transcription using random hexamers as per the man-
ufacturer’s protocol (First-Strand cDNA Synthesis Kit, Amersham,
Piscataway, NJ).

Primers were designed to amplify three regions of tex1
(Fig. 3a). Primer pairs AW1 (5′-TGCTTCCTGGGAGGCTACTA-3′)
and AW2 (5′-TATGGAAAGGCATCGTCCTC-3′) were used to amplify
a 496-bp fragment from module 1, which is upstream of the
insertion site of the disruption vector pPSKO2. The two pairs
amplify regions downstream of the disruption event. Primer pairs
RT1 (5′-GGGCTATGGCTCTCCTCTCT-3′) and RT2 (5′-AAGACCAG-
GCATTCTGCTCTA-3′) were used to amplify a 498-bp fragment from
module 14; primer pairs AW3 (5′-CGAATGGGTCTAAGCGATGT-3′)
and AW4 (5′-TGGTAACGTCAGCGACAGAG-3′) were used to
amplify a 501-bp fragment from module 18. Primers from module
13, tex1GvF (5′-GGCAAGCCCAAGGGGATG-3′) and tex1GvR (5′-
TATAGACTCTCTTGTTG-3′), were used in the RT-PCR from
cucumber roots.

PCR was performed in 25-µL volumes containing 1 µL cDNA,
10 pmol of each primer, 1 unit Taq polymerase (Invitrogen) at 1
cycle of 94 °C for 5 min; 30 cycles of 94 °C for 30 s, 60 °C for 30 s
and 72 °C for 20 s; followed by 1 cycle of 72 °C for 7 min. Positive
controls, containing Gv29-8 genomic DNA, and negative controls
with no DNA were included in all experiments.

RNA isolation from plant tissue and RT-PCR analysis of 
plant defence genes expression

Total RNA was extracted from cotyledons using the EZ-RNA total
RNA isolation kit (Biological Industries Co., Beit-Haemek, Israel).
Reverse transcription analysis was performed as in Viterbo et al.
(2005). Primers for the amplification of hpl and pal1 were as
described in Yedidia et al. (2003) and for prx as in Shoresh et al.
(2005).
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I. Introduction

Due to the adverse environmental effects of
pesticides that create health hazards for human
and other nontarget organisms, including the
pests’ natural enemies, these chemicals have
been the object of substantial criticism in recent
years. The development of safer, environmentally
feasible control alternatives has therefore become
a top priority. In this context, biological control
is becoming an urgently needed component of
agriculture.

1 Department of Plant Sciences, Weizmann Institute of Science,
Rehovot 76100, Israel
2 Department of Plant Pathology and Microbiology, The Hebrew
University of Jerusalem, Faculty of Agriculture, Rehovot 76100,
Israel

Biological control of plant pathogens is defined
as the use of biological processes to lower inoculum
density of the pathogen, with the aim of reducing
its disease-producing activities (Baker and Cook
1974).

Biological control may be achieved by both di-
rect and indirect strategies. Indirect strategies in-
clude the use of organic soil amendments that en-
hance the activity of indigenous microbial antag-
onists against a specific pathogen. Another indi-
rect approach, cross-protection, involves the stim-
ulation of plant self-defense mechanisms against
a particular pathogen by prior inoculation of the
plant rhizospherewithanonvirulent strainorother
nonpathogenic rhyzo-competent bacteria or fungi.
Successful protection resulting in induced resis-
tance has been documented for viruses, bacterial
pathogens, and fungi (vanLoonet al. 1998;Harman
et al. 2004; Haas and Defago 2005).

The direct approach involves the introduction
of specific microbial antagonists into soil or plant
material (Cook and Baker 1983). These antagonists
have to proliferate and establish themselves in
the appropriate ecological niche in order to be
active against the pathogen. Antagonists are mi-
croorganisms with the potential to interfere with
the growth and/or survival of plant pathogens,
and thereby contribute to biological control. An-
tagonistic interactions among microorganisms in
nature include parasitism or lysis, antibiosis, and
competition. These microbial interactions serve
as the basic mechanisms via which biocontrol
agents operate. An elucidation of the mechanisms
involved in biocontrol activity is considered to
be one of the key factors in developing useful
biocontrol agents. Of the numerous biocontrol
agents examined, only a few have been subjected
to a thorough analysis of the mechanisms involved
in the suppression of the pathogen. In this chapter,
we shall use examples to briefly demonstrate the
different mechanisms, and will concentrate on
mycoparasitism.

Environmental and Microbial Relationships, 2nd Edition
The Mycota IV
C.P. Kubicek and I. S. Druzhinina (Eds.)
© Springer-Verlag Berlin Heidelberg 2007
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A. Antibiosis

Handelsman and Parke (1989) restricted the defini-
tion of antibiosis to those interactions that involve
a low-molecular-weightdiffusible compound,oran
antibiotic produced by a microorganism that in-
hibits the growth of another microorganism. This
definition excluded proteins or enzymes that kill
the target organism. Baker and Griffin (1995) ex-
tended the scope of the definition to “inhibition or
destruction of an organism by the metabolic pro-
duction of another.” This definition includes small
toxic molecules, volatiles, and lytic enzymes.

The production of inhibitory metabolites by
fungal biocontrol agents has been reported in the
literature over the last five decades (Bryan and
McGowan 1945; Dennis and Webster 1971a, b;
Ghisalberti and Sivasithamparam 1991). Gliocla-
dium virens is a common example of the role of
antibiotics in biological control by fungal antag-
onists. Gliovirin is a diketopiperazine antibiotic
that appears to kill the fungus Pythium ultimum
by causing coagulation of its protoplasm.

Howell and Stipanovic (1983) obtained
gliovirin-deficient mutants of G. virens via ultravi-
olet mutagenesis. These mutants failed to protect
cotton seedlings from P. ultimum damping-off
when applied to the seeds, whereas the normal
parent strain protected the seedlings. Moreover,
a gliovirin-overproducing mutant provided con-
trol similar to that of the wild type, although
it exhibited a much lower growth rate. A com-
bination of G. virens treatment of cotton seed
with reduced levels of the fungicide metalaxyl
provided diseased suppression equal to that of
a full fungicide treatment (Howell 1991). An
extensive review on antibiosis and production of
Trichoderma secondary metabolites is provided in
Howell (1998). Baker and Griffin (1995) concluded
that the impact of antibiosis in biological control is
uncertain. Even in cases where antifungal metabo-
lite production by an agent reduces disease, other
mechanisms may also be operating. Synergism
among various lytic enzymes, and between en-
zymes and antibiotics has been shown to be very
critical for the activity of many biocontrol agents
(reviewed by Woo et al. 2002).

B. Competition

Many plant pathogens require exogenous nutri-
ents to successfully germinate, penetrate, and infect

host tissue (Baker and Griffin 1995). Garrett (1965)
concluded that the most common cause of death in
a microorganism is starvation. Therefore, competi-
tion for limiting nutritional factors, mainly carbon,
nitrogen, and iron, may result in biological control
of plant pathogens.

Research over the years has concentrated on
competition by bacterial biocontrol agents, mainly
for iron (Fe). However, fungal antagonists have re-
ceived very little attention. Sivan and Chet (1989)
found that a strain of T. harzianum (T-35) that con-
trols Fusarium spp. on various crops may operate
via competition for nutrients and rhizosphere col-
onization.

The potential of microorganisms, which are
applied as a seed treatment, to proliferate and es-
tablish along the developing root system has been
namedrhizospherecompetence (AhmadandBaker
1987). When T-35 conidia were applied to soil en-
riched with chlamydospores of F. oxysporum f. sp.
melonis and f. sp. vasinfectum, and amended with
low levels of glucose and asparagine, the ability
of the chlamydospores to germinate was reduced.
This inhibitory effect could be reversed by adding
an excess of glucose and asparagine or of seedling
exudates to the soil. After its application as a seed
treatment, this strain effectively colonized the rhi-
zosphere of melon and cotton, and prevented col-
onization of these roots by F. oxysporum. Thus,
competition for carbon and nitrogen in the rhi-
zosphere, as well as rhizosphere competence itself
may be involved in the biocontrol of F. oxysporum
by T. harzianum strain T-35 (Sivan and Chet 1989).

C. Mycoparasitism

Mycoparasitism is defined as a direct attack on
a fungal thallus, followed by utilization of its nu-
trients by the parasite. The term hyperparasitism
is sometimes used to describe a fungus that is
parasitic on another parasitic pathogenic fungus.
Barnett and Binder (1973) divided mycoparasitism
into: (1) necrotrophic (destructive) parasitism, in
which the relationships result in death and destruc-
tion of one or more components of the host thallus,
and (2) biotrophic (balanced) parasitism, in which
the development of the parasite is favored by a liv-
ing, rather than a dead host structure.

Necrotrophic mycoparasites tend to be more
aggressive, have a broad host range extending to
wide taxonomic groups, and are relatively unspe-
cialized in their mode of parasitism. The antag-

28_1998 Chet.p65 06-Mar-09, 7:38 PM582



Ilan Chet 583

Plant Disease Biocontrol and Induced Resistance via Fungal Mycoparasites 129

onistic activity of necrotrophic mycoparasites is
attributed to the production of antibiotics, toxins,
or hydrolytic enzymes in proportions that cause
the death and destruction of their host. Biotrophic
mycoparasites, on the other hand, tend to have
a more restricted host range and produce special-
ized structures to adsorb nutrients from their host
(Manocha 1990).

The parasitic relationships between fungi and
their significance in biological control are the sub-
jects of this chapter. Both types of mycoparasitism
are described and discussed in the scope of their
contribution to biological control. We will con-
centrate on the morphological, biochemical and
molecular aspects of mycoparasitism in relation to
biological control. The ecological aspects of this
phenomenon are discussed in Jeffries (1997).

II. Mycoparasites as Biocontrol Agents

Many comprehensive reviews on mycoparasitism
in biological control in general have been pub-
lished over recent years (Chet 1990; Deacon 1991;
Elad and Chet 1995; Benitez et al. 2004). Due to
their nature, only a few examples of biotrophic my-
coparasites as biocontrol agents exist (Ayers and
Adams 1981; Sztejnberg et al. 1989; Adams 1990).
Necrotrophic mycoparasites, being more common,
saprophytic in nature, and less specialized in their
mode of action, are easier to study. As a result, the
majority of the mycoparasites used as biocontrol
agents in greenhouse or field trials to date have
been necrotrophs. In this chapter, we will empha-
size those examples in which the research that has
beencarriedout is bothappliedandbasic innature.

A. Biotrophic Mycoparasites

1. Sporidesmium sclerotivorum

Sporidesmium sclerotivorum is a dermatiacesus
hyphomycete that was isolated from field soil by
Uecker et al. (1980). In nature, the fungus has been
found to be an obligate parasite on sclerotia of
Sclerotinia sclerotiorum, S. minor, S. trifoliorum,
Sclerotium cepivorum, and Botrytis cinerea (Ayers
and Adams 1981). In response to chemicals
released by the host’s sclerotia, macroconidia of
S. sclerotivorum in the soil germinate and the
germ tubes infect the sclerotia. When volatile
compounds secreted by sclerotia of Sclerotinia
minor, Sclerotinia sclerotiorum, and Sclerotium

rolfsii were tested to determine if they could stim-
ulate germination of conidia of S. sclerotivorum,
none of the chemicals alone or a combination of
all chemicals induced germination (Fravel et al.
2002). The hyphae penetrate the intercellular
matrix of the conidia, which is composed mainly of
β-glucans (Ayers et al. 1981). The production and
activity of haustoria by the mycoparasite stimulate
the host sclerotia to increase their glucanase, and
probably other enzyme activities, resulting in the
degradation of glucan into available glucose (Bul-
lock et al. 1986). The mycoparasite establishes itself
in the sclerotia, where its mycelium grows out into
the surrounding soil to infect additional sclerotia
and to produce new macroconidia (Adams et al.
1984). The interaction between S. sclerotivorum
and Sclerotinia minor depends on both the host
and parasite density (Adams 1986). The infection
process is favored by soil pH, water potential and
temperature (20–22 ◦C) (Adams and Ayers 1980).

Under field conditions, a single application of
an S. sclerotivorum preparation at a concentra-
tion of 102 or 103 macroconidia g–1 soil caused
a 75–95% reduction in the number of sclerotia of
S. minor per plot. Control of lettuce drop caused
by S. minor in these plots varied from 40–83% in
four consecutive lettuce crops (Adams and Ayers
1982). These results were significant but not eco-
nomically important (Adams 1990). Adams (1990)
concluded that “oneof thebiggestobstacles toprac-
tical biological control is the large quantity of the
agent necessary to achieve biological control when
applied directly to soil in the field.” He therefore
suggested two alternatives: (1) to add sclerotia of
S. minor or a nonpathogenic Sclerotinia that is also
a host of S. sclerotivorum that are already infected
by the mycoparasite; (2) to apply a low dosage of the
mycoparasite preparation to a diseased crop, and
then immediately incorporate the treated crop into
the soil. This latter procedure ensures that a high
percentage of the mycoparasites will be present in
the soil in close contact with the sclerotia of the
pathogen. Although the author assumes that these
alternatives are easier and more practical, neither
has been explored to any significant extent (Adams
1990). Field studies were later conducted (Del Rio
et al. 2002) to evaluate the effectiveness of S. sclero-
tivorum to control Sclerotinia stem rot of soybean.
Experimental plots were infested with S. sclerotivo-
rum macroconidia at a rate of 0, 2, or 20 spores per
cm2. Two years later, the disease was completely
suppressed in all plots. S. sclerotivorum was re-
trieved from all infested plots at all locations 2 years
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after infestation with sclerotia of S. sclerotiorum as
bait. This paper constitutes the first report describ-
ing the biocontrol of a disease on field crops that
may be employed economically.

2. Ampelomyces quisqualis

Ampelomyces quisqualis, a hyperparasite on
Erysiphales, has been reported as a biocontrol
agent of powdery mildews (Sztejnberg et al. 1989).
An isolate of A. quisqualis obtained from an Oid-
ium sp. infecting Catha edulis in Israel proved to be
infective to several powdery mildew fungi belong-
ing to the genera Oidium, Erysiphe, Sphaerotheca,
Podosphaera, Uncinula, and Leveillula. In field
trials, A. quisqualis parasitized the powdery
mildews of cucumber, carrot, and mango, and
reduced the disease. A. quisqualis was tolerant to
many fungicides used to control powdery mildews
and/or other plant diseases. Treating powdery
mildew of cucumber (cv. Hazera 205) with spores of
A. quisqualis alone significantly decreased disease
severity and increased cucumber yield by approxi-
mately 50%. Combining the fungicide pyrazophos
with the mycoparasite resulted in a larger increase
in cucumber yield (Sztejnberg et al. 1989).

Treating powdery mildew-infected zucchini
leaves with A. quisqualis increased the rates of
photosynthesis from 3.8 µmol CO2 m−2 s−1 in
untreated plants to 10.2, compared to 12.8 in un-
infected healthy plants (Sztejnberg and Abo-Foul
1990). Electron micrographs of leaf sections of dis-
eased cucumber plants revealed marked deteriora-
tion on the morphological organization of chloro-
plast membranes. Chloroplasts of A. quisqualis-
treated plants seemed undamaged, like those of un-
treated plants (Abo-Foul et al. 1996). Fluorescence
measurements (e.g., low-temperature fluorescence
emission spectra, and room-temperature fluores-
cence transients) indicated a disease-correlated
increase in levels of uncoupled chlorophyll (Abo-
Foul et al. 1996). A simple, inexpensive medium
based on potato dextrose broth (PDB) was devel-
oped for mass production of infective spores of
A. quisqualis in fermentation for biological control
(Sztejnberg et al. 1990), which was later developed
in the commercial biofungicide AQ10.

The interaction between the hyperparasite
A. quisqualis and its host fungi was studied by
Hashioka and Nakai (1980) and Sundheim and
Krekling (1982). The infection process of the
cucumber powdery mildew Sphaerotheca fuliginea

by A. quisqualis was studied by scanning electron
microscopy. Within 24 h after inoculation, the
hyperparasite had germinated, and the germ tubes
had developed appressorium-like structures at
the point of contact with the powdery mildew
host. Both conidia and hyphae were parasitized
by penetration. Within 5 days of inoculation,
the hyperparasite had developed pycnidia with
conidia on the powdery mildew hyphae and
conidiophores (Sunhdeim and Krekling 1982).
Hashioka and Nakai (1980) used both transmission
and scanning electron microscopy to study the
hyphal extension and pycnidial development of the
mycoparasite A. quisqualis Ces. inside the hyphae,
and conidiophores of several species of powdery
mildew fungi belonging to Microsphaera, Erysiphe,
and Sphaerotheca. The mycoparasite cells grew
normally inside the host cells, despite gradual
degeneration of these latter cells. The invading
hyphal cells of the mycoparasite migrated into the
neighboring host cells by constricting themselves
through the host cell’s septal pore. The mycopar-
asite extended hyphae inside the conidiophores
of the hosts, and formed pycnidia consisting of
a unicellular outer layer and interior cells that
later differentiated into conidiogenous structures
(Hashioka and Nakai 1980). Recent studies based
both on morphological and life cycle parameters
and ribosomal DNA internal transcribed spacer
region 1 sequence analysis have shown that isolates
previously attributed to the genus Ampelomyces
were actually isolates of Phoma spp. Phoma
glomerata can colonize and suppress development
of powdery mildew on oak, and may have utility as
a mycoparasitic agent (Sullivan and White 2000).

B. Necrotrophic Mycoparasites

1. Pythium nunn

Pythium nunn is a mycoparasite isolated from soil
suppressive to a plant parasitic Pythium sp. When
this mycoparasite was introduced into soil con-
ducive to Pythium sp., the competitive saprophytic
ability of this isolate was suppressed. An inverse re-
lationship was found between propagule densities
of the plant pathogen and of the antagonist P. nunn
(Lifshitz et al. 1984b).

The modes of hyphal interaction between the
mycoparasite P. nunn and several soil fungi were
studied by both phase-contrast and scanning elec-
tron microscopy (Lifshitz et al. 1984a). In the zone
of interaction, P. nunn massively coiled around
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and subsequently lysed hyphae of P. ultimum
and P. vexans without penetration. In contrast,
P. nunn penetrated and eventually parasitized
hyphae of R. solani, P. aphanidermatum, Phy-
tophthora parasitica, and P. cinnamomi, forming
appressorium-like structures. However, P. nunn
was not mycoparasitic against F. oxysporum f.
sp. cucumerinum or Trichoderma koningnii, and
was destroyed by T. harzianum and T. viride. The
authors concluded that P. nunn is a necrotrophic
mycoparasite with a limited host range and
differential modes of action among susceptible
organisms (Lifshitz et al. 1984a).

Lysis and penetration of the host cell wall at
the site of interaction with the mycoparasite were
demonstrated by Elad et al. (1985). Calcofluor
White M2R binds to the edges of polysaccharide
oligomers (Kritzman et al. 1978). Using this
reagent, the appearance of fluorescence indicated
localized lysis of the host cell wall by P. nunn.

The cell walls of Oomycota are composed of
β-glucan, cellulose, and less than 1.5% chitin.
Basidiomycota and Ascomycota contain mainly
β-glucan and chitin but no cellulose. P. nunn
produced large amounts of β-1-3-glucanase and
chitinase in liquid cultures containing cell walls of
pathogenic fungi belonging to the class Basidiomy-
cota. This mycoparasite produced cellulase but no
chitinase when grown on culture containing cell
walls of two pathogens belonging to the Oomycota
(Elad et al. 1985). These extracellular hydrolytic
enzymes were detected in P. nunn when grown
in dual culture with six host fungi but not with
ten nonhost fungi, indicating specificity in the
antagonistic activity of P. nunn (Baker 1987).

2. Talaromyces flavus

Talaromyces flavus (the perfect stage of Penicillium
dangeardii; synonym: P. vermiculatum) is a my-
coparasite of several soil-borne plant pathogenic
fungi including R. solani (Boosalis 1956), S. scle-
rotiorum (McLaren et al. 1986) and Verticillium
spp. (Fahima and Henis 1990). Laboratory investi-
gations using light and electron microscopy indi-
cate that T. flavus is a destructive hyperparasite of
S. sclerotiorum. In dual culture, hyphae of T. flavus
grew toward, and coiled around the host hyphal
cells. The coiling effect intensified as the hyphae
of T. flavus branched repeatedly on the host sur-
face. Tips of the hyphal branches often invaded the
host by direct penetration of the cell wall without
formation of appressoria. Infection of host cells by

T. flavus resulted in granulation of the cytoplasm
and collapse of the cell walls (McLaren et al. 1986).

Direct invasion of R. solani hyphae via the pro-
duction of penetration pegs by T. f lavus was ob-
served by Boosalis (1956). These pegs developed
from either a mycelium coiling around the host hy-
phae or from a hypha in direct contact with the
host. Fahima and Henis (1990) applied T. flavus
as an ascospore suspension to soil naturally in-
fested with Verticillium dahliae, the causal agent
of Verticillium wilt in eggplant. Twelve weeks after
transplanting, 77%disease reductionwas achieved,
compared with the untreated control.

Scanning electron micrographs showed heavy
fungal colonization and typical T. flavus conidia
on the surface of the microsclerotia buried in the
treated soil, but not in control soils. Transmission
electron micrographs of microsclerotia incubated
with T. flavus on agar revealed parasitism involving
invasion of some host cells by means of small pen-
etration pegs; the host cell walls were lysed mainly
at their site of contact with the parasite hyphal tips.
Further colonization of the microsclerotial cells oc-
curred simultaneously with the degradation of the
invaded host cell contents, rather than the cell walls
(Fahima et al. 1992). It was suggested that myco-
parasitism of V. dahliae microsclerotia by T. flavus
hyphae may be involved in the biological control of
Verticillium wilt disease. Fravel and Keinath (1991),
however, claimed that T. flavus is known to produce
compounds that mediate antibiosis, which is there-
fore suspected of being involved in the control of
Verticillium wilt of eggplant and potato. Similarly,
McLaren et al. (1986) observed that hyphal cells of
S. sclerotiorum eventually collapse as a result of in-
fectionbyT.flavus, buthost cellwalls remain intact.
They suggested that cell wall-degrading enzymes
may not play a major role in the control of S. sclero-
tiorum by T. flavus, and that antibiotics produced
by the parasite may be involved in the deteriora-
tion of the host’s hyphae (McLaren et al. 1986). In
a recent work (Duo-Chuan et al. 2005), two chiti-
nases (CHIT41 and CHIT32) were isolated from
T. flavus and were shown to be able to decompose
chitin in the cell walls of V. dahliae, S. sclerotiorum
and R. solani, thus indicating that these enzymes
may play an important role in the mycoparasitic
behavior of T. flavus.

3. Corniothyrium minitans

Corniothyrium minitans has been found to be
a natural mycoparasite of sclerotia of the plant
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pathogenic fungus S. sclerotiorum. In Canada,
Huang (1977) found that sclerotia of S. sclerotio-
rum in roots and stems of sunflower, at the end
of the season, became infected with the parasite
C. minitans. This infection actually provided natu-
ral biological control of this pathogen in the field.
Applying C. minitans to the seed furrow in field
trials, in soil naturally or artificially infested with
S. sclerotiorum, produced 42–78% disease control
of sunflower wilts over 2 successive years (Huang
1980). C. minitans is a destructive parasite that kills
both hyphae and sclerotia of S. sclerotiorum. By
using scanning electron microscopy, it was shown
that hyphae of C. minitans grow intracellularly in
the infected sclerotia (Phillips and Price 1983; Tu
1984). Phillips and Price (1983), based on trans-
mission electron microscopic studies, concluded
that penetration of the rind cells of S. sclerotiorum
sclerotia by C. minitans is due to physical pressure,
rather than enzymatic lysis of the cell wall. In
a later study, Huang and Kokko (1987) found, by
transmission electron microscopy, that there was
destruction and disintegration of the sclerotial
tissues, caused by penetration of the parasitic
hyphae. Evidence from cell-wall etching at the
penetration site suggests that chemical activity
is indeed required for hyphae of C. minitans to
penetrate the thick, melanized rind walls. The
medullary tissue infected by C. minitans showed
signs of plasmolysis, aggregation and vacuoliza-
tion of the cytoplasm, and dissolution of the cell
walls. The authors concluded that cell wall-lysing
enzymes, responsible for the degradation of
S. sclerotiorum hyphae, may also play a significant
role in the dissolution and degradation of the
sclerotial rind wall at the penetration site and
other affected areas (Huang and Kokko 1987). Glu-
canase, chitinase, cellulase, and xylanase enzyme
activities were recently reported in sclerotia-
containing cultures of C. minitans (Kaur et al.
2005).

Infection of S. sclerotiorum hyphae by the hy-
perparasite C. minitans has been reported by sev-
eralworkers (HuangandHoes1976;Tu1984).How-
ever, researchers are not in complete agreement
on the mode of hyperparasitism. Using light mi-
croscopy, Huang and Hoes (1976) observed that
hyphal tips of C. minitans invade hyphae of S. scle-
rotiorum by direct penetration, without forming
any special structure. Host cytoplasm disintegrates
and cell walls collapse as a result of infection. Mi-
croconidia and intrahyphal hyphae were produced
by S. sclerotiorum in infected colonies.

Production of appressoria by C. minitans when
it comes into contact with the undamaged hyphae
of S. sclerotiorum in dual culture on potato dextrose
agar (PDA) was observed by Tu (1984). He stated
that hyphal penetrationby the hyperparasite some-
times occurs without the formation of appressoria,
but only on damaged host cells.

Huang and Kokko (1988), using scanning
electron microscopy, confirmed previous reports
from light microscopic studies that hyphal tips
of C. minitans invade the host hyphae by direct
penetration, without developing appressoria, and
that indentation of the host cell wall at the point
of penetration is often evident. No functional
distinction between main branch and side branch
hyphae of the hyperparasite was found, and tips of
either type of hypha are capable of invading host
hyphae by direct penetration.

4. Gliocladium and Trichoderma spp.

The morphological borders between Trichoderma
and Gliocladium are blurred. Therefore, in recent
years molecular methods have been applied as an
aid to resolving the taxonomy and systematic of
Trichoderma and Gliocladium. Gliocladium virens
is now generally recognized as belonging to the
genus Trichoderma (Gams and Bisset 1998).

Particular attention has been paid to species
identification of the genus Hypocrea/Trichoderma
that has proved problematic when traditional
methods are used. An update on the taxonomy
and phylogeny of the 88 taxa (which occur as 14
holomorphs, 49 teleomorphs and 25 anamorphs
in nature) of Hypocrea/Trichoderma, confirmed by
a combination of morphological, physiological and
genetic approaches, is presented in Druzhinina
and Kubicek (2005).

Several species of Gliocladium have been
reported to be hyperparasites of many fungi. The
biology, ecology, and potential of this genus for
biological control of plant pathogens have been
extensively reviewed in a comprehensive treatise
by Papavizas (1985). Huang (1978) reported that
G. catenulatum parasitizes S. sclerotiorum and
Fusarium spp. It kills the host by direct hyphal
contact, causing the affected cells to collapse or
disintegrate. Pseudoappressoria are formed by the
hyperparasite, but hyphae derived from these do
not penetrate the host cell walls. Vegetative hyphae
of all species tested, and macroconidia of Fusarium
spp. are susceptible to this hyperparasite, but
chlamydospores of Fusarium equiseti are resistant.
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Phillips (1986) studied aspects of the biology
of G. virens and its parasitism of sclerotia of
S. sclerotiorum in soil. G. virens parasitized
and decayed sclerotia of S. sclerotiorum, S. mi-
nor, Botrytis cinerea, Sclerotium rolfsii, and
Macrophomina phaseolina on laboratory media,
and caused a reduction in the survival of sclerotia
of S. sclerotiorum in soil. However, parasitism of
the mycelium was not detected.

A strain of G. virens isolated from the para-
sitized hyphae of R. solani by Howell (1982) signif-
icantly suppressed damping-off in cotton seedlings
by this pathogen and by Pythium ultimum. Treat-
ment with G. virens more than doubled the num-
ber of surviving cotton seedlings grown in soil in-
fested with either pathogen. G. virens parasitized
R. solani by coiling around, and penetrating the hy-
phae. P. ultimum was not parasitized by G. virens,
but was strongly inhibited by antibiosis. Treatment
of soil infested with propagules of R. solani or P. ul-
timum with G. virens resulted in a 63% reduction
in the number of viable R. solani sclerotia after
3 weeks of incubation, whereas oospores of P. ul-
timum were unaffected. Strains of G. virens were
separated into two distinct groups, P and Q, on the
basis of secondary metabolite production in vitro
(Howell et al. 1993).

Gliovirin was very inhibitory to P. ultimum,
but exhibited no activity against R. solani, and
strains that produced it (P group) were more ef-
fective seed-treatment biocontrol agents of disease
incited by P. ultimum. Conversely, gliotoxin was
more active against R. solani than against P. ulti-
mum, and strains that produced it (Q group) were
more effective seed treatments for controlling dis-
ease incited by R. solani. Based on these results,
the authors suggested that it may be necessary to
treat seeds with a combination of strains in order
to broaden the disease control spectrum.

Howell (1987) isolated mutants of G. virens,
obtained by irradiation with ultraviolet light, that
showednomycoparasitic activity. The selectedmu-
tants retained the same antibiotic complement as
the parent strains. Peat moss-Czapek’s broth cul-
tures of parent and mutant strains were similarly
effective as biocontrol agents of cotton seedling dis-
ease induced by R. solani, and as antagonists of
R. solani sclerotia in soil. In the lightof these results,
Howell (1987) concluded that mycoparasitism is
not a major mechanism in the biological control of
R. solani-incited seedling disease by G. virens.

In addition, Pachenari and Dix (1980) con-
cluded that G. virens need not make intimate

contact with Botrytis allili to cause severe internal
disorganization of host cells, coagulation of
cytoplasm, vacuolation, and loss of contents from
organelles. Cultures of B. allili parasitized by G. ro-
seum contained considerable β-(1-3)-glucanase
and chitinase, and the cytoplasm coagulated
without physical contact. G. virens isolate G1-21
was grown on various solid and liquid media:
wheat bran and peanut hull meal (PHM), as well
as spent glucose tartrate broth (GTB), Czapek-Dox
broth (CDB), and potato dextrose broth (PDB)
(Lewis et al. 1991). Aqueous extracts of these media
caused leakage of carbohydrates and electrolytes
from hyphae of the soil-borne plant pathogen
R. solani, and its mycelial weight was reduced. Size
fractionation experiments indicated that it was
a combination of factors associated with G. virens,
rather than a single one, which induced this
phenomenon. Gliotoxin was detected in culture
filtrates from G. virens grown on bran and PHM
media. Gliotoxin preparations induced leakage
of carbohydrates and electrolytes from R. solani,
and caused a concomitant reduction in mycelial
weight, which suggests the action of a leakage
factor (Lewis et al. 1991). The authors speculated
that hydrolytic enzymes such as β-1-3-glucanase,
β-1-4-glucanase, chitinase, and protease, shown
to be produced by isolates of G. virens (Roberts
and Lumsden 1990), have the potential to act on
R. solani cell walls and membranes. The role of
extracellular chitinase in the biocontrol activity
of Trichoderma virens was later examined using
genetically manipulated strains of this fungus. The
T. virens strains in which the chitinase gene (cht42)
was disrupted (KO) or constitutively overexpressed
(COE) were constructed through genetic trans-
formation. Biocontrol activity of the KO and COE
strains were significantly decreased and enhanced,
respectively against cotton seedling disease incited
by Rhizoctonia solani when compared with the
wild-type strain (Baek et al. 1999).

More than 60 years ago, Weindling (1932) was
the first to demonstrate the mycoparasitic nature
of fungi from the genus Trichoderma. He suggested
their potential use as biocontrol agents of plant
pathogenic fungi.However, thefirst reportonabio-
logical control experiment using Trichoderma spp.
under natural field conditions came 40 years later,
by Wells et al. (1972) who used T. harzianum grown
on an autoclaved mixture of ryegrass seeds and soil
to control Sclerotium rolfsii Sace. Since then, more
Trichoderma isolates have been obtained from nat-
ural habitats, and used in biocontrol trials against
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several soil-borne plant pathogenic fungi under
both greenhouse and field conditions (Chet 1990;
Harman and Lumsden 1990; Harman 2006).

A seed treatment was developed by Harman
et al. (1980) to reduce the amount of Trichoderma
added to the soil to control soil-borne plant
pathogenic fungi. T. hamatum conidia applied
in the laboratory, to seeds of pea and radish as
a Methocel slurry, provided protection to seeds
and seedlings from Pythium spp. and R. solani,
respectively, almost as effectively as fungicide
seed treatment. Establishment of the mycoparasite
and long-term action were demonstrated, as the
propagules of T. hamatum increased approxi-
mately 100-fold in soils planted with treated seeds.
Population densities of R. solani and Pythium spp.
were lower in soils containing T. hamatum than in
soils lacking this antagonist. Replanting these soils
once, or even twice with untreated seeds yielded
lower disease incidence than in soils originally
planted with untreated seeds. Addition of chitin
or R. solani cell walls to the coating of seeds
previously treated with a conidial suspension
increased both the ability of T. hamatum to protect
the seeds against Pythium spp. or R. solani, and
the population density of Trichoderma in the soil.
T. hamatum with chitin, but without R. solani
cell walls, effectively reduced damping-off caused
by Pythium spp., compared to seed treatment
containing only T. hamatum (Harman et al.
1980). Sivan et al. (1984) applied a peat-bran
mixture (1:1 v/v) preparation of T. harzianum
(isolate 315) to either soil or rooting mixture,
and efficiently controlled damping-off induced
by Pythium aphanidermatum in pea, cucumber,
tomato, pepper, and gypsophila. Several isolates
of T. harzianum and T. hamatum were found to
antagonize and control Macrophomina phaseolina
in beans and melon (Elad et al. 1986). Isolates of
T. harzianum and T. hamatum antagonized and
controlled Rosellinia necatrix in almond seedlings
(Freeman et al. 1986). Sztejnberg et al. (1987) com-
bined sublethal soil heating with an application of
T. harzianum to yield better control of R. necatrix
than that achieved by either treatment alone.

Sivan and Chet (1986) isolated a new Tricho-
derma harzianum isolate (T-35) from the rhizo-
sphere of cotton plants grown in fields infested
with Fusarium. In a further study, the isolate was
tested in biological control trials over two succes-
sive growing seasons against Fusarium crown rot
of tomato in fields naturally infested with F. oxys-
porum f. sp. radici lycopersici (Sivan et al. 1987).

T. harzianum was applied as a seed coating or
as a wheat branpeat (1:1, v/v) preparation intro-
duced into the tomato rooting mixture. Tricho-
derma-treated transplants were better protected
against Fusarium crown rot than untreated con-
trols when planted in MB-fumigated or nonfumi-
gated infested fields. The total yield of tomatoes in
the T. harzianum-treated plots increased as much
as 26.2% over the controls. Integrated control of
Verticillium dahliae in potato by T. harzianum and
the fungicide Captan was reported by Ordentlich
et al. (1990).

C. Induced Systemic Resistance
by Trichoderma spp.

Some Trichoderma rhizosphere-competent strains
colonize entire root surfaces with morphological
features reminiscent of those seen during myco-
parasitism (Yedidia et al. 1999). Penetration of the
root tissue is usually limited to the first or second
layers of cells, and occurs only in the intercellu-
lar spaces. Trichoderma strains capable of estab-
lishing such interaction induce metabolic changes
in plants that increase resistance to a wide range
of plant-pathogenic microorganisms and viruses
(Harman et al. 2004; Fig. 8.1). This response seems
to be broadly effective for many plants, which in-
dicates that there is little or no plant specificity.

At least three classes of substances that elicit
plant defense responses have been identified.
These elicitors include proteins, peptides, and
low-molecular-weight compounds (Harman
et al. 2004; Viterbo et al. 2004). The systemic
response in plants occurs through the jasmonic

Fig. 8.1. Induced resistance toward the leaf pathogen
Cochliobolus heterostrophus in maize. Seedling roots were
infected with germinated Trichoderma spores (105 ml−1)
48 h prior to pathogen leaf infection (800 spores). The
symptoms were recorded 72 h after infection

28_1998 Chet.p65 06-Mar-09, 7:38 PM588



Ilan Chet 589

Plant Disease Biocontrol and Induced Resistance via Fungal Mycoparasites 135

acid/ethylene signaling pathway in a way similar
to the rhizobacteria-induced systemic resistance
(van Loon et al. 1998; Shoresh et al. 2005). Several
studies have shown that root colonization by
Trichoderma strains results in massive changes in
plant gene expression patterns and metabolome.
Changes in plant metabolism lead to the accumu-
lation of antimicrobial compounds. In cucumber,
root colonization by T. asperellum strain T-203
causes an increase in phenolic glucoside levels in
leaves, which are strongly inhibitory to a range
of bacteria and fungi (Yedidia et al. 2003). The
protection afforded by the biocontrol agent is
associated with the accumulation of mRNA of
two defense genes: the phenylpropanoid pathway
gene phenylalanine ammonia lyase (PAL) and
the lipoxygenase pathway gene hydroxyperoxide
lyase (HPL) (Yedidia et al. 2003). Increased levels
of other defense-related plant enzymes, such as
peroxidases, chitinases, and β-1,3-glucanases, have
been recorded in Trichoderma-treated cucumber
seedlings upon pathogen challenge (Shoresh et al.
2005). This potentiation in the gene expression
enables Trichoderma-treated plants to be more
resistant to subsequent pathogen infection. The
MAPK signal transduction pathways, both of the
plant and of Trichoderma, are important for the
induction of systemic resistance (Viterbo et al.
2005; Shoresh et al. 2006).

D. Mycoparasitism
in Suppressive Environments
(Soils and Composts)

Suppression of soil-borne plant pathogens occurs
in environments such as field soils, and soils
amended with organic matter or compost as the
organic component in media for container-grown
plants. A review on this topic for field soils was
recently published by Stone et al. (2004).

Pathogen suppressiveness has been defined
by Cook and Baker (1983) as “soils in which the
pathogen does not establish or persist, establishes
but causes little or no damage, or establishes and
causes disease for a while but thereafter the disease
is less important, although the pathogen may
persist in the soil.”

Baker and Cook (1974) divided suppression
mechanisms into two broad categories defined as
general and specific. General suppression is a re-
sult of total microbial activity. In contrast, specific
suppression applies when bacteria or fungi, indi-

vidually or as a group, are responsible for the sup-
pression effect. Mycoparasitism, the focus of this
chapter, is a major mechanism of specific suppres-
sion. For example, Chet and Baker (1981) reported
on a soil which was suppressive to R. solani of car-
nation near Bogota, Colombia. This soil contained
high levels of organic matter (35%), was highly
acidic (pH 5.1), and its main microbiological com-
ponent was the antagonistic fungus T. hamatum at
a population density of 8 ×105 propagules g−1. The
level of this mycoparasite in mineral-conducive soil
was four orders of magnitude lower.

In another, related study, Henis et al. (1978)
showed the effect of successive plantings on
the development of suppression. A soil sown
with radish every week became suppressive to
R. solani by the fourth sowing, and was even more
suppressive by the fifth and subsequent sowings.
The population of T. harzianum, antagonistic to
R. solani, increased with successive sowings of
radish (Liu and Baker 1980), possibly in response
to increases in the amount of R. solani in the
soil resulting from its parasitism of the radish
seedlings. The addition of T. harzianum spores to
a conducive soil at the same density as that found
in the suppressive soil caused the conducive soil to
become suppressive. Trichoderma spp. were also
reported to be responsible for the suppression of
the take-all disease caused by Gaeumannomyces
graminis. Low pH conditions were found to
be favorable to Trichoderma, and to enhance
suppression (Simon and Sivasithamparam 1990).

A practical approach to utilizing suppression
in agriculture is the use of suppressive composts,
mainly in container media. Composting is the
breakdown of organic waste material by a suc-
cession of mixed populations of microorganisms
in a thermophilic aerobic environment. The final
product is compost or humus, which is the stabi-
lized organic matter populated by microorganisms
capable of suppressing soil-borne plant pathogens.
Disease-suppressive effects of composts have
been investigated intensively over the past two
decades, and were recently reviewed by Noble
and Coventry (2005) and Zinati (2005). Compost
of a wide variety of waste materials (hardwood
or pine bark, municipal sludge, grape marc, or
cattle manure) is an economically and ecologically
sound alternative to pesticides.

The mechanisms of suppression in composts
do not differ substantially from those described
for soils, and can be either general or specific.
Physiological profiling, and the use of DNA-based
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techniques such as denaturing gradient gel elec-
trophoresis (DGGE) may lead to an improved
understanding of the changes in microbial com-
munities associated with disease control resulting
from compost amendment of soil, sand, or peat.
Nelson et al. (1983) identified specific strains of
four Trichoderma spp. and isolates of Gliocladium
virens as the most effective fungal hyperparasites
of R. solani present in bark compost. A few of the
230 other fungal species also showed activity, but
most were ineffective. Kwok et al. (1987) described
synergistic interactions between T. hamatum and
Flavobacterium balustinum. Several other bacte-
rial strains, including Enterobacter, Pseudomonas,
and Xanthomonas spp., also interacted with the
Trichoderma isolate in suppression of Rhizoctonia
damping-off (Kwok et al. 1987). Composted grape
marc was effective in suppressing disease caused
by S. rolfsii in beans and chickpeas (Gorodecki and
Hadar 1990). Hadar and Gorodecki (1991) placed
sclerotia of S. rolfsii on composted grape mare to
isolate hyperparasites of this pathogen. Viability
of sclerotia decreased from 100% to less than 10%
within 40 h. It remained close to 100% for sclerotia
placed on a conducive peat mix. Penicillium spp.
and Fusarium spp. were observed by scanning
electron microscopy to colonize the sclerotia. Tri-
choderma populations in the grape mare compost
were at very low levels (102 cfu g–1 dry weight).
The hyperparasites present in this compost are
therefore quite different from those isolated
from tree bark compost, where Trichoderma and
Gliocladium isolates predominate.

In conclusion, suppression of soil-borne plant
pathogens in field soil or container media is
brought about by antagonistic microorganisms.
Such systems could be a source for mycoparasities
to be used in biocontrol, or to be incorporated
into integrated disease control programs. The
inoculation of composts with biological control
agents may improve the efficacy and reliability of
disease control obtained.

III. Hyphal Interactions
in Mycoparasitism

A. Biotrophs

Piptocephalis virginiana is a haustorial biotrophic
mycoparasite that parasitizes fungi belonging
to the order Mucorales exclusively (Manocha

1981). Attachment of a biotrophic mycoparasite
to its host surface is considered to be an essential
prerequisite step for further penetration of the
host by the parasite (Manocha and Chen 1990).
P. virginiana attaches to the surface of both
the compatible Choanephora cucurbitarum and
Mortierella pusilla, and the incompatible Phas-
colomyces articulosus hosts, but not to the surface
of the nonhost Mortierella candelabrum (Manocha
1985; Manocha et al. 1986). Comparative research
was performed by Manocha and his coworkers in
an attempt to unravel the molecular basis for speci-
ficity and recognition in this system. Cytological
and biochemical investigations were carried out
to study the structure and chemical composition
of cell walls of host and nonhost species (Manocha
1981, 1987). The germ tubes of the biotrophic
mycoparasite P. virginiana were found to attach
to the cell-wall surface of the host, but not to that
of the nonhost (Manocha 1985; Manocha et al.
1986). This attachment could be specifically in-
hibited by chitobiose and chitotriose. The authors
therefore suggested a possible involvement of
carbohydrate-binding proteins in the specificity
of this interaction. A comparison of protein and
glycoprotein profiles of cell-wall extracts revealed
marked differences between host and nonhost
species. Two high-molecular-weight glycoproteins
were observed only in the extract of host cell walls,
being absent in that of the nonhost (Manocha 1985;
Manocha et al. 1986). Further isolation and charac-
terization of the host cell surface proteins revealed
that attachment and appressorium formation by
the parasite germ tubes could be inhibited by treat-
ing host cell-wall fragments with 0.1 M NaOH or
pronase E. Furthermore, the two purified glycopro-
teins were able to agglutinate both nongerminated
and germinated spores of the mycoparasite.
Arabinose, glucose, and N-acetylglucosamine
could totally inhibit this agglutination. These
glycoproteins were suggested to be two subunits
of a carbohydrate-binding agglutinin present
on the host cell surface, and to be involved in
agglutination and attachment of the mycoparasite
germ tubes (Manocha and Chen 1991).

Using fluorescein isothiocyanate-labeled
lectin-binding techniques, Manocha et al. (1990)
were able to show differences in the distribution
pattern of glycosyl residues at the level of the cell
wall between fungi that are hosts and those that
are nonhosts of the mycoparasite P. virginiana,
and at the protoplast level between compatible and
incompatible hosts.
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The cell walls of the compatible hosts (C. cucur-
bitarum and M. pusilla) and the incompatible host
(P. articulosus), as well as that of the mycoparasite
itself, contain glucose and N-acetylglucosamine.
In the nonhost (M. candelabrum), however, other
sugars such as fucose, N-acetylgalactosamine,
and galactose could also be detected. These latter
sugars could be detected on both the host and
the parasite surface after mild treatment with
proteinase or when grown in liquid medium.
The researchers speculated that the failure of
the mycoparasite to attach to the host cells
after proteinase treatment or in liquid culture
may be due to the appearance of galactose and
galactosamine at the host cell surface. The idea
that N-acetylglucosamine and glucose may be
involved in the attachment of P. virginiana to its
host cell surface was supported by the observation
that pretreatment of the mycoparasite germ tubes
with N-acetylguclosamine or glucose inhibited
their attachment to the host cells. In addition, the
germ tubes attached to agarose beads coated with
glucose or with N-acetylglucosamine, but not with
N-acetylgalactosamine (Manocha et al. 1990).

The protoplast surfaces of compatible hosts
contained all of the above-listed sugars, and
these protoplasts could attach to the germ tube
of the mycoparasite. Only lectins specific for
N-acetylglucosamine and glucose were bound
at the protoplast surface of the incompatible
host; these protoplasts did not attach to the
mycoparasite germ tubes. Indications were found
for different factors being responsible for at-
tachment and for appressorium formation, as
pretreatment of the mycoparasite with glucose
and N-acetylglucosamine inhibited its attachment
to the host cell surface, but had no obvious effect
on appressorium formation. On the other hand,
appressorium formation was inhibited by heat
treatment of host cell-wall fragments that still
permitted attachment (Manocha et al. 1990).
The authors therefore suggested a model for
the recognition between P. virginiana and its
host fungi that operates at two levels at least:
the cell wall, and the protoplast surface. At the
cell-wall level, the attachment probably involves
carbohydrate-binding agglutinins that recognize
specific sugar residues on the host but not on the
nonhost cell wall. After the initial recognition and
attachment, at the protoplast level, the parasite
distinguishes compatible from incompatible hosts.
The mechanism of this distinction is not clear.
Yet, it seems that protoplast membrane sugars

are not a major factor in recognition at this
level (Manocha et al. 1990). Immunofluorescence
microscopy was used to detect, in the mycoparasite
P. virginiana, the presence of a complementary
glycoprotein that binds specifically to the host
cell surface glycoproteins. This technique revealed
surface localization of the protein on the germ
tubes of P. virginiana. Fluorescence was also
observed at the surface of the germinated spores
and hyphae of the host M. pusilla, after treatment
with complementary protein from P. virginiana,
and with primary antibody prepared against the
complementary protein (Manocha et al. 1997).

B. Necrotrophs

As early as 1932, Weindling reported the coiling of
Trichoderma spp. hyphae around hyphae of other
fungi. These strains were later shown to actually
be a species of Gliocladium (Webster and Lomas
1964). Dennis and Webster (1971a, b, c) published
an extensive report on the antagonistic properties
of species groups of Trichoderma. The hyphal inter-
action between Trichoderma and plant pathogenic
fungi was first comprehensively studied in their
work. Since then, numerous studies on the hy-
phal interaction and coiling phenomenon of Tri-
chodermaaround itshosthyphaehavebeencarried
out with the use of light and electron microscopy
(Chet et al. 1981; Elad et al. 1983a; Baker 1987; Inbar
and Chet 1992; Omero et al. 1999; Rocha-Ramirez
et al. 2002; Fig. 8.2).

The destructive mode of parasitism in Tricho-
derma appears to be a process consisting of sev-
eral consecutive events initiated by attraction and
directed growth of Trichoderma toward its host,
probablybychemotropism.Positive chemotropism
was found in Trichoderma (Chet et al. 1981), as
it could detect its host from a distance and be-
gin to branch in an atypical way. These branches
grew toward the pathogenic host fungi. Similar be-
havior was also found in Pythium nunn (Lifshitz
et al. 1984a), P. oligandrum (Lewis et al. 1989),
and in Gliocladium spp. (Huang 1978). This event
is presumably a response of the antagonist to the
chemical gradient of an attractant coming from the
host. However, no specific stimuli other than amino
acids and simple sugars have thus far been detected
(R. Barak and I. Chet, unpublished data). Hence,
the specificity of the phenomenon is not clear. Ap-
parently, it is not an essential step for mycopara-
sitism, although it may hold some advantage for
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Fig. 8.2. A mycoparasitic relationship. Scanning electron
micrograph of T. harzianum hyphae coiling around those
of the plant pathogenic fungus S. sclerotiorum. Bar 10 µm

the antagonist. Subsequently, contact is made, and
in some cases, Trichoderma coils around or grows
along the host hyphae and forms hook-like struc-
tures, presumably appressoria, which probably aid
in penetrating the host hyphal cell wall (Chet et al.
1981; Elad et al. 1983b). The coiling phenomenon
and appressoria formation have been reported for
other mycoparasites as well (Tu 1984; Lifshitz et al.
1984a). However, Deacon (1976) concluded that in
the case of P. oligandrum, coiling of the antagonist
around its host hyphae indicates temporary host
resistance, rather than susceptibility. Nevertheless,
inTrichoderma, this reactionwas found tobe rather
specific, and Trichoderma attacks only a few fungi.
Moreover, Dennis and Webster (1971c), using plas-
tic threads of a diameter similar to that of P. ulti-
mum hyphae, concluded that the coiling of the Tri-
choderma is not merely a thigmotropic response.
The Trichoderma hyphae never coiled around the
threads, but rather grew over or followed them in
a straight course. This led to the idea that there is
a molecular basis for the specificity. However, de-
spite the fact that first observations and reports of
this phenomenon were published decades ago, we
are only now on the verge of being able to under-
stand it. Reviews dealing with cellular interactions

in fungi (Tunlid et al. 1992; Manocha and Sahai
1993), and the specificity of attachment of fungal
parasites to their hosts (Manocha and Chen 1990)
have been published. The physiology and biochem-
istry of biotrophic mycoparasitism in particular
havebeenextensively reviewedbyManocha (1990).

Attachment and“recognition”between themy-
coparasite and its host appears to be essential, and
a crucial stage for successful continuation of the
process. Lectins are sugar-binding proteins or gly-
coproteins of nonimmune origin that agglutinate
cells and/or precipitate glycoconjugates (Goldstein
et al. 1980). First discovered in plants and later in
other organisms, they are involved in interactions
between the cell surface and its extracellular en-
vironment (Barondes 1981). Indeed, lectins were
found to be produced by some soil-borne plant
pathogenic fungi such as R. solani and S. rolfsii
(Barak et al. 1985, 1986), and by different members
of the Sclerotiniaceae (Kellens et al. 1992).

Therefore, a role for lectins in the recognition
and specificity of attachment between Trichoderma
and its host fungi was suggested. However, no con-
clusive evidence to support this hypothesis was
available at the time. In an attempt to test this hy-
pothesis, Inbar and Chet (1992) used a novel ap-
proach based on the binding of lectins to a surface
of nylon fibers. This biomimetic system imitates
the host hyphae, and enables an examination of
the role of lectins in mycoparasitism. Inert nylon
fibers were chemically activated to enable the co-
valent binding of the lectins (Inbar and Chet 1992).

Concanavalin A, a plant lectin that is similar
to the lectin of S. rolfsii (LSR) in its carbohydrate
specificity (cf. they are both specific to D-glucose
and D-mannose), was used first to establish the sys-
tem. The Trichoderma recognized the LSR-treated
fibers as a host, and attached and coiled around
them in a pattern similar to that seen with real host
hyphae (Inbar and Chet 1992; Fig. 8.3). In contrast,
in the untreated control, no interaction could be
observed – the Trichoderma grew uninterruptedly
over and along the fibers, exactly as outlined by
Dennis and Webster (1971c). These findings pro-
vided the first direct evidence for the role of lectins
in mycoparasitism. The researchers were able to
show that inert nylon fibers coated with fungal
lectins mimic the real host hyphae, and can stimu-
late the parasite to coil around them.

A novel lectin was isolated and purified
from the culture filtrate of the soil-borne plant
pathogenic fungus S. rolfsii (Inbar and Chet 1994).
Agglutination of E. coli cells by the purified lectin
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Fig. 8.3. Biomimetic systems for simulating the interaction
between Trichoderma and plant pathogenic fungi. a Scan-
ning electron micrograph of T. harzianum hyphae coiling
around inert nylon fibers coated with a surface lectin from
the plant pathogenic fungus S. rolfsii. Bar 10 µm. b Appres-
sorium formation by T. harzianum grown on nylon fibers
coated with the S. rolfsii lectin. Bar 10 µm

could be inhibited by the glycoproteins mucin and
asialomucin. Proteases, as well as β-1,3-glucanase,
were found to be totally destructive to the agglu-
tination activity, indicating that both protein and
β-1,3-glucan are necessary for agglutination. Using
the biomimetic system, it was apparent that the
presence of the purified agglutinin of the surface
of the fibers significantly induces mycoparasitic
behavior in T. harzianum, compared with the
untreated ones or with those treated with nonag-
glutinating extracellular proteins from S. rolfsii
(Inbar and Chet 1994).

It was later demonstrated that induction of
chitinolytic enzymes in Trichoderma is elicited by
the recognition signal (i.e., lectin–carbohydrate in-
teractions). It was postulated that recognition is the
first step in a cascade of antagonistic events trig-

gering theparasitic response inTrichoderma (Inbar
and Chet 1995).

The same biomimetic system was used to test
the involvement of signal transduction pathways
in the induction of coils in T. harzianum (Omero
et al. 1999). Two activators of G protein-mediated
signal transduction induced coiling of hyphae
around nylon fibers. The peptide toxin mastoparan
increased coiling more than twofold in compari-
son with controls. The activator fluoroaluminate
(A1F4) had a similar effect, whereas aluminum
ions alone were ineffective; cAMP increased coil-
ing about threefold. Although the two G-protein
activators, mastoparan and fluoroaluminate, have
very different modes of action, they share the
Ga subunit as a target. Based on these results,
it was proposed that a signal for mycoparasitic
behavior from the host cell surface is transduced
by heterotrimeric G protein(s) and mediated by
cAMP.

Rocha-Ramirez et al. (2002) isolated a T. atro-
viride G-protein alpha-subunit (Ga) gene (tga1).
Transgenic lines overexpressing tga1 showed a de-
layed sporulation and coiled at a higher frequency,
compared to the wild type. Likewise, transgenic
lines that expressed an activated mutant protein
with no GTPase activity did not sporulate and
coiled at a higher frequency. Lines that expressed
an antisense version of the gene were hypersporu-
lating and coiled at a much lower frequency in the
biomimetic assay. The loss of tga1 in these mu-
tants correlated with the loss of GTPase activity
stimulated by the peptide toxin Mas-7. The ap-
plication of Mas-7 to growing mycelia raises in-
tracellular cAMP levels, suggesting that tga1 can
activate adenylyl cyclase. In contrast, cAMP levels
and cAMP-dependent protein kinase activity drop
when diffusible host signals are encountered and
the mycoparasitism-related genes ech42 and prb1
are highly expressed. These results demonstrated
that the product of the tga1 gene is involved in both
coiling and conidiation.

Penetration and degradation of the host cell
wall under the coiling and interaction sites are ev-
ident by visual observation, fluorescent indicators,
and enzymatic studies. Using scanning electron
microscopy, lysed sites and penetration holes
were found in hyphae of R. solani and S. rolfsii
following removal of Trichoderma spp. hyphae
(Elad et al. 1983b). The cell walls of Basidiomycota
and Ascomycota contain chitin and laminarin
(P glucan) but no cellulose. Oomycota contain
β-glucans and cellulose and relatively small
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amounts of chitin (<1.5%). Therefore, to penetrate
the host cell wall, mycoparasites should have
a system of hydrolytic enzymes that can degrade
these components. Enzymatic degradation of
fungal cell walls occurs mainly via the excretion
of the extracellular enzymes β-1-3-glucanase
and chitinase. Indeed, high β-1-3-glucanase and
chitinase activities were detected in dual cultures
when T. harzianum parasitized S. rolfsii, contrast-
ing with the low levels found with either fungus
alone. Cycloheximide prevented antagonism, and
enzymatic activity was diminished (Elad et al.
1983b). Using gold cytochemistry, T. harzianum
hyphae were shown to coil around and penetrate
cells of R. solani, causing extensive damage such as
cell-wall alteration, plasma membrane retraction,
and cytoplasm aggregation (Benhamou and Chet
1993).

The involvement and importance of lytic en-
zymes, mainly chitinase, in the biological control
of plant pathogens by both fungi and rhizobacte-
rial agents (Ordentlich et al. 1988; Inbar and Chet
1991; Sahai and Manocha 1993; Viterbo et al. 2002),
as well as their involvement in the defense of plants
against pathogenic infection (Boller 1985; Broglie
et al. 1991) is well documented.

IV. Molecular Aspects
and Genetic Engineering
in Mycoparasitism

Trichoderma is one the most frequently used bio-
control agents in agriculture. The role of lytic en-
zymes in its mycoparasitic activity has recently
been largely reviewed (Viterbo et al. 2002; Ben-
itez et al. 2004). The sensing of the host in the
Trichoderma mycoparasitic interaction and gene
activation has been the subject of extensive studies
in the last few years (Inbar and Chet 1995; Zeilinger
et al. 1999; Brunner et al. 2003). The pattern of in-
duction of different cell wall-degrading enzymes
differs from one Trichoderma strain to another. It
is believed that Trichoderma secrete exochitinases
constitutively at low levels. When chitinases de-
grade fungal cell walls, they release oligomers that
induce other chitinases, and attack begins.

In the last decade, the significance of several
newly isolated lytic enzymes has been demon-
strated by overexpression and deletion of the
respective genes (Pozo et al. 2004; Hoell et al.
2005). Molecular approaches and genetic engineer-

ing techniques have been applied to gain a better
and more basic understanding of the system,
as well as to develop superior and improved
strains of biocontrol agents with enhanced activity
(Mendoza et al. 2003; Brunner et al. 2005). The
chitinase gene chiA, encoding one of the chitinases
from Serratia marcescens, a well-known biocontrol
agent, was isolated and cloned into E. coli (Shapira
et al. 1989). E. coli transformed by the chiA
gene, under the oLpL operator and promoter of
bacteriophage, expressed and excreted the corre-
sponding protein into the growth medium. Almost
pure S. marcescens chitinase from E. coli or whole
viable cells were used in greenhouse experiments
against S. rolfsii in beans, and R. solani in cotton.
Using the chitinase preparation in the irrigation
water effectively reduced the number of diseased
plants. Whole viable cells of transformed E. coli
were also effective in inhibiting S. rolfsii, but to
a lesser degree. The genetically engineered E. coli,
a nonsoil bacterium, served here as a model system
to demonstrate the role of chitinase in controlling
a chitin-containing plant pathogen.

It is suggested that the introduction of such
engineered genes into soil bacteria will increase
control efficiency by combining high expression
of a gene coding for a lytic enzyme with rhi-
zosphere competence. Southern blot analysis of
the chiA gene cloned from S. marcescens showed
homology to one of the Trichoderma chitinase
genes. Based on this, the chiA gene was used as
a probe to isolate a chitinase gene from a cDNA
library prepared from T. harzianum (T-35) grown
on chitin (Chet et al. 1993). The chitinase gene
from T. harzianum (T-35) was cloned in a Blue-
script plasmid under the lac promoter. When
the transformed E. coli was plated on LB+0.2%
chitin plates and induced by 1 mM IPTG, the
bacteria showed chitinolytic activity. In green-
house experiments, irrigation of bean seedlings
with 107 cfu g−1 soil day−1 of E. coli XLIBlue,
transformed with the Trichoderma chitinase gene
induced by 1 mM IPTG, resulted in significant
biocontrol activity. Suppression of the disease
caused by S. rolfsii was obvious. The treated plants
exhibited a better growth rate than untreated con-
trols. After 18 days, the growth rate of the plants
irrigated with the transformed bacteria was similar
to that of uninfected plants (Chet et al. 1993).

In an attempt to increase its effectiveness,
T. harzianum protoplasts were cotransformed
using two plasmids: pSL3chiAII, containing a bac-
terial chitinase gene from S. marcescens under
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the control of a constitutive viral promotor, and
p35SR2, a marker for selection after transforma-
tion, encoding for acetamidase. Two transformants
showed increased constitutive chitinase activity
(specific activity 11 and 5 times higher than the
recipient; Fig. 8.4), and excreted a protein of
ca. 58 kDa, the expected size of S. marcescens
chitinase, when grown on synthetic medium.
Antagonistic activity of the transformants was
significantly higher than that of the wild-type
T. harzianum, as evaluated by testing their ability
to overgrow the plant pathogen S. rolfsii in dual
culture (Haran et al. 1993). The major advantage of
such genetic manipulations is the ability to isolate
genes from one strain and introduce them into
other varieties of fungi, bacteria, or plants. This
enhances the potency of biocontrol agents and
makes a single strain consistently effective against
more than one plant pathogenic fungus, without
the hazardous effects of chemical pesticides.

This approach was taken by Broglie et al. (1991)
who, inapioneeringwork,producedseedlings con-
stitutively expressing a bean chitinase gene under
the control of the cauliflower mosaic virus 35S pro-
moter.The timingof thenaturalhostdefensemech-
anism was modified to produce fungus-resistant
plants with increased ability to survive in soil in-
fested with the fungal pathogen R. solani, delaying
the development of disease symptoms.

Since then, genetic manipulations of valuable
crop plants with one or more cell wall-degrading
enzymes from mycoparasitic fungi have been con-
sidered a potent tool for improving plant resistance

Fig. 8.4. Chitinase-specific activity of crude enzyme (units
permgprotein) excretedby thewild-typeT.harzianum (wt)
and transformants (401 and 402), after 5 days on synthetic
medium. Columns headed by different letters are signifi-
cantly different (p = 0. 05) according to Duncan’s multiple
range test (Haran et al. 1993)

to fungal pathogens. Transgenic apple plants ex-
pressing T. atroviride endochitinase and exochiti-
nase, singly or in combination, were produced and
screened for resistance to Venturia inaequalis, the
causal agent of apple scab (Bolar et al. 2001). Plants
expressing both enzymes at the same time were
more resistant, demonstrating for the first time in
planta synergism between the two enzymes. Con-
stitutive expression of Trichoderma endochinase
can be exploited to enhance resistance to fungal
pathogens in important forest tree species. The
ech42 from T. harzianum was introduced into for-
est trees, black spruce (Picea mariana) and hy-
brid poplar (Populus nigra x Populus maximow-
iczii), by Agrobacterium-mediated transformation.
In vitro assays demonstrated that the transgenic
poplars had increased resistance to the leaf rust
pathogenMelampsora medusae. Seedlings of trans-
genic spruce lines showed an increased resistance
to the spruce root pathogen Cylindrocladium flori-
danum (Noël et al. 2006).

V. Conclusions

Mycoparasitism is a quite common, and yet excit-
ing phenomenon. It appears to play an important
role in biological control, even though it should be
pointed out that mycoparasitism is only one spe-
cific aspect in the whole complex system of bio-
logical control of plant diseases. For example, the
direct effects of root-colonizing Trichoderma spp.
on plants are at least as important as the direct
effects on pathogens – or perhaps more so. These
fungi have profound impacts on plant growth and
development, and they also induce resistance to
a variety of classes of plant pathogens.

Mycoparasitism is a complex process that
includes the following steps: (1) chemotrophic
growth of the antagonist toward the host;
(2) recognition of the host by the mycoparasite;
(3) attachment; (4) excretion of extracellular
enzymes; and (5) lysis and exploitation of the host.

Mycoparasitism occurs under appropriate eco-
logical conditions. The population and activity of
the mycoparasite can be increased by relatively spe-
cific substances, such as chitin. The gene coding for
chitinase is only one example of genes with myco-
parasitic activity. Other potential genes are those
coding for β-1,3-glucanase, protease, and lipase.

Engineering various chitinases together with
other genes that may act as antifungal agents
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may lead to better protection of plants against
pathogenic fungi. It may therefore be possible
to improve mycoparasitism, and to enhance the
plants resistance response by integrating cloned
chitinase with different lytic enzymes and other
available antifungal polypeptides. By understand-
ing the mode of action of biocontrol mycoparasitic
fungi, we should be able to manipulate the fungal
agent, the plant, and their interactions to achieve
more effective and safer plant resistance to various
biotic and abiotic stresses.
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1917–2001

Baldur Rosmund Stefansson
Department of Plant Science

Faculty of Agricultural and Food Sciences
University of Manitoba, Winnipeg, Canada

k

1998 — for his contributions to the
environmentally safe development
of world agriculture through
innovative approaches in plant
breeding and bio-control.

CURRICULUM VITAE

Place and Date of Birth: Veatfold (near Lundar), Manitoba, 1917

Marital Status: Married, 3 children

EDUCATION AND MAIN POSITIONS HELD

Academic Training:

B.S.A. University of Manitoba (Agriculture) 1950

M.Sc. University of Manitoba (Agriculture) 1952

Ph.D. University of Manitoba (Agriculture) 1966

Positions Held:

1952-1966 Research Associate, Department of  Plant Science, University of

Manitoba

1966-1974 Associate Professor, Department of  Plant Science, University of

Manitoba
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1974-1986 Professor, Department of Plant Science, University of Manitoba

1986- Professor and Senior Scholar, Department of Plant Science, University

of Manitoba

Since 1987 Professor Emeritus

MAJOR HONORS AND AWARDS (only most prominent ones):

Royal Bank Award 1975

Fellow, Agricultural Institute of  Canada 1975

Honorary Life Member, Canadian Seed Growers Association 1976

Queen’s Jubilee Medal 1977

Grindley Medal 1978

H.R. MacMillan Laureate in Agriculture 1980

Agronomy Merit Award 1980

CSP Foods Canola Award 1981

Manitoba Inst. of Agrologists Distinguished Agrologist Award 1981

Canadian Barley & Oilseeds Conference Award 1982

Honorary Life Member, Manitoba Institute of Agrologists 1984

Officer of the Order of Canada 1985

Group Consultant of International de Recherche sur le Colya

(GCIRC) International Award for Research in Rapeseed 1987

GCIRC International Award for Research in Rapeseed 1987

McANSH Award 1989

VARIETIES RELEASED:

Soybeans

Portage 1964

Altona 1966

Rape

Tanka 1963

Target 1966

Turret 1970

Tower 1974

Regent 1977

Reston 1982

Pivot 1985

Turnip rape

Polar 1970
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MEMBERSHIP IN COMMITTEES AND ASSOCIATIONS:

Research Committee, Canola Council of Canada

Canadian Committee on Fats and Oils

Canadian Barley and Oil Seeds Conference

Sub-committee on Oilseeds and Special Crops, Canada Committee on Grain Breeding

Manitoba Stock Seed Distribution Committee, Manitoba Branch, Canadian Seed

Growers Association

Oilseeds and Special Crops Committee, Manitoba Agronomists Conference

Manitoba Agricultural Services Committee

Manitoba Institute of Agrologists

Agricultural Institute of Canada

Swedish Seed Association

American Contract Bridge League

DESCRIPTION OF THE SCIENTIFIC ACHIEVEMENTS

Professor Baldur R. Stefansson has made major contributions to the development

of canola over a period of more than 30 years. It is mainly due to his influence

and vision that oilseed rape has been transformed from a marginal edible oilseed

covering 2.7 million hectares in 1950 to a leading oilseed crop in the world today

covering in excess of 27 million hectares.

Prof. Stefansson has been one of the first to apply modern chemical analytical

tools to monitor the composition of fatty acids of the canola oil, and thus to

rapidly recognize and follow the development of new fatty acid compositions. This

has eventually resulted in canola being one of  the most nutritious oils for food use

today. Canola is among the first crops presently undergoing a second revolution

due to the advent of biotechnology. This second revolution will further advance

the use of canola for the benefit of mankind.

Baldur Stefansson has been referred to as the father of canola. When he began

his career as a plant breeder in the early 1950’s, oilseed rape world production

was approximately 2.8 million metric tons. It was a crop used primarily as an

industrial oil, with limited application as an edible oil in the western world. It

became clear, in the mid-1950’s, that there were anti-nutritional components in

both the oil and the meal that gave cause for concern when used for animal

consumption. The presence in diets of  high amounts of  erucic acid, a C22

monounsaturated fatty acid, was associated with deposition of fat in the heart,

skeletal muscle, and adrenal glands of rodents, impairing the animal’s growth.

Furthermore, the high levels of glucosinolates in rapeseed meal had goitrogenic

effects when used as animal feed.
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In spite of the obstacles to improving the quality of  the seed, Stefansson

recognized rapeseed’s potential as an edible oilseed crop in temperate climates. He

knew that the chemical composition of the oil required modification, if  the crop

was to be widely accepted. He had the wisdom and foresight to realize that, in

addition to his skills as a breeder, he required the collaboration of a chemist in

order to make use of the newly developed technique, gas chromatography, to

permit analyses of the fatty acid composition of rapeseed oil.

Stefansson undertook a survey of rape accessions from many parts of the

world, looking for variability in the content of erucic acid in the oil fraction and

quickly established that variability existed. After surveying about 4000 lines, he

discovered a forage rape, Liho, that had wide variability in its erucic acid content.

Through breeding and selection using Liho as a parent, he and his colleague,

Dr. K. Downey, demonstrated that erucic acid could be essentially eliminated from

rape oil (Stefansson et al., 1961).

The value of an oilseed crop is considerably enhanced if  the meal has superior

nutritional value. Stefansson recognized this and embarked on a program to reduce

both erucic acid and glucosinates: At the same time, he selected for increased oil

content and increased meal protein content, a first for oilseed breeders. As a result

of this, his early varieties (Tanka, Target and Turret) were widely accepted because

they were high yielding with an above average oil and protein content. In 1974

and 1977, Dr. Stefansson released Tower and Regent, two highly successful cultivars

that had less than 5 percent erucic acid and less than 3 mg/g glucosinolates in the

meal. These were the first ‘double zero’ rape cultivars worldwide. This dramatic

modification eventually led to the name, ‘Canola’, to describe cultivars with low

erucic acid and low glucosinolate content. Dr. Stefansson was directly involved in

the licensing and release of seven oilseed rape cultivars and developed breeding

lines that were the parents of a new generation of canola that had reduced linolenic

acid content, providing greater stability and improved nutrition. He also selected

lines that were extremely high in erucic acid, to produce an industrial oil useful in

nylon manufacturing and in marine lubrication.

Dr. Stefansson’s scientific contributions can not be measured in the form of

publications as one might measure a laboratory scientist’s efforts. He is more to be

measured by what he has left mankind — a tailor-made oilseed crop with a world

production of 27.2 million metric tons in 1993-94, making it the world’s third

most important oilseed crop. It is a major oilseed crop in Canada, Europe, India,

and China and its cultivation is rapidly spreading throughout the world. Its human

nutritional value is judged amongst the best of any plant oil and its meal is valued

as a high protein supplement for animal feed. Because of its ease of genetic

transformation, it as become a favorite host for incorporating foreign genes. It is

safe to say that much of the interest in the crop today can be traced to the vision

and pioneering work of Baldur Stefansson.
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LIST OF PUBLICATIONS

Stefaneson, B.R. 1959. A method for estimating the percentage of hybrids in seedlots

of first generation advance sunflowers by means of a seedling characteristic.

Can. J. Plant Sci. 39: 71-74.

Howell, R.W., C.J. Wargel, C.A. Brim, E.E. Hartwig, J.W. Lambert, I.R. Torpson,

B.R. Stefansson, J.K. Park, W.E. Seigler and B.K. Webb. 1960. Response of

soybeans to seed treatment with gibberellin under simulated commercial

conditions. Agron. J. 52: 144-146.

Stefansson, B.R., F.W. Hougen and R.K. Downey. 1961. Note on the isolation of

rape plants with seed oil free from erucic acid. Can. J. Plant Sci. 41: 218-219.

Stefansson, B.R. and F.W. Hougen. 1964. Selection of rape plants (Brassica napus)

with seed oil practically free from erucic acid. Can. J. Plant Sci. 44: 359-364.

Kondra, Z.P. and B.R. Stefansson. 1965. Inheritance of erucic and eicosenoic

acid content of rapeseed oil (Brassica napus). Can. J. Genetics and Cytol. 7:

505-510.

Gross, A.T.H. and B.R. Stefansson. 1966. Effect of planting date on protein oil and

fatty acid content of rapeseed and turnip rape. Can. J. Plant Sci. 46: 389-395.

Stefansson, B.R. 1966. Registration of Portage soybeans. Crop. Sci. 6: 612.

Stefansson, B.R. 1966. Altona, a new variety of soybeans. Can. J. Plant Sci. 46: 693.

Stefansson, B.R. 1966. Target, a new variety of summer rape. Can. J. Plant Sci. 46:

694.

Stefaneson, B.R. 1968. Registration of Altona soybeans. Crop Sci. 8: 777.

Stefansson, B.R. 1969. Registration of Target rape. Crop. Sci. 9: 394-395.

Stefansson, B.R. and A.K. Storgaard. 1969. Correlations involving oil and fatty

acids in rapeseed. Can. J. Plant Sci. 49: 573-580.

Kondra, Z.P. and B.R. Stefanseon. 1970. A maternal effect on the fatty acid

composition of rapeseed oil (Brassica napus). Can. J. Plant Sci. 50: 345-346.

Kondra, Z.P. and B.R. Stefansson. 1970. Inheritance of the major glucosinolates of

rapeseed (Brassica napus) meal. Can. J. Plant Sci. 50: 643-647.

Stefansson, B.R. 1971. Registration of Polar summer turnip rape. Crop Sci. 11:

134.

Stefanason, B.F. 1971. Registration of Turret summer rape. Crop Sci. 11: 135.

Fowler, D.B. and B.R. Stefansson. 1972. Effects of  the mutagenic agent ethyl

methanesulfonate on the M1 generation of rape (Brassica napus). Can. J.

Plant Sci. 52: 53-62.

Stefansson, B.R. and Z.P. Kondra. 1974. Tower Summer Rape. Can. J. Plant Sci. 54:

343-344.

Fowler, D.B. and B.R. Stefansson. 1975. Ethyl-methanesulfonate-induced mutations

in rape (Brassica napus). Can. J. Plant Sci. 55: 817-821.

Grami, Bahram and B.R. Stefansson. 1977. Gene action for protein and oil content

in summer rape. Can. J. Plant Sci. 57: 625-631.
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Grami, Bahram, RJ. Baker and B.R. Stefansson. 1977. Genetics of protein and

oil content in summer rape: Heritability, number of effective factors, and

correlations. Can. J. Plant Sci. 57: 937-943.

Grami, Bahram and B.R. Stefansson. 1977. Paternal and maternal effects on protein

and oil content in summer rape. Can. J. Plant Sci. 57: 945-949.

Sernyk, J.L. and B.R. Stefansson. 1982. White flower color in rape (Brassica

napus L.) associated with a radish (Raphanus sativus L.) chromosome. Can. J.

Genetics and Cytology 24:729-734.

Sernyk, J.L. and B.R. Stefanesson. 1983. Heterosis in summer rape (Brassica

napus L.). Can. J. Plant Science 63:407-413.

Fan, Z., S.R. Rimmer and B. R. Stefansson. 1983. Inheritance of resistance to

Albugo candida in rape (Brassica napus L.). Can. J. Genetics and Cytology.

25:420-424.

Fan, Z., W. Tai and B.R. Stefansson. 1984. Male sterility in Brassica napus L.

associated with an extra chromosome. Can. J. of  Genetics and Cytology.

27:467-471.

Fan, Z. and B.R. Stefansson. 1986. Influence of temperature on sterility of two

cytoplasmic male sterility systems in rape (Brassica napus L.) Can. J. Plant Sci.

66: 221-227.

Fan, Z., B.R. Stefansson and J.L. Sernyk. 1986. Maintainers and restorers of three

male-sterility-inducing cytoplasms in rape (Brassica napus L.). Can. J. Plant

Sci. 66: 229-234.

Li, S., Y. Qian, Z. Wu and B.R. Stefansson. 1988. Genetic male sterility in rape

(Brassica napus L.) conditioned by interaction of genes at two loci. Can. J.

Plant Sci. 68: 1115-1118.

Contributions to Books

Stefansson, B.R. 1973. Oilseeds: production, marketing and processing. In Grains

and Oilseeds, section D-11, International Grains Institute, Winnipeg, Manitoba.

pp. 1-29.

Stefansson, B.R. 1974. Rapeseed Breeding in Western Canada. In The Story of

Rapeseed in Western Canada, edited by D.A. McLeod, Saskatchewan Wheat

Pool. pp. 22-25.

Stefansson, B.R. 1974. Rapeseed. In Principles and Practices of  Commercial

Farming, Faculty of Agriculture, University of  Manitoba, Winnipeg, Manitoba.

pp. 162-165.

Stefansson, B.R. et al. 1975. Breeding Rapeseed and Mustard Crops. In Oilseed and

Pulse Crops in Western Canada, Western Co-operative Fertilizers Ltd., Calgary,

Alberta. pp. 165-183.

Stefansson, B.R. 1975. Oilseeds: Production. In Grains and Oilseeds, Handling,

Marketing, Processing. International Grains Institute, Winnipeg, Manitoba.

pp. 607-616.
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Stefansson, B.R. 1976. Tower rapeseed, a major step in the development of high

quality rapeseed. In Fats and Oils in Canada, Department of Industry, Trade

and Commerce, Ottawa. pp. 2-7.

Hougen, F.W. and B.R. Stefansson. 1982. Rapeseed. Chap. 6, in Advances in Cereal

Science and Technology. Vol. V. Edited by Y. Pomeranz. Amer. Assoc. of Cereal

Chemists, Inc., St. Paul, Minnesota. pp. 261-289.

Stefansson, B.R. 1983. The development of improved rapeseed cultivars. Chap. 6,

in High and Low Erucic Acid Rapeseed Oils, edited by J.K.G. Kramer,

F.D. Sauer and W.J. Pigden. Academic Press Canada, Toronto. pp. 143-159.

Stefansson, B.R. 1983. Oilseeds. In The Canadian Encyclopedia, Hurtig Pub. Ltd.,

Edmonton, Alberta. pp. 1314-1315.

Conference Proceedings

B.R. Stefaneson and F.W. Hougen. Breeding for Low Erucic Acid Content in Rape.

Proc. Canadian Barley and Oil Seeds Conf., Winnipeg, February 1960. p. 27.

B.R. Stefanseon. Reply to Question re Soybeans. Proc. Man. Agronomists’ Ann.

Conf., 1967. p. 26.

Stefansson, B.R. Expected Changes in Rapeseed Varieties in the Future. Proc. Man.

Agronomists’ Ann. Conf., 1969. pp. 23-24.

Stefansson, B.R. Plant Breeding and New Varieties of Rapeseed. Proc. 2nd Ann.

Meeting, Rapeseed Assoc. of Canada, Saskatoon, Mar. 1969. pp. 44-46.

Stefansson, B.R. Fatty Acid Composition of Fats and Oils. Proc. Man. Agronomists’

Ann. Conf., 1970. pp. 49-51.

Stefansson, B.R. Influence of Temperature and Soil on Seed Composition. Proc. Int.

Conf. on the Science, Technology and Marketing of Rapeseed and Rapeseed

Products. Ste. Adele, Quebec, Sept. 20-23, 1970. pp. 86-91.

Stefansson, B.R. Rapeseed Varieties Present and Future. Proc. Man. Agronomists’

Ann. Conf., 1971. pp. 59-61.

Stefansson, B.R. Progress Report on “Double Zero” Rapeseed Varieties. Proc.

Canadian Barley and Oil Seeds Conf., Winnipeg, Feb. 1972. p. 103.

Stefansson, B.R. What’s New in 0ilseed Varieties – Rapeseed. Proc. Canadian Barley

and Oil Seeds Conf., Winnipeg February l974. pp. 90-93.

Stefansson, B.R. Rapeseed Varieties. Proc. 7th Ann. Meeting, Rapeseed Assoc. of

Canada, Calgary, March 1974. pp. 46-47.

Stefansson, B.R. Rapeseed for 1975. Proc. Man. Agronomists’ Ann. Conf. 1974.

pp. 74-76.

Stefansson, B.R. Summer Rape (Argentine Type) Varieties Proc. 9th Ann. Meet.

Rapeseed Assoc. of Canada, Winnipeg, March 1976. pp. 37-39.

Stefansson, B.R. Canadian Rapeseed — The Best in the World and Getting Better.

Proc. Manitoba Agronomists’ Ann. Conf., 1978. pp. 39-43.

Stefansson, B.R. Selection for Oil and Protein in Rapeseed Proc. 5th Int. Rapeseed

Conf. Vol. 1, Malmo, Sweden, June 12-16, 1978. pp. 113-114.
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Stefansson, B.R. Rapeseed Varieties of the Future. Proc. Canadian Barley and Oil

Seeds Conf., Winnipeg, Feb. 1980. pp. 75-80.

__________ Rapeseed in China. Report on Canola Technical Seminars People’s

Republic of China, Nov. 9-22, 1980. pp. 14-17.

__________ Canola/Rapeseed Variety Development. Proc. 14th Ann. Conf., Canola

Council of Canada, Vancouver, Mar. 1981. pp. 47-50.

__________ Report on Canada/Japan Canola Consultation Tokyo, Japan, Nov

7-11, 1983.
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Gurdev S. Khush
International Rice Research Institute

Makati City, Philippines

k

2000 — for his extraordinary
contribution to theoretical research in
plant genetics, evolution and breeding
especially of rice, with regard to food
production and alleviation of hunger.

CURRICULUM VITAE

Date and Place of Birth: August 22, 1935, Rurkee, Punjab, India

Nationality: Indian

Business Address: Adjunct Professor

Dept. of Plant Sciences

University of California, Davis, CA 95616

EDUCATION

(1) Matriculation Punjab University 1951 (topped the list of  successful candidates

of the school in first division)

(2) B.Sc. (Agri) Punjab Agricultural University, Ludhiana, Punjab, India 1955 (First

division)

(3) Ph.D. (Genetics) University of  California, Davis, Davis, California 1960

PROFESSIONAL POSITIONS HELD

(1) Research Assistant, University of California, Davis, June 1957 to July 1960

(2) Assistant Geneticist, University of California, Davis, August 1960 to July 1967
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(3) Plant Breeder, International Rice Research Institute (IRRI), August 1967 to

June 1972

(4) Plant Breeder and Head, Plant Breeding Dept., (IRRI), July 1972 to December

1985

(5) Principal Plant Breeder and Head, Division of Plant Breeding, Genetics and

Biochemistry, (IRRI), January 1986 to February 2002

(6) Adjunct Professor University of California, Davis 2002-to date

NATIONAL AWARDS

(1) Best all round student award of Punjab Agricultural University, 1955

(2) Achievement Award by the Bureau of Plant Industry, Manila, Philippines,

1983

(3) K. Ramiah Medal, National Academy of Agricultural Sciences, 1997

(4) Medal for the “Cause of  Agriculture and Rural Development” of Vietnam,

1998

(5) International Agricultural Cooperation Prize, Ministry of  Agriculture,

Government of China, 1999

(6) Friendship Award, Government of China, 1999

(7) B.P. Pal Memorial Award, Indian Science Association, 2000

(8) Padma Shri Award by President of India, 2000

(9) Gold Medal, Ministry of Agriculture, Islamic Republic of Iran, 2000

(10) Gopalan Oration Award and Gold Medal 2000

(11) International Cooperation Award, Government of Egypt, 2001

(12) Citation by President, Government of Philippines, 2002

(13) Plaque of Appreciation by the President of Indonesia, 2002

(14) Amrik Singh Cheema Award by Young Farmer’s association of Punjab, 2006

(15) Swaminathan Award for leadership in agriculture by TAAS, 2006

(16) Golden Sickle Award, Government of Thailand, 2007

(17) NCCPB Genetics and Plant Breeding Award, 2007

(18) CV Raman Medal, Indian National Science Academy, 2007

INTERNATIONAL AWARDS

(1) Borlaug Award for Achievements in Plant Breeding, 1977

(2) Japan Prize, Science and Technology Foundation of Japan, 1987

(3) International Agronomy Award, American Society of Agronomy, USA, 1989

(4) Emil M. Mrak International Award, University of  California, Davis, USA, 1990

(5) World Food Prize, World Food Prize Foundation, USA, 1996

(6) Rank Prize, Rank Prize Foundation, United Kingdom, 1998

(7) Wolf Prize in Agriculture, Wolf Prize Foundation, Israel, 2000
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(8) International Scientific and Technological Cooperation Award, Government of

China, 2001

(9) International Khwarizmi Award, Science and Technology Organisation of Iran,

2004

MEMBERSHIP IN PROFESSIONAL SOCIETIES

(1) Genetic Society of America

(2) American Society of Agronomy

(3) Crop Science Society of America

(4) Crop Science Society of the Philippines

(5) Indian Society of  Genetics and Plant Breeding

(6) Society for the Advancement of Breeding Researches in Asia and Oceania

(SABRAO)

(7) President, SABRAO (1997-2001)

HONORARY DEGREES

(1) Doctor of Science (Honoris Causa), Punjab Agricultural University, India

1987

(2) Doctor of Science (Honoris Causa), Tamil Nadu Agricultural University, India

1995

(3) Doctor of Science (Honoris Causa), C.S. Azad University of Agriculture and

Technology, India 1995

(4) Doctor of Science (Honoris Causa), G.B. Pant University of Agriculture and

Technology, India 1996

(5) Doctor of Science (Honoris Causa), De Montfort University, Leicester, England

1998

(6) Doctor of Science (Honoris Causa), Assam Agricultural University, India,

2000

(7) Doctor of Science (Honoris Causa), Cambridge University, United Kingdom,

2000

(8) Doctor of Science (Honoris Causa) N.D. University of  Agriculture and

Technology, India 2003

(9) Doctor of Science (Honoris Causa) Ohio State University, USA, 2006

(10) Doctor of Science (Honoris Causa) Guru Nanak Dev University, India, 2007

FELLOWSHIP OF SCIENTIFIC SOCIETIES

(1) Honorary Fellow Award, Crop Science Society of the Philippines, 1986

(2) American Society of Agronomy Fellows Award, 1987

(3) Indian Society of Genetics and Plant Breeding, Fellows Award, 1991
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(4) Crop Science Society of America, Fellows Award, 1996

(5) Honorary Fellow Award, Bangladesh Agronomy Society, 1999

FELLOWSHIP OF SCIENTIFIC ACADEMIES

(1) New York Academy of Sciences, 1975

(2) Indian National Science Academy, 1977

(3) Foreign Associate, U.S. National Academy of Sciences, 1989

(4) Third World Academy of Sciences, 1990

(5) Indian Academy of Sciences, 1991

(6) National Academy of  Agricultural Sciences (India) 1991

(7) Royal Society of London, 1995

(8) Russian Academy of Agricultural Sciences, 1997

(9) World Innovation Foundation, 2000

(10) Chinese Academy of  Sciences, 2002

(11) National Academy of Sciences, India 2003

MEMBERSHIP IN EDITORIAL BOARDS OF SCIENTIFIC JOURNALS

(1) Journal of Theoretical and Applied Genetics (TAG) (1980-1994)

(2) Plant Breeding Abstracts (1988-1994)

(3) Breeding Science (2000-2006)

(4) Genetics and Plant Breeding (1990-2000)

(5) Crop Improvement (1985- )

(6) Oryza (1987- )

(7) Journal of Genetics (1985-2007)

(8) Rice Genetics Newsletter (Founding Editor)

(9) Journal of Crop Production (1995- )

(10) Scientia Agricultura Sinica (2000- )

BUILDINGS NAMED IN HONOR OF G. S. KHUSH

(1) G.S. Khush Genetic Engineering Laboratories, Agricultural Biotechnology

Research Institute of Iran

(2) G.S. Khush Biotechnology Laboratories, Punjab Agricultural University,

Ludhiana, India

(3) Khush Hall, International Rice Research Institute, Los Banos Philippines

MAJOR RESEARCH CONTRIBUTIONS

(1) Studied the cytotaxomic relationships of cultivated rye and wild species of

genus Secale.
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(2) Carried out cytogenetic explorations of  tomato genome through induced

deficiencies and primary, secondary, tertiary, telo and compensating trisomics.

(3) Associated linkage groups of rice with respective chromosomes through primary

trisomic analysis and determined the orientation of linkage and position of

centromeres using secondary trisomics and telotrisomics of rice.

(4) Identified numerous genes for disease and insect resistance in rice.

(5) Led the rice breeding program of IRRI for 35 years. More than 320 breeding

lines developed at IRRI have been released as varieties by national rice

improvement programs throughout the world. Numerous other lines have

been used in the hybridization programs. IRRI developed breeding materials

and their progenies are now planted to 60% of the world rice land. One of the

IRRI varieties, IR36, was planted to 11 million hectares of rice land in 1980s.

No other variety of rice or any other food crop has been planted that widely

before. World rice production more than doubled from 257 million tons in

1966 to 600 million tons in 2000. Increased production from these varieties

feeds 1 billion more rice consumers annually.

DESCRIPTION OF SCIENTIFIC CONTRIBUTIONS

The 1960’s was a decade of  despair with regard to the world’s ability to cope with

the food-population balance in the developing countries. The cultivated land frontier

was closing in most Asian countries, while population growth rates were

accelerating, owing to rapidly declining mortality rates resulting from advancements

in modern medicine and health care. International organizations and concerned

professionals were busy organizing seminars and conferences to raise awareness

regarding ensuing food crisis and to mobilize global resources to tackle the problem

on emergency basis. In a well known book entitled “Times of Famine” published in

1967, the Paddock brothers predicted “Ten years from now, parts of  the

underdeveloped world will be suffering from famines. In 15 years, the famines

will be catastrophic, and revolution and social turmoil and economic upheavals

will sweep across areas of Asia, Africa and Latin America”. Thanks to the life long

contributions of Dr. Borlaug and his colleagues in Mexico and Dr. Khush and his

colleagues in Philippines in developing improved varieties of wheat and rice

respectively, large scale famines and social and economic upheavals were averted.

More than 330 improved varieties of rice developed under the leadership of

Dr. Khush have been released in rice growing countries of  Asia, Africa and Latin

America. IRRI bred varieties have also been used as parents in national rice breeding

programs. It is estimated that 60% of world’s rice land is now planted to IRRI bred

rice varieties or their progenies. The widescale adoption of these varieties has

impacted food production, food security and environmental sustainability.
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Impact on food production

The gradual replacement of traditional varieties of  rice by improved ones, together

with associated improvement in farm management practices, has had a dramatic

effect on the growth of rice output. Farmers harvest 5-7 tons of unmilled rice

from improved varieties compared with 1-3 tons from traditional varieties. Since

1966, when the first high-yielding variety of rice was released, the area planted to

rice increased marginally from 126 million hectares to 152 million hectares (20%),

whereas average rice yield has increased from 2.1 tons to 4.0 tons per hectare

(95%). The total rice production has increased from 257 million tons in 1966 to

620 million tons in 2006 (140%). Most of the major rice producing countries in

Asia where 92% of the world’s rice is produced became self  sufficient and several

have exportable surplus.

Impact on food security

In many rice growing countries, the growth in rice production has outstripped

the rise in population, leading to a substantial increase in cereal consumption

and caloric intake per capita. During 1965-1990, the daily caloric supply

in relation to requirement improved from 81% to 120% in Indonesia, from

86% to 110% in China, from 82 to 99% in the Philippines and from 89 to 94% in

India.

The increase in per capita availability of rice and a decline in the cost of

production per ton of output contributed to a decline in the real price of rice in

the international and domestic markets. The unit cost of production is about

20-30% lower for high yielding varieties than for traditional varieties of rice and

the price of rice adjusted for inflation is 40% lower than in the mid 1960s. The

decline in food prices has benefited the urban poor and rural landless, who are not

directly involved in food production but who spend more than one half their

income on food.

Impact on landless workers

The diffusion of high yielding varieties has also contributed to a growth in income

for rural landless workers. High yielding varieties require more labor per unit of

land, because of increased intensive care in agricultural operations and the

harvesting of a larger output. The labor requirement has also increased because of

the higher intensity of cropping, which has been made possible by the reduction in

crop growth time. As farm incomes increase, better-off farm households substitute

leisure for family labor and hire more landless workers to do the job. The marketing

of a larger volume of produce and an increased demand for non farm goods and

services, resulting from larger farm incomes, has generated additional employment
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in rural trade, transport, and construction activities. The economic miracle underway

in many Asian countries was triggered by the growth in agricultural income and

its equitable distribution, which helped expand the domestic market for non farm

goods and services.

Impact on environmental sustainability

In sharp contrast to developed countries, where more of the environmental problems

have been urban and industrial, the critical environmental problems in most of

the low income, developing countries are still rural, agricultural and poverty related.

More than half the world’s very poor live on lands that are environmentally fragile

and rely on natural resources over which they have little control. Land hungry

farmers resort to cultivating unsuitable areas, such as erosion prone hillsides,

semi-arid areas where soil degradation is rapid and the tropical forests, where

crop yields on cleared land drop sharply after just a few years.

The widespread adoption of high-yielding varieties has helped most Asian

countries meet their growing food needs from productive lands, and has reduced

the pressure to open up more fragile lands for agriculture. Had 1961 yields still

prevailed today, three times more land in India and two times more land in China

would be needed to equal 2000 rice production. If  the Asian countries attempted

to produce a 2000 harvest at the yield levels of 1960s, most of the forests, woodlands

and range lands would disappear and mountainsides would be eroded, with

disastrous consequences for the upper water shed and productive lowlands, the

extinction of wildlife habitats and the destruction of biodiversity. To produce 2000

world rice production of 600 million tons at the yield levels of 1965, 130 million

hectares more land would be required.

One of the major achievements of IRRI’s rice improvement program has been

the development of varieties with multiple resistance to diseases and insects. Most

of the high yielding varieties are resistant to major diseases and insects and can be

grown without insecticide applications. The insecticide use on rice in Asia has

been drastically reduced. The reduced needs for application of pesticides has

facilitated the adoption of integrated pest management practices. Reduced pesticide

use has resulted in (i) enhanced environmental quality, (ii) improved health of

farming communities, (iii) made safer food available, and (iv) protected useful

fauna and flora.

An independent assessment carried out by The Royal Society of  London

concluded that forests and agricultural land act as “carbon sinks” that reduce

greenhouse gases. Improved varieties of rice help reduce the atmospheric carbon

dioxide in two ways. Firstly, because they are more productive they utilize more

carbon dioxide as compared to traditional varieties. Secondly, their adoption has

led to conservation of forests which are excellent carbon sinks.
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Contributions to rice genetics

Understanding of  the basic genetics of  the crop species is crucial for its

improvement. The status of rice genetics was much behind that of  other important

food crops such as maize, wheat, barley and tomatoes. The linkage map of rice was

poorly understood and there was no agreement on chromosome numbering system

and gene symbolization. Dr. Khush established a complete series of primary trisomics

of rice and utilized these for associating linkage groups with cytologically identifiable

chromosomes. He then organized an international symposium on rice genetics in

1985 which was attended by more than 200 rice geneticists. Discussions among

participants led to the birth of  Rice Genetics Cooperative for international

collaboration in rice genetics (RGC). Dr. Khush served as the secretary of  RGC

from its inception in 1985 till 2005. RGC established the rules for gene

symbolization and chromosome numbering system. It also publishes a Rice Genetics

Newsletter which was edited by Dr. G.S. Khush and a Japanese colleague till 2000.

Dr. Khush also organized three more International Rice Genetics Symposia in

1990, 1995 and 2000.

In cooperation with colleagues at Cornell University, Dr. Khush established the

first molecular genetic map of rice. The molecular map of rice now comprises

more than 4000 markers and is the best known of that of any crop species. He

and his colleagues have tagged many genes of economic importance with molecular

markers and this has permitted the application of molecular marker aided selection

in rice breeding.

Dr. Khush’s research on the genetics of host-plant interactions has led to the

identification of useful genes for disease and insect resistance, which have been

utilized for developing disease and insect resistant varieties at IRRI and by national

program scientists. Dr. Khush is a world renowned geneticist and author of a

widely used text “Cytogenetics of Aneuploids” published by Academic Press, New

York. Another book on “Host Plant Resistance” to Insects which he co-authored

with Dr. N. Panda is a standard reference on the subject. He has written 24 review

articles, 84 book chapters, 180 research papers in refereed journals and reviewed

10 books.

Dr. Khush has trained numerous rice breeders. He supervised 20 post-doctoral

fellows, served as major professor of 16 Ph.D. degree candidates, 25 M.Sc. students

and 60 non degree trainees. He has visited 60 rice growing countries to observe

rice research and production systems and served as consultant to 15 national rice

improvement programs.

Dr. Khush has served on the editorial boards of Journal of Theoretical and

Applied Genetics (TAG), Plant Breeding Abstracts, Journal of Genetics, Journal of

Genetics and Breeding, Crop Improvement, Journal of Crop Production, Oryza

and is the founder editor of Rice Genetics Newsletter.
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Dr. Khush has served as a scientific advisor to International Foundation

of Science, Sweden (1990-2000), The Third World Academy of Science, Italy

(1995-2002), member of  Scientific Advisory Committee of  the Rockefeller

Foundation’s International Program on Rice Biotechnology (1985-2000), Member

Technical Advisory Group of Agricultural Biotechnology for Sustainable Productivity

at Michigan State University (1989-1995) and has been serving as a member of

Scientific Advisory Committee, Department of Biotechnology, Government of India

since

Dr. Khush has received several International Awards such as Borlaug Award by

Coromandal Fertilizers (1977), New Delhi, Japan Prize from Science and Technology

Foundation of  Japan (1987), International Agronomy Award (1989), Emil M.

Marak International Award, University of California, Davis (1990), World Food

Prize (1996), Rank Prize in Nutrition (1998), Wolf Prize in Agriculture (2000),

Padma Shri Award from President of India (2000), Scientific and Technological

Collaboration Award from Government of China and Golden Sickle Award From

Government of Thailand.

Dr. Khush has also been honored with Doctor of Science (Honoris Causa)

degrees from ten universities including University of Cambridge, England and

Ohio State University.

Dr. Khush has been elected to some of the World’s most prestigious academies

such as Indian National Science Academy, Indian Academy of Sciences, National

Academy of Agricultural Sciences (India), The Third World Academy of Sciences,

Foreign Associate U.S. National Academy of Sciences and The Royal Society of

London (FRS).
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289. 2001. Khush G.S. Rice improvement at IRRI: An example of International

Collaboration, Breeding Research 3:281-286.

290. 2001. Khush G.S and D.S. Brar Rice genetics from Mendel to functional

genomics. In Rice Genetics IV Science Publishers, G. S. Khush, D. S. Brar,

B. Hardy, eds. New Delhi, and International Rice Research Institute, Los Banos,

Laguna. Pages -25.

291. 2001. Bennett J, X. Bi, A. Kathiresan, and G.S. Khush. Molecular tools for

achieving synthetic apomixis in rice. In Rice Genetics IV. Science Publishers,

Khush G.S., D.S. Brar and B. Hardy, eds. New Delhi, and International Rice

Research Insitute, Manila. pp 377-401.

292. 2001. Kihupi, A.N., E.R. Angeles and G.S. Khush. Genetic analysis of resistance

to bacterial blight, Xanthomonas oryzae pv. Oryzae in rice, Oryza sativa L.

Euphytica 117:39-46.

293. 2001. Lou, L.J., Z.K. Li, H.W. Mei, Q.Y. Shu, R. Tabien, D.B. Zhong,

C.S. Ying, J.W. Stansel, G.S. Khush and A.H. Paterson. Overdominant epistatic

loci are the primary genetic basis of inbreeding depression and heterosis in

rice. II. Grain yield components. Genetics 158:1755-1771.

294. 2001. Li, L.K., L.J. Luo, H.W. Mei, D.L. Wang, Q.Y. Shu, R. Tabien, D.B. Zhong,

C.S. Ying, J.W. Stansel, G.S. Khush and A.H. Paterson. Overdominant epistatic

loci are the primary genetic basis of inbreeding depression and heterosis in

rice. I. Biomas and grain yield. Genetics 158:1737-1753.

295. 2001. Li, L.K., A.C. Sanchez, E.R. Angeles, S. Singh, J. Domingo, N. Huang and

G.S. Khush. Are dominant and recessive plant disease resistance genes similar?:

A case study of rice R genes and Xanthomonas oryzae pv. Oryzae races.

Genetics 159:757-765.

296. 2001. Singh, S., J. Sidhu, N. Huang, Y. Vikal, Z. Li, D. S. Brar, H. S. Dhaliwal

and G. S. Khush. Pyramiding three bacterial blight resistance genes (xa5,

xa13 and Xa21) using marker-assisted selection into indica rice cultivar

PR106. Theor. Appl. Genet. 102-1011 - 1015.

297. 2002. Hittalmani, S., H. E. Shashidhar, P. G. Bagli, N. Huang, J. S. Sidhu,

V. P. Singh, and G. S. Khush. Molecular mapping of quantitative trait loci for

plant growth, yield and yield related traits across three diverse locations in

doubled haploid rice population. Euphytica 125: 207-214.

298. 2002. Jauhar, P.P. and G. S. Khush. Importance of biotechnology in global

food security. Page 107-128. In R. Lal, D. Hanson, N. Uphoff and S. Slack eds.

Food security and environmental quality in the developing world. Lewis

Publishers.

299. 2003. Bennett, J. and G. S. Khush. A strategy for enhancing salt tolerance in

crops through molecular breeding. J. Crop Breed. 7: 1-30.

300. 2003. Brar, D. S. and G. S. Khush. Utilization of wild species of genus Oryza

in rice improvement. Pages 283-309 In monograph on genus Oryza.
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J.S. Nanda and S.D. Sharma eds. Science Publishers Inc. Enfield (NH) USA,

Plymouth, USA.

301. 2003. Khush, G.S., D.S. Brar, P.S. Virka, S.X. Tang, S.S. Malik, G.A. Bastos,

Y.T. Lee, R. McNally, L.N. Trinh. Y. Jiang and M.A.M. Shata. Classifying rice

germplasm by isozyme polymorphism and origin of cultivated rice. Discussion

paper series No 46. Los Banos (Philippines): International Rice Research

Institute. 279 P.

302. 2003. Kobayashi, S. Y. Fukua, S. Morita, T. Sato, M. Osaki. G.S. Khush

Quantitative trait loci affecting flag leaf development in rice (Oryza SativaL.)

Breeding Science 53: 255-262.

303. 2003. Kobayashi, S., Y. Fukula, T. Sato, M. Osaki and G. S. Khush. Molecular

Marker dissection of rice (Oryza Sativa) plant architecture under temperate

and tropical climates. Theor. Appl. Genet. 107-1350-1356.

304. 2003. Lee, K. S., S. Rasabandith, E. R. Angeles and G. S. Khush. Inheritance of

resistance to bacterial blight of rice. Phytopathology 93: 147-152.

305. 2003. Multani, D. S., G. S. Khush, B. G. delos Reyes, D. S. Brar. Alian

gene introgression and development of  monosomic alien addition lines

from Oryza latifolia Desv. to rice, Oryza Sativa L. Theor. Appl. Genet. 107:

395-405.

306. 2003. Peng, S. and G. S. Khush. Four decades of  breeding for varietal

improvement of  irrigated lowland rice in the International Rice Research

Institute. Plant Production Science 6-157-164.

307. 2004. Ebron, L. A., Y. Fukuta, T. Imbe, H. Kato, J.M.T. Yanoria, H. Tsunematsu,

G. S. Khush and M. Yokoo. Estimation of genes for blast resistance in elite

indica type rice (Oryza sativa L). Varieties bred at the international Rice

Research Institute. Breeding Science. 53: 381-387.

308. 2004. Kabayashi, S., Y. Fukuta, T. Yagif T. Sato, M. Osaki, G. S. Khush.

Identification and characterization of  quantitative trait loci affecting

spikelet number per panicle in rice (Oryza sativa L) Field Crops Research 89:

253-262.

309. 2004. Khush, G. S., E. Angeles, P. S. Virk and D. S. Brar. Breeding rice for

resistance to tungro virus at IRRI. SABRAO Journal 36: 101-106.

310. 2004. Nematzadeh, Gh. A., N. Huang and G. S. Khush. Mapping the gene for

aroma in rice (Oryza sativa L.) by bulk segregation analysis via RAPD markers.

J. Agric. Sci. Technol. 6:129-137.

311. 2004. Peng, S., J. Huang, J. E. Sheehy, R. C. Laza, R. M. Visperas, X. Zhong,

G. S. Centano, G.S. Khush and K. G. Cassman. Rice yields decline with higher

night temperature from global warming. Proc. Natl. Acad. Sciences (USA)

101(27): 9971-9975.

312. 2005. Ebron, L. A., Y. Fukuta, T. Imbe, H. Kato, M. J. T. Yanoria, H. Tsunematsu,

G. S. Khush, N. Kobayashi and M. Yokoo. Identification of blast resistance
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genes in elite indica type varieties of rice (Oryza sativa L). SABRAO Journal

37: 19-31.

313. 2005. Khush, G. S. Green Revolution: challenges ahead. Pages 37-51.

In R. Tuberosa, R. L. Phillips and M. Gale (eds.) In the wake of  the double

helix. From green revolution to the gene revolution. University of Bologna,

Italy.

314. 2005. Khush, G. S. Taxonomy, ecology and agronomy of rice cultivation

vis-a-vis genetics engineering of  rice. Pages 26-37. In V.L. Chopra,

S. Shantaram and R. P. Sharma eds. Biosafetu of transgenic rice. National

Academy of Agricultural Sciences, New Delhi.

315. 2005. Khush, G. S. What it will take to feed 5.0 billion rice consumers in

2030? Plant Molecular Biology 59: 1-6.

316. 2005. Khush, G. S. and P.S. Virk IR varieties and their impact. Los Banos

(Philippines): International Rice Research Institute. 163 P.

317. 2005. Wu, J. L., C. Wu, C. Lei, M. Baraoidan, A. Bordeos, M. R.S. Madamba,

M. Ramos-Pamplona, R. Mauleon, A. Portugal, V. J. Ulat, R. Brukiewich,

G. Wang, J. Leach, G. S. Khush and Hei Leung. Chemical- and irradiation-

induced mutants of indica rice IR64 for forward and reverse genetics. Plant

Molecular Biology. 59: 85-97.

318. 2006. Baisakh, N., S,. Rehana, M. Rai, N. Oliva, J. Tan, D. J. MacKill,

G. S. Khush, K. Datta and S.K. Datta.. Marker free transgenic (MFT) near-

isogenic introgression lines (NILS) of  golden indica rice (Cv. IR64) with

accumulation of provitamin A in the endosperm tissue. Plant Biotechnology

Journal 4: 467-475.

319. 2006. Brar, D. S. and G. S. Khush. Cytogenetic manipulation and germplasm

enhancement of rice (Oryza sativa L). Pages 115-158. In R. J. Singh and

P.P. Jauhar eds. Genetic resources, chromosome engineering and crop

improvement. Taylor and Francis, Boca Raton, London, New York.

320. 2006. Kobayashi, S., D. Araki, M. Osaki, G. S. Khush, Y. Fukuta. Localization,

validation and characterization of plant type QTLs on chromosome 4 and 6

in rice (Oryza sativa L) Field Crops Research. 96: 106-112.

321. 2006. Subudhi, P. K., T. Sasaki, G. S. Khush. Rice. Pages 1-78 In Kole C. (ed)

Genome mapping and molecular breeding in plants. Springer: Berlin,

Heidelberg, New York.

322. 2007. Khush, G.S., E.R. Angeles, and D.S. Brar. Genetics analysis of resistance

to green leafhopper, Nephotettix virescens (Distant), in IR rice varieties.

SABRAO Journal 39(2):79-88.
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Roger N. Beachy
Danforth Plant Science Center

St. Louis, Missouri, USA

k

2001 — for the use of recombinant
DNA technology, to revolutionize
plant and animal sciences, paving
the way for applications to
neighboring fields.

Roger Beachy, Ph.D., founding president of the Donald Danforth Plant Science

Center, a non-profit private research institute in St. Louis, MO, earned his Ph.D. in

Plant Pathology at Michigan State Univ.; he conducted post-doctoral positions at

the Univ. of Arizona and at Cornell Univ., NY. He previously held academic positions

at Washington Univ., St. Louis, and The Scripps Research Institute, La Jolla, CA,

where he was co-founder of the International Laboratory for Tropical Agricultural

Biotechnology. He is a member of the U.S. National Academy of Sciences and a

Fellow of the American Academy of Microbiology, and the American Assoc. for the

Advancement of Science. He has received numerous awards including the Wolf

Prize in Agriculture, the D. Robert Hoagland Award from the Society of Plant

Biologists and Ruth Allen Award from the American Phytopathological Society.

Beachy serves as Chair-Elect of  the AAAS Section on Agriculture, Food and

Renewable Resources and is President of  the International Assoc. of  Plant

Biotechnology, among other activities. He is recognized for his work in molecular

virology and gene expression in plants, and for pioneering research in developing

transgenic plants that are resistant to virus infection. His research includes: studies

of mechanisms of  transgenic virus resistance including, in rice and sweet potato;

characterizing functional activities of transcription factors; and developing a

chemical gene switching system for use in plants. Beachy has been a vocal advocate
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for safe applications of biotechnology to enhance efficiency of agriculture and to

reduce reliance on agricultural chemicals.

CURRICULUM VITAE

President Professor

Donald Danforth Plant Science Center Department of Biology

975 North Warson Road Washington University

St. Louis, Missouri St. Louis, Missouri

Education:

1966 B.A. - Biology, Goshen College, Goshen, Indiana

1973 Ph.D. - Plant Pathology, Michigan State University (advisor H. H. Murakishi),

East Lansing, Michigan

Post-doctoral:

1973 Department of  Agricultural Biochemistry, University of  Arizona,

Tucson, Arizona

1973-1976 Department of Plant Pathology (advisor M. Zaitlin), Cornell University,

Ithaca, New York

1976-1978 U.S.D.A. Nutrition Laboratory, (advisor J. F. Thompson), Cornell

University, Ithaca, New York

PROFESSIONAL EXPERIENCE:

Jan. 1999 to present President and Director, Donald Danforth Plant Science

Center, 975 North Warson Road, St. Louis, Missouri

Jan. 1999 to present Professor, Department of Biology, Washington Univer-

sity, St. Louis, Missouri

June 1991 to Jan. 1999 Professor and Scripps Family Chair in Cell Biology, Head,

Division of  Plant Biology, Co-Director, Inter-national

Laboratory for Tropical Agricultural Bio-technology

(ILTAB), The Scripps Research Institute, La Jolla, California

1992 to 2005 Adjunct Professor, Department of  Biology, Peking

University, Beijing, China

1997 to 1999 Adjunct Professor, Department of  Plant Pathology,

University of  California, Riverside, California

Jan. 1986 to June 1991 Professor of  Biology, Director of the Center for Plant

Science and Biotechnology, Washington University,

St. Louis, Missouri
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July 1983 to Dec. 1985 Associate Professor of  Biology, Washington University,

St. Louis, Missouri

Sept. 1978 to July 1983 Assistant Professor of  Biology, Washington University,

St. Louis, Missouri

July 1976 to Sept. 1978 Research Associate, U.S. Plant, Soil and Nutrition

Laboratory, Cornell University, Ithaca, New York

Jan. 1973 to July 1976 Post-doctoral Research Associate and NIH Fellow,

Department of Plant Pathology, Cornell University, Ithaca,

New York

PROFESSIONAL SOCIETY AFFILIATION:

National Academy of Sciences, American Society for Plant Physiology, American

Phytopathological Society, American Association for the Advancement of Science,

Sigma Xi, American Society for Virology, International Society of Plant Molecular

Biology, American Society for Biochemistry & Molecular Biology, American Society

of Plant Biologists, American Society for Cell Biology.

HONORS:

Betty Klepper Crop Science Society of America Endowed Lecture Award, 2006

Wolf Prize in Agriculture, 2001

Dennis Robert Hoagland Award, American Society of Plant Biologists, 2000

Fellow, St. Louis Academy of Science, 2000

Fellow, American Academy of Microbiology, 2000

Honorary Doctor of Science, Michigan State University, 2001

Culture for Service Award, Goshen College, 2001

Scientist of the Year, R&D Magazine, 1999

Member, National Academy of Sciences, U.S.A., 1997

Commonwealth Award for Science and Industry, Bank of Delaware, 1991

Ruth Allen Award, American Phytopathological Society, 1990

Fellow, American Association for the Advancement of Science, 1989

LOCAL RECOGNITION:

Agri-Business Leader of  the Year, St. Louis Agri-Business Club, 2004

Honoree, Huntington’s Disease Society of America-St. Louis Chapter, 2002

Entrepreneur of the Year, Ernst & Young, 2001

Wm. D. Phillips Technology Advancement Award, St. Louis County Economic

Council, 2000

Headliner of the Year Award, San Diego Press Club, 1995
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OTHER PROFESSIONAL ACTIVITIES:

Current:

Member, St. Louis Post-Dispatch Community Advisory Board, 2007-2008

Member, Tropical Plant Biology Advisory Board, 2007-2008

Chair, AAAS Section on Agriculture, Food, and Renewable Resources, 2008-2009

President, International Association for Plant Biotechnology (IAPB), 2006-2010

Member, AAAS Annual Meeting Scientific Program Committee, 2006-2009

Editor, Proceedings of  the National Academy of  Sciences Editorial Board,

2003-2008

Member, National Research Council Governing Board of NAS, 2006-2009

Member, Missouri Biotechnology Association (MOBIO) Board, 2006-present

Chairman, Governor’s Advisory Council for Plant Biotechnology for the State of

Missouri, 2005-present

Member, Malaysia’s International Advisory Panel (IAP) on Biotechnology

Development, 2005-present

Member, Board on Agriculture and Natural Resources, National Research Council,

National Academy of Sciences, 2005-2009

Member, FertiSeeds, Ltd.; Science Advisory Board; Ness Ziona, Israel, 2004-2006

Past:

Member, American Society for Gravitational and Space Biology, 2004-present

Councilor, National Academy of Sciences, 2003-2006

Member, National Academy of Sciences Council Committee on Budget and Internal

Affairs, 2003-2006

Member, UC-Davis Office of  Research External Research Advisory Board,

2003-2006

Member, Editorial Board, Current Opinion in Plant Biology, 2002-present

Member, Portland State University Project Advisory Group for “Public Goods and

University-Industry Relationships in Agricultural Biotechnology”, 2002-2006

Member, International Crops Research Institute for the Semi-Arid Tropics (ICRISAT);

Governing Board of Directors; Pantancheru, India, 2001-2007

Member, DOE Biomass Research and Development Technical Advisory Committee,

2003-2005

Member, NASA’s Biological and Physical Research Maximization and Prioritization

(REMAP) Task Force, 2002

Member, National Academy of Sciences/National Research Council Opportunities

in Agriculture Committee, 2001-2002

Member, Burrill and Company; Board of Advisors; San Francisco, CA, 2000-2007

Member, German American Academic Council, National Academy of Sciences,

1999-2000

31_2001 Beachy.p65 06-Mar-09, 7:43 PM646



Roger N. Beachy 647

Advisor, World Agricultural Forum, 1998-present

NAS/NRC Commission on Life Sciences, Board on Biotechnology, Committee on

Biobased Industrial Products, 1998-2001

Councilor, American Society for Virology, 1996-1999

Councilor for Plant Virology, American Society for Virology, 1996-1999

Advisor, South Korean Association for Plant Molecular Biology and Biotechnology,

1995

Editor, Journal of Virology, 1995-2000

Editor, Plant Molecular Biology, supplement: Molecular Breeding, 1994-1998

Member, Scientific Advisory Board - Bio/Technology, 1994-1997

Advisor, International Working Group on Tropical Virology, Indian Society of

Virology, 1993-present

Member, County of San Diego Science Advisory Board, 1992-1999

Member, National Committee, International Union of Biological Sciences (IUBS),

1991-1997

Board of Directors, IDEALS, 1990-1996

Associate Editor, Journal of Cell Biology, 1989-1992

NAS/NRC Commission on Life Sciences, Board on Biology, Committee on

Introduction of Genetically Modified Microorganisms and Plants into the

Environment, 1989-1990

Editorial Board, Annual Review of  Plant Physiology, 1988-1990

U.S.D.A., Working Group on National Biological Impact Assessment Program, 1988

Editor, Plant Cell Reports, 1987-1995

U.S.D.A., Workshop for Recombinant DNA Release Guidelines, 1986

NSF, Metabolic Biology Panel, 1984-1987

DOE-BER Review Panel, 1983

NIH Post-doctoral Review Panel, 1982-1985

NIH Postdoctoral Fellow, Division of Allergy and Infectious Diseases, 1975-1976

NAS/NRC Commission on Life Sciences, Board on Agriculture and Natural Resources,

Committee on Pest and Pathogen Control through Management of Biological

Control Agents

NRC Committee on Biological Control of Diseases

LOCAL/REGIONAL PROFESSIONAL ACTIVITIES:

Member, Board of Trustees, St. Louis Symphony; St. Louis, MO, 2005-present

Board of Advisors, World Agricultural Forum; St. Louis, MO, 1999-present

Center for Emerging Technologies; Board of  Directors, St. Louis, MO,

1999-2006

Member, Board of Directors, NIDUS Center for Scientific Enterprise; St. Louis, MO,

1999-present
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Member, Board of Trustees, The Academy of  Science of St. Louis; St. Louis, MO,

2000-present

Member, Board of Trustees, St. Louis Science Center; St. Louis, MO, 2003-present

Member, Science Advisory Board Chlorogen, Inc.; St. Louis, MO, 2003-2007

St. Louis Regional Chamber & Growth Association (RCGA), St. Louis, MO

2002-present

Member, Technology Board, Midwest Bancshares; St. Louis, MO, 2001-present

The World Affairs Council of St. Louis; St. Louis, MO, 2000-2005

PATENTS PENDING OR ISSUED:

1. U.S. Serial #06/917,027 - Protection of Plants Against Viral Infection; Capsid

Protein: ISSUED

2. U.S. Serial #07/789,738; Patent #5,824,857 - Plant Promoter: ISSUED

3. U.S. Serial #08/231,209 - Protection of Plants Against Viral Infection Using a

Movement Protein

4. U.S. Serial #08/192,477 - Use of  TMV to Produce Peptides: ISSUED

5. U.S. Serial #08/678,559 - Method for Using Tobacco mosaic virus to

Overproduce Peptides and Proteins

6. U.S. Serial #08/192,152 - A Cassette to Accumulate Multiple Proteins Through

Synthesis of a Self-Processing Polypeptide

7. Int’l. Patent Appl. No. PCT/US97/10376 - Cassava Vein Mosaic Virus Promoters

and Uses Thereof

8. U.S. Serial #09/622,500 - Int’l. Patent Appl. No. PCT/US99/04716 - Resistance

in Plants to Infection by ssDNA Virus Using Inoviridae Virus ssDNA-Binding

Protein, Compositions and Methods of Use: ISSUED

9. PCT/US01/50748: RF2a and RF2b Transcription Factors

10. U.S. Serial #10/888,613. Methods and compositions for regulating gene

expression in plant cells

NAMED LECTURES:-

Storer Life Sciences Endowment Lecture Series, University of California-Davis, 2008

National Academy of Sciences Lectureship Series, University of Minnesota, 2007

The Horning Endowment Lecture, Oregon State University, 2007

President’s Circle, NAS, Washington, D.C., 2006

Sackler Colloquium, Organizer, Washington, D.C., 2006

Betty Klepper Endowed Lecturer, Crop Science Society of America, Washington,

DC, 2006

Stadler Genetics Symposium, Columbia, MO 2006

Boyer Symposium: Marine and Terrestrial Molecular Bioscience-New Frontiers,

Philadelphia, PA, 2005
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A. von Humboldt Symposium, The Biotechnology Revolution: Scientific and Societal

Aspects, Berlin/Potsdam, Germany, 2003

USDA Beltsville Area Distinguished Lecture Series, 2002

Colorado State University Thorton-Massa Lecture Series, 2002

National African Summit, Washington, D.C., 2000

Milton Zaitlin Lecture, Cornell University, 1999

Dayton Lecture, University of Illinois at Champaign-Urbana, 1999

Varner Lecture: Washington University, 1998

College of Agricultural Sciences’ Distinguished Lecture Series, Pennsylvania State

University, 1995

Kosuge Memorial Lectureship, University of California at Davis, 1994

Loomis Lecture Series; Iowa State University, 1993

J.C Walker Lecture Series; University of Wisconsin at Madison, 1993

Nelson Lecture Series; Montana State University, 1992

SELECTED OTHER INVITED LECTURES: 2000-2008

EAGLES (European Action on Global Life Sciences), Alexandria, Egypt, 2008

Science and Technology in Society Forum, Kyoto, Japan, 2007

Japan External Trade Organization Biotechnology Open Symposium, Tokyo, Japan,

2007

Plant Sciences Symposium University of California–Davis, 2007

Genomics in Agricultural Research, Purdue University, West Lafayette, Indiana,

2007

Genomics in Business International Conference, Amsterdam, The Netherlands, 2007

Chemical Heritage Foundation, Philadelphia, PA, 2007

American Society for Microbiology, Washington, DC, 2007

American Chemical Society Symposium, Chicago, 2007

Ohio Valley Affiliates for Life Sciences, Cincinnati, Ohio, 2007

100th Anniversary University of California – Riverside Citrus Research Center &

Agricultural Experiment Station, Riverside, 2007

Ohio Plant Biotechnology Consortium Retreat, Wooster, Ohio, 2006

NCPGR Symposium on “Shaping the Future of Food and Nutritional Security

Through Genomics,” New Delhi, India, 2006

13th Wold Congress “Food Is Life” Symposium, Nantes, France, 2006

Hungarian Academy of Sciences, Budapest, Hungary, 2006

Agricultural Biotechnology Research for Public Goods and Private Goods, Keynote

Address, Jurys Hotel, Washington, DC, 2006

Inter-departmental Plant Science Symposium, Texas A&M University, 2006

Centennial Celebration and World Presidential Forum, China Agricultural University,

Beijing, China, 2005

ICV Symposium at the IUMS 2005 Conference, San Francisco, CA, 2005
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Gordon Research Conference, Tilton, NH, 2005

Boyer Symposium, Newark, DE, 2005

NABC 17th Annual Meeting, Nashville, TN, 2005

BIO 2005, Philadelphia, PA, 2005

CGIAR Trustee meeting (IARC), Beltsville, MD, 2005

Plant Made Pharmaceuticals Conference, Montreal, Canada, 2005

ABSP II, New Delhi, India, 2005

JWG on Agricultural Biotechnology, New Delhi, India, 2004

ABIC Meeting, Cologne, Germany, 2004

Institute of Food Technology, Las Vegas, NV, 2004

RedBIO/FAO Latin American Meeting on Agricultural Biotechnology, Punta Cana,

Dominican Republic, 2004

2004 North American International Trade Corridor Partnership, Kansas City, MO,

2004

2004 Environmental Biology Symposium, Taipei, Taiwan, 2004

Bibliotecha Alexandria Forum on Biotechnology and Sustainable Development,

Alexandria, Egypt, 2004

American Association for the Advancement of Science, Seattle, WA, 2004

University of Guelph, Guelph, Ontario, Canada, 2004

Missouri Summit on Agroterroism , Columbia, MO, 2003

22nd Annual Meeting of the American Society for Virology, Sacramento, CA, 2003

BIO 2003 Annual Convention, Washington, DC, 2003

USDA Ministerial Conference on Agricultural Science and Technology, Sacramento,

CA, 2003

43rd Midwest Regional Developmental Biology Meeting, Kansas City, MO, 2003

“In the Wake of  the Double Helix: From the Green Revolution to the Gene

Revolution”, International Congress, Bologna, Italy, 2003

BioTechnica America, Monterrey, CA, 2003

DuPont Pioneer Conference on Chemical Switches, Chestertown, MD, 2003

BioVision 2003, The World Life Sciences Forum, Lyon, France, 2003

Tree Fruit Technology Roadmap, Leesburg, VA, 2003

Wabash College, Wabash, IN, 2003

Gordon Research Conference, Los Angeles, CA, 2003

Biotechnology in Colorado and Around the World, Colorado Biotech Association,

2003

BioMalaysia 2002, Keynote Address, Kuala Lumpur, Malaysia, 2002

American Society for Virology, Lexington, KY, 2002

American Chemical Society Sixth Annual Green Chemistry & Engineering

Conference, Washington, DC, 2002

BIO2002 International Biotechnology Convention, Toronto, Canada, 2002

DuPont Seminar Series, Wilmington, DE, 2002
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Regional Commerce and Growth Association’s Missouri Life Sciences Summit, Lake

of the Ozarks, MO, 2002

University of California-Irvine 15th Annual Chief Executive Roundtable Retreat,

2002

University of Minnesota Plant Disease & Pest Management Symposium, 2002

University of California-Irvine Virology Seminar, 2002

North Carolina State University Emerging Issues Forum, 2002

International Rice Genome Meeting, Forum X, Japan, 2002

Michigan State University Plant Breeding & Genetics Symposium, 2001

American Farm Bureau Annual Meeting, Orlando, FL, 2001

University of Minnesota Conference Series, Minneapolis, MN, 2001

Seminar Series for University of California at Davis, 2001

Knowledge Millennium II: Biotechnology – The New World, New Delhi, India,

2001

Forum Agrosante, Paris, France, 2001

National Academy of Sciences 2001 Symposium, Washington, DC, 2001

World Agricultural Forum World Congress, St. Louis, MO, 2001

2001 Congress on In Vitro Biology, St. Louis, MO, 2001

International Seminar on Future of Wheat and Wheat Research, Paris, France,

2001

2001 Cold Spring Harbor Laboratory Summer Course, Cold Spring Harbor, NY,

2001

Global Consortium of Higher Education & Research for Agriculture, San Francisco,

CA, 2001

Society for Industrial Microbiology Annual Meeting, St. Louis, MO, 2001

Seminar on Agricultural Biotechnology at Academia Sinica in Taipei, Taiwan, 2001

American Chemical Society, Chicago, IL, 2001

Pharmacia/Monsanto Annual Symposium, 2001

Keynote Speaker, Iowa State University Symposium, 2001

National Association of State University and Land Grant Colleges, 2001

National Association of Conservation Districts Symposium, Colorado Springs, CO,

2000

Princeton University, Department of Molecular Biology, Princeton, NJ, 2000

Bio 2000, Boston, MA, 2000

U.S.-India High Level Science and Technology Dialogue, 2000

Missouri Venture Forum, St. Louis, MO2000

Michigan State University, East Lansing, MI, 2000

John Innes Centre, Norwich, United Kingdom, 2000

Goshen College, Goshen, IN, 2000

Max-Planck-Institut, Cologne, Germany, Symposium, 2000

Great Plains Cereals Biotechnology Symposium, Manhattan, KS, 2000
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Thomas Brodigan M.S. MBCH TAMU 1998

Caird Rexroad III Ph.D. GENE TAMU 1998

Monica Amarante Ph.D. GENE UNESP Brazil 1998

Leonardo Sena Ph.D. GENE UFDP Brazil 2003

Scott Dindot Ph.D. GENE TAMU 2002

Stephanie McKay M.S. VTMI TAMU 2002

Stephen White Ph.D. GENE TAMU 2003

Kristen Taylor Ph.D. GENE TAMU 2004

Ralph Callicott Ph.D. GENE TAMU current

Erin Gillenwaters Ph.D. GENE TAMU current

Brittany Jones Ph.D. GENE TAMU current

Catherine Busch M.S. GENE TAMU current

POSTDOCTORAL FELLOWS:

Name Ph.D. Institution Dates

Eric Hallerman The Hebrew University 1986-1987

Duke Rogers University of  California, Berkeley 1987-1989

Daniel Gallagher Texas A&M University 1989-1993

Claude Schelling Univ. of Berne, Switzlerland 1993-1995

Jorg Schlapher Univ. of Berne, Switzerland 1995-1996

Prapti Mahyuddin Institute for Animal Production, Indonesia 1998-2001

Tom Goldammer Univ. of Rostock, Germany 1999-2001

Edward Cargill Texas A&M University 2005-2006

Christopher Seabury Texas A&M University 2006-

MY UNIQUE CAREER PATH TO AGRICULTURAL RESEARCH: AN

AUTOBIOGRAPHICAL SKETCH

James E. Womack, Distinguished Professor

Texas A&M University, College Station, TX USA, April, 2008

I was honored to share the 2001 Wolf Prize in Agriculture with Roger Beechy for

our respective work in animal and plant genomics. My award reads “for the use of

recombinant DNA technology to revolutionize animal sciences, paving the way for

applications to neighboring fields.” I’ll try to recount my career path to this highest

honor in agricultural research which was anything but a straight line. In fact, the

winding path of my academic training and research career is marked by relatively
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few tracks pointing in the direction of  livestock genomics. There are subtle

hoofprints, however, which are largely overshadowed by chance encounters with a

variety of scientific mentors, colleagues, friends and family who unknowingly

shaped my path.

I was born in Anson, Texas in 1941 and didn’t range far in the first 23 years of

my life except for a couple of years when my dad was stationed in Michigan before

the end of WWII. My parents purchased a small stock farm near Dad’s homeplace

after the war and built a modest house while Dad taught at a country school and

completed his education on the G.I. bill at Abilene Christian College. My mother

had only a high school education but could have and should have been an engineer.

She could design, construct or repair anything from a baby dress to a cattle barn.

Dad was offered a job with the Hawley Independent School District in the fall of

1946, the year I started first grade. He taught all the high school English courses,

coached all the boys and girls athletic teams, and drove the school bus that traveled

a 50 mile route to pick up about 30 students which when added to the locals

produced a student body of just under 100 students spread over 12 grades. Less

than a month into the school year, the Superintendent resigned and Dad was

tapped for that job, a position he held until his retirement 33 years later. Over

those years, he never gave up coaching basketball and retired with a national

record for career wins and was inducted into the Texas High School Basketball

Hall of Fame in 2005. My two sisters and brother also became teachers and

needless to say, we were all exposed to basketball. In addition to basketball, I was

exposed to farm life. Our homestead was several hundred acres and we raised beef

cattle and horses, partly to supplement Dad’s teaching salary but mostly, I think for

the educational experience it provided the children. I made my spending money

from a few steers we pasture finished each year and by breaking and selling raw

horses we bought each summer from a dealer in Mexico. I enjoyed 4H and FFA

and assumed I would someday have a small ranch of my own. I finished all 12

grades of public education at Hawley, graduating with a senior class of 16 students.

Despite being less than six feet tall, I had a number of basketball scholarship

offers, including a couple from major universities. Still a homeboy, I chose to

follow Dad’s footsteps at nearby Abilene Christian College.

I entered college with the intent of becoming a high school math and science

teacher and basketball coach. My main interest, however, was playing basketball. I

had a good career that actually spanned 5 years, thanks to a “redshirt” sophomore

year. Although not a prolific scorer as in high school, I started two years, one year

as team captain and played in two NCAA postseason tournaments. My closest

friends to this day are some of my basketball teammates. I met Raby Jean Beakley

during my freshman year but we didn’t start dating until a couple of years later.

She came from a ranching family and a small school and we were seated next to

each other in one class by a professor who knew us both and thought we should
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get to know each other. He was right. She finished her teaching degree in 1962

and taught for a year before we married in June of 1963. I still didn’t have my

degree and had another year of basketball ahead of me. I had taken a number of

education courses along with chemistry, physics, and math and was still planning

a career in teaching and coaching. I had never taken a biology course. At some

point it struck me that most public school teachers couldn’t afford the luxury of

my life long dream of living in the country, owning some land, and raising horses

and cattle. Raby and I spent a lot of time on a ranch owned by her dad and with a

dentist cousin who also had a nice cattle ranch. I came to the conclusion that my

quickest route to land and cattle was through dentistry, not through teaching. The

requirements for dental school included courses in embryology and comparative

anatomy both of which had lab requirements and one other biology course. I

chose genetics as my other biology course since it was the only course offered in

the fall that didn’t include a laboratory. I was already pushing my limit with labs

that conflicted with basketball practice. All three courses required permission of

the instructor since I had none of the prerequisite biology courses. Probably the

biggest single moment in shaping my scientific career was my request for permission

to take introductory genetics. Dr. Jim Throneberry was a cynical sort who apparently

had some bad experiences with athletes in his classes. He let me know that

I was welcome to give it a try but he was pretty sure I couldn’t pass his course. I

took his expectation of my failure as a personal challenge and immediately went to

the bookstore and purchased the textbook, an introductory genetics text by Irwin

Herskowitz. By the first day of class, I had read much of the text and was fascinated

by the supplemental material I had discovered at the back of the book. The

Supplement consisted of part of Mendel’s 1867 letter to Nageli, and the Nobel

Prize lectures of Morgan (1934), Muller (1946), Beadle (1958), Tatum (1958),

Kornberg (1959) and Lederberg (1958). Although dental school was still my goal,

I was convinced that genetics would provide most of  the scientific excitement of

the last half of the century.

After the first exam, Jim Throneberry became a friend and mentor and he

along with Drs. Tommy McCord (organic chemistry) and Alvie Davis (biochemistry)

began to try to convince me that dental school would be a waste of my talents and

interest. Nonetheless, I applied to the Baylor College of Dentistry, and received my

letter of acceptance for the fall class of  1964. I was still on track to graduate with

a degree in Math Education, but now with a good background in biology and still a

strong interest in genetics. I had broken my foot in the first basketball game of the

season and had not worked my way back into the starting lineup until near the end

of the season. Raby was already establishing herself  as an outstanding elementary

school teacher and loved her job at Dyess Elementary. It is hard to believe now but

Texas schools had just come to grips with integration and the Dyess school was the

first in Abilene to open their doors to both black and white students. Raby’s love
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for children lessened the challenges of integration for both her and her students.

As with every first or second grade she has taught, she still gets appreciative phone

calls and emails from her former students. It was difficult for her to resign her job

in Abilene but she applied, was interviewed, and quickly hired for the Fall of 1964

in Richardson, near Dallas and the Baylor College of Dentistry. Three days in

August of 1964 marked another sharp turn in my career path. I was invited to

work in the office of a dentist friend who suspected my interest in dentistry might

be waning if  in fact, it had ever been genuine. After the first day, I came home

excited about all the new things I’d seen and learned. After the second day, I told

Raby it was pretty much a repeat of the day before. After the third day, I told her I

couldn’t do that for the rest of my life. Her reaction was totally unselfish and left

me no room to ever doubt that she loved me. She said “we’ll do what makes you

happy.” I couldn’t shake my interest in genetics. I talked to Dr. Throneberry who

suggested I teach biology labs at ACC in the fall while applying to graduate programs

in genetics. Raby resigned the job in Richardson and was quickly welcomed back

in Abilene. We forfeited our $100 deposit at Baylor and I settled into an academic

career, understanding fully that we would probably never have our little ranch

with cows and horses.

I enjoyed teaching general biology labs and began to envision a career as a

professor of genetics. In retrospect, I know I would have found a research career

even if  I had gone to dental school but now my interest was graduate school and

genetics. Without the benefit of the internet, selection of a graduate school in

1964 was by word of mouth and Peterson’s Guide. My love for the outdoors,

including hunting and fishing, pulled me toward the Pacific Northwest and

eventually to Oregon State University where Dr. Ralph Bogart, an Animal Scientist,

directed a large, well funded, interdisciplinary Genetics Institute. I accepted an

offer from Abilene Christian for support of $200 per month with the agreement

that I would return to their faculty upon receiving my PhD. This was a nice

supplement to the NASA fellowship Ralph provided. We arrived in Corvallis in

August of 1965 pulling all our belongings in a small covered trailer I had made

over the summer. Raby was pregnant with our first child and I was excited about

the breadth of course offerings in genetics at the University. My mother had been

diagnosed with cancer just a few months before we left making the decision to

move so far away a difficult one. My family assisted us with the move and enjoyed

some time in Oregon while helping us move into our new apartment. Watching

them drive away brought tears to our eyes. Our daughter Wendy was due in

December but didn’t arrive until January of 1966. We tried to induce labor with

weekend trips following streams up the rough logging roads or climbing over the

massive timbers drifted up on the beautiful Oregon beaches. But like everything

else she has done in her life, Wendy arrived when she chose, not at our convenience.

Raby’s dad had passed away in 1964 and her mom spent quite a bit of time with
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us over the next three years, providing greatly appreciated day care as Raby was

able to teach between the birth of our two children. I spent a lot of time in the

graduate student cubicles in the basement of  Withycombe Hall with people like

Jerry Reeves, Paul Humes, Carol Nix, Prentice Schilling, and Joe Templeton, who

with his wife Jamie had moved up with us from Abilene Christian. I had never

doubted the quality of my education from a small public school and a small

college in West Texas and found my courses in genetics and radiation biophysics

challenging but not overwhelming and totally delightful. Ralph was a quantitative

geneticist by training but had incorporated considerable physiological genetics

into his research program. When he suggested I might find a PhD research project

in the wealth of data he was collecting from selection experiments in cattle,

I distinctly recall telling him I didn’t really want to study cattle genetics or animal

breeding. I was more interested in laboratory animals and biomedical applications.

I had done some reading on mutagenesis and we agreed on a radiation mutagenesis

project in mice with emphasis on quantitative traits. I measured selection response

for body weight and fertility traits in irradiated populations and published two

papers from my dissertation research. More importantly, I learned about mammalian

mutagenesis and became fascinated with mouse genetics. Ralph taught me a lot

about mentoring although I’m sure I never practiced it like he did. He had an

enormous garden and orchard that was planted with poor starving graduate students

in mind. Of course, we spent some of  our weekend time tilling the soil. He and

Fran became adopted grandparents to his students’ children. He guided us into our

postdoctoral work and he was disappointed that I had made a commitment to

Abilene Christian. He thought I should look for a postdoc in a medical school or

research institute but he accepted my decision and encouraged me to grow and

develop as a teacher.

Our second child was already overdue when I got my PhD degree in May of

1968. Our good friends from church, Gail and Chuck Woosley, escorted Raby to

the graduation ceremony and had parked a car near Gill Coliseum for Raby if  she

needed a quick exit. She didn’t. Louis and Janice Stone, who along with Pat and

Carolyn Agnew, and Larry and Ella Rogers, have been lifelong friends from basketball

days at ACC, had come to Corvallis to help us move. Raby, Wendy, the baby, and

her mother would fly back to Texas, and the Stones would alternate with me in

driving the U-Haul truck (we had outgrown the home made trailer) and our car.

We waited and waited and waited. As before, the doctor had to induce labor and

this was not an easy one for Raby….or Jimmy who was born with some ugly

forceps bruises which fortunately disappeared before he and his mother, sister and

grandmother arrived back in Texas. I would arrive a few days later with the Stones,

our belongings and two black lab puppies.

The summer of 1968 was both a happy and sad one, but memorable. Thanks

to a gift of stocks from Raby’s parents, and her teaching salary from the beginning
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of our marriage, we had managed to buy 160 acres of farm/pasture land near

Hawley, only 12 miles from where I would begin work in the fall and only 6 miles

from my parents. Mom was very sick and I am thankful for the time she had with

our two children before her death that fall. They made her smile. The property had

an old and very small house in which we were determined to live. My grandpa

Hollums, a carpenter by trade, helped me add a room and refurbish the house that

summer, an experience I treasure. We built what we thought was a rattlesnake

proof fence around the back yard but were proved wrong on several occasions.

Despite the snakes, the sandstorms, the red mud, and constant concern about a

half mile of river and a large pond, it was a nice place to raise young children.

They had wonderful pets including a young skunk which is a story in itself. Raby

was quickly employed by the Abilene schools and I began teaching genetics, cell

biology and zoology in the fall of 1968 at what was now Abilene Christian

University. I even bought that small herd of cattle I had long coveted although the

ranching venture was a financial failure, thanks to cattle thieves who knew we left

the property unoccupied for most of the daylight hours.

My most vivid memories of my first teaching experience include the high

quality of the undergraduate students at ACU. The Biology department offered a

Master’s degree and I took on a few grad students, including Loren Skow who is

now a colleague on the Veterinary faculty at Texas A&M. Dr. Clark Stevens was a

wonderful department head and we were blessed with teachers like Mike Kemp,

Kenneth Williams, and Roy Shake. Although I enjoyed teaching, my graduate school

experience had kindled a burning desire for research that wouldn’t go away. I

wanted to know more about mutagenesis in mammals and wrote a proposal to the

National Foundation March of Dimes to develop a biochemical genetic assay of

mutation in mice using allozymes as an endpoint. I was familiar with mutagenesis

studies of Tom Roderick and Earl Green at the Jackson Laboratory and had contacted

Tom who agreed to be a collaborator in my proposal. If  funded, I would come to

Bar Harbor to study in the summers and continue my teaching on a nine month

basis with ACU. The work was funded and we made our first of several trips to Bar

Harbor in the summer of 1970. Although we didn’t discover any radiation induce

allozyme variants in one summer of starch gels, we developed the concept into a

germinal mutation assay the NIEHS would eventually use on a grand scale in their

chemical mutagenesis program. I also developed a lasting professional and personal

friendship with Tom Roderick and a number of other scientists at The Jackson

Laboratory such as Murriel Davisson, Eva Eicher and Ben Taylor, who along with

visitors like John Hutton and Verne Chapman had begun to use allozyme variants

as markers for populating the mouse linkage map. Enzyme markers were especially

exciting to me because the human gene map was in its infancy and was being

developed through somatic cell genetics and biochemical markers. By mapping the

orthologous gene products in mice we had the first opportunity to do focused
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comparative gene mapping in mammals, albeit we were doing linkage mapping in

mice while people like Frank Ruddle and Tom Shows were building synteny maps

in humans. I was able to continue my work in comparative mapping during the

academic semesters at ACU despite a heavy teaching load, thanks to bright young

undergraduates like Mark Sharp. Mark and I demonstrated conservation of

autosomal linkage in rats and mice, a novel concept in the pre-genomics era.

While I still enjoyed teaching, I found myself wanting more hours in the laboratory

and more opportunity to compare the genomes of humans, mice and other

mammals.

Our second summer in Bar Harbor was probably our best summer ever. Raby

and I had been offered and had accepted the role of Supervisors of  The Jackson

Laboratory’s summer research program for college students. We were house parents

to a terrific group of university students who were placed in various labs for their

first real research experience. They included Don Stern who was to become a New

York attorney and later Chairman of the Jackson Laboratory’s Board of  Governing

Trustees, Clair Francomono M.D. who became Chief of the Human Genetics Branch

of NHGRI before joining the Johns Hopkins medical faculty, Mike Lynes, Professor

of Molecular and Cellular Medicine at the University of  Connecticut and a dozen

other equally talented and lively young people with whom I have sadly lost contact.

Tom and I continued our collaboration which by now was directed more toward

comparative gene mapping using allozyme variation between inbred strains and

recently derived laboratory strains of M.m.molossinus and M.m.castaneous. Thanks

to Tom I now had two summers of the postdoctoral research experience I had

missed by returning directly to ACU after my PhD.

I still loved ACU as I do today. I loved the faculty and administration. The

students were still bright and stimulating. And I was able to piece together some

small grants and continue research on a small scale, largely with undergraduate

student help during the academic year and with summer trips to beautiful Mount

Desert Island and The Jackson Laboratory. Unfortunately, the research that had

captured my interest required large numbers of mice and a research infrastructure

that didn’t exist at ACU or any other university focused primarily on undergraduate

education. When Tom Roderick was offered a two-year appointment in Washington

as a scientific program director for the Atomic Energy Commission, he made me

an offer I couldn’t refuse. He asked me to oversee his laboratory in his absence. I

requested and received a leave of absence from ACU and in the summer of 1973

we moved to Bar Harbor expecting to be there for a two year stint as a Visiting

Scientist. One phone call to one of her references and Raby had a teaching job. The

children loved Mount Desert Island and we adapted to the winters. For the first

time in my life I was fully engaged in genetics research.

Tom had great people in his laboratory and Norm Hawes and Muriel Davisson

ran the cytogenetics component of the lab without missing a beat. My oversight of
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their work was a simple matter of staying out of their way. Skippy Lane kept us

busy mapping new spontaneous mutations in the mouse, the most notable being

ashen and muscle deficient, and we were able to use the growing list of biochemical

genetic variants to map induced inversions that Norm and Muriel uncovered. But

mostly, I was interested in watching the human synteny map develop and building

a comparative linkage map of the mouse. I was fascinated by the cluster of

parologous esterase genes on mouse chromosome 8 and the evolution of gene

families as could be revealed by linkage mapping with biochemical markers. Along

with Tom, Muriel, Eva, Ben and of course, Margaret Green, I became part of  a

formidable team of mouse gene mappers with an eye toward comparing the genomes

of the two most important mammals in the world of genetics. The first International

Workshop of Human Gene Mapping held in New Haven in the summer of 1973

recognized the role of comparative mapping in understanding the human genome

and was organized as individual workshops for each human chromosome with

special workshops on topics like nomenclature and comparative mapping. These

workshops which met around the world at two year intervals became the focal

point of the comparative mapping community which consisted entirely of mouse

geneticists at that time.

Earl Green, Director of The Jackson Laboratory, forced me into the toughest

decision of my professional life in the Spring of 1975 when he offered me a Staff

Scientist position and my own laboratory when Tom returned from Washington. I

missed ACU and the undergraduate students and I really hated to disappoint Clark

Stevens who had invested heavily in me. However, our children enjoyed Bar Harbor,

Raby was enjoying her work where she was gaining a reputation as an outstanding

reading specialist, and I was doing science that rewarded me with the discovery of

new knowledge, almost on a weekly basis. I resigned my position at ACU with

great sadness but welcomed the opportunity to pursue mammalian genetics full

time.

Scientific meetings and conferences have been extremely important to me and I

made it a point to attend and present as often as possible early in my career,

sometimes totally or partially at my personal expense. I tried to attend the annual

meetings of the Genetics Society of America, the previously mentioned Human

Gene Mapping Workshops, and the annual Biochemical Genetics workshops

organized by Ken Paigen and attended mostly by JAX and Roswell Park scientists.

Of course, JAX ran its summer short courses that brought in outstanding human

and mammalian geneticists on an annual basis. The people I met at meetings were

probably more important to me than staying on the cutting edge of my science,

something I could have done through the literature. I could easily list 50 names of

people who influenced my career that I met at meetings, workshops or seminars

during my tenure at JAX. I’ll keep it to a handful. JAX attracted people like Jim

Crow, Frank Ruddle, Victor McKusick, Mary Lyon, Tony Searle, Susumu Ohno, and
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Charles Ford. Of course, daily contact with Tibby Russell and George Snell influenced

every young scientist who came through The Jackson Laboratory. One on one

discussions with the academic giants were inspirational. But it was young scientists

from the mapping workshops like Steve O’Brien, Pete Lalley, Mike Sicilliano,

and Sue Naylor who were in the trenches mapping genes and with whom I

communicated on a regular basis and developed professional and personal

friendships that continue to the present. I became keeper of the mouse map

(bioinformatics on 3x5 index cards) when Margaret Green retired, a job Muriel

Davisson would later do much better immediately before conversion to electronic

databases. I contributed both mouse and rat gene maps to O’Brien’s “Genetic

Maps”, a valuable compilation of genome maps, again before the advent of electronic

databases. I always had my eye on the mapping of genetic orthologues in mouse

and man and drew the original “Oxford grid” for Mouse Newsletter, a valuable

publication of mouse mutants and linkages read cover to cover by practicing

mouse geneticists. By the fall of 1976 I felt like a card carrying mouse geneticist

fortunate to work in the Mecca of mouse genetics. Although I had several excellent

summer students such as Debra Kendall and Philip Giampietro, I missed teaching. I

don’t remember thinking about it a lot but it all came in focus one day when I got

a call from my undergraduate and graduate school buddy, Joe Templeton.

After receiving his PhD at Oregon State, Joe had taken a position in

immunogenetics with the University of Oregon Medical School in Portland. He had

recently been recruited to the Baylor College of Medicine in Houston to head up

the genetics component of a state funded Institute of Comparative Medicine, a

joint venture between Baylor College of Medicine and the College of Veterinary

Medicine at Texas A&M, 90 miles away in College Station. The Institute was looking

to fill a new faculty position in comparative genetics at A&M and Joe suggested I

apply if interested. I was surprised and also worried when I found myself interested

in the position. The same person who had difficulty settling on an undergraduate

major hadn’t kept his family in one location for more than five years since

graduating. I discussed it with Raby and her reply was the same as before, “we’ll

do what makes you happy”. But this time her poker face failed her and I could see

a little smile with the thought of moving back to Texas and away from the Maine

winters. I applied for the job, made an interview visit, and in June of 1977 joined

the Department of Veterinary Pathology at Texas A&M. A farewell gesture from

mother nature was a little snow flurry as we departed Bar Harbor in early June.

Most of my concerns about my professional restlessness are now gone as I approach

the end of my 31st year at Texas A&M.

The College of Veterinary Medicine had very few non-DVM faculty and the

Department of Pathology had none. Charlie Bridges and later Ken Pierce, as heads

of the Department, were willing to take a chance on a so-called “naked PhD”. I

was attracted to the University’s interdisciplinary faculty in Genetics that would
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allow me to have graduate students in mouse genetics and as much or as little

classroom teaching as I wanted. My mission was also to help build broader programs

in comparative genetics in the College, branching into genetics of domestic species

and better use of clinical cases as models of  human disease. I continued to do

comparative mapping and although I received another March of Dimes grant and

a NIH grant for mapping the Ah receptor in mice, I found funding for mouse

genetics much more difficult to come by than it had been at JAX. I kept up with the

comparative mapping community and particularly Steve O’Brien with whom I had

frequent conversations about whether the comparison of mouse and human

chromosomes were sufficient to tell the story of mammalian chromosome evolution.

His background with murine retroviruses and his position at the National Cancer

Institute made the domestic cat genome and it’s associated leukemia virus an

obvious target for comparative mapping in his laboratory. By the late 1970’s he

had made a hybrid somatic cell panel for the cat and had demonstrated extensive

conservation of synteny with the human genome clearly showing the mouse to be

the odd man out in genome evolution. It was late one evening at Steve and Diane’s

house in Bethesda when I bounced my idea to explore a genome from another

species off Steve. My veterinary college appointment suggested the dog might be a

logical choice because of the morphological and behavioral diversity between breeds

and its clinical presentation of  a large number of genetic diseases. Although it

would be mapping another carnivore, the large number of chromosomes in the

dog suggested that its genome would be very different from the cat. Steve got

another beer from the refrigerator and turned up the volume on Willie and Wayland

and the Boys. Another reasonable project I suggested was to map the genome of

domestic cattle. Its genome would represent an unmapped mammalian order and

a map of the cattle genome should be of interest to the USDA and other agricultural

agencies. “Let me get this straight, Hoss”, Steve said, “you’re in Texas, right? Texas

is cows and cowboys, not dogs.” After about the sixth cycle of “Blue Eyes Crying in

the Rain” I went to bed thinking about agricultural research for the first time since

telling Doc Bogart I wasn’t interested in cattle genetics for a dissertation project.

I grossly overestimated the interest of the USDA and other agricultural agencies

in funding gene mapping. Interestingly, my inquiries to different institutes at the

NIH about developing and mapping bovine genetic models of human disease

prompted variants of the reply “too bad you’re not working with dogs.” Fortunately

for me, Neville Clarke, Director of the Texas Agricultural Experiment Station, was

willing to listen to my rationale for mapping cattle genes. He provided state funds

to construct a hybrid cell panel and to begin genotyping with biochemical markers.

With Cindy Sharp making the hybrids and Yvonne Moll doing the genotyping we

began constructing the map while I beat the bushes looking for funding to expand

the map into a really meaningful tool, both for comparative genome analysis and

for the eventual improvement of animal health and productivity. Although they
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had not embraced gene mapping, the USDA and animal breeders were interested

in the concept of genetic engineering in the early 1980’s and became especially

excited when Palmiter and Brinster produced transgenic mice expressing and

responding to introduced growth hormone genes. I did everything within my

power to tie gene mapping to the genetic engineering bandwagon. Dewey Kraemer

led a strong embryo physiology group at A&M and he appreciated the eventual

role of genome mapping in the success of genetic engineering of farm animals.

My first external funding for the cattle map came from the Hillcrest Foundation of

Dallas after a fascinating meeting between Dewey, myself and Mr. W. C. Caruth of

the Hillcrest Board of Trustees. Mr. Caruth was intrigued by a popular article he

had read predicting that genetic engineering could produce wooly pigs, transgenic

pigs producing wool in addition to meat. We didn’t promise Mr. Caruth a wooly

pig but we promised significant advances in the genetic mapping and genome

manipulation of cattle in exchange for a generous $100,000 grant from the

Foundation that Dewey and I would divide between our laboratories. The cattle

map was off  the ground and we published our first cow map in Steve’s “Genetic

Maps” in 1984 and the first cow-human comparative map in the Journal of

Heredity in 1986. The cattle genome proved to be more conserved with human

than the mouse genome but not to the extent of the cat-human comparison.

I came to know Morris Soller of the Hebrew University through my appreciation

for his far-sighted projections of “genome genetics” in livestock and the use of

gene markers in selection for quantitative traits. He was clearly the theoretical

leader of the genomic era of animal breeding. We teamed up to write a BARD

grant in 1985, proposing to significantly expand the cattle somatic cell map using

DNA markers and also to build a RFLP map for linkage analysis of quantitative

traits. We got our grant although RFLPs were soon to be replaced by microsatellites

as markers of choice for linkage mapping. We got another BARD grant in 1990

and I have treasured our collaboration and friendship. Several small grants from

the USDA to my laboratory were forthcoming in the 1980’s, mostly through Animal

Health and with ties to genes for disease resistance. My first competitive grant

from the USDA purely for genome mapping in cattle came in 1986. I also received

some support from the Kleberg Foundation. I spent much of the 1980’s in the dual

role of trying to get my own mapping efforts funded and in trying to convince

funding agencies of  the value of genome maps for livestock species. The idea of a

human genome initiative was gaining traction in the early 80’s and we were

beginning to imagine having access to the complete sequence of the human genome

and several model organism genomes including the mouse. With the human genome

sequence projected to cost $3.5 billion, it was difficult to imagine that the genomes

of  livestock species would ever be sequenced. My pitch was for funding of

comparative gene mapping which would identify regions of conservation between

cattle (or pigs or sheep) and humans and mice on a fine scale. The mouse and
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human sequence could then be reasonably well exploited to find important livestock

genes. This idea complemented proposals by Soller, Jacques Beckmann and others

to develop markers for building linkage maps and mapping quantitative trait loci

(QTL). I always assumed that finding the genes underlying QTL would come from

mining the sequenced human and mouse genomes at the addresses suggested by

the comparative livestock maps.

The concept of an international bovine genome project was discussed in a

workshop setting for the first time to my knowledge at the opening of  the

Internatioinal Trypanotolerance Center in the Gambia in March of 1987 followed

by a meeting of scientists from the European Economic Community in Brussels in

December of 1987. Mapping the bovine genome received considerable attention at

the XXI Conference on Animal Blood Groups and Biochemical Polymorphisms in

Torino in July of 1988. I was an invited speaker at that conference and remember

it well, having popped a couple of stitches from my triple bypass surgery two

months earlier. This group was to soon become the International Society for Animal

Genetics (ISAG) and would play a major role in animal gene mapping over the

next 20 years through its workshop structure at biennial meetings. I had the

privilege of serving as President of ISAG a few years later. I also had a wonderful

opportunity visit Australia as a McMaster Fellow with Jay Hetzel’s CSIRO group in

Rockhampton in 1990, doing a little lab work but mostly helping campaign for

funding of their mapping program and I participated in the organization of the

Canadian animal mapping program in a workshop in Ottawa later that year. These

and many other international experiences were important to me professionally but

more important to me personally for the wonderful friends Raby and I discovered

among animal gene mappers.

Several events in the early 1990’s were important to the US effort in bovine

genomics (the term “genomics” was coined by Tom Roderick in 1986 for the title

of the journal Ruddle and McKusick proposed to accompany the human genome

initiative). Charlie Arntzen had taken the position of  Director of  the Texas

Agricultural Experiment Station and the Institute of Biosciences and Technology at

Texas A&M. He continued the support of my mapping laboratory that Neville had

begun and also supported and helped organize a Banbury Conference on Mapping

the Genomes of Agriculturally Important Animals at Cold Spring Harbor in the

summer of 1990. This conference brought representatives of  the human genome

project ( Jim Watson, Victor McKusick, David Housman, and Ray White) together

with some of the animal mapping community (Michel Georges, Jay Hetzel, Brian

Kirkpatrick, Harris Lewin, Joan Lunney, Larry Schook, Loren Skow, Morris Soller,

Alan Teale and myself) in the presence of administrators from the USDA and

several of the land grant universities. The conference was followed in the fall by

the first Allerton Conference organized by Lewin, Schook and others at the University

of Illinois. These two workshops led to the organization of  a USDA National Animal
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Genome Research Progam in 1993 for which I have served as Cattle Coordinator

for the last 15 years.

Most of the ideas and essentially all of the data credited to me over the years

have come from the excellent students, postdocs and technical staff  who have

blessed my laboratory. More than 40 graduate students have completed their degrees

with me at Texas A&M and I can’t really name one without naming them all

(which I’ve done in my c.v). These students and staff developed the hybrid somatic

cell panel into a valuable resource for comparative mapping, beginning with

biochemical markers and evolving through Southern blotting and PCR genotyping

of DNA markers, always with an eye toward the comparative maps of homologous

genes in humans and mice. Dan Gallagher, an exceptional postdoctoral fellow,

brought the cytogenetics expertise to the lab to assign syntenic groups to

chromosomes, not an easy chore with 29 acrocentric autosomes in the bovine

karyotype. Dan played a critical role in standardizing the karyotype of domestic

cattle which became the prototype for chromosome identification in other

artiodactyls. The construction of radiation hybrid panels allowed us to order markers

in the cattle genome and define conservation and disruption of gene order within

conserved syntenic groups. These panels, especially when genotyped with ESTs

and BAC end sequences in our collaboration with Harris Lewin’s laboratory, became

valuable tools for fine scale mapping, for mining gene loci underlying traits of

economic and biological interest, and ultimately for assembly of the cattle genome

sequence. The citation for my election to the National Academy of Sciences USA in

1999 reads “Womack launched the discipline of livestock genomics with his initial

map of the bovine genome and the demonstration of  extensive chromosomal

conservation in cattle, humans, and mice. His international leadership resulted in

a comprehensive bovine linkage map and the first genetic mapping of economically

important traits in cattle.” It is obvious to me, if  not to everyone familiar with my

work, that my students and collaborators are equally deserving of this and other

recognitions I have received. Perhaps I am considered a leader in the discipline

because I got an early start and couldn’t work fast enough to get out of the way. A

highlight of my career was in April 2007 when a group of my laboratory alumni

organized a symposium in my honor entitled Advances in Applied and Comparative

Genetics. The two-day scientific program was comprised entirely of presentations

from my former students, postdocs and collaborators.

Early in this decade, it became obvious that the genomes of human and selected

model organisms would be sequenced ahead of schedule and under budget by the

National Human Genome Research Institute. A call went out for white paper

proposals for sequencing of additional genomes that could aid in informing human

genetics. I was able to organize a National Academy of Science workshop in early

2002 to discuss the status of domestic animal genomics and to help prioritize

different species for genome sequencing. Shortly thereafter, Richard Gibbs and
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George Weinstock of the Baylor College of Medicine Human Genome Center, Steve

Kappes of the USDA, Larry Schook of  the University of Illinois, and Loren Skow

and myself of Texas A&M wrote a white paper proposal for sequencing the bovine

genome. In September of that year the cattle and dog genomes were approved with

high priority for sequencing. Our work had only begun, however. The cost for

7-8x coverage of a 3000 megabase genome had come down over the years to

about $50 million. While appreciating the comparative information the bovine

genome could provide medical genetics, the NIH was well aware that there were,

or should be, significant agricultural interest in sequencing this genome. They

agreed to fund half the total cost and, in all fairness, asked us to come up with the

other $25 M. Despite pledges from the USDA, the dairy and beef industries, and

international agricultural agencies, the funding came together very slowly. As of

March, 2003 we had only $15 M committed. In fact, we were within a week of

losing our high priority status when Texas Governor Rick Perry committed the

final $10 M. This would have never happened without the efforts of a wonderful

lady from South Texas. Mrs.Anne Armstrong, former U.S. Ambassador to Great

Britain and a member of the Board of Regents at Texas A&M, learned about the

bovine sequencing project. She and her husband, Tobin, owned and operated the

Armstrong Ranch in Armstrong, Texas and were influential in the beef cattle

industry as well as in State and National politics. She recognized the potential of

genome sequencing to the improvement of  beef cattle health and productivity and

used her influence to persuade the Governor’s office to insure its initiation. I

suppose the bovine genome would have ultimately been sequenced without the

help of Anne Armstrong, but it would have certainly been delayed by several years.

I am planning to reap some of the benefits of the cattle genome sequence for a

few years before I retire. I have aggressively avoided administrative responsibilities

at Texas A&M and have maintained a laboratory totally with external funding. Jan

Elliot, Elaine Owens and Mary Jewell are still the nucleus of my research team. We

continue to train graduate students and postdocs and are focusing our efforts on

finding diversity in the bovine genome that translates to differential susceptibility

to pathogens. Raby and I plan to retire to our little ranch in Robertson County

where we currently relax (and work) on weekends and have the occasional barbecue

with family, friends and guests. We enjoy our little cattle herd (with one bison)

and I’ve (gently) broken and trained a young filly who has become more of a

pasture pet than a working horse. I can imagine being very happy spending my

retirement years with the animals on our ranch and I’m sure I’ll have questions

about the composition of their genomes, the same kind of questions that have

excited me about going to work every day for the past 40 years. In the early days of

human gene mapping, Frank Ruddle responded to the question of “why map

genes” with the reply “ because mapping genes is good for you.” I kept that quote

on my office wall for a number of years and can now summarize my own career
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with the statement “mapping genes has not only been good for me, mapping genes

has been good to me.”

JAMES E. ( JIM) WOMACK. COMMENCEMENT ADDRESS. TEXAS A&M UNIVERSITY,

AUGUST 11, 2006

Biographical Statement for Introduction: James E. ( Jim) Womack was born in

Anson, TX in 1941 and attended Hawley, TX public schools, grades 1-12. He

enrolled in Abilene Christian College in 1959 on a basketball scholarship and

captained two NCAA Div II tournament teams before graduating in 1964. Although

he received his B.S. degree in Math Education, he committed late in his degree

program to advanced study in Genetics, a discipline basking in recent discoveries

of DNA structure and function. He entered the graduate program in Genetics at

Oregon State University in 1965 and received his PhD degree in 1968. His research

in radiation mutagenesis in mice provided the foundation for a career in mammalian

genetics that continues today. Returning to Abilene Christian as a member of the

Biology faculty from1968-73, Womack taught Genetics and Cell Biology to

undergraduates, many of  whom matriculated to Texas A&M as graduate and

professional students and at least eight who eventually became members of  the

A&M faculty. The opportunity to pursue advanced research in mammalian genetics

drew him to a position of Staff Scientist at The Jackson Laboratory in Bar Harbor,

Maine in 1973.

Womack was recruited by the College of Veterinary Medicine at Texas A&M in

1977 where he has advanced through the academic ranks to an endowed

professorship in 1987 and to Distinguished Professor of Veterinary Pathobiology

in 2001. He is a member of the Faculty of Genetics and holds a joint appointment

in the Department of  Medical Biochemistry and Genetics. He is currently

Director of the Center for Animal Biotechnology and Genomics and teaches an

undergraduate course in Mammalian Genetics. Womack shifted his research

emphasis from laboratory animals to domestic animals in the early 1980’s and has

been an international leader in advancing genomic research in cattle and other

livestock species. He has published, along with his 32 graduate students and post-

docs and a large number of collaborators, more than 300 peer reviewed articles in

scientific journals. He serves as Coordinator for the USDA Cattle Genome Research

Program, is the current President of the International Society for Animal Genetics,

and is past President of both the American Genetics Association and the Texas

Genetics Society. Womack received the Faculty Distinguished Achievement Award

in Research from the Association of  Former Students in 1987 and was the recipient

of the 1994 CIBA Prize for research in animal health. He was elected to the

National Academy of  Sciences USA in 1999, becoming the fifth member of

the Texas A&M faculty to receive this honor. In 2001 Womack was recipient of  the

Wolf Prize, the world’s most prestigious award for research in agriculture “for the
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use of recombinant DNA technology to revolutionize animal sciences, paving the

way for applications in neighboring fields.”

Professor Womack lives in College Station with his wife of 43 years, Raby

(Beakley) Womack and has two children, Wendy Hill of Jemez Springs, N.M. and

James M. Womack of Austin.

COMMENCEMENT ADDRESS:

President Gates, Regent Jones, Provost Prior, Dean Watson Mr. Taylor, General Van

Alstyne, and others on the stage, I am deeply honored to be here among you and to

address this 2006 graduating class of Fightin’ Texas Aggies.

Howdy Ags! Congratulations on a job well done. And congratulations to your

families who have supported you in every step of this long and difficult journey.

Graduates, I’m here today as a representative of your faculty to thank you for

the privilege of  working with you these last four..(or five)…(or six) years. I’m here

to wish you well in the many endeavors that tomorrow holds. And I’m here to give

you one last lecture before you leave. Ags, along with your family, we the faculty

have invested our lives in you, we care about your future, and we love you. So,

bear with me for a few minutes.

A new world awaits you outside the doors of this arena. A world full of

excitement and opportunities, and challenges. A world my generation inherited,

and molded and shaped for you, improving it in some areas and really messing it

up in others.

I sat where you are in the early 1960s, not at this great university that adopted

me 29 years ago, but at a fine little school in West Texas. I had a wonderful

undergraduate experience. I went through college on a basketball scholarship

(I was taller then). I played in a couple of NCAA tournaments. I found and married

my life-long partner. I could solve mathematical equations with the best of them

and I had read and absorbed just about everything that had been written at that

time about a wonderful new molecule called DNA. But what I got that day was a

diploma, my education was only beginning.

My diploma did not prepare me to deal with a war being fought half-way

around the world that was taking the lives of some of my classmates and splitting

our great country down the middle. We haven’t improved the world much for you

in 40 years, have we?

But we’ve done some good things, especially in science and technology. We got

you into space, we connected you to the world through the internet, we gave you

Dolly the sheep and we sequenced your genome. You will undoubtedly figure out

what to do with these gifts, then continue to advance technology in ways I cannot

even imagine. My new world of the 60’s and your new world today are not that

different, otherwise I wouldn’t be so presumptuous as to offer you a few words of

advice.
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So, what can I say to help you succeed in a world that is both ever changing

and never changing. I’m certainly not here to tell you how to become rich or

famous, and if  I were it wouldn’t be from first hand experience. However, if  you

can look up from what you are doing 30 years from today and say “I have

contributed some little something to making this world a better place, I have great

friends and family who love me, and I wouldn’t trade with anyone what I do for a

living”, you are a success.

That’s my definition of success, now let me give you three keys to finding it.

And let me tell you from the beginning, these aren’t original ideas.

1. Work Hard. (Have you heard that before?) Don’t allow yourself to fail at

anything for lack of  effort. Don’t be ashamed to be an overachiever, in fact, strive

for it. All of you are talented or you wouldn’t be here, some of you are blessed

with exceptional talents. For you gifted Aggies who managed to get your diploma

despite spending more of the last 6 years in the Dixie Chicken than in Sterling

Evans, I say “shame on you”. But now, it’s time to get with it. If  you don’t push

your talents to their limits, then a step beyond, you will look back on your life with

serious regrets. Be an overachiever in your job..and that begins with finding work

that you enjoy doing. If  you love your job you will go the extra mile.

My admonition to work hard extends beyond your job, however. A successful

marriage or any worthwhile relationship requires hard work. And nothing requires

more effort than parenthood. Hard work does not guarantee success in any endeavor,

but less than your best effort is surely an invitation for failure. We would all do

well to heed the words of King Solomon who wrote in the book of Ecclesiastes

“Whatever you find to do, do it with all your might.”

2. Live Smart. Don’t ever, ever, ever stop learning. Learn from your mistakes, you

can turn your wounds into wisdom. Choose your friends wisely. Surround yourself

with the kind of people you would like to emulate. You are Aggies, you are going

to be bosses…don’t be afraid to hire people who are smarter than you. I’ve never

taken a graduate student into my laboratory who wasn’t smarter than me. They

haven’t made me rich or famous, but I wouldn’t trade my job of teaching and

research at this university for any in the world. (There went any hope I had for

getting a raise this year.) Select your life-long mate very carefully. Marry up, as the

saying goes, and I’m not talking about money. It worked for me. The person you

will learn the most from the rest of your life is probably the person you wake up

with every morning. And besides that, your spouse will contribute the DNA that

makes your children smarter than you… and they will be…if you don’t believe

me, ask them when they are 16.

Elbert Hubbard, American essayist from some100 yrs ago said “The recipe for

perpetual ignorance is to be satisfied with your opinion and content with your

knowledge.”
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Stay informed, and weigh conflicting information wisely. Keep up with the

technical and scientific advances of the world, whether you are trained in science

or not. Your new world is a technical one and you are going to be a juror in the

court of  public opinion on many issues outside the discipline named in your

diploma.

You will decide whether stem cell research is allowed to proceed with its life

saving potential.

You will determine whether starving children in developing countries will eat

food that has been genetically modified to grow in harsh environments.

You will make political decisions to stop environmental deterioration and restrain

global warming.

Don’t make your decisions on the basis of my obvious biases. Read and learn,

and always weigh the motivation behind the source of your information.

And above all, don’t let other people do your thinking for you. I encourage

loyalty to your religion, to your country and to this great university. But blind

loyalty is wasted loyalty. Participate in shaping the future of the institutions you

hold dear, but be an informed participant.

3. Be a team player. Regardless of how hard you work, or how smart you become,

your success and happiness is going to boil down to relationships. The world has

become far too complex to go it alone. Globalization is a reality. You may spend

your working hours alone with a computer, but on the other end of that broad

band or satellite beam are real people. Whether in our professional lives or in our

personal lives, our relationships with people are the keys to our success. Of course,

developing business and personal relationships begins with our choices of associates.

But it doesn’t end there, it requires putting the success of the team ahead of

personal gratification, and that’s an Aggie tradition. In the end, team play translates

to unselfishness. It requires taking our work seriously without taking ourselves

seriously. There is no room for an overbearing ego in a team endeavor, or in any

successful relationship. Team play is a big part of your heritage as Aggies, take it

with you.

So, my three keys to success for you today are pretty simple, Work Hard, Work

Smart, and Work Together. It’s perfectly legitimate in our academic world to use

the ideas of other people, so long as we give proper credit. I told you earlier I am

an old jock and most of my personal philosophy has at one time or another been

posted on a locker room wall. Some of  you may recognize my keys to success as the

motto of our outstanding basketball coach Billy Gillispie, who demands, and I

emphasize demands, that his Aggies “Play hard, Play smart, and Play together”.

I recommend Coach Gillispie’s motto as a sound rule for a successful life. We’ve

seen it work miracles here on this floor, I believe it will work for you outside the

doors of  this arena.

Gig em’ Ags, and God Bless You.
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Sugimoto, M., Fujikawa A., Womack, J.E., Sugimoto Y.: Evidence that bovine forebrain

embryonic zinc finger-like gene influences immune response associated with

mastitis resistance. Proc Natl Acad Sci USA 103:6454-6459, 2006.

33 Book Chapters Including the Following:

Womack, J.E.: Biochemical loci: mouse. In: P.L. Altman and D.D. Katz, eds., Inbred

and Genetically Defined Strains of Laboratory Animals, Part I. Federation of

American Societies for Experimental Biology, Bethesda, pp. 96-100, 1979.

Womack, J.E.: Genetically controlled biochemical variants: rat. In P.L. Altman and

D.D. Katz, eds., Inbred and Genetically Defined Strains of Laboratory Animals,

Part I. Federation of American Societies for Experimental Biology, Bethesda.

p. 305, 1979.

Womack, J.E.: Linkage of  mammalian isozyme loci: a comparative approach.

In: M.C. Rattazzi, J.G. Scandalios, and G.S. Whitt, eds., Isozymes: Current

Topics in Biological and Medical Research, Vol. 6., Alan R. Liss, Inc., New

York, pp. 207-246, 1982.

Womack, J.E.: Post-translational modification of  enzymes: processing genes.

In: M.C. Rattazzi, J.G. Scandalios, and G.S. Whitt, eds., Isozymes: Current

Topics in Biological and Medical Research, Vol. 7., Alan R. Liss, Inc., New

York, pp. 175-186, 1983.

O’Brien, S.J., Seuanez, H.N. and Womack, J.E.: On the Evolution of Genome

Organization in Mammals. In: Molecular Evolutionary Genetics, Chapter 8,

Plenum Publishing Corp., New York, pp. 519-589, 1985.

Womack, J.E.: Gene mapping in the cow. In: R.A. McFeely, ed., Domestic Animal

Cytogenetics, Advances. Veterinary Science and Comparative Medicine,

Vol. 34. Academic Press, Orlando. pp. 251-271, 1990.

Womack, J.E.: Strategies and Technologies for Comparative Gene Mapping.

In L.B. Schook, H.A. Lewin, and D.G. McLaren, eds., Gene Mapping: Strategies,

Techniques and Applications, Marcel Dekker, Inc., New York, pp. 3-19, 1991.

Womack, J.E.: Genome Analysis in Farm Animals. In: J.P. Gustafson and R.B. Flavell,

ed., Genomes of Plants and Animals: 21st Stadler Genetics Symposium. Plenum

Press, New York, pp. 127-137, 1996.

Ryan, A.M. and Womack, J.E.: A molecular genetic approach to improved animal

health. The effect of interferon genotype on the severity of experimental
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bovine herpesvirus-1 infection. Veterinary Clinics of North America: Food

Animal Practice. Vol. 13 pp. 401-409, 1997.

Womack, J.E.: Mapping Animal Genomes. In: Advances in Veterinary Medicine,

Academic Press, Vol. 40, pp. 157-189, 1997.

Serov, O.L., Chowdhary, B., Womack, J.E, and Marshall Graves, J.A: Comparative

gene mapping, chromosome painting and the reconstruction of  the

ancestral mammalian karyotype. In: A. Ruvinsky and J. Marshall Graves, eds.,

Mammalian Genomics, pp. 349-392, 2005.

174 Invited Presentations, Symposia, Colloquia and Named Lectures Including

the Following:

Keynote Address: Abilene Christian University Science Symposium - The new

genetics: practical and ethical considerations, Abilene, TX, 1983.

Invited Seminar: “Somatic Cell and Molecular Approaches to Gene Mapping in

Cattle.” International Trypanotolerance Centra, Banjul, The Gambia, March,

1987.

Invited Symposium Presentation: “Organization of Animal Genomes: The Merger

of Cytogenetics and Molecular Biology.” American Dairy Science Association

and 5th North American Symposium on Cytogenetics of  Cell Biology of

Domestic Animals. Columbia, MO, June, 1987.

Invited Speaker: “Strategies for the Development of  a Bovine Gene Map.”

XXI International Conference on Animal Blood Groups and Biochemical

Polymorphisms. Torino, Italy, July 1988.

Invited Presentation: “Current Status of the Bovine Gene Map.” Banbury Conference

on Mapping the Genomes of Agriculturally Important Animals, Cold Spring

Harbor Laboratory, Cold Spring Harbor, NY, 1990.

Invited Lecture: “Goals for Mapping Domestic Animal Genomes.” Allerton

Conference on Mapping Domestic Animal Genomes: Needs and Opportunities,

University of Illinois, Champaign-Urbana, IL, 1990.

Invited Speaker: “Gene Mapping in Livestock.” Agriculture Canada Workshop on

Animal Gene Resources, Ottawa, Canada, November, 1990.

Invited Presentation: Status of the Bovine Gene Map Workshop on Bovine Genome:

Mapping and Trypanotolerance. Nairobi, Africa, April 1992.

Invited Speaker: “Genomic Research to Advance Animal Production.” AAAS Annual

Meeting. Chicago, IL, February, 1992.

Invited Lecture: A. L. Bortree Lecture, sponsored by the Department of  Veterinary

Science, College of  Agriculture, Penn State University, State College, PA,

February 1993.

Invited Lecture: Gene Mapping Programs and their Application to Improved Animal

Production. VII World Conference on Animal Production in Edmonton, Alberta,

Canada, June 1993.
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Invited Speaker: “Comparative mapping in Eutherian Mammals.” Symposium on

Genome Organization and Evolution in Higher Mammals. XVII International

Congress of Genetics, Birmingham, England, August 1993.

Invited Lecture: “Application of the Bovine Gene Map to Identifying Economic

Trait Loci.” Miles, Inc. Distinguished Lecture Series, Washington State

University, Pullman, WA, March/April, 1994.

Symposium Speaker: XXIV Meeting of International Society for Animal Genetics

“New Developments in Genome Mapping.” Prague, Czech Republic, July/

August 1994.

Keynote Speaker: “Comparative Genomics and Animal Improvement.” Colloquium

on the Future of Animal Genetics, U.C. Davis, March, 1995.

Invited Speaker: “Integrating the Syntenic, Physical and Linkage Maps.” USDA

Beltsville Symposium XX, Biotechnology’s Role in the Genetic Improvement of

Farm Animals, Beltsville, MD, May, 1995.

Invited Speaker: “Genome Analysis in Farm Animals.” 21st Stadler Genetics

Symposium. Columbia, MO, May, 1995.

Invited Speaker: “Current Status of Comparative Maps — Livestock.” HUGO

Comparative Genome Organization Workshop. Fraser Island, Qld. Australia,

December, 1995.

Invited Speaker: “From the Human Genome to Animal Physiology.” Banbury

Conference, Genomics to Physiology and Beyond: How Do We Get There?

Cold Spring Harbor, NY, February, 1997.

Invited Symposium Speaker: “Evolutionary Implications of Genome Mapping in

Farm Animals.” 9th International Congress on Genes, Gene Families and

Isozymes, San Antonio, April, 1997.

Invited Plenary Lecture: “High-Resolution Comparative Mapping of the Bovine

Genome.” ISAG 2000, Minneapolis, MN, July, 2000.

Invited Lecture: “Animal Genomes and Animal Genomics: What Do We Know and

Where Do We Go?” Animal Genomics 2000 Sympoisum. North Carolina

State University, Raleigh, NC, August 2000.

College of Medicine Convocation Address, Texas A&M University, College Station,

TX, October 2001.

Invited Lecture: “The Genomics Revolution: Marching into the Millennium with

the Secrets of Life.” University Distinguished Lectures Series, College Station,

TX, December 2001.

Invited Speaker: “Genomes in Animal Agriculture.” Annual Meeting of the AAAS,

Boston, MA, February, 2002.

Invited Presentation: “Comparative Genomics.” Horizons in Livestock Sciences

Conference, Queenland, Australia, May, 2003.

Invited Speaker: “Application of Comparative Gene Maps to Finding Important

Genes in Livestock.” Korean Conference on Innovation Science and Technology.

Jeju, Korea, November 2003.
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Verne Chapman Memorial: “Barnyard Genomics: Cattle and Other Domestic

Animals.” 20th International Mammalian Genome Conference, Charleston,

S.C., Nov. 2006.

Invited Presentation: The Bovine Genome Project.” US-Australia National Academies

Workshop on Animal Genomics. Irvine, CA, July 2007.

Dr. James Womack named ACU’s Outstanding Alumnus of the Year

By Tamara Thompson

On a shelf in Dr. James Womack’s modest office at Texas A&M University is a gray

book, published in 1962. Its edges are worn and its 543 pages are yellowed now,

but if not for that book and a skeptical Abilene Christian University biology professor,

the world of genetics might be very different today.

Womack (’63), a former Hawley (Texas) High School basketball star who at

5’10” made the all-state team twice and averaged 30 points a game, now chuckles

as he recalls how his career path took a sharp turn.

Planning to teach and coach, Womack entered ACU in 1959 on a basketball

scholarship, lettered four years, and captained the 1962-63 Wildcat team. By his

junior year, he decided he wanted to be a dentist instead, but lacked the biology

prerequisites. He visited Dr. James Throneberry, who taught Genetics, the only

course that didn’t interfere with basketball workouts.

“He gave me a challenge that I took very personally,” Womack says. “He said in

the first place, normally athletes didn’t pass his class, and second, that without the

prerequisites, I didn’t have a chance. But if  I wanted to fail his course, I was

welcome to sign up. With a challenge like that, I went to the bookstore and bought

the book, and to make a long story short, I just read the textbook before the first

class.”
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The textbook – which he has kept – fascinated Womack, especially a supplement

containing Nobel Prize-winning papers on the structure of DNA. “This was the

early 1960s and everything was just breaking in genetics. By the time the course

was over, I had decided I didn’t want to go to dental school,” Womack says.

Even so, he was accepted into Baylor College of  Dentistry, and the summer

after his graduation, he and his new wife, Raby (Beakley ’62), prepared to go. In

mid-August, an Abilene dentist invited Womack to come help in his office. “About

the third or fourth day of actually working with him, I came home and told Raby,

‘I can’t do this the rest of my life,’ ” Womack says, laughing. “I’ve got to pursue the

genetic stuff.”

So he stayed at ACU, teaching labs. “Throneberry became my big advocate and

helped me get in grad school and kind of pushed me on my way to becoming a

geneticist,” says Womack.

But not just any geneticist.

Now distinguished professor and director of the Center for Animal Biotechnology

and Genomics at Texas A&M, Womack has been recognized nationally and

internationally for his pioneering work in the cattle genome. Most notably, he

received the 2001 prestigious Wolf  Prize in agriculture, which many deem

equivalent to the Nobel Prize since it does not honor agriculturists.

For the past 20 years, Womack, who received his Ph.D. at Oregon State University,

has focused his research interests on mapping the bovine genome, with an emphasis

on how the genome relates to that of other mammals, especially humans and mice.

Womack has led the research in sequencing the bovine genome, on target to be

complete in early 2007. Although the actual sequencing is being done at Baylor

College of Medicine’s Human Genome Center, it is the culmination of his work

with the bovine genome and believed to be his finest accomplishment.

“In the last year, seeing the sequence published has been very rewarding to

me,” Womack says. “I had no idea when we started building maps of the cattle

genome that we would ever, in my lifetime, see the complete sequence.” He credits

advances in technology for making the sequencing happen faster than anticipated.

“The practical applications of my research are mostly in disease resistance. I’m

interested in why individuals, whether they be cattle or humans, … respond

differently to pathogens, whether they be bacterial, viral, parasites, whatever,”

Womack says, explaining that when the genetic causes for these differences are

determined, proper treatment will follow.

“The practical goal of my research is to be able to understand these individual

differences, so that whether it be veterinary medicine or human medicine, we can

use genomic information to better treat infectious diseases,” Womack adds.

Citing Womack’s work, the Wolf Prize selection panel noted, “Dr. Womack has

provided the foundation for the development of marker-assisted selections in cattle,

comparing the bovine and human genomes within the bovine genetic map … A
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whole new generation of scientists will use techniques provided by Womack to

clone the genes affecting economically important traits in mammals.”

As a result of his work, Womack believes in a decade or so, “we’re going to

have genetic markers in cattle, for example, so that we can identify with a little

DNA test which cattle will be susceptible to a particular disease, a particular

parasite, which one is more likely to be infected with mastitis … That’s probably

the biggest goal of my research, to be able to offer some avenues to genetically

select animals that don’t require the antibiotics, animals that don’t require the

pesticides in use today.”

In addition to the Wolf Prize, Womack received the 1996 Outstanding Texas

Geneticist Award from the Texas Genetic Society, the CIBA Prize for Research in

Animal Health (awarded from Switzerland), the Carrington Award for Research in

Cell Biology, the Beecham Award for Research Excellence, and two Distinguished

ACU Alumni Citations. In 1999, he was named to the prestigious National Academy

of Sciences. He has lectured in 16 countries, published more than 300 peer-

reviewed articles in scientific journals, and served as president of the International

Society for Animal Genetics, the American Genetics Association, and the Texas

Genetics Society.

“He is known as the bovine genome leader in the whole world. Everyone looks

to him … and respects him for that,” says Dr. Joe Templeton (’64), professor of

genetics and pathobiology at Texas A&M and a former ACU and Oregon State

classmate. “Scientifically his credentials are sparkling, but he’s still a Christian, no

matter what award he’s received or what he’s recognized for.”

As a scientist and a Christian, Womack finds discussions on creation inevitably

arise. He likes to make a distinction between how and why.

“I believe that our presence here as humans is by God’s design, and I believe

we’re different from other animals,” he says. “If  that’s what intelligent design

means, I’m 100 percent in that camp. But what I hear are people saying that

intelligent design is a science – in our schools we should be teaching biology as

intelligent design – and I don’t go that far. I think biology has to be taught as

biology, and math as math, and physics as physics … So I hold intelligent design as

a theology very strongly, but I don’t believe it’s a substitute for hard science … I

don’t think any of our sciences tell us why we’re here – but I don’t think we can

learn anything about how we’re here by either a creationist or an intelligent design

approach to biology.”

“Because we had the same undergraduate institution and were both at A&M,

we had a lot of discussions about where science and religion fit in,” says Caird

(Eugene ’93) Rexroad, one of two ACU graduates to do doctoral studies under

Womack at Texas A&M, and now a molecular biologist with the USDA in Virginia.

“One thing about Jim is he never wanted to and doesn’t like to push his philosophies

on people. He has a way of asking the right questions to get somebody to think and

consider all options.”
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Despite Womack’s success, “he’s never forgotten where he came from, and

things that were important to him before he was successful still are,” says Templeton.

Church and family are two of those things. Womack and his wife have been

members of the A&M Church of  Christ since moving to College Station in 1977,

and he has served as a deacon for 20 years. The couple lives in College Station and

maintains a 100-acre farm near Wheelock with 30 cows, one bison and two

horses. He and Raby, a retired second-grade teacher, built a log cabin there they

plan to expand and eventually move into when he retires. It will be close to their

daughter, Wendy (Womack ’90) Faltys, a nurse in Franklin, and their son, James

Michael Womack (’90), a business owner in Austin.

Throughout his years at A&M, Womack has not only influenced the future of

genetics, but also the lives of future geneticists. More than 30 graduate students

such as Rexroad did their doctoral studies under Womack’s tutelage and have gone

on to successful careers in genetics.

In late April, his former graduate students will hold a symposium at A&M

sharing how Womack’s influence, in and out of  the lab, benefited their careers. It

will be a time to celebrate, once again, the spark ignited in a young man by a book

and a challenge.

Reprinted by permission from Abilene Christian University’s ACU Today Magazine,

Winter 2007 issue — photo by Bill Albrecht/Abilene Christian University.
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Fuller W. Bazer
Texas Agricultural Experiment Station

Texas A&M University, College Station, Texas, USA

k

2002/3 — for discoveries of
Interferon-t and other pregnancy-
associated proteins, which clarified
the biological mystery of signaling
between embryo and mother to
maintain pregnancy, with profound
effects on the efficiency of animal
production systems, as well as
human health and well-being.

Among his key discoveries, Bazer isolated a uterine protein called uteroferrin and

identified that it is a hematopoietic growth factor that influences the survival

of the neonate and may be useful in treating diseases, such as leukemia and

osteoporosis.

Bazer determined that estrogen in pigs and interferon-t in ruminant species,

are the signals for pregnancy maintenance. The ability of interferon-t to suppress

transcription of the estrogen receptor gene, provides a model for potential treatment

of estrogen-dependent tumors.

F.W. Bazer exemplifies how devotion to basic research in agriculture can lead

to practical outcomes that impact both animal production, as well as human

health and well-being.

KEY SCIENTIFIC PAPERS

1975 Bazer FW. Uterine protein secretions. J Anim Sci. 41:1376-1382.

1977 Bazer FW, Thatcher WW. Theory of maternal recognition of pregnancy in

swine based on estrogen controlled endocrine versus exocrine secretion of

prostaglandin F2 by the uterine endometrium. Theriogenology 14:397-401.
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1979 Bazer FW, Roberts RM, Basha SMM, Zavy MT, Caton D, Barron DH. Study

of  ovine uterine secretions obtained from unilaterally pregnant ewes.

J Anim Sci 49:1522-1527.

1986 Bazer FW, Vallet JL, Roberts RM, Sharp DC, Thatcher WW. Role of conceptus

secretory products in the establishment of  pregnancy. J Reprod Fertil

76:841-850.

1989 Vallet JL, Bazer FW. The effect of ovine trophoblast protein-1, oestrogen

and progesterone on oxytocin-induced phosphatidylinositol turnover in

endometrium of sheep. J Reprod Fertil 87:755-761.

1990 Mirando MA, Henry JP, Beers S, Pontzer CH, Torres BA, Johnson HM, Bazer

FW. Onset of  secretion of  protein with antiviral activity in pig conceptuses.

J Reprod Fertil 88:197-203.

1991 Bazer FW, Worthington-White D, Fliss MFV, Gross S. Uteroferrin: A

progesterone-induced hematopoietic growth factor of  uterine origin.

J Exp Hematol 1991; 19:910-915.

1994 Harney JP, Smith LC, Simmen RCM, Fliss AE, Bazer FW. Retinol-binding

protein immunolocalization of  protein and abundance of  messenger

ribonucleic acid in conceptus and maternal tissues during pregnancy in

pigs. Biol Reprod 50:1126-1135.

1996 Spencer TE, Bazer FW. Ovine interferon tau suppresses transcription of the

estrogen receptor and oxytocin receptor genes in the ovine endometrium.

Endocrinology 137:1144-1147.

1996 VanHeeke G, Ott TL, Strauss A, Ammaturo D, Bazer FW. High yield

expression and secretion of  the pregnancy recognition hormone

ovine-τ interferon by Pichia pastoris. J Interferon Res 16:119-126.

1997 Laurenz JC, Hadjisavas M, Chovanic GW, Bazer FW. Myelosuppression in

the pig (Sus scrofa): Uteroferrin reduces the myelosuppressive effects of

5-flourouracil in young pigs. Comp Biochem Physiol 116A:369-377.

1998 Spencer TE, Ott TL, Bazer FW. Expression of  interferon regulatory factors

one and two in the ovine endometrium: Effects of pregnancy and ovine

interferon tau. Biol Reprod 58:1154-1162.

1998 Tuo W, Brown WC, Rogers E, Zhu D, Lin G, Smith R, Bazer FW. Trophoblast

IFN-τ differentially induces lymphopenia and neutropenia in lambs.

J Interferon Cytokine Res 18:731-737.

1999 Johnson GA, Spencer TE, Burghardt RC, Bazer FW. 1999. Ovine osteopontin:

I. Cloning and expression of  mRNA in the uterus during the peri-

implantation period. Biol Reprod 61: 884-891.

1999 Johnson GA, Burghardt RC, Spencer TE, Newton GR, Ott TL, Bazer FW.

1999. Ovine osteopontin: II. Osteopontin and αvβ3 integrin expression in

the uterus and conceptus during the peri-implantation period. Biol Reprod

61:892-899.
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2000 Chen C, Spencer TE, Bazer FW. 2000. Expression of  hepatocyte

growth factor and its receptor c-met in the ovine uterus. Biol Reprod.

62:1844-1850.

2000 Chen C, Spencer TE, Bazer FW. 2000. Fibroblast growth factor-10: A stromal

mediator of epithelial function in the uterus and conceptus. Biol Reprod.

63:959-966.

2000 Ka H, Spencer TE, Johnson GA, Bazer FW. 2000. Keratinocyte growth factor:

Expression by endometrial epithelia of the porcine uterus. Biol Reprod.

62:1772-1778.

2001 Ka H, Jaeger LA, Johnson GA, Spencer TE, Bazer FW. Keratinocyte growth

factor in up-regulated in the porcine uterine endometrium and functions

in trophectoderm cell proliferation and differentiation. Endocrinology 2001;

142:2303-2310.

2001 Choi Y, Johnson GA, Burghardt RC, Berghman LR, Joyce MM, Taylor KM,

Stewart MD, Bazer FW, Spencer TE.Interferon regulatory factor-two

restricts expression of interferon-stimulated genes to the endometrial

stroma and glandular epithelium of the ovine uterus. Biol Reprod. 2001;

65:1038-1049.

2002 Gray CA, Burghardt RC, Johnson GA, Bazer FW, Spencer TE. Evidence that

an absence of  endometrial gland secretions in uterine gland knockout

(UGKO) ewes compromises conceptus survival and elongation. Reproduction

2002; 124:289-300.

2005 Fleming JGW, Spencer TE, Safe SH, Bazer FW. The ovine uterine oxytocin

receptor gene: Regulation of expression by estradiol and role of interferon

tau signaling for establishment of pregnancy in ruminants. Endocrinology

2005; 147(2):899-911.

2005 Song G, Spencer TE, Bazer FW. Cathepsins in the ovine uterus: regulation

by pregnancy, progesterone and interferon tau. Endocrinology 2005;

146:4825-4833.

2007 Ka H, Al-Ramadan S, Johnson GA, Jaeger LA, Burghardt RC, Spencer TE,

Bazer FW. Regulation of  Fibroblast Growth Factor-7 Expression by

Progesterone and Estradiol-17β and Their Receptors in the Porcine

Endometrium. Biol Reprod 2007: 172-180.
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BIOLOGY OF REPRODUCTION 61, 884–891 (1999)

Ovine Osteopontin: I. Cloning and Expression of Messenger Ribonucleic Acid in the
Uterus During the Periimplantation Period1

Greg A. Johnson,3,5 Thomas E. Spencer,3,5 Robert C. Burghardt,4,5 and Fuller W. Bazer2,3,5

Departments of Animal Science3 and Veterinary Anatomy & Public Health,4 Center for Animal Biotechnology and
Genomics,5 Institute of Biosciences and Technology, Texas A&M University System Health Science Center, College
Station, Texas 77843-2471

ABSTRACT

Trophoblast-derived interferon tau (IFN�) acts on the endo-
metrium to increase secretion of several proteins during the
pregnancy recognition period in ruminants. One of these is a
70-kDa acidic protein that has not been identified. Our hypoth-
esis was that the 70-kDa acidic protein is osteopontin (OPN).
OPN is an acidic glycoprotein that fragments upon freezing and
thawing or treatment with proteases including thrombin. OPN
contains a Gly-Arg-Gly-Asp-Ser (GRGDS) sequence that binds
to cell surface integrins to promote cell-cell attachment and cell
spreading. Using antisera to recombinant human OPN, both 70-
kDa and 45-kDa proteins were identified in uterine flushings
from pregnant ewes by Western blotting. A clone containing the
entire ovine OPN cDNA coding sequence was isolated by
screening a Day 15 pregnant ovine endometrial cDNA library
with a partial ovine OPN cDNA. In pregnant ewes, steady-state
levels of OPN endometrial mRNA increased (P � 0.01) after Day
17. In both cyclic and pregnant ewes, in situ hybridization anal-
ysis showed that OPN mRNA was localized on unidentified im-
mune cells within the stratum compactum of the endometrium.
In pregnant ewes, OPN mRNA was also expressed by the glan-
dular epithelium. Results suggest that progesterone and/or IFN�
induce expression and secretion of OPN by uterine glands dur-
ing the periimplantation period and that OPN may induce ad-
hesion between luminal epithelium and trophectoderm to facil-
itate superficial implantation.

INTRODUCTION

Ruminants are spontaneous ovulators that undergo uter-
ine-dependent estrous cycles until a viable conceptus pro-
duces interferon tau (IFN�), the signal for maternal recog-
nition of pregnancy. Ovine IFN� is secreted by the concep-
tus trophectoderm between Days 10 and 21 of gestation and
blocks transcription of genes for ER and OTR in sheep
uterine epithelium [1]. These events attenuate pulsatile re-
lease of PGF, prevent regression of the CL, and ensure
maintenance of a progestational environment that is re-
quired for endometrial support of superficial implantation,
placentation, and fetal/placental development.

In addition to signaling pregnancy recognition, IFN� in-
creases secretion of several endometrial proteins. These
proteins are hypothesized to support conceptus develop-
ment during the periimplantation period [2]. Specifically,
they may act as nutrients, growth factors, immunomodu-
latory proteins for protection against conceptus allograft re-
jection, protease inhibitors, enzymes, or molecules that pro-

Accepted May 24, 1999.
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R.C.B.
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Center for Animal Biotechnology and Genomics, 442D Kleberg Center,
Texas A&M University, College Station, TX 77843-2471. FAX: 409 862
2662; e-mail: fbazer@cvm.tamu.edu

mote adhesion between conceptus trophectoderm and uter-
ine LE. The secretion of at least 11 endometrial proteins is
known to be up-regulated by IFN� [3], including 1) �2 mi-
croglobulin [4], 2) ubiquitin cross-reactive protein [5], 3)
granulocyte chemotactic protein-2 [6], 4) Mx [7], and 5)
2�,5�-oligoadenylate synthetase [8]. Another unidentified,
secreted 70-kDa protein has a pI of approximately 4 [3].

Osteopontin (OPN), also known as the early T-cell ac-
tivation-1 (Eta-1) cytokine, is a 70-kDa, acidic (pI 4–5)
glycoprotein [9, 10]. Upon freezing and thawing or treat-
ment with proteases, the 70-kDa protein gives rise to 45-
kDa and 24-kDa fragments [11]. OPN has been localized
to the LE of both mouse and human uterine endometrium
[12, 13] and is secreted by a number of tissues [13–15].
OPN/Eta-1 binds sheep red blood cell (SRBC) glycophorin
and inhibits the ability of SRBC to interact with mouse T-
lymphocytes that express surface receptors specific for
SRBC glycophorin [11]. This rosette inhibition activity has
been used as an indicator of a viable conceptus [16] and is
attributed to early pregnancy factor (EPF) [17, 18].

Our hypothesis was that the 70-kDa IFN�-regulated pro-
tein was OPN. Therefore, the objectives were to determine
1) if OPN was secreted into the uterine lumen of pregnant
ewes, 2) clone a full-length ovine OPN cDNA, and 3) de-
termine temporal and spatial alterations in OPN mRNA ex-
pression during the ovine estrous cycle and early pregnancy.

MATERIALS AND METHODS

Animals

All experimental and surgical procedures involving an-
imals were approved by the Agricultural Animal Care and
Use Committee, Texas A&M University (Animal Use Pro-
tocols 7-286 and AG-239AG).

Mature western-range ewes of primarily Rambouillet
breeding were observed daily for estrous behavior in the
presence of vasectomized rams. After experiencing at least
two estrous cycles of normal duration (16–18 days), ewes
were assigned randomly on Day 0 (estrus/mating) to cyclic
or pregnant status. Ewes assigned to pregnant status were
mated to intact rams three times at 12-h intervals beginning
at estrus. Fifty-two ewes were ovariohysterectomized (n �
4 ewes/day) on Day 1, 3, 5, 7, 9, 11, 13, or 15 of the estrous
cycle or Day 11, 13, 15, 17, or 19 of gestation. At hyster-
ectomy, uteri (excluding those from Day 19) were flushed
with 0.9% NaCl, and flushes were frozen at �80�C. Preg-
nancy was verified by recovery of an apparently normal
conceptus in uterine flushes. Several sections (1–1.5 cm) of
uterine wall from the middle of each uterine horn were
fixed in fresh 4% paraformaldehyde in PBS (pH 7.2). After
24 h, fixed tissues were changed to 70% ethanol for 24 h
and then embedded in Paraplast-Plus (Oxford Labware, St.
Louis, MO). The remaining endometrium was physically

The above article is reprinted with permission from the Society for the Study of Reproduction, Inc.
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separated by dissection from myometrium, frozen in liquid
nitrogen, and stored at �80�C.

Western Blot Analysis

Uterine flushings from cyclic and pregnant ewes were
dialyzed against 3 liters of cold dialysis buffer (10 mM Tris,
pH 8.2) in Spectrapor 3 dialysis membrane (cutoff, Mr
3500; Spectrum, Houston, TX) for 24 h with stirring at 4�C.
Dialysis buffer was changed three times. Samples were then
concentrated by snap-freezing in liquid nitrogen followed
by lyophilization. Proteins were then resuspended in 10
mM Tris (pH 8.2). Endometrium was thawed and imme-
diately homogenized in extraction buffer (10 mM Tris [pH
7], 1 mM EDTA, 1 mM dithiothreitol [DTT], 100 �g/ml
PMSF) at a ratio of 1 g tissue per 5 ml buffer. Homogenates
were sonicated for 30 sec with a Mini Ultrasonic Cell Dis-
rupter (Sonics & Materials, Inc., Danbury, CT) and clarified
by centrifugation (10 000 	 g for 15 min at 4�C). Concen-
trations of protein in dialyzed uterine flushings and endo-
metrial extracts were determined using a Bradford protein
assay (Bio-Rad Laboratories, Hercules, CA) with BSA as
the standard. Proteins in uterine flushings (8 �g) and uterine
extracts (120 �g) were denatured in Laemmli buffer, sep-
arated on 10% (total monomer) 1D or 2D-SDS-PAGE and
transferred to nitrocellulose [19]. Blots were blocked over-
night in TBST (20 mM Tris [pH 7.5], 137 mM NaCl, 0.05%
Tween-20) containing 5% dried milk. Blots were washed
three times for 5 min each in TBST and then incubated
with a cocktail containing rabbit anti-human OPN IgG (LF-
123 and LF-124; 5 �g/ml) [20], or normal rabbit serum (5
�g/ml) in TBST containing 2% dried milk while rocking
overnight at 4�C. Blots were then washed three times for
10 min each in TBST with goat anti-rabbit IgG-horseradish
peroxidase conjugate (1:15 000 dilution of 1 mg/ml stock;
KPL, Bethesda, MD) for 1 h at room temperature while
rocking. Blots were washed three times for 10 min each in
TBST, and immunoreactive proteins were detected using
enhanced chemiluminescence (Amersham Life Sciences,
Arlington Heights, Rochester, NY).

Cloning of Partial Ovine OPN cDNA

The bovine OPN sequence [21] was used to derive a
forward primer beginning at base 225 (5�-TGATGATAA-
CAGCCAGGACGA-3�) and a reverse primer beginning at
base 500 (5�-GTGAAGTCCTCCTCTGTGGC-3�). A 291-
base pair (bp) OPN cDNA fragment was then amplified by
polymerase chain reaction (PCR) from a Day 15 pregnant
ovine endometrial cDNA library (Lambda ZAP II library;
Stratagene Cloning Systems, La Jolla, CA) as described
previously [22, 23]. The 291-bp OPN cDNA was then
cloned into the pCR-II vector (InVitrogen, Carlsbad, CA)
and sequenced.

cDNA Library Screening

A Day 15 pregnant ovine endometrial Lambda Zap II
cDNA library (Stratagene) was screened with the partial
ovine OPN cDNA using standard methods [22]. Positive
plaques from the initial library screen were subsequently
rescreened three times until plaque pure. One clone (10.2.1)
containing the entire ovine OPN cDNA coding region was
sequenced in both directions using forward and reversed
primers as well as internal primers.

Northern Blot Analysis

Total cellular RNA was isolated from cyclic and preg-
nant endometrial samples using the Trizol reagent (Gibco-
BRL, Grand Island, NY). The quantity of RNA was as-
sessed spectrophotometrically, and integrity of RNA was
examined by gel electrophoresis in a 1% denaturing agarose
gel [22]. Total RNA (20 �g) was loaded onto a 1.2% aga-
rose gel, electrophoresed, and transferred to a 0.2-�m nylon
membrane as previously described [23]. The Northern blot
was then hybridized with a radiolabeled antisense cRNA
probe generated from linearized ovine OPN (10.2.1) plas-
mid template, washed and visualized by autoradiography
for 16 h at �80�C (X-OMAT AR Film; Kodak, Rochester,
NY) as previously described [23]. The antisense OPN
cRNA probe was made against the OPN 10.2.1 plasmid
template in pCR-II, linearized by restriction with NotI, us-
ing T7 RNA polymerase, [
-32P]UTP (Amersham), and the
Riboprobe Gemini kit (Promega, Madison, WI).

Slot Blot Hybridization Analysis

Steady-state levels of OPN mRNA were measured in
cyclic and pregnant endometrial samples using slot blot hy-
bridization analysis. For each ewe, denatured total cellular
RNA (20 �g) was hybridized with radiolabeled antisense
cRNA probes generated by in vitro transcription with [
-
32P]UTP (Amersham) as described above. Plasmid tem-
plates for ovine OPN (10.2.1) and 18S rRNA (pT718S;
Ambion, Austin, TX) were used. The radioactivity in each
slot was quantitated using an Instant Imager (Packard In-
struments, Meridan, CT) and expressed as total counts.

In Situ Hybridization Analysis

The OPN mRNA was localized in uterine tissue sections
by in situ hybridization analysis. Uterine tissue sections
were deparaffinized in xylene and then rehydrated to water
through a graded series of alcohol. Tissue sections were
postfixed in 4% paraformaldehyde in PBS and then digest-
ed with Proteinase K (20 �g/ml) in PK digestion buffer (50
mM Tris, 5 mM EDTA, pH 8) for 8 min at 37�C. Sections
were then refixed for 5 min in 4% paraformaldehyde, rinsed
twice for 5 min each in PBS, dehydrated through a graded
series of alcohol, and then dried at room temperature for
30 min. Sections were hybridized with radiolabeled anti-
sense or sense cRNA probes generated from a linearized
ovine OPN (10.2.1) plasmid template using in vitro tran-
scription with [
-35S]UTP (specific activity: 3000 Ci/mmol;
Amersham). Antisense and sense cRNA probes were made
from the OPN 10.2.1 plasmid restricted with XhoI and T3
RNA polymerase for sense and restricted with NotI and T7
RNA polymerase for antisense. Radiolabeled cRNA probe
(5 	 106 cpm/slide) was denatured in 75 �l hybridization
buffer (50% formamide, 0.3 M NaCl, 20 mM Tris-HCL [pH
8], 5 mM EDTA [pH 8], 10 mM sodium phosphate [pH 8],
single-strength Denhardt’s, 10% dextran sulfate, 0.5 mg/ml
yeast RNA, 100 mM DTT) at 70�C for 10 min. Hybridiza-
tion solution was applied to the middle of each slide and a
coverslip placed gently on top. Slides were then incubated
in a humidified chamber containing 50% formamide/5-
strength SSC and hybridized overnight at 55�C. Coverslips
were removed by placing slides in 5-strength SSC/10 mM
�ME for 30 min at 55�C. Sections were then washed as
follows: 50% formamide/double-strength SSC/50 mM
�ME for 20 min at 65�C; single-strength TEN (0.05 M
NaCl/10 mM Tris [pH 8]/5 M EDTA) for 10 min at room
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FIG. 1. Detection of OPN in ovine uterine flushings from Day 15 of the
estrous cycle and pregnancy using Western blotting. Each lane represents
proteins in uterine flushings from different ewes. Immunoreactive proteins
were detected using either polyclonal rabbit anti-human OPN IgG or rab-
bit immunoglobulin (rIgG). Positions of prestained molecular weight stan-
dards are indicated on the left. Immunoreactive OPN was greater in uter-
ine flushings from pregnant compared to cyclic ewes.

temperature; and then three times in single-strength TEN
for 10 min at 37�C. Sections were then digested with DN-
ase-free RNase (10 �g/ml) in single-strength TEN for 30
min at 37�C to remove nonspecifically bound probe and
washed as follows: single-strength TEN for 30 min at 37�C;
50% formamide/double-strength SSC/50 mM �ME for 20
min at 65�C; double-strength SSC for 15 min at room tem-
perature; 0.1-strength SSC for 12 min at room temperature;
70% ethanol containing 0.3 M ammonium acetate for 5 min
at room temperature; 95% ethanol containing 0.03 M am-
monium acetate for 1 min at room temperature; twice in
100% ethanol; and three times in single-strength TEN for
10 min at 37�C. Liquid film emulsion autoradiography was
performed using Kodak NTB-2 liquid photographic emul-
sion [22]. Slides were stored at 4�C for 5 days, developed
in Kodak D-19 developer, counterstained with Harris’ mod-
ified hematoxylin in acetic acid (Fisher, Fairlawn, NJ), de-
hydrated through a graded series of alcohol to xylene, cov-
erslipped, and evaluated by both brightfield and darkfield
microscopy with a Zeiss Photomicroscope III (Carl Zeiss
Inc., Thornwood, NY).

Stainsall Detection of OPN Protein

Endometrium was thawed and homogenized, and the con-
centration of protein was determined as described for Western
blotting. Protein (120 �g) in endometrial extracts was dena-
tured in Laemmli buffer and separated in 10% gels by two-
dimensional (2D) SDS-PAGE. After electrophoresis, gels
were fixed (10% acetic acid:45% methanol:45% H2O) for 1
h at room temperature, and then soaked in 50% methanol:
50% H2O for 4 h with two changes of this solution to remove
acetic acid. Phosphoproteins were detected by staining over-
night at room temperature (in the dark) with Stainsall [24]: 5
mg Stainsall (1-ethyl-2-[3-(1-ethylnaphtho[1,2-D]thiazolin-2-
ylidene)-2-methylpropenyl]naphtho-[1,2-D]thiazolium bro-
mide; Sigma, St. Louis, MO) in 5 ml formamide, 25 ml iso-
propanol, 0.5 ml 3 M Tris-HCl (pH 8.8), and 69.5 ml H2O.
Gels were then soaked in 40% methanol/60% H2O, placed on
a gel light-box, and photographed through transmitted white
light.

Statistical Analysis

Data were subjected to least-squares analysis of variance
(ANOVA) using the general Linear Models (GLM) proce-
dures of the Statistical Analysis System (Users guide 1990,
Ver. 6; SAS Institute, Cary, NC). Slot blot hybridization
data (total counts) were adjusted for differences in sample
loading using the 18S rRNA data as a covariate [25]. All
tests of statistical significance were performed using the
appropriate error terms according to the expectation of
mean squares. Data are presented as least-square means
(LSM) with standard errors (SE).

RESULTS

Western blot analyses of ovine uterine flushings from
Day 15 cyclic and pregnant ewes indicated the presence of
70-kDa and 45-kDa immunoreactive proteins (Fig. 1). The
amount of immunoreactive 70-kDa and 45-kDa proteins
was greater in uterine flushings from pregnant as compared
to cyclic ewes.

Hybridization and screening of the ovine endometrial
cDNA library with the 291-bp ovine OPN cDNA fragment
resulted in isolation of 20 positive plaques. Several plaques
were purified and cDNA inserts recovered by self excision.

One clone, found to be large enough to potentially contain
the entire coding sequence, was sequenced in both direc-
tions and the nucleotide sequence for ovine OPN cDNA
(clone 10.2.1) is shown in Figure 2. The inferred amino
acid sequence predicts that ovine OPN is a single chain
protein of 278 amino acids with a hydrophobic leader se-
quence of 16 amino acids characteristic of secreted pro-
teins. Ovine OPN contains 1) a potential calcium phosphate
apatite binding region of consecutive Asp residues begin-
ning at amino acid 86, 2) a cell-attachment Gly-Arg-Gly-
Asp-Ser (GRGDS) sequence (residues 151–155), 3) a
thrombin KS cleavage site (residues 161 and 162), and 4)
two glutamines that are recognized substrates for transglu-
taminase in other species.

Nucleotide and amino acid similarities of ovine OPN
with bovine, rat, mouse, and porcine OPN are summarized
in Table 1. Sequences that are highly conserved in all of
these species include 1) four of the 9 or 10 residues in the
poly-Asp region, 2) the GRGDS, 3) 15 serines that include
an SSEEK sequence (residues 26–30), 4) three threonines
(residues 131, 140, and 145), 5) an NES sequence (residues
79–81), and 6) glutamines at positions 50 and 52. A feature
of the ovine OPN sequence, shared with bovine OPN only,
is deletion of 22 amino acids that would otherwise be in-
serted between residues 196 and 197. Also, ovine and bo-
vine OPN have a KS, rather than RS putative thrombin
cleavage site.

The OPN cDNA detected a �1-kilobase (kb) mRNA in
Northern blot analysis of ovine endometrial total RNA (Fig.
3A). The amount of OPN mRNA increased in pregnant
ewes. Steady-state levels (Fig. 3B) did not increase in cy-
clic ewes but did increase in pregnant ewes after Day 17
(P � 0.05).

In situ hybridization analysis of cyclic and pregnant uteri
revealed two distinct patterns of OPN mRNA expression
(Fig. 4). During the estrous cycle and early pregnancy, ex-
pression of transcript was observed in a small percentage
of cells scattered throughout the endometrium. The cells
that expressed OPN mRNA became concentrated in the
stratum compactum immediately beneath the LE on Days
1, 5, and 7 of the estrous cycle. This expression was inter-
mittent, and extended along only a small percentage of the
total circumference of the uterine wall. In pregnant ewes,
OPN mRNA was present in the GE, where expression was
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FIG. 2. Nucleotide and inferred amino acid sequences of ovine OPN
(GenBank accession number AF152416). Nucleotides are numbered to
the left, and amino acids are numbered to the right. The hydrophobic
leader sequence, GRGDS (sequence for cell attachment), KS (sequence
for thrombin cleavage), polyaspartic acid domain, substrates for transglu-
taminase (glutamines), and polyadenylation site are shaded.

TABLE 1. Nucleotide and amino acid similarities of ovine OPN with
bovine, rat, mouse, and porcine OPN.

Source

Sequence similarities (%)

Nucleotide Amino acid
GenBank

accession No.

Bovine
Human
Rat
Mouse
Porcine

95.2
67.3
61.5
53.6
73.1

91.7
57.0
51.4
53.2
63.8

M66236
J04765
AB001382
J04806
X16575

FIG. 3. Detection of OPN mRNA in ovine endometrium. A) Northern
blot analyses of OPN mRNA (20 �g/lane) in ovine endometrium from
cyclic (C) and pregnant (P) ewes. Endometrial OPN mRNA (�1 kb) in-
creased during early pregnancy. B) Steady-state levels of OPN mRNA in
ovine endometrium during the estrous cycle and pregnancy. There was a
day 	 pregnancy status interaction (P � 0.05) and, within pregnant ewes,
there was an effect of Day (P � 0.05).

first detected in some ewes on Day 13 of pregnancy. Ex-
pression of OPN mRNA by GE increased markedly in all
ewes between Days 15 and 19 of pregnancy. However, the
temporal rise in glandular OPN mRNA varied between
ewes. Day 19 conceptuses did not express OPN mRNA
(Fig. 4).

Western blot and Stainsall analysis of endometrial pro-
teins from Day 17 pregnant ewes separated by 2D-PAGE
detected a 70-kDa protein (Fig. 5). Western blots were per-
formed using affinity purified rabbit polyclonal antibody
raised against recombinant human OPN (rhOPN), whereas
the Stainsall reagent stains phosphoproteins and is estab-
lished as the method of choice for detection of OPN [24,
26, 27]. The stained protein exhibited a range (�5–6) of
isoelectric species (Fig. 5).

DISCUSSION

This is the first report of OPN expression and secretion
by the ovine uterus. Prior to these studies, it was hypoth-
esized that OPN was the IFN�-regulated acidic 70-kDa se-
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FIG. 4. In situ hybridization analysis of OPN mRNA in ovine endometrium during the estrous cycle (this page, C panels) and pregnancy (opposite
page, P panels). C panels) Corresponding brightfield and darkfield images of endometrium in cycling animals. Note OPN transcript in scattered cells
immediately beneath LE on Days 1, 5, and 7 of the estrous cycle (1C, 5C, 7C) and the decline in number of these cells later in the cycle. A representative
section from Day 1 hybridized with radiolabeled sense cRNA probe (1CS) serves as a negative control. P panels) Brightfield and darkfield images of
endometrium in pregnant animals. Note that OPN transcript appears in GE and increases during pregnancy but is absent in the Day 19 conceptus (19P,
TR). A representative section from Day 19 of pregnancy hybridized with radiolabeled sense cRNA probe (19PS) serves as a negative control. All sections
represent examples of maximal OPN mRNA expression for each day observed. LE, Luminal epithelium; GE, glandular epithelium; S, stroma; TR,
trophectoderm. 	60.
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FIG. 4. Continued.

FIG. 5. Detection of OPN (10% 2D-
PAGE) in Day 17 pregnant ovine endome-
trial extracts (120 �g total protein) with
Stainsall and Western blotting. Positions of
prestained molecular weight standards are
indicated on the left. The isoelectric vari-
ants are most likely the result of variable
degrees of posttranslational modification of
a single protein. OPN extracted from rat
bone matrix is also heterogenous with re-
spect to phosphorylation [45]. OPN was
the only endometrial protein that stained
with Stainsall on these gels.

cretory protein. This hypothesis was reinforced by the pres-
ence of increased OPN protein in uterine flushings from
pregnant ewes. However, when endometrial protein extracts
from Day 17 pregnant ewes were examined by 2D-PAGE,
the 70-kDa OPN protein exhibited a number of isoelectric
variants ranging in pI from 5–6. Because the IFN�-regu-
lated 70-kDa protein has a single pI of 4, identification of
this protein as OPN is questionable.

The cDNA sequence for ovine OPN shares high homol-
ogy with those for other mammalian species [28–31] and
is most similar to bovine OPN (91.7% amino acid sequence
similarity) [21]. Features of OPN are that it 1) is a glyco-
sylated phosphoprotein, 2) contains an RGD peptide inte-
grin binding sequence, 3) is secreted, and 4) is susceptible
to cleavage by proteases [9]. The inferred OPN amino acid
sequence is consistent with these properties. Ovine OPN
has a 16 amino acid hydrophobic signal peptide, GRGDS
cell attachment and KS thrombin cleavage sites, 41 serines
of which 13 phosphoserines are found in the same location
in all species, and three threonine O-glycosylation sites as
well as a potential N-glycosylation (NES) site.

Consistent with the presence of OPN protein in uterine

flushings, steady-state levels of endometrial OPN mRNA
increased during pregnancy. In situ hybridization analysis
indicated an increase in OPN mRNA in the GE of some
pregnant ewes as early as Day 13, and all ewes by Day 19.
In cyclic and pregnant ovine uteri, OPN mRNA was local-
ized to different cell types. In cyclic ewes, OPN mRNA
was detected in scattered immune cells that represent a
small percentage of total cells in the endometrium. Secre-
tion of OPN by these cells may be responsible for the pres-
ence of the 70- and 45-kDa OPN forms in uterine flushings
from cyclic ewes. In pregnant ewes, there was significant
induction of OPN gene transcript in GE. This increase of
GE expression is likely responsible for increased OPN pro-
tein in uterine flushings from pregnant ewes.

Pregnancy-specific expression of OPN mRNA in ovine
uterine epithelial cells is not surprising. In humans, OPN
mRNA has been localized to luminal epithelial cells of the
gastrointestinal tract, gall bladder, pancreatic ducts, distal
tubules of the kidney, lung, thyroid, GE of the breast, mu-
cinous epithelium of the endocervix, and fallopian tubes
[13]. The secretory phase glands of both nonpregnant and
pregnant human uteri express OPN [13, 32]. In mice, the
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uterine epithelium, adjacent to deciduoma elicited in pseu-
dopregnant females, expresses OPN, while the epithelium
in the contralateral horn does not [12]. Results of the pres-
ent study indicate that OPN mRNA is not present in LE or
the conceptus but restricted to the endometrial glands of
Day 13–19 pregnant ewes.

The role of OPN during the estrous cycle is unknown.
The OPN-positive cells in uterine stroma are probably im-
mune cells because 1) OPN/Eta-1 has been cloned and se-
quenced from activated T helper lymphocytes [33] and may
be the most abundant protein secreted by various T lym-
phocyte populations [11, 34, 35]; 2) OPN/Eta-1 is ex-
pressed by monocytes and macrophages after tissue injury
[36]; 3) osteoclasts, which deposit OPN/Eta-1 into lacunae
of resorbing bone, are specialized tissue macrophages [37];
and 4) OPN/Eta-1 has been detected in activated CD8�

CD4� natural killer cells, including granulated metrial
gland cells [39]. The immunological role of OPN/Eta-1
may be significant since it binds the CD44 receptor on lym-
phocytes and monocytes to induce chemotaxis of these cells
out of the bloodstream and into sites of inflammation [10].
The OPN/Eta-1 gives rise to 24- and 45-kDa proteins that
bind antigen and suppress T-helper cells, respectively [11].
And, the 45-kDa fragment increases immunoglobulin pro-
duction by B lymphocytes [39].

During early pregnancy, OPN may act as an adhesion
molecule. It binds primarily to 
v�3 integrin heterodimer
on tissues via its GRGDS sequence to promote cell-cell
attachment, cell spreading, and cell-extracellular matrix
communication [40, 41]. In women [42], expression of 
v�3
is unique to the ‘‘implantation window’’ and increases in
response to progesterone in uteri of baboons [43]. Temporal
and spatial alterations in expression of extracellular matrix
proteins (ECMs) and integrins by the uterus and concep-
tuses of pigs during the periimplantation period have also
been reported [44]. Thus, our working hypothesis is that
modulation of expression of OPN by progesterone and/or
sheep trophoblast interferons may induce expression and
secretion of OPN by uterine epithelium. This OPN then
binds 
v�3 integrin heterodimer expressed by trophecto-
derm and/or uterus to 1) stimulate changes in morphology
of trophectoderm and extra-embryonic endoderm that result
in elongation of the conceptus and 2) induce adhesion be-
tween luminal epithelium and trophectoderm essential for
attachment and superficial implantation. Experiments de-
signed to determine if OPN expression is regulated in vivo
by progesterone and/or IFN� are in progress.
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ABSTRACT
Keratinocyte growth factor (KGF) is expressed by uterine endo-

metrial epithelial cells during the estrous cycle and during pregnancy
in pigs, whereas KGF receptor is expressed in conceptus trophecto-
derm and endometrial epithelia. In particular, KGF expression in the
endometrium is highest on day 12 of pregnancy. This corresponds to
the period of maternal recognition of pregnancy in pigs, which is
signaled by large amounts of estrogen secreted by conceptus trophec-
toderm acting on the endometrium. Our hypothesis is that estrogens
of conceptus origin stimulate endometrial epithelial KGF expression,
and, in turn, secreted KGF stimulates proliferation and differentia-
tion of conceptus trophectoderm. To determine the factors affecting
KGF expression in the uterus, endometrial explants from gilts on day
9 of the estrous cycle were cultured in the presence of 17�-estradiol,
catechol estrogens, or progesterone. 17�-Estradiol stimulated the ex-
pression of KGF (P � 0.05), whereas catechol estrogens had no effect

(P � 0.05). Between days 9 and 15 of pregnancy, proliferating cell
nuclear antigen was abundant in conceptuses, but was barely detect-
able in uterine endometrial epithelia. To determine the effects of KGF
on conceptus trophectoderm, porcine trophectoderm (pTr) cells were
treated with recombinant rat KGF (rKGF). rKGF increased the pro-
liferation of pTr cells (P � 0.01) as measured by [3H]thymidine in-
corporation. rKGF elicited phosphorylation of KGF receptor and ac-
tivated the mitogen-activated protein kinase (ERK1/2) cascade in pTr
cells. pTr cell differentiation was affected by rKGF, because it in-
creased expression of urokinase-type plasminogen activator, a
marker for differentiation in pTr cells. Collectively, these results
indicate that estrogen, the pregnancy recognition signal from the
conceptus in pigs, increases uterine epithelial KGF expression, and,
in turn, KGF stimulates the proliferation and differentiation of con-
ceptus trophectoderm. (Endocrinology 142: 2303–2310, 2001)

KERATINOCYTE GROWTH factor/fibroblast growth
factor-7 (KGF/FGF-7), is a paracrine mediator of ep-

ithelial-mesenchymal interactions in various organs, includ-
ing those of the reproductive tract (1, 2). The receptor for KGF
(KGFR), which is also called FGF receptor 2IIIb (FGFR2IIIb),
is an alternative splice variant of the bek gene product and is
present only on epithelial cells. KGF is expressed in ovary,
uterus, prostate, and mammary gland, and uterine expres-
sion of KGF has been identified in several species, including
humans, primates, rodents, and sheep (2, 3). In these species,
mesenchymal expression of KGF and epithelial expression of
KGFR suggested that KGF is a stromal cell-derived paracrine
mediator of epithelial-mesenchymal interactions in the
uterus. In the pig, however, KGF is expressed in the uterine
endometrial epithelia and secreted into the uterine lumen,
whereas the KGFR is expressed in both endometrial epithelia

and conceptus trophectoderm (4). These findings suggest
that in the pig, which is the only species possessing a true
epitheliochorial type of placentation, KGF may play a role in
paracrine epithelial-epithelial interactions between concep-
tus and uterus during early pregnancy (4).

In the pig, KGF expression in the endometrium is highest
on day 12 of pregnancy during the period of maternal rec-
ognition of pregnancy (4). In male and female reproductive
organs, KGF gene expression in rodents is up-regulated by
steroid hormones such as androgens, estrogen, and proges-
terone (P4). The KGF gene has an androgen response element
in the promoter region (5), and testosterone increased the
expression of KGF in prostate and seminal vesicles (6, 7). In
primate endometrium, P4 increases KGF expression during
the luteal phase, suggesting that KGF is a mediator of P4

action on epithelial cells or a progestamedin (8). It has also
been suggested that KGF is induced by estrogen in the female
genital tract of mice during neonatal development (9). 17�-
Estradiol (E2) treatment in vivo increases KGF messenger
RNA (mRNA) and protein expression in the mouse mam-
mary gland (10). In the porcine uterus, estrogens are secreted
by conceptus trophectoderm beginning on days 11 and 12 of
pregnancy and are the signal for maternal recognition of
pregnancy (11). Progesterone levels also increase up to 30
ng/ml in plasma during early pregnancy (12). Therefore,
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estrogens and/or P4 may be responsible for the increased
KGF expression in the porcine uterine endometrium during
early pregnancy.

During early pregnancy, pig conceptuses undergo dra-
matic changes in morphology and differentiation in prepa-
ration for implantation and placentation (13, 14). It is well
known that KGF stimulates the proliferation and migration
of various epithelia and also affects cellular differentiation
processes (1). The biological activity of KGF is achieved
through intracellular signaling activated by KGFR, and KGF
activates phosphorylation of KGFR and the mitogen-acti-
vated protein kinase (MAPK) pathway (15). Given that KGF
is a component of histotroph, it may stimulate the prolifer-
ation and differentiation of the conceptus. Therefore, the
objectives of this study were to determine: 1) the effects of
estrogens and P4 on KGF expression in the porcine uterine
endometrium, and 2) the effects of KGF on proliferation and
differentiation of porcine conceptus trophectoderm in vitro.

Materials and Methods
Animals and tissue collection

Experimental and surgical procedures involving animals were ap-
proved by the agricultural animal care and use committee of Texas A&M
University (Animal Use Protocol 2000–120). Sexually mature, cross-bred
gilts were observed daily for estrous behavior and were either bred or
allowed to continue cycling. For endometrial explant culture, gilts (n �
3) were hysterectomized on day 9 postestrus, and uteri were transported
on ice directly to the laboratory and processed. For collection of cyclic
and pregnant endometrium, gilts (n � 3 gilts/day) were hysterecto-
mized on days 9, 12, and 15 of the estrous cycle and on days 9, 10, 12,
15, 30, and 60 of pregnancy as described previously (16). Conceptuses
from days 9, 12, and 15 of pregnancy were obtained at hysterectomy by
flushing the uterine horns with 40 ml Hanks’ Balanced Salt Solution
(Sigma, St. Louis, MO). Tissue samples for paraffin sections were fixed
in 4% paraformaldehyde in PBS (pH 7.2) as described previously (16).

Explant culture

Endometrium was dissected from myometrium and placed into
warm phenol red-free DMEM/F-12 culture medium (DMEM/F-12;
Sigma) containing penicillin G (100 IU/ml), streptomycin (0.1 mg/ml),
and amphotericin (0.25 �g/ml; Life Technologies, Inc., Grand Island,
NY), as described previously (17). Endometrium was then minced with
scalpel blades into small pieces (2–3 mm3), and aliquots of 500 mg were
placed into culture dishes (100 	 15 mm) with serum-free modified
DMEM/F-12 containing 10 �g/ml insulin (Sigma, catalogue no. I5500),
10 �g/ml transferrin (Sigma, catalogue no. T1428), and 10 ng/ml hy-
drocortisone (Sigma, catalogue H0396). Endometrial explants were cul-
tured immediately after mincing in the presence of E2 (0, 0.05, 0.5, 5, and
50 ng/ml), P4 (0, 0.03, 0.3, 3, and 30 ng/ml), catechol estrogens [5 ng/ml
2-hydroxy-E2 (2OH-E2) or 5 ng/ml 4OH-E2], estrogen receptor (ER)
antagonist [50 ng/ml ICI 182,780 (ICI)], or E2 (5 ng/ml) plus P4 (3 ng/ml)
for 48 h with rocking under an atmosphere of 45% nitrogen, 5% carbon
dioxide, and 50% oxygen. E2 (catalogue no. E8875), P4 (catalogue no.
P0130), 2OH-E2 (catalogue no. H3131), and 4OH-E2 (catalogue no.
H4637) were obtained from Sigma, and ICI was purchased from Tocris
(Ballwin, MO). Explant tissues were then harvested, and RNA was
extracted for slot blot analysis of KGF expression. These experiments
were conducted using endometrium from three individual gilts. Treat-
ments were performed in triplicate using tissues obtained from each gilt.

Porcine trophectoderm cells

Porcine trophectoderm cells were isolated using nonenzymatic dis-
persion of trophoblast from conceptuses collected on day 12 of gestation
(18). A trophectoderm cell line (pTr) was established by repeated pas-
sage and culture of the cells on Primaria tissue culture plastic (Falcon,
Lincoln Park, NJ). Cells were maintained in DMEM/F-12 containing 5%

charcoal-stripped serum, antibiotics, 2 mm glutamine (Sigma), and 0.1
U/ml bovine insulin (Sigma).

[3H]Thymidine incorporation assay

Effect of KGF on proliferation of pTr cells was determined as de-
scribed previously (19). Briefly, pTr cells were plated at 20,000 cells/cm2

in DMEM/F-12 containing 5% FBS, then serum-starved for 24 h in
serum-free DMEM/F-12, containing 2 mm glutamine and 0.1% BSA.
Cells were then treated with recombinant rat KGF (rKGF; 0, 1, 10, or 100
ng/ml) for 24 h at 37C in serum-free DMEM/F-12 containing 5 �Ci/ml
[3H]thymidine, precipitated in 10% trichloroacetic acid for 30 min on ice,
and fixed in cold methanol. The fixed cells were solubilized in 0.6 ml
0.05% trypsin/0.1% SDS for 30 min at 37 C. [3H]Thymidine incorpora-
tion was counted using an LS 3801 liquid scintillation counter (Beckman
Coulter, Inc., Palo Alto, CA). The total DNA content was determined
using Picogreen (Molecular Probes, Inc., Eugene, OR) as described by the
manufacturer. Data are expressed as disintegrations per min/�g total
DNA.

Northern and slot blot hybridization analysis

Total cellular RNA was isolated from endometrial explant tissues and
cultured pTr cells using TRIzol reagent (Life Technologies, Inc.). Ex-
pression of KGF in explant tissues and of urokinase-type plasminogen
activator (uPA) in pTr cells was determined by Northern blot and slot
blot hybridization analyses as described previously (16). Twenty mi-
crograms of total cellular RNA were hybridized with 32P-radiolabeled
antisense complementary RNA probes generated against a linearized
690-bp porcine KGF partial complementary DNA (cDNA) (4), 511 bp
bovine uPA partial cDNA (provided by Dr. A. R. Menino, Jr., Oregon
State University, Corvallis, OR), or 18S ribosomal RNA (pT718S, Am-
bion, Inc., Austin, TX). Autoradiographs of Northern blots to determine
the size of the uPA transcript were prepared using Kodak X-OMAT
x-ray film (Eastman Kodak Co., Rochester, NY). The radioactivity in each
slot was quantified using a Packard Instant Imager (Packard, Meriden,
CT) and is expressed as total counts.

RT-PCR

Expression of KGFR and interferon-� (IFN�) by pTr was determined
by RT-PCR as described previously (20). Five micrograms of total RNA
from pTr cells were reverse transcribed to obtain cDNAs using Super-
script II reverse transcriptase (Life Technologies, Inc.). Newly synthe-
sized cDNA was acid-ethanol precipitated, resuspended in 20 �l water,
and stored at �20 C. The cDNAs were then diluted (1:10) with sterile
water, and templates were amplified by PCR using AmpliTaq DNA
polymerase (Perkin-Elmer Corp., Foster City, CA) and specific primers
based on the human KGFR (GenBank accession no. M80637; forward,
5�-TCTGTTCAATGTGACCGAGG; reverse, 5�-GTTTTGGCAGGACA-
GTGAGC) or the porcine IFN� (GenBank accession no. Z22706; forward,
5�-ATGGATTGTCCCCATGTAGG; reverse, 5�-CTGAGCTACCAGG-
GTTACCG). PCR conditions were 35 cycles of 95 C for 30 sec, 55 C for
KGFR or 58 C for IFN� for 30 sec, and 72 C for 1 min. PCR products (104
bp for KGFR and 296 bp for IFN�) were separated in 2% agarose gels
and visualized by ethidium bromide staining. The identity of each am-
plified PCR product was verified by sequence analysis after cloning into
the pCRII vector (Invitrogen, Carlsbad, CA).

Immunohistochemistry

Expression of immunoreactive proliferating cell nuclear antigen
(PCNA) was evaluated in conceptus and paraformaldehyde-fixed, par-
affin-embedded, uterine tissue cross-sections (5 �m) using 2 �g/ml of
a monoclonal antibody to PCNA (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA; catalogue no. sc-56) and a Super ABC Mouse IgG Kit
(Biomeda, Foster City, CA), and procedures described previously (16).
A boiling citrate buffer antigen retrieval protocol was used to reveal the
PCNA according to the manufacturer’s recommendations. Purified nor-
mal mouse IgG (Sigma) at 2 �g/ml was substituted for mouse anti-
PCNA and served as a negative control.
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Immunofluorescence

The epithelial phenotype of pTr cells was confirmed using immu-
nofluorescence microscopy as described previously (21). pTr cells were

cultured in LabTek four-well chamber slides (Nunc, Naperville, IL),
washed with PBS, fixed with methanol for 10 min at �20 C, air-dried,
blocked in 5% normal goat serum, and incubated in primary antibody
overnight at 4 C. Monoclonal antibodies to cytokeratin (hybridoma 8.13;
1:200 dilution) and vimentin (hybridoma V9; 1:200 dilution) were ob-
tained from Sigma. Slides were then washed and incubated with fluo-
rescein-conjugated rabbit antimouse IgG (1:200 dilution; Sigma) for 1 h
at room temperature. After rinsing, all slides were overlaid with cov-
erslips and Prolong antifade mounting reagent (Molecular Probes, Inc.,
Eugene, OR). Fluorescence images were recorded using a Carl Zeiss
Axioplan 2 microscope fitted with a Hamamatsu C-5810 chilled three-
color CCD camera (Carl Zeiss, Thornwood, NY) with Adobe Photoshop
5.0 (Adobe Systems, Seattle, WA) image capture software.

Immunoprecipitation and Western blot analyses

To confirm activation of the KGFR in vitro, pTr cells were treated with
rKGF (10 ng/ml), and phosphorylation of the KGFR and the MAPKs,

FIG. 1. Effect of estrogens on KGF mRNA expression in the porcine
uterine endometrial explant cultures. A, Endometrial explants were
cultured in DMEM/F-12 in the presence of E2 (0, 0.05, 0.5, 5, and 50
ng/ml) at 37 C for 48 h. KGF expression was affected by the dose of
E2 (quadratic, P � 0.05). B, Endometrial explants were treated with
a combination of E2 (5 ng/ml) and ICI (50 ng/ml) at 37 C for 48 h.
Increased KGF expression produced by E2 (P � 0.01) was inhibited by
ICI treatment. C, Endometrial explants were cultured in the absence
or presence of E2 (5 ng/ml), 2OH-E2 (5 ng/ml), or 4OH-E2 (5 ng/ml) at
37 C for 48 h. E2 increased KGF expression (P � 0.01), but catechol
estrogens did not affect KGF expression (P � 0.05). All experiments
were repeated with endometrium from three individual gilts and in
triplicate for each treatment using tissues obtained from each gilt.

FIG. 2. Effect of P4 on KGF expression in porcine uterine endometrial
explant cultures. A, Endometrial explants were cultured in DMEM/
F-12 in the presence of P4 (0, 0.03, 0.3, 3, and 30 ng/ml) at 37 C for
48 h. KGF expression decreased with increasing dose of P4 (quadratic,
P � 0.07). B, Endometrial explants were treated with a combination
of E2 (5 ng/ml) and P4 (3 ng/ml) at 37 C for 48 h. E2 increased KGF
mRNA expression (P � 0.01) when E2 alone or E2 plus P4 groups were
compared with control or P4 alone groups, respectively. All experi-
ments were repeated with endometrium from three individual gilts
and in triplicate for each treatment using tissues obtained from each
gilt.
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extracellular signal-regulated kinases 1 and 2 (ERK1/2), was assessed by
immunoprecipitation and Western blot analysis. Briefly, monolayer cul-
tures of pTr cells were grown to 75% confluence on 75-cm2 tissue culture
flasks and then incubated in serum-free DMEM/F-12 containing 0.1%
BSA for 48 h. Whole cell extracts were prepared as previously described
(22). The protein concentration of the lysate supernatant was determined
by Bradford assay (Bio-Rad Laboratories, Inc., Burlingame, CA) using
BSA as the standard and 1 mg of each extract used for immunoprecipi-
tation. Five micrograms of KGFR antibody (Santa Cruz Biotechnology,
Inc., catalogue no. sc-122) or normal rabbit IgG were added to each
extract, and bound proteins were purified using protein A/G plus aga-
rose as described previously (22). Immunoprecipitated proteins were
separated by SDS-PAGE and analyzed by Western blotting (as described
below) with antibody to phosphotyrosine (Santa Cruz Biotechnology,
Inc.; catalogue no. sc-7020) diluted 1:100 in 5% BSA-TBST (Tris-buffered
saline/0.1% Tween-20).

In similar experiments pTr cells were serum-starved and treated with
rKGF as described above. In addition to KGF treatment, some cells were
pretreated with 0 or 50 �m of the MAPK/ERK kinase 1 (MEK1) inhibitor,
PD98059 (New England Biolab, Beverly, MA; catalogue no. 9900L) for
1 h, then treated with 0 or 10 ng/ml rKGF for 60 min. Twenty micro-
grams of whole cell extract protein from each sample were separated by
SDS-PAGE and transferred to nitrocellulose as described previously
(21). Blots were blocked for 4 h at 4 C with either 5% BSA-TBST for
phospho-specific antibodies or 5% nonfat milk-TBST for other antibod-
ies, and then incubated with primary antibodies overnight at 4 C. Mono-
clonal antibodies to phospho-ERK1/2 (pERK1/2; 1:400 dilution in 5%
BSA-TBST; catalogue no. sc-7383) and phospho-tyrosine (1:100 dilution
in 5% BSA-TBST; catalogue no. sc-7020), and goat polyclonal antibody

to ERK1/2 (1:400 dilution in 2% milk-TBST; catalogue no. sc-94-g) were
obtained from Santa Cruz Biotechnology, Inc. Blots were then incubated
with rabbit antigoat IgG or goat antimouse IgG conjugated to peroxidase
(Kirkegaard & Perry Laboratories, Bethesda, MD) for 1 h at room tem-
perature, and immunoreactive proteins were detected using enhanced
chemiluminescence (Amersham Pharmacia Biotech, Arlington Heights,
NY) according to the manufacturer’s recommendations.

Effect of KGF on pTr cell differentiation

To determine whether KGF affects functional cell differentiation, pTr
cells were treated with increasing doses of rKGF (0, 1, 10, and 100 ng/ml)
in serum-free DMEM/F-12 for 24 h. Expression of uPA was used as a
marker for pTr cell differentiation by Northern and slot blot analyses.

Statistical analysis

All quantitative data were subjected to least squares ANOVA using
the general linear models procedures of the Statistical Analysis System
(SAS Institute, Inc., Cary, NC) (23). Data from dose-response studies on
KGF and uPA expression were analyzed by least squares regression
analysis. Slot blot data (total counts) were analyzed using the 18S ri-
bosomal RNA data as a covariate to correct for differences in sample
loading. Preplanned contrasts (control vs. E2 plus ICI; E2 vs. E2 plus ICI;
control vs. catechol estrogens; control vs. E2; P4 vs. E2 plus P4) were used
to test for effects of treatments in slot blot analyses. All tests of statistical
significance were performed using the appropriate error terms accord-
ing to the expectation of mean squares. Data are presented as least
squares means with ses.

FIG. 3. Representative photomicro-
graphs illustrating the distribution of
immunoreactive PCNA protein in the
conceptus (A) and the uterine endome-
trium (B) on various days (D) of preg-
nancy. Nuclear staining was not ob-
served when irrelevant mouse IgG was
substituted for primary antibodies
(IgG). ED, Embryonic disc; TE, trophec-
toderm; LE, luminal epithelium; GE,
glandular epithelium; ST, stroma; Mag-
nification, 	70 for conceptus and 	170
for endometrium. A panel representing
D12 conceptus on the top right (A) is
shown at higher magnification (	170).
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Results
Effects of estrogens on KGF expression

KGF expression was increased (quadratic, P � 0.05) by E2
(Fig. 1A). The increase in KGF expression by E2 was blocked
by addition of the ER antagonist, ICI (Fig. 1B; E2 vs. E2 plus
ICI, P � 0.05). Catechol estrogens, 2OH-E2 and 4OH-E2, did
not affect KGF expression in endometrium (Fig. 1C; control
vs. 2OH-E2 and control vs. 4OH-E2, P � 0.05).

Effects of P4 on KGF expression

Increasing doses of P4 decreased (quadratic, P � 0.07) KGF
expression in the uterine endometrium (Fig. 2A). However,
E2 increased (P � 0.01) KGF expression in both the absence
and presence of P4 (Fig. 2B).

PCNA protein expression

Immunoreactive PCNA protein was detected in nuclei of
cells in the embryonic disc and in the trophectoderm (TE)
near the embryonic disc of day 9 conceptuses (Fig. 3A). All
TE cells of conceptuses recovered between days 10 and 15 of
pregnancy expressed PCNA. In contrast, PCNA was not
detected in endometrial luminal epithelium (LE) or glandu-
lar epithelium (GE) between days 9 and 12 of the estrous
cycle or pregnancy. Although PCNA was barely detectable
on day 15 of the estrous cycle and pregnancy, it was strongly
detectable in LE and TE from days 30 and 60 of pregnancy,
and was abundant in GE from day 60 of pregnancy (Fig. 3B).

Characterization of pTr cells

The epithelial phenotype of pTr cells (Fig. 4A) was con-
firmed based on a cobblestone morphology (a) and by pos-
itive cytokeratin (b) and negative vimentin (c) immunostain-
ing compared with the IgG control (d). KGFR, expressed in
porcine trophectoderm and endometrial epithelial cells (4),
and IFN�, expressed by porcine trophectoderm (24), were
detected in pTr cells by RT-PCR (Fig. 4, B and C).

Effect of KGF on pTr cell proliferation

DNA synthesis by pTr cells, as measured by [3H]thymi-
dine incorporation, increased (quadratic, P � 0.01) in re-
sponse to treatment with increasing doses of rKGF (Fig. 5A).

Phosphorylation of KGFR and MAPK by KGF

Treatment of pTr cells with rKGF resulted in phosphor-
ylation of KGFR and ERK1/2 within 10 min, and phosphor-
ylation of ERK1/2 was maintained up to 4 h (Fig. 5, B and
C). Pretreatment of cells with PD98059, a MEK1 inhibitor,
blocked the ability of rKGF to induce phosphorylation of
ERK1/2 (Fig. 5D).

Effect of KGF on pTr cell differentiation

The specificity of the bovine uPA probe was confirmed by
Northern blot analysis of total RNA from pTr cells, and a
single transcript of about 2.5 kb was detected (Fig. 6A). Treat-
ment of pTr cells with increasing doses of rKGF increased
(quadratic, P � 0.01) the expression of uPA (Fig. 6B).

Discussion

Synthesis and secretion of estrogens by conceptuses have
been reported for many species, including pigs, ruminants,
and horses (25). However, the ability to synthesize estrogens
is especially significant for pig conceptuses, because these

FIG. 4. Characterization of pTr cells. A, Phase contrast microscopy of
pTr cells (a). Immunofluorescence analysis of expression of cytoker-
atin (b), vimentin (c), and the negative control for immunofluores-
cence (d). RT-PCR analysis of KGFR (B) and IFN� (C) expression by
pTr cells is shown when primers specific for 104-bp KGFR and 296-bp
IFN� were used for PCR amplification. Note that pTr cells express
KGFR and IFN�, which are porcine trophectoderm markers. D15E,
Day 15 endometrium; D85FS, day 85 fetal skin; No RNA, no total
RNA; No RT, no reverse transcriptase; D12Conc, day 12 conceptus.
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estrogens are responsible for maternal recognition of preg-
nancy as well as stimulation of uterine secretory activity (11,
25, 26). The results of the present study indicate that KGF
expression is up-regulated by E2 and are consistent with
recent reports that estrogen increases KGF expression (9, 10).
In mouse mammary gland, E2 treatment in vivo increased the
expression of KGF mRNA and protein in both peripubertal
and mature mice (10).

Catechol estrogens, 2OH-E2 and 4OH-E2, are secreted by
porcine conceptuses on days 12 and 13 (27), but did not affect
KGF expression in porcine endometrium in the present
study. This may be due to the low affinity of catechol estro-
gens for the ER compared with E2 (28, 29) or perhaps the
inherent instability of catechol estrogens. It should be noted
that various forms of estrogens are present in the porcine
uterine lumen during pregnancy, such as estrone, estradiol,
estriol, catechol estrogens, and their sulfated forms (27, 30,
31). Levels of estradiol in the uterine lumen of pregnant pigs
(�4.3 nm) are significantly higher than those in nonpregnant
pigs (�0.26 nm) between days 9 and 15, and E2 predominates
over all other estrogens in the uterine lumen (30). Therefore,
it is likely that E2 is the predominant estrogen that acts via
ER� to increase endometrial KGF expression in the pregnant
pig uterus. It remains to be determined whether ER� is
expressed in the porcine uterine endometrium.

E2 probably up-regulates KGF mRNA expression in en-
dometrial epithelial cells through direct interaction with ER
present in these cells. ER� protein is localized to LE and GE
cells of the porcine endometrium (32), and up-regulation of
KGF expression by E2 is inhibited by the ER antagonist, ICI
182,780. Indeed, the promoter region of the human KGF gene
contains an estrogen response element (33). ER� expression
in endometrial epithelial cells during early pregnancy is
unique in the pig uterus compared with other species, such
as sheep and primates, in which the endometrial epithelial
cells do not express ER� during the P4-dominant period (16,
34). In pigs, ER� staining in LE and GE is readily detectable
from days 5–12 of the estrous cycle and pregnancy, then
decreases, but remains detectable until day 15 of the estrous
cycle and pregnancy. ER� is absent in stromal cells between
days 5 and 15 of the estrous cycle and pregnancy (32).

P4 is the major hormone responsible for the establishment
and maintenance of pregnancy. During diestrus and early
pregnancy, production of P4 by the corpus luteum begins to
increase (12) and is associated with significant increases in
uterine secretory activity (13). P4 treatment in the primate
uterus increases KGF expression (8). However, the results of
the present study indicated that P4 decreased KGF expres-
sion in porcine endometrium. The mechanism of the P4-

FIG. 5. Effect of KGF on pTr cell proliferation, KGFR activation, and
the MAPK signaling pathway. A, Effect of KGF on [3H]thymidine
incorporation in pTr cells. rKGF increased [3H]thymidine incorpora-
tion in a dose-dependent manner in pTr cells (quadratic, P � 0.01).
B, Activation of KGFR phosphorylation by KGF treatment. pTr cells
were treated with rKGF (10 ng/ml) for 0, 10, 20, 30, and 60 min, and
1 mg of each cell lysate was immunoprecipitated with 5 �g KGFR
antibody. A duplicate 30 min point was immunoprecipitated with 5 �g
normal rabbit IgG. Immunoprecipitated proteins were analyzed by

Western blotting using anti-phosphotyrosine. C, Activation of ERK1/2
phosphorylation by KGF treatment between 0 and 20 min. pTr cells
were treated with rKGF (10 ng/ml) for 0, 10, 20, 30, 60, 120, or 240
min, and 20 �g of each cell lysate were separated by SDS-PAGE and
analyzed for ERK1/2 and phosphorylated ERK1/2 (pERK1/2) by West-
ern blotting. D, Inhibition of KGF effect on ERK1/2 phosphorylation
by PD98059, a MEK1 inhibitor, is demonstrated. pTr cells were pre-
treated with PD98059 (0 or 50 �M) for 60 min and treated with rKGF
(0 or10 ng/ml) for 60 min, and 20 �g of each cell lysate was separated
by SDS-PAGE and analyzed for ERK1/2 and pERK1/2 by Western
blotting.
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mediated decrease in KGF expression is not known. Inter-
estingly, E2 increased KGF expression in the presence of P4,
a situation to which the endometrial epithelium would be
exposed in vivo during pregnancy. As P4 down-regulates
endometrial ER� in ovine uterus (16, 35, 36), the decreased
expression of KGF in endometrial explants treated with P4
alone and E2 plus P4 may be the result of a P4-mediated
decrease in ER and an attenuated response to E2. We cannot
rule out the effects of any residual levels of estradiol on
decreased KGF expression by P4 in this system. It is also
possible that P4 inhibits KGF expression through a direct
mechanism or indirectly by modulation of other unknown
factors which then down-regulate KGF expression.

KGF affects epithelial cell proliferation in various tissues
(37). In the present study KGF increased DNA synthesis of
pTr cells, which are of epithelial cell origin and express
KGFR, and IFN�, a porcine trophectoderm cell-specific
marker (24). Porcine conceptuses undergo dramatic mor-
phological changes during early pregnancy (13, 14). Between
days 10 and 12 of pregnancy there is a rapid transition from
spherical (9–10 mm in diameter) to tubular (10–50 mm in
length) and elongated filamentous forms (�100 mm long)
(14). In the present study trophectoderm cell proliferation
was detected between days 9 and 15 of conceptus develop-
ment as reported previously (14). Thus, in vitro results of the
present study suggest that KGF of endometrial epithelial
origin may increase the proliferation of conceptus trophec-
toderm during the periimplantation phase of development.
This hypothesis is supported by results from PCNA staining
of conceptuses in vivo between days 9–15 of pregnancy,
indicating high intensity PCNA staining from day 10 of preg-
nancy and thereafter. The PCNA staining in the conceptuses
is coordinate with increasing KGF expression in the endo-
metrium between days 10 and 15 of pregnancy (4). The lack
of detection of PCNA in the LE and GE during early preg-
nancy suggests that epithelial cells do not proliferate to any
great degree at this time. Therefore, although KGF is present
in the uterine lumen, and KGFR is expressed in LE and GE,
it is unlikely that KGF affects epithelial cell proliferation in
the endometrium during early pregnancy. However, it is
possible that KGF affects differentiation of endometrial ep-
ithelial cells.

In addition to effecting proliferation, KGF was found to

alter conceptus trophectoderm cell differentiation in this
study. In various cell types, uPA, aromatase, surfactant pro-
tein A and D, syndecan-1, and Na/K-adenosine triphos-
phatase are increased by KGF (1, 37, 38). In particular, KGF
increases uPA expression and activity in human uterine exo-
cervical epithelial cells (39) and keratinocytes (40). In this
study KGF increased uPA expression in pTr cells. Differen-
tiating pig conceptuses produce uPA from trophoblast (41),
and pig conceptus trophectoderm produces uPA in a bipha-
sic manner between days 10 and 12 and between days 14 and
16 of early pregnancy (42), coinciding with estrogen pro-
duction by conceptuses. Therefore, increased expression of
uPA by KGF in pTr cells suggests that KGF expression in-
creases within endometrial LE in response to estrogen, is
secreted into the uterine lumen, and may be an important
regulator of uPA secretion by conceptus trophectoderm.

Like most receptor tyrosine kinase-activating growth fac-
tors, KGFR signals through the MAPK pathway (15). In the
present study phosphorylation of KGFR and ERK1/2, mem-
bers of the MAPK family, was detected in KGF-treated pTr
cells, suggesting that effects on trophectoderm proliferation
and differentiation were mediated by interaction of KGF
with the KGFR. Among the several FGFR isoforms, KGF
recognizes only KGFR with high affinity and biological ac-
tivity (43), precluding the possibility that ERK1/2 is acti-
vated by other members of the FGFR family. The precise
mechanisms of intracellular KGF signaling for proliferation
and differentiation in pTr cells remain to be determined.

In summary, the results of the present study indicate that
E2, a pregnancy recognition signal in pigs, increases KGF
expression in the uterine endometrium, and that KGF in-
creases the proliferation of conceptus trophectoderm and
stimulates the expression of uPA, a marker for differentia-
tion. Thus, KGF of endometrial origin affects both the growth
and differentiation of trophectoderm during this crucial
phase of conceptus development in pigs.
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FIG. 6. Effect of KGF on expression of
uPA, a marker for pTr cell differentia-
tion. Northern (A) and slot blot (B) anal-
yses of uPA expression. A single tran-
script of uPA (�2.5 kb) was detected (A),
and KGF increased uPA expression (B)
in a dose-dependent manner in pTr cells
(quadratic, P � 0.01).
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Introduction

Uterine glands are present in the endometrium of all
mammalian uteri and develop after birth in many species
(for reviews, see Bartol et al., 1999; Gray et al., 2001a).
Endometrial glands synthesize, secrete or transport
substances that are necessary for conceptus (that is, the
embryo–fetus and placental membranes) survival and
growth (for reviews, see Bazer, 1975; Roberts and 
Bazer 1988; Simmen and Simmen, 1990; Fazleabas et al.,

1994; Kane et al., 1997; Carson et al., 2000). A role for 
the endometrial glandular epithelium (GE) has been
demonstrated in rodents, in which the absence of glandular
secretions, such as leukaemia inhibitory factor and
calcitonin, compromised embryo survival by disrupting
establishment of uterine receptivity and embryo de-
velopment (Stewart et al., 1992; Zhu et al., 1998). Similarly,
peri-implantation pregnancy loss was observed in the
uterine gland knockout (UGKO) ewe model (Gray et al.,
2000a, 2001b,c). 

The UGKO ewe is a novel model in which endometrial
gland morphogenesis has been epigenetically ablated 
by inappropriate exposure of neonatal ewes to a 19-
norprogestin from birth to 8 weeks of age (Spencer et al.,
1999a; Gray et al., 2000a). The progestin specifically
ablates development of the glands within the endometrium
without altering development of the uterine myometrium or

Evidence that absence of endometrial gland secretions in uterine
gland knockout ewes compromises conceptus survival and

elongation
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Endometrial glands are necessary for conceptus
implantation and growth. In the ovine uterine gland
knockout (UGKO) model, blastocysts hatch normally but
fail to survive or elongate. This peri-implantation defect in
UGKO ewes may be due to the absence of endometrial
glands or, alternatively, to the lack of certain epithelial
adhesion molecules or the inability of the endometrium to
respond to signals from the conceptus. Two studies were
performed to examine these hypotheses. In study one,
normal (n = 8) and UGKO (n = 12) ewes were mated at
oestrus (day 0) with intact rams and their uteri were
flushed 14 days after oestrus. Normal ewes (n = 4) were
also flushed on 14 days after oestrus. Uterine flushes 
from bred normal ewes contained filamentous con-
ceptuses (n = 7 of 8), whereas those from UGKO ewes
contained no conceptus (n = 5 of 12), a growth-retarded,
tubular conceptus (n = 6 of 12), or a fragmented,
filamentous conceptus (n = 1 of 12). In all groups,
expression of mucin 1 and integrin αv, α5, β3 and β5 was
localized at the apical surface of the endometrial luminal

epithelium with no detectable differences between normal
and UGKO ewes. Uterine flushes from pregnant ewes, but
not cyclic or UGKO ewes, contained abundant
immunoreactive interferon τ and the cell adhesion
proteins, osteopontin and glycosylation-dependent cell
adhesion molecule one. In study two, UGKO ewes were
fitted with uterine catheters 5 days after oestrus, infused
with recombinant ovine interferon τ or control proteins
from 11 to 15 days after oestrus, and underwent
hysterectomy 16 days after oestrus. Expression of several
interferon τ-stimulated genes (ISG17, STAT1, STAT2 and
IRF-1) was increased in the endometrium from interferon
τ-infused UGKO ewes. These results support the
hypothesis that the defects in conceptus elongation and
survival in UGKO ewes are due to the absence of
endometrial glands and their secretions rather than to
alterations in expression of anti-adhesive or adhesive
molecules on the endometrial luminal epithelium or to the
responsiveness of the endometrium to the conceptus
pregnancy recognition signal.
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other Müllerian duct-derived female reproductive tract
structures (Gray et al., 2000b, 2001b). Despite repeated
matings with fertile rams, adult UGKO ewes do not
establish pregnancy (Gray et al., 2000a, 2001b,c). Transfer
of hatched blastocysts recovered from superovulated
normal donor ewes into the uteri of UGKO ewes failed to
ameliorate the pregnancy defect (Gray et al., 2001c).
Normal hatched blastocysts were found in the uterine
flushings of mated UGKO ewes 6 and 9 days, but not 14
days, after mating (Gray et al., 2001b,c). Uterine flushings
taken 14 days after mating from mated UGKO ewes
contained either no conceptus or a severely growth-
retarded conceptus that had failed to elongate from a
tubular to filamentous form (Gray et al., 2001c). Therefore,
UGKO ewes exhibit a peri-implantation pregnancy defect,
the timing of which correlates with most of the embryo loss
that occurs during pregnancy in livestock and humans
(Bazer, 1975; Kane et al., 1997).

Implantation in ruminants is a highly co-ordinated
process that involves apposition, attachment, and adhesion
of the conceptus trophectoderm to the endometrial luminal
epithelium (LE) (Guillomot et al., 1981; Guillomot, 1995).
In sheep, the peri-implantation period is marked by rapid
elongation of the conceptus from a tubular to filamentous
form on days 12–13 of gestation and the production of large
amounts of interferon τ (IFN-τ), a type I interferon that is the
signal for maternal recognition of pregnancy (Bazer et al.,
1997). Elongation of the conceptus is critical for de-
velopmentally regulated production of IFN-τ (Farin et al.,
1989) and requires the uterus, as hatched blastocyts fail to
elongate in vitro unless transferred to the uterus (Heyman et
al., 1984). Apposition of conceptus trophectoderm and
endometrial LE is initiated on day 14, adhesion occurs on
day 15, and firm attachment on days 16–18 of gestation
(Guillomot et al., 1981). Adhesion of conceptus tro-
phectoderm to the LE is temporally regulated by non-
adhesive and adhesive factors on the apical surface of the
endometrial LE (Burghardt et al., 1997, in press; Johnson 
et al., 2001a). It is hypothesized that, initially, non-
adhesive factors, such as mucin 1 (Muc-1), sterically impair
interactions between adhesive glycoproteins expressed on
the apical surfaces of conceptus trophectoderm and LE 
by means of their extensive glycosylation and extended
extracellular structure (Carson et al., 2000; Johnson et al.,
2001a). In sheep, immunoreactive Muc-1 expression on 
the LE decreases progressively between day 9 and day 17 
of early pregnancy, presumably to unmask adhesive
glycoproteins on the LE for interaction with the tro-
phectoderm (Johnson et al., 2001a). Integrins are thought to
be the dominant glycoproteins that regulate trophectoderm
adhesion. During the peri-implantation period in ewes,
integrin subunits αv, α4, α5, β1, β3 and β5 were con-
stitutively expressed on the conceptus trophectoderm as
well as the apical surface of the endometrial LE (Johnson et
al., 2001a). During the peri-implantation period, in addition
to constitutive expression of integrins, two molecules
involved in cell adhesion, osteopontin (Johnson et al.,

1999a,b, 2001a) and glycosylation-dependent cell adhesion
molecule 1 (GlyCAM-1) (Spencer et al., 1999b), are
secreted by the endometrial GE and are thought to bind to
trophectoderm and LE to stimulate elongation, adhesion
and attachment of the ovine conceptus (Johnson et al.,
2001a).

The available evidence supports the hypothesis that 
the failure of peri-implantation conceptus survival and
elongation in UGKO ewes is due to an absence of
endometrial glands and, by default, their secretory
products. Alternatively, the pregnancy defect in UGKO
ewes could be attributed to deficient expression of adhesion
molecules on the LE or inability of the endometrium to
respond to conceptus signals such as IFN-τ. Two studies
were conducted to test these hypotheses by determining
differences in normal and UGKO ewes on: (1) distribution
of Muc-1 and integrin subunit expression in the uterine LE
14 days after mating; (2) abundance of osteopontin and
GlyCAM-1 in the uterine lumen 14 days after mating; and
(3) endometrial expression of IFN-τ-stimulated genes in
response to intrauterine administration of recombinant
ovine IFN-τ.

Materials and Methods

Animals

Experimental and surgical procedures complied with the
Guide for Care and Use of Agriculture Animals and were
approved by the Institutional Agricultural Animal Care and
Use Committee of the Texas A&M University System
Agricultural Experiment Station (Animal Use Protocol 7-
286).

UGKO ewes were produced as described by Spencer et
al. (1999a) and Gray et al. (2000a) by implanting crossbred
Rambouillet ewe lambs with a single Synchromate B®
(Sanofi, Overland Park, KS) implant within 12 h of birth and
every 2 weeks thereafter for a total of 8 weeks. Implants
were inserted s.c. into the periscapular area and released
approximately 6 mg norgestomet (17α-acetoxy-11β-
methyl-19-norpreg-4-ene-3,20-dione), a potent synthetic
19-norprogestin, over 14 days (Bartol et al., 1988). Normal
control ewes did not receive implants. 

Study one

Adult UGKO (n = 18) and normal ewes (n = 12) were
given two i.m. injections (at 07:00 and 17:00 h) of 10 mg
prostaglandin F2α (Lutalyse, Upjohn, Kalamazoo, MI) 9 days
apart to synchronize oestrus. Ewes were monitored each
day for oestrous behaviour using vasectomized rams. All
UGKO and some normal control ewes (n = 8) were mated
at oestrus (day 0) and at 12 and 24 h after oestrus with intact
rams of proven fertility. The remaining normal control ewes
(n = 4) were assigned to cyclic status, and oestrus was
determined using vasectomized rams.

Fourteen days after oestrus or mating, all ewes were
subjected to mid-ventral laparotomy, and their uterine
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lumina were flushed with 20 ml sterile saline. Uterine
flushes were analysed under a dissecting microscope to
recover conceptuses, if any, and determine their morphology.
Conceptuses were fixed in 4% paraformaldehyde in PBS
(pH 7.2). Uterine flushes were clarified by centrifugation
(2000 g for 30 min at 4�C), and aliquots were snap-frozen 
in liquid nitrogen and stored at –80�C. Several sections
(1–1.5 cm) from the middle of each uterine horn were
snap–frozen in Tissue-Tek OCT compound (Miles,
Oneonta, NY). Several sections from the middle region of
each uterine horn were also fixed in 4% paraformaldehyde
in PBS (pH 7.2). After 24 h, fixed tissues were changed 
to 70% ethanol for 24 h and then dehydrated and
embedded in Paraplast-Plus (Oxford Labware, St Louis,
MO). The endometrium was physically dissected from
myometrium from the remainder of each uterine horn
ipsilateral to the ovary bearing the corpus luteum and then
snap–frozen in liquid nitrogen and stored at –80�C for RNA
extraction.

Study two

Fourteen days after mating, another group of UGKO
ewes (n = 8) was subjected to mid-ventral laparotomy, their
uterine lumina flushed with 20 ml sterile saline, and their
uterine horns fitted with catheters as described by Spencer
et al. (1995). Ewes were given two i.m. injections (07:00
and 17:00 h) of 10 mg prostaglandin F2α (Lutalyse, Upjohn,
Kalamazoo, MI) to synchronize oestrus, and were
monitored twice a day for oestrous behaviour using a
vasectomized ram, and then assigned randomly to receive
daily intra-uterine injections (at 07:00 and 19:00 h each
day) of control proteins (6 mg serum proteins per day) or
recombinant ovine IFN-τ (roIFN-τ; 2 � 107 antiviral units
per day) from day 11 to day 15 after mating. Recombinant
oIFN-τ was produced from a synthetic gene construct in
Pichia pastoris and purified as described by Van Heeke et
al. (1996). Preparation of control proteins and roIFN-τ was
performed as described by Spencer et al. (1995). Blood
samples were collected on days 11–15 after mating, via
jugular venepuncture into Vacutainer evacuated blood
collection tubes with sodium heparin (Becton-Dickinson,
Franklin Lakes, NJ), and plasma was stored at –20�C. All
ewes were hysterectomized 16 days after mating. At
hysterectomy, portions (approximately 1.0 cm) from the
middle region of each uterine horn were fixed in fresh 4%
paraformaldehyde in PBS for 24 h and embedded in
Paraplast-Plus (Oxford Labware). From the remainder of
each uterine horn, endometrium was dissected from
myometrium, frozen separately in liquid nitrogen, and
stored at –80�C.

Histological analyses

Conceptus tissues were sectioned (5 µm) and stained
with haematoxylin and eosin as described by Gray et al.
(2000a). Uteri were sectioned (5 µm) and stained with
Masson’s trichrome stain. This procedure stains nuclei

black, cytoplasm and muscle fibres red, and extracellular
matrix (ECM) components blue. For this stain, uterine
sections were deparaffinized in CitraSolv (Fisher Scientific;
Fairlawn, NJ) and rehydrated through a graded alcohol
series to distilled water. Tissues were then incubated for 1 h
at 55�C in Bouin’s solution (71% (v/v) picric acid, 24%
formaldehyde (40%), and 5% (v/v) glacial acetic acid) and
rinsed in water. Slides were incubated sequentially at room
temperature for 5 min each in Weigert’s iron haematoxylin
(50% (v/v) ethanol (95%), 4% (v/v) ferric chloride (29%
aqueous), 1% (v/v) hydrochloric acid, and 1% (w/v)
haematoxylin), biebrich scarlet-acid fuchsin solution (90%
(v/v) biebrich scarlet (1% aqueous), 9% (v/v) acid fuchsin
(1% aqueous), and 1% (v/v) glacial acetic acid),
phosphomolybdic–phosphotungstic acid solution (2.5%
(v/v) phosphomolybdic acid, 2.5% (w/v) phosphotungstic
acid), aniline blue solution (2.5% (w/v) aniline blue, 2%
(v/v) glacial acetic acid), and then in 1% glacial acetic acid
(v/v) for 5 min. Slides were then dehydrated through alcohol
to xylene, and coverslips fixed with Permount (Fisher
Scientific, Fair Lawn, NJ). Photomicrographs of stained
tissues were captured using a Zeiss Axioplan2
photomicroscope (New York, NY) fitted with a Hamamatsu
chilled 3CCD colour camera (Hamamatsu, Hamamatsu
City).

Western blot analyses

Uterine flushes (2 ml) from day 14 cyclic, pregnant and
UGKO ewes were concentrated using Centricon-3 columns
(Amicon, Beverly, MA). Protein content was determined
using a Bradford protein assay (Bio-Rad, Hercules, CA) with
bovine serum albumin (BSA) as the standard. Uterine flush
proteins (30 µg) were denatured, separated by SDS-PAGE
using 12% acrylamide gels, and transferred to nitrocellulose
membranes as described by Spencer et al. (1999b).
Membranes were blocked for 1 h at room temperature with
5% (w/v) milk–TBST (20 mmol Tris l–1 (pH 7.5), 137 mmol
NaCl l–1, 0.05% (v/v) Tween 20) and then incubated with
mouse anti-ovine IFN-τ (HL129; 4 µg ml–1) (Swann et al.,
1999), rabbit anti-human osteopontin (LF-123 and LF-124;
1 : 2500 each) (Johnson et al., 1999a), or rabbit anti-rat
GlyCAM-1 (CAM02; 1 µg ml–1; kindly provided by S. D.
Rosen (University of California) (Singer and Rosen, 1996) in
5% milk-TBST as described by Spencer et al. (1999b).
Negative control blots were performed in which primary
antibody was replaced by mouse IgG (IFN-τ), rabbit IgG
(GlyCAM-1) or normal rabbit serum (osteopontin) at the
same concentration used for the respective primary anti-
bodies. After an overnight incubation at 4�C, membranes
were washed for 30 min with TBST and then incubated with
either goat anti-mouse or goat anti-rabbit IgG–horseradish
peroxidase-conjugated secondary antibody (KPL, Bethesda,
MD) for 1 h at room temperature. Membranes were again
washed with TBST for 30 min before detection by chemi-
luminescence using a Super Signal West Pico kit (Pierce;
Rockford, IL) and Kodak X-OMAT AR film.
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Immunocytochemical analyses 

Antibodies used for immunocytochemistry included
rabbit anti-Muc-1 (generously provided by D. Carson,
University of Delaware); rabbit anti-αv (AB1930), α5
(AB1928), β3 (AB1932), and β5 (AB1926) from Chemicon
(Temecula, CA); normal rabbit IgG (15006) from Sigma 
(St Louis, MO); and fluorescein-conjugated goat anti-rabbit
IgG (65-611) from Zymed (San Francisco, CA).

Proteins were localized in frozen uterine tissue sections
(8–10 µm) by immunofluorescence staining as described by
Johnson et al. (2001a). Briefly, frozen uterine tissues were
sectioned (8 µm) with a Hacker-Bright OTF cryostat
(Hacker Instruments, Fairfield, NJ) and mounted on
Superfrost/Plus microscope slides (Fisher Scientific,
Pittsburgh, PA). Frozen sections were fixed in –20�C
methanol for 10 min, permeabilized with 0.3% (v/v)
Tween-20 in 0.02 M PBS, and then blocked in antibody
dilution buffer (two parts 0.02 mol PBS l–1, 1.0% BSA, 0.3%
Tween-20 (pH 8.0) and one part glycerol) containing 
5% normal goat serum for 1 h at room temperature.
Immunoreactive protein was then detected using a
fluorescein-conjugated secondary antibody for 1 h at room
temperature. Slides were overlaid with Prolong antifade
mounting reagent and then coverslips were added
(Molecular Probes, Eugene, OR). Representative fluores-
cence images of cross-sections for each antibody and for
each ewe were recorded digitally.

Progesterone radioimmunoassay

Concentrations of progesterone in plasma samples were
determined using an Active Progesterone Radio-
immunoassay kit (Diagnostic Systems Laboratories,
Webster, TX) as described by Gray et al. (2000a). Assay
sensitivity was 0.1 ng ml–1, and the intra-assay coefficient of
variation was 5%. 

RNA isolation and analyses

Total cellular RNA was isolated from frozen endo-
metrium using the Trizol reagent (Gibco-BRL, Grand Island,
NY) and analysed for concentration and quality. Denatured
total cellular RNA (20 µg) for each ewe was analysed by slot
blot hybridization using radiolabelled antisense cRNA
probes generated by transcription in vitro with [α-32P] UTP
(Amersham Pharmacia Biotech, Piscataway, NJ) as
described by Spencer et al. (1995). Plasmid templates
containing cDNAs for ovine IFN-stimulated gene 17
(ISG17; kindly provided by T. Hansen, University of
Wyoming), human signal transducer and activator of
transcription (STAT) 1, human STAT2, ovine IFN regulatory
factor one (IRF-1), and 18S rRNA (pT718S; Ambion, Austin,
TX) were used to produce radiolabelled cRNA probes as
described by Choi et al. (2001). Hybridization signals were
detected by exposing washed slot blots to a phosphoimager
screen and visualized using a Typhoon 8600 Variable Mode
Imager (Molecular Dynamics, Sunnyvale, CA).

Statistical analyses

All quantitative data were subjected to least-squares
analysis of variance (LS-ANOVA) using General Linear
Models procedures of the Statistical Analysis System (SAS,
1990). Analyses of steady-state amounts of endometrial
mRNA determined by slot blot hybridization included the
18S rRNA as a covariate in LS-ANOVA to correct for
differences in sample loading. In all analyses, error terms
used in tests of significance were identified according to the
expectation of the mean squares for error (Steele and Torrie,
1980). Data are presented as least-squares means with
overall SE.

Results

Study one: conceptus morphology in uterine flushes

One to three filamentous conceptuses were present in
the uterine flushes of most normal mated control ewes 
(n = 7 of 8) mated with an intact fertile ram. The uterine
flushes of UGKO ewes contained either no conceptus 
(n = 5 of 12) or degenerating conceptuses (n = 7 of 12). The
conceptus morphology in UGKO uterine flushes was
classified as fragmented filamentous (n = 1) or degenerating
tubular (n = 6).

Study one: histoarchitecture of the uterus

Uteri of all control ewes exhibited extensive, normal
gland development in the intercaruncular endometrium
(Fig. 1a–d). As expected, none of the UGKO ewes displayed
uterine gland development characteristic of controls 
(Fig. 1e,f). In UGKO ewes, uterine glands were most often
either absent or sporadically distributed at very low density.
In uteri from normal day 14 cyclic and pregnant ewes,
caruncular areas of the endometria consisted of densely
packed stromal cells and showed decreased staining for
ECM components as compared with the intercaruncular
areas of the endometrium. The stroma of the intercaruncular
endometrium in ruminants can be divided into the stratum
compactum beneath the LE, consisting of densely packed
stroma, and the stratum spongiosum nearer the
myometrium, consisting of less dense stroma. The stratum
spongiosum of the intercaruncular endometrium of normal
ewes contained many endometrial glands and showed
pronounced ECM compared with the stroma in the stratum
compactum zone and caruncular area. In comparison,
endometrium of uteri from UGKO ewes was most similar 
to that of the caruncular area of the uteri of control 
ewes, because it lacked characteristic intercaruncular
endometrium. Furthermore, the lumen of the uterus was
greater in width with the caruncular areas not protruding as
far into the uterine lumen, as observed in the uteri of normal
ewes. The UGKO endometrium consisted primarily of
dense stromal cells with very little detectable ECM except in
the deep stroma on the border of the myometrium. This area
in which ECM staining was detected corresponds to the area
in which large numbers of blood vessels are present.
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Myometrial histoarchitecture did not appear different
between uteri from UGKO and control ewes.

Study one: IFN-τ, osteopontin and GlyCAM-1 in uterine
flushes

Filamentous conceptuses were present in most uterine
flushes from normal ewes 14 days after mating (Fig. 2a). In

contrast, growth-retarded conceptuses were observed in 
the uterine flush of some UGKO ewes. A representative
degenerating tubular conceptus found in the uterine flush of
an UGKO ewe is shown (Fig. 2c). 

Immunoreactive IFN-τ was absent in uterine flushes
obtained from cyclic ewes (Fig. 2b, lanes 1–4), but detected
in uterine flushes obtained from pregnant ewes (Fig. 2b,
lanes 5–8). The amount of IFN-τ present in the uterine
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Fig. 1. Representative photomicrographs of the uterus from cyclic (a,b), pregnant (c,d) and uterine gland knockout
(UGKO) ewes (e,f) 14 days after mating, using a Masson’s trichrome stain. This procedure stains nuclei black,
cytoplasm and muscle fibres red, and extracellular matrix (ECM) components blue. The left column (a,c) from normal
ewes depicts intercaruncular endometrial regions and the right column (b,d) depicts caruncular endometrial areas. No
distinct caruncular or intercaruncular regions are distinguishable in uteri from UGKO ewes (e,f). L: luminal epithelium;
G: glandular epithelium; SC: stratum compactum; SS: stratum spongiosum; M: myometrium; V: blood vessel. Scale bar
represents 200 µm.
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flushes corresponded to the number of conceptuses present
in the uterine flush. The uterine flush from the ewe
represented in lane 5 contained three filamentous
conceptuses, whereas those in lanes 6 and 7 were from
ewes with two conceptuses, and lane 8 represents a flush
that contained a single conceptus. Western blot analyses of
uterine flushes that contained a conceptus from UGKO
ewes is presented (Fig. 2d). Immunoreactive IFN-τ was not
detected in uterine flushes from UGKO ewes containing no
conceptus (lanes 1 and 2), degenerating tubular
conceptuses (lanes 3 and 4), or a fragmenting filamentous
conceptus (lane 6). Immunoreactive IFN-τ was within
detection limits in the uterine flush of one UGKO ewe that
contained a degenerating, tubular conceptus (lane 5). 

Immunoreactive osteopontin was absent in uterine
flushings from cyclic ewes (Fig. 3a, lanes 1–4), but present
in uterine flushings from pregnant ewes (Fig. 3a, lanes 5–8).
Several molecular mass forms (70, 45, and 25 kDa) of
immunoreactive osteopontin were detected in the uterine
flushings from pregnant ewes. The 45 and 25 kDa forms of
osteopontin are cleavage products of the 70 kDa form

(Johnson et al., 1999a). The 70 kDa form of osteopontin was
present in only one uterine flush (Fig. 3a, lane 5), which
contained three filamentous conceptuses. Immunoreactive
osteopontin was not detectable in any uterine flush
obtained from UGKO ewes, regardless of the presence of a
degenerating conceptus (Fig. 3b, lanes 1–6).

Immunoreactive GlyCAM-1 was detectable in two of the
uterine flushes obtained from cyclic ewes (Fig. 4a, lanes 2
and 4), but abundant in all uterine flushes obtained from
pregnant ewes (Fig. 4a, lanes 5–8). Small amounts of
GlyCAM-1 were detected in uterine flushings from three
UGKO ewes (Fig. 4b, lanes 1, 3 and 5). However, the
amount of GlyCAM-1 in uterine flushings from UGKO ewes
was not abundant and appeared similar to that in normal
cyclic ewes.

Study one: expression of Muc-1 and integrin subunits in
the endometrium 

Immunoreactive Muc-1 was restricted to the apical
surface of uterine LE and GE (Fig. 5). Apical staining of 
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Fig. 2. Conceptus morphology and uterine flush content of interferon τ (IFN-τ) from cyclic, pregnant and
uterine gland knockout (UGKO) ewes. Photomicrographs (a,c) are haematoxylin and eosin-stained
conceptuses that were present in the uterine flushes. (a) Elongating filamentous conceptus
representative of conceptuses found in the uterine flushes from normal bred ewes 14 days after mating.
(c) Growth-retarded, or tubular, conceptus detected in the uterine flush of an UGKO ewe 14 days after
mating. Photomicrographs are shown at the same magnification (� 164). (b,d) Western blot analyses of
IFN-τ in concentrated uterine flushes obtained from (b) normal ewes on day 14 of oestrus (Cyclic, lanes
1–4) or 14 days after mating (Pregnant, lanes 5–8) and (d) UGKO ewes 14 days after mating. (d) Uterine
flushings from UGKO ewes were loaded depending upon the morphology of the conceptus present in
the uterine flush. No conceptus (lanes 1–2), a growth-retarded or degenerating tubular conceptus (lanes
3–5), or a fragmented filamentous conceptus (Fil; lane 6) was detected in the uterine flushes from UGKO
ewes. Each lane in the blots represents proteins from a single flush from an individual ewe (30 µg per
lane). Immunoreactive protein was detected using mouse monoclonal antibody directed against ovine
IFN-τ. Positions of pre-stained molecular weight standards (� 10–3) are indicated.
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Muc-1 was detected on the LE of all uteri and was not
appreciably different in comparisons among uteri from
cyclic, pregnant and UGKO ewes. Immunoreactive αv,
α4, α5, β3 and β5 integrin subunits were detected at 
the apical surface of uterine LE and GE of normal cyclic 
and pregnant ewes (Fig. 5) and were not affected by
pregnancy status in normal ewes. Overall, the relative
intensity of immunoreactive integrin subunit expression
was not different in the LE of the endometrium of UGKO
ewes compared with that for normal cyclic and pregnant
ewes.

Study two: peripheral plasma concentrations of
progesterone

Concentrations of progesterone in plasma obtained each
day during the intra-uterine infusion period were not
affected by treatment (day � treatment, P = 0.628). Plasma
progesterone concentrations remained constant throughout
the uterine infusion of either control proteins or roIFN-τ.

Study two: steady-state concentrations of mRNAs
encoding interferon-stimulated gene in the endometrium

Results of the slot blot hybridization analyses to
determine steady state levels of endometrial mRNAs are
summarized (Table 1). Infusion of roIFN-τ into the uterus of
UGKO ewes increased endometrial concentrations of
ISG17 (P < 0.001), STAT1 (P < 0.001), STAT2 (P < 0.001)
and IRF-1 (P < 0.003) as compared with endometrium from
ewes infused with control proteins.

Discussion

The results of the present study extend previous reports
describing both gross and histological differences between
uteri from normal and UGKO ewes, including differences in
the stromal organization of the endometria of UGKO ewes
(Gray et al., 2000b, 2001b). The present results are the first
to indicate that uteri of adult UGKO ewes, which lack an
intercaruncular area consisting entirely of compact stroma,
also have major differences in expression of ECM
components as assessed by Masson’s trichrome staining. 

Gray et al. (2001c) found that normal conceptuses were
present in the uterine lumen of UGKO ewes on days 6 and
9, but not on day 14, after mating. Similarly, in the present
study, uterine flushings of UGKO ewes contained either no
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Fig. 3. Western blot analyses of osteopontin in concentrated
uterine flushes obtained from (a) normal ewes on day 14 of oestrus
(Cyclic, lanes 1–4) or 14 days after mating (Pregnant, lanes 5–8)
and (b) uterine gland knockout (UGKO) ewes 14 days after mating.
Flushes from UGKO ewes were loaded depending upon the
morphology of the conceptus present in the uterine flush. No
conceptus (lanes 1–2), a growth-retarded or degenerating tubular
conceptus (lanes 3–5), or a fragile filamentous conceptus (Fil; lane
6) was detected in the uterine flushes from UGKO ewes. Each lane
in the blots represents a single flush from an individual ewe (30 µg
per lane). Immunoreactive protein was detected using a cocktail of
polyclonal rabbit anti-human osteopontin IgG (LF-123 and LF-
124). Positions of pre-stained molecular weight standards (�10–3)
are indicated.
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Fig. 4. Western blot analyses of glycosylation-dependent cell
adhesion molecule 1 (GlyCAM-1) in concentrated uterine flushes
obtained on from (a) normal ewes on day 14 of oestrus (Cyclic,
lanes 1–4) or 14 days after mating (Pregnant, lanes 5–8) and (b)
uterine gland knockout (UGKO) ewes. Flushes from UGKO ewes
were loaded depending upon the morphology of the conceptus
present in the uterine flush. No conceptus (lanes 1–2), a growth-
retarded or degenerating tubular conceptus (lanes 3–5), or a
fragmenting filamentous conceptus (Fil; lane 6) was detected in the
uterine flushes from UGKO ewes. Each lane in the blots represents
a single flush from an individual ewe (30 µg per lane).
Immunoreactive protein was detected using rabbit anti-rat
GlyCAM-1 (CAM02) IgG. Positions of pre-stained molecular
weight standards (� 10–3) are indicated.
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Fig. 5. Immunofluorescent localization of integrins αv, α5, β3, β5 and MUC-1 in the endometrium of normal ewes on day 14
of oestrus (Cyclic; left column) or 14 days after mating (Pregnant; middle column), or uterine gland knockout (UGKO) ewes
after mating (UGKO; right column). Frozen cross-sections of the uterine wall from control and UGKO ewes were fixed in
methanol and blocked in 5% normal goat serum. Sections were incubated overnight at 4�C with 20 µg ml–1 rabbit IgG
against αv, α5, β3, β5 or MUC-1, and then incubated with fluorescein-conjugated goat anti-rabbit IgG. Photomicrographs
were taken using a fluorescein filter. Scale bar represents 200 µm.
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conceptus or a growth-retarded conceptus on day 14 after
mating. Taken together, the evidence indicates that
endometrial glands and, by default, their secretions are not
required for development of the conceptus to the hatched
blastocyst state, but are crucial for blastocyst elongation.
Normal conceptuses by day 14 after mating have de-
veloped from a tubular to an elongated filamentous form,
secreted large amounts of IFN-τ, and transiently contacted
the maternal epithelium in preparation for implantation
(Guillomot, 1995). 

In the present study, uterine flushes from UGKO ewes on
day 14 after mating had either no detectable or very low
amounts of IFN-τ associated with severely growth retarded
conceptuses. Secretion of IFN-τ by the trophectoderm
serves as a marker for conceptus health and state of
development. IFN-τ is secreted by the ovine conceptus
between days 8 and 21 after mating, with maximum
amounts secreted on days 14–16 as the conceptus develops
from a tubular to a filamentous form (Ashworth and Bazer,
1989; Farin et al., 1989). In the present study, the uterine
flush of UGKO ewes did not contain the high concen-
trations of immunoreactive IFN-τ characteristic of uterine
flushings from normal ewes on day 14 after mating. The
lack of appreciable IFN-τ in the uterine flush of UGKO ewes
is correlated directly with the lack of a conceptus or the
presence of a growth-retarded tubular conceptus in the uteri
of UGKO ewes.

In ewes, IFN-τ acts on the endometrium to induce or
increase the expression of several inteferon-stimulated genes.
IFN-τ-stimulated genes include ISG17/ubiquitin cross-
reactive protein (Johnson et al., 1999b, 2000), 2�,5�-
oligoadenylate synthetase (OAS) (Mirando et al., 1991;
Johnson et al., 2001b; Stewart et al., 2001a), STATs 1 and 2
(Choi et al., 2001; Stewart et al., 2001a,b), and IRF-1 and -9
(Choi et al., 2001; Stewart et al., 2002). Despite retarded
conceptus development and absence of IFN-τ production
by UGKO conceptuses, findings from the present study
indicate that the endometrium of UGKO ewes is responsive
to IFN-τ in terms of induction of or increases in expression
of IFN-τ-stimulated genes. The ability of IFN-τ to stimulate
increases in IFN-τ-stimulated genes in the UGKO uterus is

in agreement with previous studies in normal cyclic ewes
infused with IFN-τ (Spencer et al., 1999c; Johnson et al.,
2000; Choi et al., 2001). Taken together, available results
indicate that the endometrium of UGKO ewes can respond
properly to the pregnancy recognition signal produced by
the ovine conceptus, but is unable to produce the proper
secretions to stimulate conceptus development.

The process of superficial implantation in sheep involves
a sequence of events, including removal of anti-adhesion
molecules on the LE, expression of receptors on the LE and
trophectoderm, and secretion of adhesive factors by the
endometrial LE and GE (Bowen and Burghardt 2000;
Johnson et al., 2001a; Burghardt et al., in press). Muc-1 is a
heavily glycosylated mucin thought to project above the
apical surface of LE cells to sterically block cell–cell and
cell–ECM adhesion (Wesseling et al., 1995) and, thereby,
trophectoderm access to the uterine LE. In both humans and
rodents, the expression pattern of glycoproteins, such as
MUC-1, on the uterine LE may control the accessibility 
of integrin receptors to their ligands and provide a barrier 
to invasiveness (Carson et al., 2000). The implantation ad-
hesion cascade in rodents is initiated after downregulation
of MUC-1 (Carson et al., 1998). In sheep, MUC-1 is also
expressed on the apical surface of the LE and is down-
regulated during implantation to allow interactions of
integrins and their ligands (Johnson et al., 2001a). Integrins
comprise a family of intrinsic membrane proteins of non-
covalently linked α and β subunit heterodimers. Integrins
serve as receptors and bind ECM and other ligands to aid in
cellular adhesion, reorganization of cytoskeletal molecules
or signal transduction (Miyamoto et al., 1995; Burghardt et
al., 1997, in press). In sheep, integrin expression on the
apical surface of the LE is constitutive (Johnson et al.,
2001a). The ovine endometrial LE and trophectoderm
express integrin subunits αv, α4, α5, β1, β3 and β5 (Johnson
et al., 2001a). The present study examined expression of the
glycoprotein MUC-1 and integrin subunits αv, α5, β3 and β5
by the endometrial epithelium of normal and UGKO ewes
14 days after mating. There were no differences between
normal and UGKO ewes in the patterns of Muc-1 and
integrin subunit expression on the endometrial LE. Previous
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Table 1. Steady state concentrations of endometrial mRNA encoding interferon (IFN)-stimulated 
gene 17 (ISG17), signal transducer and activator of transcription 1 (STAT1), STAT2, and 

IFN regulatory factor 1 (IRF-1)

Endometrial expression of mRNAa

Intrauterine protein
treatment ISG17 STAT1 STAT2 IRF-1

Control 218 053 7 728 198 443 682 602 494
roIFN-τ 3 086 827 31 034 609 2 668 866 1 059 946
Overall SE 102 246 669 813 31 321 41 152
P valueb 0.001 0.001 0.001 0.003
Fold increase 14 4 6 2

aData are presented as relative light units with SE.
bOne-way ANOVA (Control versus IFN- τ).
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studies have demonstrated similar results for temporal
expression of steroid hormone receptors (Gray et al.,
2000a) and LE-specific genes (Gray et al., 2001c) in the
endometrium of UGKO compared with normal ewes.
Taken together, the results of these studies support the
contention that the endometrial LE of UGKO ewes is not
abnormal in phenotype and is not the underlying cause of
conceptus growth retardation and mortality.

In several species, conceptus implantation involves
molecules that are secreted by the endometrial glands
during pregnancy. In rodents, the endometrial glands
secrete leucocyte inhibitory factor and calcitonin, which act
on the uterine LE or conceptus to promote conceptus
development, establishment of uterine receptivity and
implantation (Carson et al., 2000). Available evidence from
the ovine UGKO model supports the contention that the
endometrial glands also secrete molecules that support
conceptus survival and development. The endometrial
glands of the pregnant ovine uterus synthesize and secrete
osteopontin, which is hypothesized to play a role in
conceptus attachment, adhesion and elongation during
peri-implantation (Johnson et al., 1999a,b, 2001a).
Osteopontin is a 70 kDa acidic glycoprotein component of
the ECM (Butler et al., 1996) that gives rise to 25 and 45 kDa
fragments upon treatment with proteases and freezing or
thawing (Weber and Cantor, 1996). Osteopontin binds to
cell surface integrins present on both trophectoderm and LE,
via its RGD sequence present on the 70 and 45 kDa forms,
to promote cell–cell attachment during the period of
implantation (Johnson et al., 1999b). Osteopontin engages a
number of receptors, including the integrins αv(β1, β3 or
β5) and (α4, α5, α8 or α9)β1 (Denhardt et al., 2001). In the
present study, osteopontin was found to be absent in uterine
flushings from cyclic and UGKO ewes and present in all
three forms in uterine flushings from pregnant ewes 14 days
after mating. This pattern of osteopontin expression in
normal ewes is similar to that reported by Johnson et al.
(1999a). If osteopontin is essential for normal conceptus
elongation and implantation in sheep, then its absence in
the uterine milieu of UGKO ewes would be detrimental to
conceptus survival and development, despite the presence
of the integrin receptors for osteopontin on the endometrial
LE. The process of conceptus elongation and implantation
probably requires the interaction of ECM ligands and
integrin receptors on the trophectoderm and endometrial 
LE (Johnson et al., 1999b, 2001a; Carson et al., 2000;
Burghardt et al., in press). Results from the present study
concur with this hypothesis and provide new insight 
into the physiology involved in ECM-mediated con-
ceptus–uterine interactions involved in conceptus elongation
and implantation in ruminants.

Another molecule that may be required for conceptus
attachment during the peri-implantation period in the ovine
uterus is GlyCAM-1 (Spencer et al., 1999b). GlyCAM-1 is a
sulphated member of the mucin family of glycoproteins that
is normally expressed by the endothelium of lymph nodes
(Lasky et al., 1992). This glycoprotein serves as a ligand for

L-selectin which, in turn, activates integrins and promotes
fibronectin adhesion to aid in extravasation of lymphocytes
in lymph nodes (Rosen, 1993; Hwang et al., 1996; Giblin et
al., 1997). In pregnant ewes, GlyCAM-1 in the LE and GE
was low on days 11 and 13, increased on day 15, and 
was abundant on days 17 and 19 after mating (Spencer 
et al., 1999b). In pregnant ewes, the relative amount of
immunoreactive GlyCAM-1 in uterine flushings was low on
days 11 and 13, but high on days 15 and 17 after mating.
Similar to findings for osteopontin, the abundance of
GlyCAM-1 was low or undetectable in uterine flushings
from cyclic and UGKO ewes, but was abundant in uterine
flushings from pregnant ewes 14 days after mating. Thus,
the absence of GlyCAM-1 in the uterine environment of
UGKO ewes could also impede conceptus elongation and
implantation. It is likely that several other molecules are
also lacking in the UGKO uterus, resulting in conceptus
mortality and growth retardation during the peri-
implantation period. The lack of a closed uterine lumen
with discreet protruding caruncles may also contribute to
defects in conceptus survival and elongation observed in
UGKO ewes. However, available results support the
hypothesis that defects in peri-implantation conceptus
survival and growth in UGKO ewes are not the result of
alterations in the endometrial expression of either anti-
adhesion molecules or integrin receptors, but are rather the
result of an absence of endometrial glands and their
secretions, including molecules involved in cell–cell
adhesions such as osteopontin and GlyCAM-1. A functional
genomics and proteomics approach will be necessary to
determine which uterine factors are absent in UGKO ewes
as compared with normal ewes during early pregnancy.

These studies were supported by Grants 1998-35203-6322 
and 2001-35203-10700 from the NRI Competitive Grants
Program/CSREES/USDA and, in part, by P30 ES09106. The authors
appreciate the gift of reagents by T. Hansen (University of
Wyoming) and D. Carson (University of Delaware).
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Cathepsins in the Ovine Uterus: Regulation by
Pregnancy, Progesterone, and Interferon Tau

Gwonhwa Song, Thomas E. Spencer, and Fuller W. Bazer

Center for Animal Biotechnology and Genomics and Department of Animal Science, Texas A&M University, College Station,
Texas 77843

Cathepsins (CTS) are peptidases that have biological roles in
degrading extracellular matrix, catabolism of intracellular
proteins, and processing of prohormones. Expression of
CTSB, CTSD, CTSH, CTSK, CTSL, CTSS, and CTSZ genes was
detected in the endometria of cyclic and early pregnant ewes
with distinct temporal and spatial expression patterns. In the
d 18 and 20 conceptus, expression of CTSB, CTSD, CTSL, and
CTSZ mRNA was detected in the trophectoderm. Of particular
note, CTSL mRNA was the most abundant CTS mRNA in the
ovine endometrium and detected only in the luminal epithe-
lium and superficial glandular epithelium of cyclic and preg-
nant ewes. CTSL mRNA increased 8-fold between d 10 and 18
in endometria of pregnant ewes, whereas it declined between
d 14 and 16 in cyclic ewes. CTSL protein was also detected in

conceptus trophectoderm, and pro-CTSL was detected in
uterine flushings from ewes between d 12 and 16 of pregnancy.
In ovariectomized and catheterized ewes, CTSL mRNA in the
endometrium was increased by progesterone and intrauter-
ine injections of ovine interferon (IFN)�. Other endometrial
CTS genes were also regulated by progesterone alone (CTSB,
CTSK, CTSS, and CTSZ) or progesterone and IFN� (CTSH,
CTSK, CTSS, and CTSZ). These results indicate that CTS of
endometrial and conceptus origin may regulate endometrial
remodeling and conceptus implantation, endometrial CTS
genes are regulated by ovarian and placental hormones, and
CTSL is a novel IFN�-stimulated gene expressed only in lu-
minal epithelium and superficial glandular epithelium of the
endometrium. (Endocrinology 146: 4825–4833, 2005)

CATHEPSINS (CTS) ARE a family of lysosomal pro-
teinases active in an acidic environment (1). They

have the ability to degrade extracellular matrix (ECM)
molecules, including collagens, laminin, fibronectin, and
proteoglycans and are also involved in the catabolism of
intracellular proteins and prohormone processing. A
member of the cysteine proteinase family, CTSB, can ac-
tivate matrix metalloproteinases (MMPs) and urokinase
type plasminogen activator (2), and the closely related
CTSL can cleave prourokinase type plasminogen activator
into the active form (2). On the other hand, inactive pre-
cursors of these CTS can be activated by MMPs (1). In
humans, CTSB, CTSH, CTSK, CTSL, and CTSS are ex-
pressed in the proliferative and secretory phase endome-
tria and appear to be required for normal uterine devel-
opment and function as well as menstruation (3).
Available evidence supports the concept that a variety of
proteases as well as their specific inhibitors regulate tro-
phoblast invasion in many species (e.g. mouse, rat, cat, pig,
and human) during conceptus implantation (3–10). Spe-
cifically, these studies implicate CTS in regulation of uter-
ine receptivity for implantation and trophoblast invasion
in a number of mammals (see Refs. 11–14 for review).

Regulation of CTS expression in the ovine uterus and
conceptus has not been reported. Trophoblast invasion in

ruminants (sheep, cattle, goats) is limited to fusion of
migrating binucleate cells with uterine epithelium, but
considerable tissue remodeling and angiogenesis occur
within the endometrium at implantation, which is asso-
ciated with the cysteine and serine proteases and produc-
tion of MMPs by the endometrium and conceptus (12, 14).
Endometrial function during this period of pregnancy ap-
pears to be primarily regulated by progesterone from the
corpus luteum and hormones from the conceptus, includ-
ing interferon (IFN)� (15, 16). IFN� is the signal for ma-
ternal recognition of pregnancy in ruminants and is pro-
duced between d 10 and 21–25 of pregnancy in sheep by
the mononuclear trophoblast cells of the conceptus (17,
18). In sheep, IFN� acts in a paracrine manner on endo-
metrial epithelia to inhibit transcription of the estrogen
receptor-� and oxytocin receptor genes (17, 19), thereby
preventing endometrial release of luteolytic pulses of
prostaglandin F2� (20). The antiluteolytic actions of IFN�
are required for maintenance of a functional corpus lu-
teum and secretion of progesterone, the essential hormone
of pregnancy (20). IFN� also induces or stimulates expres-
sion of a number of genes in the endometrium that are
hypothesized to play important biological roles in con-
ceptus implantation (21). This study determined effects of
the estrous cycle, pregnancy, progesterone, and IFN� on
expression of selected CTS genes in the ovine endome-
trium. Results indicated that a number of CTS genes are
expressed in the endometrium and conceptus during early
pregnancy and regulated by progesterone and/or IFN�. In
particular, CTSL was found to be novel gene stimulated by
progesterone and IFN� only in endometrial luminal (LE)
and superficial ductal glandular epithelia (sGE).

First Published Online August 11, 2005
Abbreviations: C, Cyclic; CTS, cathepsin; CX, control; ECM, extra-

cellular matrix; IFN, interferon; LE, luminal epithelium; MMP, matrix
metalloproteinase; P, progesterone; PR, progesterone receptor; PX, preg-
nant; ro, recombinant ovine; sGE, superficial glandular epithelium.
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Materials and Methods
Animals

Mature crossbred Suffolk ewes (Ovis aries) were observed daily for
estrus in the presence of vasectomized rams and used in experiments
only after they had exhibited at least two estrous cycles of normal
duration (16–18 d). All experimental and surgical procedures were in
compliance with the Guide for the Care and Use of Agriculture Animals
and approved by the University Laboratory Animal Care and Use Com-
mittee of Texas A&M University.

Experimental design

Study 1. At estrus (d 0), ewes were mated to either an intact or
vasectomized ram as described previously (22) and then hysterecto-
mized (n � 5 ewes/d) on d 10, 12, 14, or 16 of the estrous cycle or d
10, 12, 14, 16, 18, or 20 of pregnancy. Pregnancy was confirmed on d
10 –16 after mating by the presence of a morphologically normal
conceptus(es) in the uterus. At hysterectomy, several sections (�0.5
cm) from the midportion of each uterine horn ipsilateral to the corpus
luteum were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2).
After 24 h, fixed tissues were changed to 70% ethanol for 24 h and then
dehydrated and embedded in Paraplast-Plus (Oxford Labware, St.
Louis, MO). Several sections (1–1.5 cm) from the middle of each
uterine horn were embedded in Tissue-Tek OCT compound (Miles,
Oneonta, NY), frozen in liquid nitrogen vapor, and stored at �80 C.
The remaining endometrium was physically dissected from myome-
trium, frozen in liquid nitrogen, and stored at �80 C for subsequent
RNA or protein extraction. In monovulatory pregnant (PX) ewes,
uterine tissue samples were marked as either contralateral or ipsi-
lateral to the ovary bearing the corpus luteum. No tissues from the
contralateral uterine horn were used for study. Uterine flushes were
clarified by centrifugation (3000 � g for 30 min at 4 C) and frozen at
�80 C for Western blot analysis.

Study 2. Cyclic (C) ewes (n � 20) were checked daily for estrus and
then ovariectomized and fitted with indwelling uterine catheters on
d 5 as described previously (23). Ewes were then assigned randomly
(n � 5 per treatment) to receive daily im injections of progesterone
and/or a progesterone receptor (PR) antagonist (ZK 136,317; Schering
AG, Berlin, Germany) and intrauterine infusions of control serum
proteins and/or recombinant ovine IFN� protein as follows: 1) 50 mg
progesterone (P, d 5–16) and 200 �g control (CX) serum proteins (d
11–16) (P�CX); 2) P and 75 mg ZK 136,317 (d 11–16) and CX proteins
(P�ZK�CX); 3) P and IFN� (2 � 107 antiviral units, d 11–16) (P�IFN);
or 4) P and ZK and IFN� (P�ZK�IFN). Steroids were administered
daily in corn oil vehicle. Both uterine horns of each ewe received
twice-daily injections of either CX proteins (50 �g/horn per injection)
or IFN� (5 � 106 antiviral units/horn per injection). Recombinant
ovine IFN� was produced in Pichia pastoris and purified as described
previously (24). Proteins were prepared for intrauterine injection as
described previously (23). This regimen of progesterone and recom-
binant ovine (ro)IFN� mimics the effects of progesterone and the
conceptus on endometrial expression of hormone receptors and IFN�-
stimulated genes during early pregnancy in ewes (25–28). All ewes
were hysterectomized on d 17, and the uteri and endometria pro-
cessed as described in study 1.

RNA isolation

Total cellular RNA was isolated from frozen ipsilateral endometrium
(studies 1 and 2) using Trizol reagent (Life Technologies, Inc.-BRL,
Bethesda, MD) according to manufacturer’s recommendations. The
quantity and quality of total RNA was determined by spectrometry and
denaturing agarose gel electrophoresis, respectively.

Cloning of partial cDNAs for ovine CTSB, CTSK, CTSL,
CTSH, CTSS, CTSD, and CTSZ

Partial cDNAs for ovine CTSB, CTSD, CTSK, CTSL, CTSH, CTSS, and
CTSZ mRNAs were amplified by RT-PCR using total RNA from endo-
metrial tissues from d 16–18 of pregnancy using specific primers (Table 1).
PCR amplification was conducted as follows for ovine CTSB, CTSK, CTSL,

CTSH, CTSS, CTSD and CTSZ : 1) 95 C for 5 min; 2) 95 C for 45 sec; 59.1
C (for CTSB and CTSH), 56.5 C (for CTSD, CTSK, CTSL, and CTSZ), or 64.5
C (for CTSS) for 1 min; and 72 C for 1 min for 35 cycles; and 3) 72 C for 10
min. Partial cDNAs of the correct size were cloned into pCRII using a T/A
cloning kit (Invitrogen) and their sequences verified by sequencing.

Slot blot hybridization analyses

Steady-state levels of mRNA in ovine endometria were assessed by
slot blot hybridization as described previously (28, 29). Radiolabeled
antisense and sense cRNA probes were generated by in vitro tran-
scription using linearized plasmid template, RNA polymerases, and
[�-32P]uridine 5-triphosphate. Denatured total endometrial RNA (20
�g) from each ewe in studies 1 and 2 was hybridized with radiola-
beled cRNA probes. To correct for variation in total RNA loading, a
duplicate RNA slot membrane was hybridized with radiolabeled
antisense 18S cRNA (pT718S; Ambion, Austin, TX). After washing,
the blots were digested with ribonuclease A and radioactivity asso-
ciated with slots quantified using a Typhoon 8600 MultiImager (Mo-
lecular Dynamics, Piscataway, NJ). Data are expressed as relative
units.

In situ hybridization analyses

Location of mRNA expression in sections (5 �m) of the ovine
uterus was determined by radioactive in situ hybridization analysis
as described previously (28, 29). Radiolabeled antisense and sense
cRNA probes were generated by in vitro transcription using linear-
ized plasmid template, RNA polymerases, and [�-35S]uridine
5-triphosphate. Deparaffinized, rehydrated, and deproteinated uter-
ine tissue sections were hybridized with radiolabeled antisense or
sense cRNA probes. After hybridization, washing, and ribonuclease
A digestion, slides were dipped in NTB-2 liquid photographic emul-
sion (Kodak, Rochester, NY) and exposed at 4 C for 2 wk. Slides were
developed in Kodak D-19 developer, counterstained with Gill’s he-
matoxylin (Fisher Scientific, Fairlawn, NJ), and then dehydrated
through a graded series of alcohol to xylene. Coverslips were then
affixed with Permount (Fisher Scientific). Images of representative
fields were recorded under bright-field or dark-field illumination
using an Eclipse 1000 photomicroscope (Nikon Instruments Inc.,
Lewisville, TX) fitted with a Nikon DXM1200 digital camera.

Immunohistochemistry

Immunocytochemical localization of immunoreactive CTSL protein
in the ovine uterus was performed as described previously (22) in
uterine tissue cross-sections from studies 1 and 2 using rabbit antihuman
CTSL polyclonal antibody (catalog no. 3192-100; BioVision, Mountain
View, CA) at a final concentration of 1 �g/ml. Antigen retrieval was
performed by using boiling citrate buffer as described previously (30).
Negative controls included substitution of the primary antibody with
nonimmune rabbit IgG (Sigma Chemical Co., St. Louis, MO) at the same
final concentration.

TABLE 1. Sequences of primers used for RT-PCR and cloning

Gene Sequence (5�–3�):
forward and reverse

GenBank
accession no.

Product
size (bp)

CTSB GCAAAACACCACTTGGAAGG L06075 581
AGGAACTGCATCCAAAATGC

CTSD ACCTTCGACATCCACTACGG AF164143 520
GTAGCTCTCGCACCTCATCC

CTSH GGTCAGAGCCTCAGAATTGC NM_004390 420
CATCGTTCAGTGTGATGTTGG

CTSK GGGTCTCACGGTTCTACTGC NM_000396 504
CAGTCCACCAGGTTCTGAGG

CTSL AATGGAGGAGAGCAGTGTGG X91755 579
CCTTCATAAGGGCCTTCTCC

CTSS CCTGGAAGCACAAGTGAAGC X62001 330
GAATGGCTCGCGTCTATACC

CTSZ GGCCTCATGAGTACCTGTCC NM_001336 501
TTGCCATTATGCCACAGC
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Western blot analyses

Protein concentrations of uterine flushes were determined using the
Bradford protein assay (Bio-Rad Laboratories, Hercules, CA) with BSA
as the standard. Proteins were denatured and separated by 12% SDS-
PAGE and Western blot analysis conducted as described previously (22)
by using enhanced chemiluminescence (SuperSignal West Pico, Pierce,
Rockford, IL) and X-OMAT AR x-ray film (Kodak) according to the
manufacturer’s recommendations. Immunoreactive CTSL protein was
detected using rabbit antihuman CTSL polyclonal antibody (catalog no.
3192-100; BioVision) at 0.5 �g/ml.

Statistical analyses

Data from slot blot hybridization analyses were subjected to least
squares ANOVA using the general linear models procedures of the
Statistical Analysis System (Cary, NC). Slot blot hybridization data were

corrected for differences in sample loading using the 18S rRNA data as
a covariate. Data from study One were analyzed for effects of day,
pregnancy status (C or PX), and their interaction. Effects of day were
determined by least squares regression analysis. Data from study 2 were
analyzed using preplanned orthogonal contrasts (P�CX vs. P�IFN,
P�CX vs. P�ZK�CX, and P�IFN vs. P�ZK�IFN). Data are presented
as least squares means with overall se values.

Results
Effects of estrous cycle and pregnancy on expression of CTS
mRNAs in ovine endometrium (study 1)

Steady-state levels of ovine CTSB, CTSD, CTSH, CTSK, CTSL,
CTSS, and CTSZ mRNAs in endometria from C and PX ewes
were determined by slot blot hybridization analyses (Fig. 1).

FIG. 1. Steady-state levels of CTSB, CTSD, CTSH, CTSK, CTSL, CTSS, and CTSZ mRNAs in endometria from C and PX ewes as determined
by slot blot analysis. See text for description of effects of day of the C or PX on mRNA levels in the endometrium.
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Expression of CTSB mRNA was lowest on d 10 and increased
to d 16 or 20 in C and PX ewes, respectively (linear effect of day,
P � 0.01). Endometrial levels of CTSD mRNA did not change
in C ewes but increased from d 10–20 in PX ewes (linear effect
of day, P � 0.01). CTSH mRNA levels increased from d 10–14
in C ewes and from d 10–20 in PX ewes (linear effect of day, P �
0.01). In contrast, CTSK mRNA did not change (P � 0.10) in
endometria of C and PX ewes. CTSL mRNA was affected (P �
0.05) by day, status, and their interaction. In C ewes, CTSL
mRNA increased from d 10–14 and then declined to d 16
(quadratic effect of day, P � 0.05). In PX ewes, CTSL mRNA
increased about 8-fold between d 10 and 18 (linear effect of day,
P � 0.01). Furthermore, CTSL mRNA levels in the endometrium
were greater on d 14 and 16 in PX than C ewes (day � status,
P � 0.05). Endometrial CTSS and CTSZ mRNA levels were not
affected by pregnancy status or day or their interaction (P �
0.10).

In situ hybridization analyses determined the location of
CTS gene expression in endometria. In C and PX ewes, CTSB
mRNA was detected in the endometrial LE, ductal sGE,
stratum compactum stroma and cells distributed throughout
the stroma that appeared to be immune cells based on their
morphology (Fig. 2). Abundant CTSB mRNA was detected
in the trophectoderm of the conceptus. CTSD mRNA was
expressed at low levels in the endometrial LE and sGE;

however, abundant CTSD mRNA was detected in the tro-
phectoderm of the conceptus. CTSH mRNA was expressed
at moderate levels in the endometrial LE and GE, particularly
on d 18 and 20 in PX ewes. In C and PX ewes, CTSK mRNA
was expressed at moderate levels in the endometrial LE and
stroma as well as cells within the stroma that appeared to be
immune cells based on their morphology and location.

CTSL mRNA was the most abundant CTS genes expressed
in the endometrium, and it was detected only in endometrial
LE and sGE (Fig. 3). Furthermore, CTSL mRNA was ex-
pressed by conceptus trophectoderm on d 18 and 20 of PX.
CTSS mRNA was detected at low levels in the endometrial
LE and cells within the stroma that appeared to be immune
cells based on their morphology and distribution. The num-
ber of CTSS mRNA-positive immune-like cells increased be-
tween d 14 and 16 of pregnancy. CTSZ mRNA was detected
at low levels specifically in the endometrial LE and sGE as
well as conceptus trophectoderm on d 18 and 20 of preg-
nancy. No differences in expression of CTS mRNAs in the LE
or stroma of the intercaruncular endometria were found
when compared with the caruncular endometria in the
uterus of either C or PX ewes (data not shown).

Collectively, results of slot blot and in situ hybridization
analyses indicated that CTSL mRNA was the most abundant
CTS gene expressed in the endometrium and the only CTS

FIG. 2. In situ hybridization analyses of CTSB, CTSD, CTSH, and CTSK mRNAs in uteri of C and PX ewes. Cross-sections of the uterine wall
from C and PX ewes were hybridized with radiolabeled antisense or sense ovine CTS cRNA probes. C, Conceptus; S, stroma. Scale bar, 10 �m.
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in the endometrium that appeared to be regulated by pro-
gesterone and a product of the conceptus. Therefore, CTSL
protein was studied in the uterus.

CTSL protein in the endometrium and uterine lumen (study 1)

Consistent with in situ hybridization analyses, immunore-
active CTSL protein was observed predominantly in the LE and
sGE in the endometrium of C and PX ewes (Fig. 4A). In PX ewes,
the amount of immunoreactive CTSL protein increased from d
10–16 and was observed predominantly near the apical surface
of the LE. Less immunoreactive CTSL protein was detected in
the stroma and conceptus trophectoderm.

Western blot analyses detected abundant levels of the 38- to
40-kDa form of pro-CTSL in the uterine flushings from PX but
not C ewes (Fig. 4B). Furthermore, the cleaved and active forms
of CTSL, made up of 21- and 5-kDa subunits, were also detected
at very low abundance in uterine flushings from PX ewes.

Effects of progesterone and IFN� on endometrial CTS
expression (study 2)

To determine whether P and IFN� regulated CTS gene
expression in the endometrium, a study was conducted as
described in Materials and Methods (Fig. 5A). As illustrated
in Fig. 5B, treatment with P increased CTSL mRNA in the
endometrium (P�CX vs. P�ZK�CX, P � 0.001), which

was further stimulated by about 3-fold in ewes receiving
intrauterine administration of roIFN� (P�CX vs. P�IFN,
P � 0.01), but roIFN� did not stimulate CTSL mRNA in
ewes receiving the ZK antiprogestin (P�IFN vs.
P�ZK�IFN, P � 0.10). In situ hybridization analyses re-
vealed that CTSL mRNA was expressed abundantly only
in the endometrial LE and sGE of ewes treated with P
(P�CX and P�IFN) (Fig. 5C).

Endometrial CTSB mRNA was stimulated by P (P�CX vs.
P�ZK�CX, P � 0.02) but decreased by roIFN� in ewes re-
ceiving P (P�CX vs. P�IFN, P � 0.01), whereas roIFN�
increased CTSB mRNA in ewes receiving P and ZK
(P�ZK�CX vs. P�ZK�IFN, P � 0.04) (Fig. 6). Expression of
CTSD mRNA was not affected (P � 0.10) by steroid or in-
trauterine roIFN� treatment. Endometrial CTSH mRNA was
increased by IFN� (P�CX vs. P�IFN, P � 0.001) but not
affected by other treatments (P � 0.10). CTSK mRNA was
decreased by P (P�CX vs. P�ZK�CX, P � 0.02) but in-
creased by roIFN� in ewes receiving P (P�CX vs. P�IFN, P �
0.01) or P�ZK (P�ZK�CX vs. P�ZK�IFN, P � 0.001). CTSS
mRNA was also stimulated by P (P�CX vs. P�ZK�CX, P �
0.02). In ewes receiving P only, roIFN� decreased CTSS
mRNA in the endometrium (P�CX vs. P�IFN, P � 0.06).
CTSZ mRNA was slightly stimulated by P (P�CX vs.
P�ZK�CX, P � 0.05) and increased by roIFN� in ewes re-

FIG. 3. In situ hybridization analyses of CTSL, CTSS, and CTSZ
mRNAs in uteri of C and PX ewes. Cross-sections of the uterine wall
from C and PX ewes were hybridized with radiolabeled antisense
or sense ovine CTS cRNA probes. C, Conceptus; S, stroma. Scale
bar, 10 �m.

FIG. 4. CTSL protein in the endometrium and uterine flush of C and
PX ewes from study 1. A, Immunoreactive CTSL protein was localized
in sections of the uterus using a rabbit antihuman CTSL polyclonal
antibody. For the IgG control, normal rabbit IgG was substituted for
the primary antibody. Sections were not counterstained. C, Concep-
tus; ST, stroma. Scale bar, 10 �m. B, Representative Western blot
analysis of CTSL in uterine flushings. Proteins in uterine flushings
were analyzed by 12% SDS-PAGE (10 �g/lane), and immunoreactive
protein was detected by Western blot analysis using rabbit antihu-
man CTSL polyclonal antibody that detects both the proenzyme and
the mature forms of CTSL.
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ceiving P alone (P�CX vs. P�IFN, P � 0.01) or P�ZK
(P�ZK�CX vs. P�ZK�IFN, P � 0.01).

Discussion

Similar to endometria of other mammals, expression of
many CTS genes was detected in endometria of C and early
PX ewes. The CTS family of cysteine and aspartyl proteases
as well as other proteases, including MMPs and serine pro-
teases, are implicated in the degradation of ECM required for
uterine remodeling during decidualization, implantation,
and placentation (11–14). In rodents, for example, it has been
hypothesized that CTS play a crucial role in digestion of
matrix molecules and activation of other proenzymes re-
sponsible for intracellular breakdown of molecules that are
phagocytosed by cells (4). The dynamic and differential ex-
pression of CTS genes between C and PX ewes suggests
functional diversity in mechanisms responsible for expres-
sion of CTS genes that may be responsible for optimization
of a uterine environment that supports conceptus implan-
tation and placentation during establishment and mainte-
nance of pregnancy (12). In the present study, cysteine pro-
teases CTSB, CTSH, CTSK, CTSL, CTSS, and CTSZ and
aspartyl protease CTSD were found to be expressed in the
ovine endometrium, and expression of CTSB, CTSD, CTSH,
CTSL, and CTSZ mRNA increased between d 10 and 20 of
early pregnancy. Consistent with above results, CTSL pro-
tein in the porcine uterus was observed in endometrial GE
as well as the uterine lumen and induced by progesterone
during the periods of implantation and placentation (9).

Interestingly, the ovine placenta expresses large numbers
of aspartic proteinase inhibitor genes, termed pregnancy-
associated glycoproteins (31), and the endometrial glands
express large amounts of serine protease inhibitors, termed
serpins or uterine milk proteins (32), that could regulate the
activity of endometrial CTS identified in the present study.
Therefore, the molecular control of expression of CTS in the

ovine endometrium may play an important role in estab-
lishing a regulatory network of multiple proteolytic enzymes
responsible for ECM remodeling during implantation and
placentation. Although decidualization of the endometrial
stroma does not occur in sheep, the endometrium undergoes
dramatic remodeling after pregnancy recognition and estab-
lishment between d 12 and 20 of early pregnancy. In the
intercaruncular endometrium, the endometrial epithelium is
removed by the trophoblast giant binucleate cells during
synepitheliochorial placentation, the stroma becomes very
compact and begins to express new genes such as osteopon-
tin, and the glands undergo hypertrophy followed by hy-
perplasia (33–36). In the caruncular endometrium, the pla-
cental cotyledons attach to the maternal caruncles and
develop into placentomes (35). These morphogenetic and
differentiation events undoubtedly involve regulation by
CTS and extensive remodeling of the ECM.

The present studies found that CTSL mRNA was partic-
ularly abundant in the endometrial LE and sGE and up-
regulated during early pregnancy in association with con-
ceptus elongation and implantation (16). CTSL is normally
localized in lysosomes, in which it plays a major role in
intracellular protein catabolism. In the present studies, the
38- to 40-kDa latent pro-CTSL form of CTSL protein was
abundant in uterine flushings from d 12, 14, and 16 PX ewes.
This latent pro-CTSL must be cleaved by proteases, such as
MMPs, to generate the active two-chain form made up of 21-
and 5-kDa subunits (1). The presence of the pro-CTSL in
uterine flushings from PX ewes between d 12 and 16 of
pregnancy suggests that CTSL is secreted by the endometrial
LE and/or conceptus. Indeed, the synthesis and secretion of
the 39-kDa pro-CTSL has been demonstrated for many tu-
mors, including cancers of the kidney, lung, colon, breast,
and ovary (37). In rodents, interactions of CTSB, CTSL, and
cystatin C, a CTSL inhibitor, are important for implantation
and placentation because inhibition of endometrial CTSL

FIG. 5. Effects of P and IFN� on CTSL
mRNA and protein in the uterus (study
2).A,Experimentaldesign.SeeMaterials
and Methods for complete description.
CX, control serum proteins; Hystx, hys-
terectomy; Ovx/Cath, ovariectomy and
uterine catheterization; ZK, ZK137,316
antiprogestin. B, Steady-state levels of
CTSL mRNA in the endometria were de-
termined by slot blot hybridization anal-
ysis. Treatment with P increased CTSL
mRNA in the endometrium (P�CX vs.
P�ZK�CX, P � 0.001), which was fur-
ther stimulated by about 3-fold in ewes
receiving intrauterine administration of
roIFN� (P�CX vs. P�IFN, P � 0.01), but
roIFN�didnotstimulateCTSLmRNAin
ewes receiving the ZK antiprogestin
(P�IFN vs. P�ZK�IFN, P � 0.10). C, In
situ hybridization analysis of CTSL
mRNA expression. Cross-sections of the
uterine wall from treated ewes were hy-
bridized with radiolabeled antisense or
sense ovine CTSL cRNA probes. S, Stro-
ma; C, conceptus. Bar, 10 �m.
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and CTSB results in abnormal embryonic development and
uterine decidualization during the periimplantation period
(4). Invasion by the ectoplacental cone of mouse trophoblast
was prevented by cysteine proteinase inhibitors in vitro (38).
Recently Cheon et al. (39) found that cytotoxic T lymphocyte
antigen-2�, a cysteine protease inhibitor, was up-regulated
by progesterone in the decidua and proposed to regulate
blastocyst implantation by neutralizing the activities of one
or more proteases, including CTSL, generated by the prolif-
erating trophoblast. CTSL has been studied in uteri of cats
(6–8), pigs (9), and mice (4, 40). In cats, CTSL is localized to
the GE and can be detected in the uterine lumen, in which
it is implicated in blastocyst invasion (6). In pigs, CTSL was
also found to be expressed in the endometrial GE and as a
progesterone-regulated component of the uterine lumen
during implantation and placentation (9). Thus, available
results suggest that CTSL may be an essential regulator of
endometrial remodeling and conceptus implantation during

pregnancy in sheep as well as many other mammals. CTSL
is capable of degrading ECM proteins, suggesting a role in
conceptus attachment by altering the composition of the
ECM present on the apical surfaces of the endometrial LE
and/or trophoblast.

In the present study, temporal changes in expression of
endometrial CTSL mRNA in C and PX ewes supported the
hypothesis that ovarian progesterone regulates transcription
of the CTSL gene in the endometrial LE. Similarly, an increase
in CTSB, CTSD, CTSH, and CTSZ was also observed in the
endometrium during early pregnancy. The increase in CTSL
and CTSZ mRNAs in LE and sGE, between d 10 and 12 after
estrus/mating, and CTSH mRNA in LE and GE, between d
14 and 16 after mating, is coincident with the disappearance
of PR mRNA and protein in these epithelia (41). Similarly, the
decrease in CTSL and CTSZ mRNAs between d 14 and 16 of
the cycle is coincident with the reappearance of PR protein
in endometrial LE. In study 2, CTSL mRNA was detected in

FIG. 6. Steady-state levels of CTSB, CTSD, CTSH, CTSK, CTSS, and CTSZ mRNA in the ovine endometrium from ewes in study 2. Steady-state
levels of mRNA in endometria from treated ewes were determined by slot blot analysis. See text for description of effects of treatment on mRNA
levels in the endometrium. The asterisk (*) denotes an effect of treatment (P � 0.10).
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endometrial LE and sGE of ovariectomized ewes treated with
P for 12 d, but this expression was prevented by adminis-
tration of the PR antagonist ZK 136,317. Continuous expo-
sure of the sheep uterus to P for 8–10 d down-regulates PR
expression in endometrial LE and sGE but not stroma or
myometrium (25). PRs are present in the endometrial epi-
thelia of P�ZK-treated sheep (42) because PR antagonists
prevent the inhibitory effects of P on the PR gene expression.
Consequently, P modulation of CTSL mRNA may be attrib-
uted, at least in part, to down-regulation of PR by P that
occurs in LE and sGE between d 10 and 12 of the cycle and
pregnancy (15, 41). Thus, PR loss in endometrial epithelia
may reprogram these cells, allowing them to increase ex-
pression of genes associated with implantation (15, 16). Al-
ternatively, P may act on PR-positive stromal cells to induce
them to express growth factors or changes in the ECM that
regulate expression of selected epithelial genes (15).

In addition to regulation by P, the present studies indicate
that CTSH, CTSK, CTSL, and CTSZ are regulated by IFN�.
IFN� is the pregnancy recognition hormone in sheep that acts
on the endometrium to prevent development of the luteolytic
mechanism, thereby maintaining the corpus luteum and pro-
duction of P (16). Of particular note, CTSL is a novel gene
stimulated by IFN� in endometrial LE and sGE as expression
between d 10 and 18 of early pregnancy and parallels the
increase in production of IFN� by the elongating conceptus,
which is maximal on d 16 (43). In study 2, intrauterine ad-
ministration of roIFN� increased CTSL mRNA but only in
P-treated ewes. One hypothesis is that IFN� can stimulate
transcription of the CTSL gene only in the absence of repres-
sion by liganded PR. Alternatively, the PR-positive stroma
may produce a progestamedin that is also required for LE
and sGE to respond to IFN� (16). The signaling pathway
whereby IFN� regulates transcription of the CTSL gene is not
known, but it clearly does not involve the classical Janus
kinase-signal transducer and activator of transcription sig-
naling pathway (15, 19, 26, 29). To date, WNT7A and
LGALS15 (galectin-15) are the only other genes identified in
endometrial LE and sGE that are induced or stimulated by
IFN�, respectively (26, 44). Thus, the diverse actions of IFN�
on the endometrium include repression of genes, including
ER�, to abrogate activation of the luteolytic mechanism as
well as stimulation of genes that are critical to implantation,
placentation, and conceptus growth and development (15).
Knowledge of mechanisms whereby IFN� stimulates CTSL
gene expression in the endometrial LE and sGE is expected
to unravel a nonclassical signaling pathway for type I IFNs.
Future studies will focus on the role of CTSL, other CTS
family members, and their inhibitors in endometrial remod-
eling and conceptus implantation and placentation.
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Establishment of pregnancy in ruminants results from para-
crine signaling by interferon � (IFNT) from the conceptus to
uterine endometrial luminal epithelia (LE) that prevents re-
lease of luteolytic prostaglandin F2� pulses. In cyclic and preg-
nant ewes, progesterone down-regulates progesterone recep-
tor (PGR) gene expression in LE. In cyclic ewes, loss of PGR
allows for increases in estrogen receptor � (ESR1) and then
oxytocin receptor (OXTR) gene expression followed by oxy-
tocin-induced prostaglandin F2� pulses. In pregnant ewes,
IFNT inhibits transcription of the ESR1 gene, which presum-
ably inhibits OXTR gene transcription. Alternatively, IFNT
may directly inhibit OXTR gene transcription. The 5� promot-
er/enhancer region of the ovine OXTR gene was cloned and
found to contain predicted binding sites for activator protein
1, SP1, and PGR, but not for ESR1. Deletion analysis showed

that the basal promoter activity was dependent on the region
from �144 to �4 bp that contained only SP1 sites. IFNT did not
affect activity of the OXTR promoter. In cells transfected with
ESR1, E2, and ICI 182,780 increased promoter activity due to
GC-rich SP1 binding sites at positions �104 and �64. Mutation
analyses showed that the proximal SP1 sites mediated ESR1
action as well as basal activity of the promoter. In response to
progesterone, progesterone receptor B also increased OXTR
promoter activity. SP1 protein was constitutively expressed
and abundant in the LE of the ovine uterus. These results
support the hypothesis that the antiluteolytic effects of IFNT
are mediated by direct inhibition or silencing of ESR1 gene
transcription, thereby precluding ESR1/SP1 from stimulating
OXTR gene transcription. (Endocrinology 147: 899–911, 2006)

MATERNAL RECOGNITION OF pregnancy is the
physiological process whereby the conceptus signals

its presence to the maternal system and prolongs lifespan of
the corpus luteum (CL) (1). Sheep experience uterine-depen-
dent estrous cycles until establishment of pregnancy (2). The
estrous cycle is dependent on the uterus, because it releases
prostaglandin F2� (PGF) in a pulsatile manner to induce
luteolysis during late diestrus. The luteolytic pulses of PGF
are produced by the endometrial luminal epithelium (LE)
and superficial ductal glandular epithelium (sGE) and are
generated by oxytocin binding to oxytocin receptors (OXTR)
on those epithelia (3–6). Endometrial epithelial expression of
OXTR is regulated primarily by receptors for progesterone
[progesterone receptor (PGR)] and estrogen [estrogen recep-
tor � (ESR1)] (7–9). During proestrus and estrus (d �3 to 0),
estrogen from ovarian follicles increases ESR1, PGR, and
OXTR expression. During diestrus (d 3–15), progesterone
levels increase and act via PGR to “block” expression of ESR1
and OXTR in LE and glandular epithelium (GE) between d

5 and 11 after onset of estrus (10–12). However, continuous
exposure of the uterus to progesterone down-regulates expres-
sion of PGR in LE/sGE after d 11 and GE after d 13, allowing
for rapid increases in expression of ESR1 on d 12–13 and then
OXTR on d 14 in those epithelia (9, 10, 13, 14). ESR1, presumably
activated by estrogen from ovarian follicles or possibly growth
factors from the stroma, stimulates transcription of the OXTR
gene in the ovine endometrium (15–18). Oxytocin, secreted
from as early as d 9 from posterior pituitary and/or the CL,
binds to OXTR to induce pulsatile release of luteolytic PGF
between d 14–16 (3). In response to four to five luteolytic pulses
of PGF over a 25-h period, the CL undergoes functional and
structural regression. The systemic loss in progesterone be-
tween d 15–16 allows the ewe to return to estrus, complete the
17-d estrous cycle, and experience another opportunity to mate
and establish pregnancy.

Interferon � (IFNT), the pregnancy recognition signal in
ruminants, is expressed by conceptus trophectoderm be-
tween d 10 and 21 of gestation (19) and acts in a paracrine
antiluteolytic manner on the endometrial LE and sGE to
inhibit OXTR gene expression (10, 13, 20). IFNT does not
inhibit basal production of PGF, which is higher in pregnant
than cyclic ewes, and the conceptus and IFNT do not de-
crease expression of PTGS2 [prostaglandin-endoperoxide
synthase 2 (prostaglandin G/H synthase and cyclooxygen-
ase)], the rate-limiting enzyme in prostaglandin production,
in endometrial epithelia of pregnant ewes (5, 21). The anti-
luteolytic effects of IFNT to inhibit OXTR gene expression in
the endometrial LE and sGE have been hypothesized to
involve: 1) direct stabilization of epithelial PGR expression
that, in turn, extends progesterone inhibition of ESR1 and
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OXTR expression; 2) direct inhibition or silencing of ESR1
gene transcription that, in turn, indirectly inhibits OXTR
gene expression; and 3) direct inhibition of OXTR gene tran-
scription. IFNT does not inhibit PGR loss in the endometrial
epithelia (12, 16), but rather appears to indirectly inhibit
OXTR gene transcription by silencing ESR1 gene transcrip-
tion in the endometrial LE (15, 16, 22). Indeed, the 2.7-kb 5�
promoter/enhancer region of the ovine ESR1 gene was
found to contain four interferon regulatory factor elements
(IRFEs) and one interferon-stimulated response element
(ISRE) that were functional in binding interferon regulatory
factor (IRF)2 (23). IRF2 is a transcriptional repressor that is
expressed specifically in the endometrial LE and sGE of the
ovine uterus and increases in expression from d 10–16 of
pregnant but not cyclic ewes (24). In transfection assays,
IFNT inhibited transcriptional activity of the ovine ESR1
promoter, and analyses of sequential 5�-deletion mutants of
the ovine ESR1 promoter indicated that the effects of IFNT
may be mediated by IRFEs as well as other elements (23).
Physiological evidence indicates that estrogen stimulates
OXTR gene expression and that IFNT does not directly in-
hibit OXTR gene expression in the sheep uterus (15, 25).
Direct effects of estrogen and IFNT on the ovine OXTR gene
have not been studied previously, because the gene had not
been cloned. The bovine OXTR gene promoter region was
cloned and found to contain an IRFE, ESR1 response element
(ERE) half sites, and SP1 sites, and could be transactivated by
estrogen if cells were cotransfected with ESR1 and steroid
receptor coactivator 1 (26). Curiously, IRF2 overexpression
increased activity of the bovine OXTR promoter, but a direct
effect of IFNT on promoter activity was not reported. In all
mammals, estrogen is considered a key regulator of OXTR
gene expression; however, all of the studied OXTR genes lack
a complete ERE, suggesting estrogen induction of OXTR
gene transcription may be indirect rather than due to direct
ESR1/ERE interactions (27).

Our working hypothesis is that estrogen acts indirectly
to regulate OXTR gene expression in the endometrium of
the ovine uterus and that the antiluteolytic effects of IFNT
are manifest on silencing or inhibition of ESR1 gene tran-
scription in LE and sGE subsequent to PGR down-regu-
lation, which then precludes the ability of estrogen or
perhaps growth factors to activate ESR1 and stimulate
OXTR gene expression. These actions of IFNT prevent
formation of OXTR and abrogate uterine release of luteo-
lytic pulses of PGF (4, 8, 23, 28). The objective of the present
studies was to determine if estrogen and/or IFNT regulate
OXTR promoter activity. The promoter region of the ovine
OXTR gene was cloned, sequenced, and analyzed for func-
tional cis-elements mediating effects of steroid hormones
and IFNT. Relevant findings are that IFNT does not affect
OXTR promoter activity nor inhibit estrogen induction of
OXTR promoter activity. Two GC-rich SP1 binding sites,
located within 140 bp of the translational start site, reg-
ulated basal activity of the promoter as well as hormonal
responsiveness to 17�-estradiol (E2), ICI 182,780, and pro-
gesterone. Thus, estrogen regulation of ovine OXTR pro-
moter activity involves ESR1/SP1 interactions.

Materials and Methods
Cells and reagents

The 2fTGH (parental) and U3A (STAT1-deficient 2fTGH) immortal-
ized cells (29) were maintained in DMEM-F12 medium (Sigma-Aldrich
Corp., St. Louis, MO) supplemented with 5% fetal bovine serum (FBS)
(Hyclone, Logan, UT) and penicillin/streptomycin sulfate/amphoteri-
cin B solution (Invitrogen, Carlsbad, CA). Recombinant ovine IFNT (108

antiviral units/mg) was prepared and assayed as described previously
(30). Restriction endonucleases, T4 DNA ligase, T4 DNA kinase, and
recombinant human SP1 protein were purchased from Promega (Mad-
ison, WI). Vent Taq polymerase (New England Biolabs, Beverly, MA),
AmpliTaq polymerase (Applied Biosystems, Foster City, CA), and Ex-
Taq polymerase (Takara, Kyoto, Japan) were used. R5020 was purchased
from PerkinElmer Life Sciences (Boston, MA), and E2 was from Sigma-
Aldrich Corp. Plasmid DNAs were purified by the alkaline lysis method
according to the manufacturer’s instructions (Qiagen, Valencia, CA).

Cloning of the 5� upstream region and luciferase constructs

A 273-bp DNA fragment of the 5� end of the coding region of the ovine
OXTR gene was PCR amplified in 25-�l reactions containing 40 ng ovine
genomic DNA (a gift from Dr. C. Gill, Texas A&M University, College
Station, TX), PCR Optimized Buffer N (Invitrogen), 125 �m dNTPs, 2.5
�m forward primer (5�-GGAGGCGGTCAACGGGAG-3�), 2.5 �m re-
verse primer (5�-CGTGATGTCCCACAGAAGC-3�), and 1 U AmpliTaq
polymerase using an Eppendorf Mastercycler thermocycler with con-
ditions of: 1) 94 C for 5 min; 2) 94 C for 30 sec, 53 C for 30 sec, and 72
C for 30 sec for 35 cycles; and 3) 72 C for 7 min. The product was cloned
into pCRII Dual using the TA Cloning kit (Invitrogen). The cloned
273-bp OXTR fragment was excised with EcoRI, random prime labeled
with [�-32P]dCTP, and used to screen an ovine 
 genomic library cloned
in 
Bluestar (Novagen, Madison, WI), which was kindly provided by Dr.
J. C. DeMartini (Colorado State University, Fort Collins, CO). A recom-
binant pBluestar phagemid DNA, containing approximately 9.8 kb of
ovine genomic DNA, was excised from plaque-purified isolates by Cre-
Lox excision according to the manufacturer’s instructions. Physical map-
ping, Southern blotting with the 273-bp OXTR probe, and sequencing with
T7 and T3 primers and several OXTR-specific primers were done to identify
the OXTR coding and upstream sequences in the clone. The 5� terminus of
the coding sequence and the contiguous upstream sequences were se-
quenced on both strands by the dideoxy chain termination method. The
OXTR upstream region was immediately adjacent to the NotI site in the
vector multiple cloning site. The upstream region was excised as an 826-bp
fragment using the vector NotI and a NotI site at �4 relative to the ATG (�1)
of the OXTR coding sequences and cloned in pCRII Dual in both orienta-
tions as determined by physical mapping of the unique BglII site at �144.
The OXTR(�830/�4) upstream region then was directionally subcloned
into the luciferase vector pGL3Basic (Promega). Computer-assisted pre-
diction of transcription factor binding sites in the promoter sequence was
performed with TESS (Transcription Element Search System) using
TRANSFAC version 4.0 (30) and MatInspector using Matrix Family Library
Version 2.4 (Genomatix, Munich, Germany) (31).

Truncations of the upstream region at approximately 100-bp intervals
were made by PCR amplification in 50-�l reactions containing 1 ng
pCRII-OXTR(�830/�4), 25 mm TAPS (N-[Tris(hydroxymethyl)-
methyl]-3-aminopropane-sulfonic acid, pH 9.3 at room temperature), 50
mm KCl, 2 mm MgCl2, 200 �m dNTPs, 0.2 �m each forward primer (Table
1), 0.2 �m T7 primer as reverse primer, and 1.25 U ExTaq in a Perkin-
Elmer 9700 thermocycler using conditions of: 1) 94 C for 2 min; 2) 94 C
for 1 min, 50 C for 1 min, 72 C for 1 min for 30 cycles; and 3) 72 C for
10 min. The truncated PCR products were cloned into pCRII Dual,
physically mapped to determine orientation, and directionally sub-
cloned into the pGL3Basic vector. The OXTR(�144/�4) LUC truncated
clone was made by digestion of OXTR(�220/�4) LUC plasmid DNA
with BglII, reinserting the BglII (�144/�4) fragment into the luciferase
vector, and physically mapping the construct to confirm proper orien-
tation. Point mutations were introduced into the SP1 sites at �104 and
�64 of the OXTR(�220/�4) truncated pCRII subclone by PCR-directed
mutagenesis using the primers listed in Table 1 and Vent Taq polymerase
and ExTaq (31). A OXTR(�220/�4) pCRII clone containing an intro-
duced mutation at the �64 SP1 site was used as the template for the
construction of OXTR�220 constructs with mutated SP1 sites at both
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�104 and �64. Mutated DNAs were confirmed by sequencing, and
fragments containing only the desired point mutations were direction-
ally subcloned into the luciferase vector as described above.

Transient transfections and luciferase assays

Cells were subcultured into 12-well plates (67–75% confluent) and
transiently transfected as described previously (23) with the following
modifications. Luciferase constructs (500 ng/well) were cotransfected
with either pEF1-Myc-His-LacZ (500 ng/well; Invitrogen) or expression
plasmids for ovine IRF1, ovine IRF2, human ESR1wt, human ESR1IIc,
or human progesterone receptor B (PGR-B) (500 ng/well except where
noted). The ovine IRF1 and IRF2 mammalian overexpression plasmids
have been described previously (24). The ESR1wt (wild-type human
ESR1) and ESR1IIc (a DNA binding domain mutant construct) overex-
pression plasmids have been described previously (32, 33). The PGR-B
plasmid, pSV40-hPGR-B that overexpresses the B form of human PGR,
was kindly provided by Dr. M.-j. Tsai (Baylor College of Medicine,
Houston, TX). Transfected cells were grown in 10% FBS for approxi-
mately 14–16 h before treatment for 24 h in serum-free medium. Phenol
red-free DMEM-F12 medium and dextran-coated charcoal-stripped FBS
were substituted in experiments when testing for effects of steroids.
Steroid agonists and antagonists were dissolved in 100% ethanol. For the
control, cells were treated with the same volume of 100% ethanol alone.
Luciferase and protein assays were done as described previously (23, 24).
Transfection assays were repeated a minimum of three times.

EMSA

Double-stranded oligonucleotide primers listed in Table 1 were end-
labeled to high specific activity with [	-32P]ATP and T4 DNA kinase by
standard methods. Purified SP1 protein (54 ng/reaction) was incubated
in 10 �l reactions containing 4% glycerol, 1 mm MgCl2, 0.5 mm EDTA,
50 mm NaCl, 10 mm Tris-HCl (pH 7.5), 0.5 mm DTT, 0.05 mg/ml
poly(dI-dC) at room temperature for 15 min. A 100-fold excess of un-
labeled specific or nonspecific competitor oligonucleotides was included
in some reactions. The nonspecific competitor was a 22-nt oligonucle-

otide with the same base composition as the SP1 consensus oligonu-
cleotide to minimize charge differences, but having a different sequence
(Table 1). Radiolabeled probes (10 fmol per reaction) were added to
reactions that were incubated at room temperature for an additional 15
min. Binding reactions were electrophoresed in 5% native polyacryl-
amide gels in 1� TBE. Imaging of dried gels was done with a Molecular
Dynamics Typhoon phosphorimager.

Immunohistochemistry

Mature crossbred Suffolk ewes (Ovis aries) were observed daily for
estrus in the presence of vasectomized rams and used in experiments
only after they had exhibited at least two estrous cycles of normal
duration (16–18 d). All experimental and surgical procedures were in
compliance with the Guide for the Care and Use of Agriculture Animals
and approved by the University Laboratory Animal Care and Use Com-
mittee of Texas A&M University.

At estrus (d 0), ewes were mated to either an intact or vasectomized
ram as described previously (34) and then hysterectomized (n � 5 ewes
per day) on either d 10, 12, 14, or 16 of the estrous cycle or d 10, 12, 14,
16, 18, or 20 of pregnancy. Pregnancy was confirmed on d 10–16 after
mating by the presence of a morphologically normal conceptus(es) in the
uterus. At hysterectomy, several sections (�0.5 cm) from the mid-por-
tion of each uterine horn ipsilateral to the CL were fixed in fresh 4%
paraformaldehyde in PBS (pH 7.2). After 24 h, fixed tissues were
changed to 70% ethanol for 24 h and then dehydrated and embedded in
Paraplast-Plus (Oxford Labware, St. Louis, MO). In monovulatory preg-
nant ewes, uterine tissue samples were marked as either contralateral or
ipsilateral to the ovary bearing the CL. No tissues from the contralateral
uterine horn were used for study.

Immunoreactive SP1 proteins were localized in cross-sections (5 �m)
of the uterus using a rabbit polyclonal antibody to human SP1 (catalog
SC-59; Santa Cruz Biotechnology Inc., Santa Cruz, CA) at a final working
concentration of 0.1 �g/ml and a VectaStain Rabbit IgG Elite ABC kit
(Vector Laboratories, Burlingame, CA) using methods described previ-
ously (35). Antigen retrieval using boiling citrate buffer was performed
as described previously (35, 36). The chromagen used for peroxidase

TABLE 1. Sequences of primers for cloning and gel shift assays

Primer sequence (5�33�) Primer name/genotype

Truncations
CTGAGAACAGAGGTTAGG OXTR-711 forward
GGATGGTCTTGAGTAAGG OXTR-584 forward
GGAGTAACTAGTTGGGAG OXTR-469 forward
GCTGATTTCCGGTGTCTC OXTR-340 forward
GAGGCATACATGAGTCG OXTR-220 forward
ACGCACGGTCTTCTCACG OXTR-206 forward
TAATACGACTCACTATAGGG T7 reverse

EMSA oligonucleotides
GCTCGCCCCGCCCCGATCGAAT SP1 consensus
TGCAGCTCCACGCGCACCTCGC Nonspecific competitor
TCGGGCCCCGCCCCGCGCGCCG wt OTR-64
GGAGCCCCCACCCCGCCCCCAGGCACG wt OTR-104
TCGGGCCCAGACCCGCGCGCCG mut OXTR-64
GGAGCCCCCACCCAGACCCCAGGCACG mut1 OXTR-104
GGAGCCCCAAACCCGCCCCCAGGCACG mut2 OXTR-104
GGAGCCCCAAACCAGACCCCAGGCACG mut4 OXTR-104

PCR mutagenesis
ACCGGTACCGAGCTCATATGAGGCATACATGAGTCG 5� terminus (ovine)
CGTTGTAAAACGACGGCCAG M13(�20) reverse
GCGGCCGCCGCGGTGTGCCCCGGCCTTCG 3� terminus (ovine)
GGACTGCGCGTCGGGCCCAGACCCGCGCGCCGCACC OXTR mut �64
GCAGGGGAATCCAGGAGCCCCCACCCAGACCCCAGGCACG mut1 OXTR �104
GCAGGGGAATCCAGGAGCCCCAAACCCGCCCCCAGGCACG mut2 OXTR �104
GCAGGGGAATCCAGGAGCCCCAACCCCGCCCCCAGGCACG mut3 OXTR �104
GGAGCCCCAAACCAGACCCCAGGCACG mut4 OXTR �104

The complement of the consensus SP1 binding site is shown in bold italics. The sequences of the SP1 binding sites in the consensus
oligonucleotide and the predicted wild-type (wt) SP1 sites at �104 and �64 in the ovine OXTR promoter are double-underlined. The OXTR-104
SP1 site contains overlapping putative nonconsensus and consensus SP1 binding sites, respectively, as discussed in the text and illustrated
in Fig. 1. Bases in the ovine OXTR �104 and �64 SP1 sites that were mutated by C3A transversions are underscored by a single line. The
resulting mutations are listed as “mut” if they changed C residues immediately adjacent to the central A or G residues in a putative SP1 site.
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localization was 3,3�-diaminobenzidine tetrahydrochloride from Sigma
Chemical Co. (St. Louis, MO). Negative controls were performed in
which the primary antibody was substituted with the same concentra-
tion of purified normal rabbit IgG from Sigma Chemical Co. Multiple
tissue sections from each ewe were processed as sets within an exper-
iment. Sections were not counterstained before affixing coverslips. Rep-
resentative photomicrographs of uterine tissues were taken using a
Nikon Eclipse 1000 photomicroscope (Nikon Instruments Inc., Lewis-
ville, TX) fitted with a Nikon DXM1200 digital camera. Digital images
were captured and assembled using Adobe Photoshop (Adobe Systems,
Seattle, WA).

Statistical analyses

The effects of steroid hormones, ICI 182,780, or IFNT on the activity
of promoter reporter constructs in transient transfection assays were
analyzed by least squares ANOVA using the General Linear Models
procedure of the Statistical Analysis System (Cary, NC). A P value of 0.10
or less was considered statistically significant. Unless denoted, data are
reported as mean with sd. Effects of treatment were determined using
orthogonal or nonorthogonal contrasts using the PDIFF option of Gen-
eral Linear Models.

Results
Isolation and sequence analysis of the OXTR 5�
upstream region

A phagemid DNA containing approximately 9.8 kbp of
ovine genomic DNA was isolated from a 
 ovine genomic
library by conventional screening. Southern blotting, phys-
ical mapping, and sequence analysis with several OXTR-
specific primers revealed that the clone contained a 1059-bp
region that included the 5� end of the coding sequence of the
ovine OXTR gene contiguous to 830 nt of upstream sequence.
The 1059-bp clone was sequenced in both directions and
deposited into GenBank (accession AY163261). Sequence
comparisons of the ovine upstream region with the previ-
ously characterized Bos taurus OXTR promoter region and
adjacent coding regions (GenBank AF100633) indicated that
the two sequences were 91% identical. Although the coding
sequence displayed high homology with the OXTR cDNA
from other species (human, dog, pig, gorilla, rat, mouse,
chicken), the promoter region had very little or no homology
to those of other species except for bovine.

Bioinformatic analyses found that the ovine OXTR pro-
moter region contained multiple putative binding sites for
the transcription factors SP1 and activator protein 1 (AP-1),
which regulates target genes by steroid hormone receptors
(see Refs. 37 and 38 for review). Putative nonconsensus SP1

sites were found at �748, �543, and �444 relative to the
translational start site (ATG �1) in addition to consensus
sites at �104 and �64 (Fig. 1). The putative �64 SP1 binding
site is identical to the consensus SP1 binding motif (5�-
CCCCGCCCC-3�, sense strand). The �104 putative binding
site (5�-CCCCACCCCGCCCC-3�, sense strand) also contains
a consensus binding motif that is immediately adjacent to
and overlaps a sequence that resembles a nonconsensus SP1
binding site (5�-CCCCACCCC-3�) (Fig. 1). Nonconsensus
SP1 sites having the sequence 5�-CCCCACCCC-3� have been
reported for the long terminal repeats of the human endog-
enous retrovirus H family of human retrovirus-like elements
(39). Alternatively, part of the sequence of the OXTR �104
SP1 site may contain a CACCC box at the 5� end. The CACCC
elements bind SP1 and related Sp/Kruppel-like factor tran-
scription factors (40) and are involved in regulation of both
basal (41) and induced levels of transcription in other sys-
tems (42). A consensus AP-1 binding site at �680 and non-
consensus AP-1 sites at �574, �329, and �221 were identi-
fied, which also mediate hormone actions (38). No full
progesterone response elements (PREs) were found, but sev-
eral putative PRE half sites were detected at �639, �486,
�477, and �187. No full EREs or ERE half sites were found
by computer-assisted analysis of the ovine OXTR upstream
region. Furthermore, elements mediating effects of type I or
II IFNs or STATs, including ISRE, IRFE, or 	 activation sites
(GAS) (43), were also not found by bioinformatic analyses.

IFNT does not regulate OXTR promoter activity

To determine whether IFNT regulated activity of the
OXTR promoter, transient transfection assays were con-
ducted in 2fTGH parental and U3A (STAT1 null) cells, which
are responsive to IFNT (44–46) in a STAT-dependent
(2fTGH) and STAT1-independent (U3A) manner. These cells
have been extensively used by our laboratory as a model for
the endometrial stroma and LE, respectively (44–46). Cells
were transfected with the full-length OXTR(�830/�4) and
sequential 5�-deletion reporter constructs and treated with
different doses of recombinant ovine IFNT (103–106 antiviral
units). No dose-dependent effects of IFNT on promoter ac-
tivity were detected (P � 0.10) with any of the OXTR pro-
moter-reporter constructs in either 2fTGH or U3A cells (data
not shown). Cells were also cotransfected with the
OXTR(�830/�4) promoter-reporter construct and either

FIG. 1. Schematic representation of putative transcription
factor binding sites in the promoter of the ovine OXTR gene.
The location of mutations made in the SP1 sites of the
minimal promoter are also denoted below the schematic.
The sequences of the OXTR wt �104 and �64 SP1 sites are
shown together with mutations created by C3A transver-
sions (underlined). The �104 SP1 site contains overlapping
putative nonconsensus and consensus SP1 binding sites 5�
(CCCCACCCC) and 3� (CCCCGCCCC).
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pEF1-Myc/His-LacZ, ovine IRF1, or ovine IRF2 overexpres-
sion vectors. Relative to the LacZ control, overexpression of
ovine IRF1 or ovine IRF2 did not affect (P � 0.10) activity of
the OXTR promoter constructs in either cell type (data not
shown). These results are consistent with the lack of IFN-
responsive elements (GAS, ISRE, or IRFE) in the ovine OXTR
promoter.

In 2fTGH cells transfected with the OXTR(�830/�4) con-
struct and ESR1wt, E2 (10�8 m) increased (P � 0.01) luciferase
activity, and this induction was not affected (P � 0.10) by
IFNT treatment (Fig. 2). Treatment with IFNT lowered (P �
0.05) the basal activity of the ovine OXTR promoter; how-
ever, the fold induction by E2 was the same in untreated and
IFNT-treated cells. Similar results were obtained using U3A
cells (data not shown). The basal activity of several promoter-
reporter constructs appears to be nonspecifically affected by
IFNT, presumably due to effects on cell metabolism due to
induction of an antiviral state (data not shown). These results
indicate that IFNT does not inhibit E2-induced transactiva-
tion in cells transfected with OXTR promoter-derived
constructs.

Estrogen and antiestrogen stimulate OXTR
promoter activity

In 2fTGH and U3A cells, basal activity of the OXTR pro-
moter changed with length of the promoter-reporter con-
struct (Figs. 3 and 4). The full-length OXTR(�830/�4)-LUC
construct had considerably lower basal activity compared
(P � 0.01) to all other 5�-deletion constructs. Basal activity of
the OXTR(�340/�4) construct was approximately 1.5-fold
greater (P � 0.05) than the OXTR(�220/�4) construct con-
taining the minimal promoter.

2fTGH cells were cotransfected with OXTR promoter-re-
porter constructs and ESR1wt (Fig. 3A) or ESR1IIc (Fig. 4B),
a DNA binding domain mutant derived from ESR1wt, and
treated with vehicle as a control or 10�8 m E2 for 24 h. In cells
transfected with ESR1wt, E2 treatment increased (P � 0.05)
activity of the OXTR(�830/�4) promoter-LUC construct as
well as all 5� deletions (Fig. 3A). Similarly, E2 treatment
increased (P � 0.01) activity of all OXTR promoter-reporter

constructs in cells cotransfected with ESR1IIc (Fig. 4A). The
fold increase in OXTR promoter activity was consistently
greater in cells transfected with ESR1IIc than ESR1wt. Dose
response studies found that E2 at a concentration of greater
than 10�9 m increased activity of the full-length OXTR(�830/
�4) promoter as well as the minimal OXTR(�220/�4) pro-
moter in cells cotransfected with ESR1wt (Fig. 3B) or ESR1IIc
(Fig. 4B). These results indicate that cis elements in the min-
imal promoter (�220/�4) are sufficient to mediate ligand-
activated ESR1 effects. Furthermore, ESR1 induction of the
OXTR promoter does not require DNA binding, suggesting
protein-protein interactions through another transcription
factor. Estrogen induces activity of many genes with GC-rich
promoters in breast cancer cells transfected with ESR1 or

FIG. 2. Effects of E2 and IFNT in 2fTGH cells. Cells were cotrans-
fected with constructs containing the full-length OXTR (�830/�4)
promoter insert and ESR1wt, treated with vehicle, E2 (10�8 M), re-
combinant ovine IFNT (104 antiviral units), or E2 and IFNT for 24 h,
and luciferase activity was determined as described in Materials and
Methods. Significant induction (P � 0.10) is indicated with an aster-
isk, and results are expressed as mean relative light units (RLU) with
SD. Four replicate determinations for each treatment group were
conducted in each experiment. A representative experiment of three
independent experiments with similar results is presented. Similar
results were obtained using U3A cells (data not shown).

FIG. 3. Comparative activation of OXTR constructs by wild-type hu-
man ESR1 in 2fTGH cells. A, Cells were cotransfected with constructs
containing the OXTR promoter fragments and ESR1wt and treated
with vehicle as a control or E2 (10�8 M) for 24 h, and luciferase activity
was determined as described in Materials and Methods. Significant
induction (P � 0.10) is indicated with an asterisk, and results are
expressed as mean relative light units (RLU) with SD. Four replicate
determinations for each treatment group were conducted in each
experiment. A representative experiment of three independent ex-
periments with similar results is presented. B, Cells were cotrans-
fected with constructs containing the OXTR promoter fragments and
ESR1wt, treated with vehicle as a control (0) or increasing amounts
of E2 for 24 h, and luciferase activity was determined as described in
Materials and Methods. Significant induction (P � 0.10) is indicated
with an asterisk, and results are expressed as mean percentage of
vehicle control with SD for three independent experiments. Four rep-
licate determinations for each treatment group were conducted in
each experiment. Similar results were obtained using U3A cells (data
not shown).
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ESR1IIc, even though the genes have no EREs in their pro-
moters (see Refs. 37 and 47).

ICI 182,780 is a pure antiestrogen that inhibits liganded
ESR1 from transactivating estrogen-responsive genes con-
taining an ERE(s) (48). However, ICI can exhibit partial ag-
onist activity in some cells and induce ESR1 activation of
some estrogen-responsive genes containing consensus GC-
rich motifs in the promoter (49). To examine the effects of E2
and ICI 182,780 on ovine OXTR promoter activity, 2fTGH
and U3A cells were cotransfected with ESR1wt or ESR1IIc
and OXTR(�830/�4)-LUC, OXTR(�220/�4)-LUC, 3xERE-
TATA-LUC, or 3xSP1-LUC reporters. Cells were then treated
for 24 h with E2 (10�8 m) or ICI 182,780 (10�6 m). In 2fTGH
cells, E2 stimulated (P � 0.01) activity of the OXTR reporters
in cells transfected with ESR1wt or ESR1IIc (Fig. 5). E2 also
induced (P � 0.01) activity of 3xERE-TATA-LUC in cells
cotransfected with ESR1wt but not ESR1IIc, consistent with

the requirement for DNA bound ESR1. ICI stimulated (P �
0.01) OXTR promoter activity in cells cotransfected with
ESR1wt and ESR1IIc. As expected, ICI did not affect activity
of the 3xERE-TATA-LUC in 2fTGH cells cotransfected with
ESR1IIc. Both E2 and ICI stimulated (P � 0.01) activity of the
3xSP1-LUC reporter in 2fTGH cells transfected with either
ESR1wt or ESR1IIc. These results are consistent with E2 and
ICI activation of ovine OXTR promoter activity through an
ESR1/SP1-mediated pathway as previously observed for
several hormone-responsive genes with GC-rich promoters
(see Refs. 37 and 47).

Minimal OXTR promoter contains functional SP1 elements

Deletion analysis showed that the basal promoter activity
and minimal hormone-responsive region was between �220
to �4 bp in the OXTR promoter. This region contains an AP-1
site, PRE half site, and three SP1 sites (Fig. 1). The function-
ality of the SP1 elements was determined by EMSA using
recombinant human SP1 protein (Fig. 6). As illustrated in Fig.
6A, the predicted SP1 binding site at �64 in the OXTR pro-
moter bound SP1 protein (lane 6). As a positive control, SP1
protein-DNA binding was observed with an oligonucleotide
containing a consensus SP1 binding site (lane 2). SP1 binding
to the �64 OXTR oligonucleotide was specific, because it was
competitively decreased by incubation with a 100-fold excess
of unlabeled SP1 consensus oligonucleotide (lane 5) or the
unlabeled �64 OXTR oligonucleotide itself (lane 3). Muta-
tion of two critical C residues in the �64 OXTR oligonucle-
otide rendered it unable to bind SP1 protein (lane 7) or
compete for binding of SP1 protein to the wild-type �64
OXTR oligonucleotide (lane 4). In other experiments, 100-
fold excess of unlabeled wt �64 OXTR oligonucleotide pre-
vented binding of SP1 protein to the consensus SP1 oligo-
nucleotide, whereas the mutant �64 OXTR oligonucleotide
was unable to compete (data not shown). These results dem-
onstrate that the ovine OXTR gene promoter contains a high
affinity SP1 binding site at position �64.

As illustrated in Fig. 6B, the GC-rich sites at �104 in the
ovine OXTR promoter also bound SP1 protein (lane 2) in
EMSAs. Incubation with a 100-fold excess of the wild-type
�104 OXTR oligonucleotide (lane 3) or consensus SP1 oli-
gonucleotide (lane 4), but not a nonspecific oligonucleotide
(lane 5), competitively decreased SP1 protein binding to the
radiolabeled �104 OXTR oligonucleotide. The sequence of
the �104 SP1 binding site in the OXTR promoter contains a
5� nonconsensus GC-rich SP1 binding site adjacent to a 3�
consensus site (Fig. 1). Mutation of the 3� consensus GC-rich
site prevented SP1 protein binding (mut1) (lane 6), whereas
mutation of the 5� nonconsensus binding site in the �104
OXTR oligonucleotide (mut2) did not affect SP1 binding
(lane 7). Furthermore, SP1 binding was not observed when
both the 5� and 3� predicted SP1 elements were mutated
together (mut4) (lane 8). Collectively, EMSA results indicate
that two GC-rich sites in the ovine OXTR promoter at �64
and �104 bp bind SP1 protein.

To determine whether the GC-rich sites at �104 and �64
are critical for responsiveness to ESR1, these sites in the �220
OXTR-LUC reporter construct were mutated (see Fig. 1). Due
to the complex structure of the �104 SP1 element, mutation

FIG. 4. Comparative activation of OXTR constructs by a variant hu-
man ESR1IIc in 2fTGH cells. A, Cells were cotransfected with con-
structs containing the OXTR promoter fragments and the DNA-bind-
ing domain mutant ESR1IIc, treated with vehicle as a control or E2
(10�8 M) for 24 h, and luciferase activity was determined as described
in Materials and Methods. Significant induction (P � 0.10) is indi-
cated with an asterisk, and results are expressed as mean relative
light units (RLU) with SD. Four replicate determinations for each
treatment group were conducted in each experiment. A representa-
tive experiment of three independent experiments with similar re-
sults is presented. B, Cells were cotransfected with constructs con-
taining the OXTR promoter fragments and ESR1IIc and treated with
vehicle as a control (0) or increasing amounts of E2 for 24 h, and
luciferase activity was determined as described in Materials and
Methods. Significant induction (P � 0.10) is indicated with an aster-
isk, and results are expressed as mean percentage of vehicle control
with SD for three independent experiments. Four replicate determi-
nations for each treatment group were conducted in each experiment.
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of either the 5� nonconsensus SP1 site or the 3� consensus SP1
element was performed, because it could alter the integrity
of the overlapping site and affect the ability of the �104
sequence to bind SP1. Therefore, in addition to mutations of
the �104 site tested in initial gel shift analyses, some C3A
transversions that mutated either the consensus or noncon-
sensus portion of the site, without altering the other over-
lapping moiety, were also introduced. The oligonucleotides
used to create the mutations were tested initially for their
ability to bind SP1 protein by EMSA (Fig. 7). Mutation of the
5� nonconsensus site did not affect SP1 binding regardless of
whether the overlapping 3� consensus portion remained
wild-type (mut3; lane 5) or was slightly altered (mut2; lane
4). Mutation of the 3� consensus sequence alone (mut1, lane
3) substantially reduced SP1 binding compared with the
wild-type �104 OXTR oligonucleotide (lane 2), but did not
eliminate binding entirely. Mutation of both 5� and 3� sites
(mut4) completely prevented SP1 binding (lane 6). In com-
petition experiments (Fig. 7B), excess unlabeled wt �104
oligonucleotide and the mut1, mut2, and mut3 oligonucle-
otides reduced or prevented SP1 binding to the radiolabeled
wt �104 oligonucleotide (lanes 6, 7, and 8). As expected,
competition with the fully mutated mut4 oligonucleotide did
not affect SP1 binding to the radiolabeled �104 OXTR wt
oligonucleotide (lane 9). Collectively, these results indicate
that SP1 binding to the �104 OXTR sequence depends pri-
marily on the 3� consensus GC-rich element. However, the 5�
nonconsensus GC-rich element appears to weakly bind SP1
protein, suggesting that the two overlapping motifs at �104
may act cooperatively to bind SP1.

Transient transfection assays were then conducted to de-
termine the relative contributions of the �104 and �64 SP1
binding sites on hormonal responsiveness of the ovine OXTR
promoter (Fig. 8). Wild-type or mutant OXTR(�220/�4)
promoter-reporter constructs were cotransfected with
ESR1IIc into 2fTGH cells and left unstimulated or treated
with E2 (10�8 m). Mutation of either the 5� nonconsensus site
(constructs 2 and 3), the 3� consensus site (construct 4), or
both sites (construct 5) at �104 reduced (P � 0.05) basal
luciferase expression in unstimulated cells by 25–40% com-
pared with the wild-type reporter (construct 1) depending on
the location of the mutation. Mutation of the �64 SP1 site
reduced (P � 0.01) basal luciferase expression to very low
levels, regardless of whether the �104 site was wt (construct

6), double mutated (constructs 7 and 9), or point mutated
(construct 8). Indeed, basal luciferase levels of the �64 SP1
mutants were about 10% of wild-type parental levels. Mu-
tation of the 5� consensus SP1 site or both the nonconsensus
and consensus sites at �104 and the �64 SP1 site (construct
10) further reduced (P � 0.10) basal activity to about 2% of
activity observed for the wt construct.

Estradiol-induced activity, in all cells transfected with the
minimal OXTR(�220/�4) promoter, was lower (P � 0.10) in
constructs containing a mutation in the �104 and �64 SP1
binding sites (Fig. 8). Mutation of both sites at position �104
further reduced stimulation by estradiol, and this was con-
sistent with the EMSA data suggesting that both the left and
right moieties are involved in binding SP1 protein. However,
mutation of the �64 SP1 site decreased (P � 0.10) stimulation
by estradiol, regardless of whether the �104 SP1 site was wt
or mutated. Overall, these results suggest that both the �104
and �64 SP1 sites in the proximal OXTR promoter regulates
basal levels of OXTR gene transcription, and that both SP1
binding sites, especially the consensus sequences, regulate
E2 stimulation of OXTR gene expression.

Progesterone stimulates OXTR promoter activity

During metestrus and estrus in cyclic ewes, PGR return to
the OXTR-expressing endometrial epithelia as systemic pro-
gesterone declines to undetectable levels (9, 10, 12–14). The
prevailing theory is that PGR do not directly inhibit OXTR
gene expression, but rather the progesterone block to OXTR
formation is indirect via progesterone inhibition of ESR1
expression (4, 8, 28). To determine whether the OXTR pro-
moter is regulated by PGR, 2fTGH cells were cotransfected
with human PGR-B and OXTR promoter-LUC constructs
and then treated with R5020 (10�8 m), a nonmetabolizable
form of progesterone (Fig. 9). As observed previously, basal
activity of the OXTR promoter constructs increased (P �
0.05) by deletion of the region from �830 to �711. Treatment
with R5020 stimulated (P � 0.05) the activity of all OXTR
promoter-reporter constructs. Next, the same experiment
was repeated with the reporter constructs and PGR-B, but
cells were treated with a range of R5020 doses. Dose-depen-
dent effects of R5020 (10�14–10�5 m) on activity of the �830
and �220 OXTR promoter constructs were observed in
2fTGH cells cotransfected with PGR-B, with concentrations

FIG. 5. Comparative activation of OXTR, consensus ERE,
and consensus SP1 constructs by wild-type ESR1 and a
variant human ESR1IIc in 2fTGH cells. Cells were cotrans-
fected with constructs containing the OXTR(�830/�4) pro-
moter, OXTR(�220/�4) promoter, 3xERE, or 3xSP1 frag-
ments and the wild-type ESR1 or DNA-binding domain
mutant ESR1IIc, treated with vehicle as a control and E2
(10�8 M) or ICI 182,780 (10�6 M) for 24 h, and luciferase
activity was determined as described in Materials and
Methods. Significant induction (P � 0.10) is indicated with
an asterisk, and results are expressed as mean percentage
of vehicle control with SD. Four replicate determinations for
each treatment group were conducted in each experiment.
A representative experiment of three independent experi-
ments with similar results is presented.
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as low as 10�10 m R5020 stimulated transactivation in cells
transfected with OXTR constructs (data not shown).

Deletion of the AP-1 and PRE half site does not affect E2 or
R5020 stimulation of OXTR promoter activity

The minimal OXTR(�220/�4) promoter contains an AP-1
site at �220 and a PRE half site at position �187. To deter-
mine whether these sites are involved in hormone respon-
siveness, the sites were sequentially removed by 5� deletion.

The OXTR promoter constructs were then transfected into
2fTGH cells along with ESR1IIc or PGR-B and treated with
E2 (10�8 m) or R5020 (10�8 m) for 24 h, respectively (Fig. 10).
Deletion of the AP-1 site and PRE half site did not affect (P �
0.10) the stimulatory effects of E2 and R5020 on OXTR pro-
moter activity. These results indicate that the SP1 binding
sites at �104 and �64 are the only cis elements required for
basal activity of the OXTR promoter and its responsiveness
to stimulation by ligand-activated ESR1 and PGR-B.

FIG. 6. Gel EMSAs. A, SP1 binding to �64 region of the
ovine OXTR promoter. Gel mobility shift assays were con-
ducted by incubating recombinant human SP1 protein with
radiolabeled [32P] �64 OXTR wild-type (wt) or mutant
(mut) oligonucleotides (see Fig. 1) and various unlabeled
oligonucleotides for competition as described in Materials
and Methods. B, SP1 binding to �104 region of the ovine
OXTR promoter. Gel mobility shift assays were conducted
by incubating recombinant human SP1 protein with radio-
labeled [32P] �104 OXTR wild-type (wt) or mutant (mut)
oligonucleotides (see Fig. 1) and various unlabeled oligo-
nucleotides for competition as described in Materials and
Methods. Results in these assays are from duplicate exper-
iments.

906 Endocrinology, February 2006, 147(2):899–911 Flemming et al. • ESR1 Regulates Ovine OXTR Gene Transcription

33_2002-3 Bazer.p65 06-Mar-09, 7:45 PM769



770 Wolf Prize in Agriculture

Immunolocalization of SP1 protein in the endometrium of
cyclic and pregnant ewes

To confirm that SP1 was expressed in the endometrium,
SP1 protein was studied in the uterus of cyclic and early
pregnant ewes by immunohistochemistry (Fig. 11). Immu-
noreactive SP1 protein was observed in all endometrial cell
types of uteri from ewes on d 10–16 of the cycle and d 10–20
of pregnancy. Although all endometrial cell types expressed
SP1 protein, it was most abundant in the endometrial LE and
GE. No differences in SP1 protein abundance were detected
between the endometrial cells of cyclic and pregnant ewes or
between LE of intercaruncular and caruncular areas of the
endometrium (data not shown). In pregnant ewes, SP1 pro-
tein was also detected in conceptus trophectoderm.

Discussion

The gene for OXTR exists as a single copy in all studied
species, and the promoter region of the OXTR genes of the
human (50), rat (51, 52), bovine (53, 54), mouse (55), and vole
(56) are available. Comparative studies of the promoter re-
gions of homologous genes from several species often reveal
conserved and important regulatory elements. However, the
promoter regions of the ovine and bovine OXTR genes are
not well conserved with other species, despite significant
sequence conservation found in the coding sequence. The
human OXTR gene promoter can be regulated by proinflam-
matory cytokines, such as IL-1 and IL-6 via activation of the
binding elements for nuclear factor-IL-6 or STAT3 (57). Se-
rum increases activity of the human OXTR promoter through

FIG. 7. Gel EMSAs. A, SP1 binding to SP1 binding site
mutants in the �104 region of the ovine OXTR promoter.
Gel mobility shift assays were conducted by incubating re-
combinant human SP1 protein with radiolabeled [32P] �104
OXTR wild-type (wt) or mutant (mut) oligonucleotides (see
Fig. 1) as described in Materials and Methods. B, Gel mo-
bility shift assays were conducted by incubating recombi-
nant human SP1 protein with radiolabeled [32P] �104
OXTR wild-type (wt) oligonucleotide (see Fig. 1) and various
unlabeled wt and mutant (mut) oligonucleotides for com-
petition as described in Materials and Methods. Results in
these assays are from duplicate experiments.
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a protein kinase C-dependent pathway that can be syner-
gistically augmented by dexamethasone (58). In rabbit am-
nion cells, in vitro treatment with forskolin and/or cortisol
activates OXTR gene transcription (59). Protein kinase A,
protein kinase C, and nerve growth factor-dependent OXTR
up-regulation is also observed in MCF-7 and SK-N-SH cells
transfected with the rat OXTR gene promoter (60). In the
human, basal promoter activity is conferred by the 85-bp
flanking the 5� end of the human OXTR gene. In this se-
quence, there is a consensus ETS binding sequence. GABP
(GA binding protein transcription factor), which binds to the
ETS element, cooperates with AP-1 (FOS/JUN) to activate
human OXTR promoter transcription in Hs578T cells (61).
However, elements that regulate activity of the human and
rat OXTR promoter/enhancer regions are not present in the
ovine and bovine OXTR promoters, suggesting that the iden-
tified pathways regulating OXTR expression in other species
may not be the same for ruminants.

In every studied mammal, estrogen is considered a key

regulator of OXTR gene expression (27). Similarly in sheep,
in vivo administration of estrogen increases OXTR mRNA
and the number of oxytocin binding sites in the endometrium
(15, 16, 22, 62). The classical pathway for estrogen regulation
of target genes involves ligand-activated ESR1/ERE inter-
actions or ERE half sites (37, 47). In the rat OXTR gene, a
palindromic ERE was identified about 4 kb upstream of the
transcriptional start site (52). This sequence was hormone-
responsive in transfection studies in human MCF-7 breast
cancer cells, but only when the 3.3-kb fragment between the
ERE and the basal promoter of the rat OXTR gene was trun-
cated. In the wild-type construct, this ERE was not activated
by estrogen. However, the human OXTR gene does not have
a palindromic ERE in the area comparable to that of the rat
gene (27). Therefore, estrogen induction of ovine OXTR gene
transcription may be indirect rather than due to direct ESR1/
ERE interactions.

The present study found that an estrogen agonist (E2) and
antagonist (ICI 182,780) transactivated the ovine OXTR pro-
moter in cells transfected with ESR1. Deletion and mutation
analyses found that induction of ovine OXTR promoter ac-
tivity by E2-activated ESR1 is dependent on GC-rich SP1
binding sites at �104 and �64 in the minimal promoter, and
basal activity of this promoter is also regulated by the same
GC-rich SP1 elements adjacent to the translational start site
of the OXTR gene. One caveat of the present studies is that
human fibrosarcoma cells were used for transfection assays
instead of an ovine endometrial epithelial cell line the en-
dogenous expresses the OXTR gene. Indeed, the GC-rich
motifs in several gene promoters are cis-acting elements for
an increasing number of ligand-activated nuclear and or-
phan receptors that interact with SP1 and related proteins
(see Refs. 37 and 47). In the present study, SP1 transcription
factor was constitutively expressed in nearly all cell types of
the endometrium from both cyclic and pregnant ewes and
was particularly abundant in LE and sGE. Therefore, the
primary determinant of OXTR gene regulation in the endo-
metrial epithelia is expression of the ESR1 gene. Adminis-
tration of estrogen on d 11 or 12 postestrus induces structural
and functional luteolysis in cyclic ewes with the following

FIG. 8. Comparative activation of OXTR constructs by a
variant human ESR1IIc in 2fTGH cells. Cells were cotrans-
fected with constructs containing the wild-type or mutant
OXTR promoter fragments from the hormone-responsive
�220 to �4 region and the DNA-binding domain mutant
ESR1IIc, treated with vehicle as a control or E2 (10�8 M) for
24 h, and luciferase activity was determined as described in
Materials and Methods. Significant induction (P � 0.10) is
indicated with an asterisk, and results are expressed as
mean relative light units (RLU) with SD. Four replicate
determinations for each treatment group were conducted in
each experiment. A representative experiment of three in-
dependent experiments with similar results is presented.

FIG. 9. Comparative activation of OXTR constructs by wild-type hu-
man PGR-B in 2fTGH cells. Cells were cotransfected with constructs
containing the OXTR promoter fragments and PGR-B, treated with
vehicle as a control or the nonmetabolizable R5020 progestin (10�8 M)
for 24 h, and luciferase activity was determined as described in Ma-
terials and Methods. Significant induction (P � 0.10) is indicated with
an asterisk, and results are expressed as mean relative light units
(RLU) with SD. Four replicate determinations for each treatment
group were conducted in each experiment. A representative experi-
ment of three independent experiments with similar results is pre-
sented.
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temporal events: 1) increase ESR1 mRNA and protein in
endometrial epithelia between 12–24 h; 2) moderate increase
in endometrial OXTR density between 12–36 h; 3) large in-
crease in OXTR density between 36–48 h; 4) a decline in
concentrations of progesterone in plasma after 36 h; and 5)
decrease in CL weight by 48 h (15, 17). Similar temporospatial
alterations in ESR1 and OXTR gene expression occur in the
endometrium of cyclic ewes between d 12–16 postestrus (9,
10, 12). Although exogenous estrogen can clearly elicit de-
velopment of the endometrial luteolytic mechanism and in-
duce OXTR promoter activity, the precise physiological role
of estrogen in the luteolytic mechanism in vivo during a
natural estrous cycle has not been adequately investigated.
Estrogen may not be needed to increase OXTR gene expres-
sion, because ESR1 can be activated in a ligand-dependent
manner by estrogens or a ligand-independent manner by
growth factors (63), such as IGF-I and IGF-II that are abun-
dant in the ovine endometrial stroma (64). Furthermore, ICI
182,780, a pure antiestrogen, will not be useful for in vivo
investigations, because it activated ESR1 and induced OXTR
promoter activity in the present study. Similarly, the anties-
trogens 4�-hydroxytamoxifen (4-OHT) and ICI 182,780 acti-
vate reporter gene activity in cells transfected with constructs
containing GC-rich promoters with SP1 and SP3 binding
sites (65). In addition to the OXTR, many other endometrial
genes that are regulated by hormone and orphan receptors
are likely to involve SP1 and related transcription factors.

Development of the endometrial luteolytic mechanism
and uterine release of luteolytic pulses of PGF occur in the
presence of high circulating levels of progesterone. However,
the endometrial epithelia are not responsive to receptor-
dependent actions of progesterone, because they are PGR-
negative between d 11–15 of the estrous cycle. As proges-
terone levels decrease and estrogen levels increase during
proestrus (d 15–17), PGR protein returns to the endometrial
epithelia of the ovine uterus (10, 12). In the present study,
PGR also increased activity of the ovine OXTR promoter
through GC-rich SP1 sites rather than the AP-1 site or PRE
half sites also present in the promoter of the OXTR gene.
Progestin-dependent regulation of OXTR through GC-rich
sites is not unprecedented becausePGR/SP1 activation of
glycodelin A and CDKN1A (cyclin-dependent kinase inhib-
itor 1A or p21) in endometrial and breast cancer cells, re-
spectively, is also due to specific GC-rich SP1 binding sites
in their promoters (66, 67). Indeed, uterine OXTR mRNA and
protein increases in the endometrial epithelia and stroma
after d 15 and is maximal at estrus, which is coincident with
PGR mRNA and protein as well as SP1 expression in the
same cells (10, 12, 13). Therefore, the progesterone block to
OXTR formation must be due to inhibition of ESR1 gene
transcription via direct or indirect actions that does not in-
volve SP1.

In the present study, IFNT did not affect OXTR promoter
activity or E2 induction of OXTR promoter activity. These

FIG. 10. Comparative activation of OXTR
constructs by ESR1IIc or PGR-B in 2fTGH
cells. Cells were cotransfected with constructs
containing the OXTR promoter fragments and
ESR1IIc or PGR-B, treated with vehicle as a
control (0) and E2 (10�8 M) with ESR1IIc or
R5020 progestin (10�8 M) with PGR-B for 24 h,
and luciferase activity was determined as de-
scribed in Materials and Methods. Significant
induction (P � 0.10) is indicated with an as-
terisk, and results are expressed as mean per-
centage of vehicle control with SD for three
independent experiments. Four replicate de-
terminations for each treatment group were
conducted in each experiment.

FIG. 11. SP1 protein in the endometrium of cyclic and preg-
nant ewes. Immunoreactive SP1 protein was localized in
sections of the uterus using a rabbit antihuman SP1 poly-
clonal antibody. For the IgG control, normal rabbit IgG was
substituted for the primary antibody. Sections were not
counterstained. S, stroma; Tr, conceptus trophectoderm. All
photomicrographs are shown at �150 magnification.
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results were consistent with the lack of classical interferon
regulatory elements (ISRE, IRFE, or GAS) in the ovine OXTR
promoter and the lack of IRF1 and IRF2 effects on OXTR
promoter activity in transient transfection assays. Collec-
tively, results of the present and previous studies continue to
support our theory that the antiluteolytic effects of IFNT
from the conceptus are to inhibit or silence ESR1 gene tran-
scription, which in turn precludes ESR1 stimulation of OXTR
gene transcription and, therefore, oxytocin-induced release
of luteolytic pulses of PGF by uterine epithelia. Future ex-
periments are needed to address how progesterone down-
regulates PGR gene expression, what factors critically reg-
ulate PGR inhibition of ESR1 gene transcription in the
endometrial epithelia of the uterus, and if SP1 and related
transcription factors regulate other endometrial genes in the
ovine uterus.
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ABSTRACT

Fibroblast growth factor 7 (FGF7) stimulates cell prolifera-
tion, differentiation, migration and angiogenesis. The consensus
is that FGF7, expressed by mesenchymal cells, binds FGF
receptor 2IIIb (FGFR2) on epithelia, thereby mediating
epithelial-mesenchymal interactions. The pig uterus is unique
in that FGF7 is expressed by the luminal epithelium (LE) and
FGFR2 is expressed by the LE, glandular epithelium (GE), and
trophectoderm to effect proliferation and differentiated cell
functions during conceptus development and implantation.
FGF7 expression by the uterine LE of pigs increases between
Days 9 and 12 of the estrus cycle and pregnancy, as circulating
concentrations of progesterone increase, progesterone recep-
tors (PGR) in the uterine epithelia decrease, and the concep-
tuses secrete estradiol-17beta (E2), for pregnancy recognition.
Furthermore, E2 increases the expression of FGF7 in pig uterine
explants. The present study investigates the relationships
between progesterone, E2, and their receptors and the
expression of FGF7 in the pig uterus in vivo. Pigs were
ovariectomized on Day 4 of the estrus cycle and injected i.m.
daily from Day 4 to Day 12 with either corn oil (CO),
progesterone (P4), P4 and ZK317,316 (PZK), E2, P4 and E2 (PE),
or P4 and ZK and E2 (PZKE). All gilts (n ¼ 5/treatment) were
hysterectomized on Day 12. The results suggest that: 1) P4 is
permissive to FGF7 expression by down-regulating PGR in LE;
2) P4 stimulates PGR-positive uterine stromal cells to release an
unidentified progestamedin that induces FGF7 expression by
LE; 3) E2 and P4 can induce FGF7 when PGR are rendered
nonfunctional by ZK; and 4) E2 from conceptuses interacts via
estrogen receptor alpha, but not estrogen receptor beta in LE to
induce maximal expression of FGF7 in LE on Day 12 of
pregnancy in pigs.

endometrium, estradiol receptor, progesterone receptor

INTRODUCTION

Fibroblast growth factor 7 (FGF7), also called keratinocyte
growth factor, is a member of the FGF superfamily, which has
been reported to stimulate cell proliferation, differentiation,

migration, and vascular angiogenesis [1]. The preponderance
of evidence indicates that FGF7 is expressed in cells of
mesenchymal (stromal) origin. However, FGF7 receptors (FGF
receptor 2IIIb, FGFR2) are present only on epithelial cells [2].
Therefore, the prevailing opinion is that mesenchymal-derived
FGF7 binds receptors on epithelia to mediate epithelial-
mesenchymal interactions in various organs, including the
reproductive tract [2, 3]. In sharp contrast to this consensus
opinion, the results of our studies have demonstrated that
FGF7 mRNA is expressed in the endometrial epithelia of pigs,
that FGFR2 mRNA is present in both the endometrial epithelia
and conceptus trophectoderm, and that FGF7 stimulates the
trophectoderm, but not endometrial epithelial cells, to undergo
proliferation and differentiation, which suggest that FGF7 is a
paracrine mediator of interactions between the uterus and
conceptus [4–6].

Several factors, including cytokines, growth factors, and
hormones, are known to affect FGF7 expression in various
tissues. Interleukin (IL) 1, IL6, platelet-derived growth factor-
b, and transforming growth factor-a increase FGF7 mRNA
expression [7, 8]. Parrott and coworkers have shown that
FGF7 and hepatocyte growth factor (HGF) stimulate FGF7
expression in ovarian surface epithelia via a positive autocrine
feedback mechanism [9]. Steroid hormones also regulate
FGF7 expression in reproductive organs. In the uterine
endometria of rhesus monkeys, progesterone (P4) increases
stromal expression of FGF7, which may mediate P4-induced
increases in epithelial cell proliferation and spiral artery
development [10]. In mice, estrogen increases mammary gland
expression of FGF7 and may play a role in gland development
[11]. Androgens also stimulate FGF7 expression in stromal
cells of the prostate [12]. It is significant that the promoter
region of the FGF7 gene contains various regulatory factor
binding sites, including steroid response elements for estrogen
and glucocorticoids in humans [13, 14] and for androgens in
rats [15].

Northern blot and in situ hybridization analyses of FGF7 in
the pig endometrium indicate expression during the estrus
cycle and peri-implantation period. FGF7 expression was first
detected in LE between Days 9 and 12 of both the estrus cycle
and pregnancy, peaked on Day 12 of pregnancy, and remained
high through Day 20 [4]. Since the increase in FGF7
expression on Day 12 of pregnancy was significantly higher
than that on Day 12 of the estrus cycle, subsequent studies
using an endometrial explant culture system were performed to
examine the hormonal and cytokine regulation of FGF7. In
these studies, estradiol-17b (E2), but not P4, increased the level
of FGF7 mRNA [5]. However, the peri-implantation period of
pregnancy is highly complex and cannot be duplicated in in
vitro culture systems. In pigs, the uterine environment is
influenced by the overlapping events of E2 release by
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conceptuses for maternal recognition of pregnancy and by
extended exposure to P4, which is the hormone of pregnancy,
to mediate developmental changes in the uterus that are
conducive to successful implantation and placentation [16, 17].
It is known that estrogen receptor a (ESR1) is present in uterine
endometrial epithelial cells between Days 12 and 15 of the
estrus cycle and pregnancy in the pig, whereas P4 receptors
(PGR) are absent from epithelial cells [18, 19]. Given that E2 is
secreted by pig conceptuses into the uterine lumen [16, 17], it
is likely that FGF7 expression in the LE is up-regulated by E2
via ESR1 that is present in the endometrial epithelia. However,
since P4 is the dominant hormone during diestrus of the estrus
cycle and during pregnancy and since FGF7 is expressed by LE
between Day 12 and Day 15 of both the estrus cycle and
pregnancy, it is possible that P4 is required as a permissive
hormone to allow E2 to stimulate FGF7 expression by
endometrial LE. Therefore, we hypothesized that P4 is required
as a permissive hormone for E2-induced FGF7 expression in
the LE of pig endometrium, and we conducted a study to
investigate the relationship between P4 and E2 and their
receptors on FGF7 expression in vivo.

MATERIALS AND METHODS

Animals and Tissue Collection

All experimental and surgical procedures complied with the Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional
Agricultural Animal Care and Use Committee of Texas A&M University. In
all, 26 sexually mature gilts of similar age, weight, and genetic background
were ovariectomized on Day 4 after the onset of estrus (Day 0) and were
assigned randomly to be treated daily at 0700 h from Day 4 through Day 12 as
follows: 1) 200 mg P4 in corn oil vehicle (CO; Sigma Chemical Co., St. Louis,
MO) (5 gilts); 2) P4 plus 75 mg ZK317,316 (ZK, which was generously
provided by Dr. Kristoff Chwalisz, Schering AG, Berlin, Germany) (5 gilts); 3)
P4 plus E2 (100 lg; Sigma) (5 gilts); 4) P4 plus ZK plus E2 (5 gilts); 5)
estradiol benzoate (E2, 5 mg in 5 ml of CO/day) (3 gilts); and 6) CO alone (3
gilts). The doses of hormones used are those that have been shown to maintain
pregnancy in ovariectomized gilts [20, 21] or to induce pseudopregnancy in
pigs [22].

All the gilts were hysterectomized on Day 12, and uterine flushings were
obtained by introducing and recovering 20 ml of sterile saline per uterine horn
at hysterectomy. The flushings were clarified by centrifugation (30003 g for
10 min at 48C), aliquoted, and frozen at �808C until analyzed. Several tissue
sections (;0.5 cm) from the middle of each uterine horn were fixed in 4%
paraformaldehyde in PBS (pH 7.2) and embedded in Paraplast-Plus (Oxford
Laboratory, St. Louis, MO). The remaining endometrium was physically
dissected from the myometrium, frozen in liquid nitrogen, and stored at�80 C
for RNA extraction.

Northern Blot Hybridization

Total cellular RNA was isolated from endometrial tissues using Trizol
reagent (Invitrogen, Carlsbad, CA) according to manufacturer’s recommenda-
tions. Total endometrial RNA (20 lg) was loaded onto a 1.2% (wt/vol) agarose
gel, electrophoresed, and transferred to a 0.2-lm pore size nylon membrane, as
described previously [23]. The blot was then hybridized with [32P]-radiolabeled
antisense cRNA probes generated from a linearized porcine FGF7 partial
cDNA [4]. Autoradiographs of the Northern blots were prepared using Kodak
X-OMAT x-ray film (Eastman Kodak Co., Rochester, NY).

Slot Blot Hybridization

The steady-state levels of FGF7 were assessed by slot blot hybridization, as
described previously [4]. Denatured total endometrial RNA (20 lg) from each
pig was analyzed using a [32P]-radiolabeled antisense pig cRNA probe [4]. To
correct for variations in total RNA loading, a duplicate RNA slot membrane
was hybridized with radiolabeled antisense 18S rRNA (pTRI 18S; Ambion,
Austin, TX). Following washing, nonspecific hybridization was removed by
RNase A digestion. The radioactivity associated with each slot was quantitated
by electronic autoradiography using an Instant Imager (Packard Instrument
Company, Meridian, CT) and is expressed as total counts.

RT-PCR Analysis

Total endometrial cDNAs were produced using the SuperScript III First-
Strand Synthesis System for RT-PCR (Invitrogen) with 1 ll (100 ng) of total
RNA. PCR was performed with Platinum Taq DNA polymerase (Invitrogen) in
50-ll reactions that contained 2 ll of cDNA, 5 ll of 103PCR buffer, 1 ll of 10
mM dNTP mixture, 1.5 ll of 50 mM MgCl2, 0.2 ll of Platinum Taq DNA
polymerase, and 1 ll of either 10 lM ERS1 (50-AGGGAAGCTCCTA-
TTTGCTCC-30) or 10 lM ERb (50-GCTTCGTGGAGCTCAGCCTG-30)
sense primer and 1 ll of either 10 lM ERS1 (50-CGGTGGATGTGGTCC-
TTCTCT-3 0) or 10 lM ERb (5 0-AGGATCATGGCCTTGACACAGA30)
antisense primer [24, 25]. Amplification was performed as previously described
[20], with initial denaturation at 948C for 10 min, followed by 35 cycles of
denaturation at 948C for 30 sec, annealing at 588C for 30 sec, extension at 728C
for 2 min, and a final extension step at 728C for 5 min. The PCR products (5 ll)
were analyzed on a 2% (wt/vol) agarose gel. The resulting gels were scanned
using the BioRad ChemiDoc XRS scanner and analyzed with the Quantity One
software (Bio-Rad).

In Situ Hybridization

The location of FGF7 mRNA in uterine tissue sections was determined by
in situ hybridization analysis, as described previously [26]. Briefly, deparaffi-
nized, rehydrated, and deproteinated uterine tissue sections (;5 lm) were
hybridized with radiolabeled antisense or sense porcine FGF7 cRNA probes
that were generated from linearized plasmid templates by in vitro transcription
with [35S]-UTP (Perkin Elmer Life Sciences). The plasmid templates were
partial cDNAs for porcine FGF7 [4]. After hybridization, washing, and
digestion with RNase A, autoradiography was performed using Kodak NTB-2
liquid photographic emulsion (Eastman Kodak). The slides were exposed at
48C for 2 wk, developed in Kodak D-19 developer, counterstained with Harris
modified hematoxylin (Fisher Scientific, Fairlawn, NJ), dehydrated through a
graded series of alcohol to Citrisolv (Decon Laboratories Inc., King of Prussia,
PA), and protected with coverslips.

Western Blot Analysis

FGF7 was purified from 1 mg of total protein from each uterine flushing by
incubating with 200 ll heparin-beaded agarose (Sigma) at 48C overnight and
washing three times with Hanks balanced salt solution (Sigma) and
centrifugation at 10 000 3 g for 5 min. Proteins that bound to the heparin-
beaded agarose were denatured in Laemmli buffer and separated by SDS-
PAGE, transferred to nitrocellulose, and blocked with 5% (wt/vol) nonfat milk-
TBST (Tris-buffered saline with 0.1% Tween-20), as described previously [4].
Blots were incubated with a goat polyclonal antibody against human FGF7
synthetic peptide (2 lg/ml; Santa Cruz Biotechnology, Santa Cruz, CA) or
normal goat IgG (Sigma) as the primary antibody in 2% (wt/vol) milk-TBST
overnight at 48C, rinsed for 30 min at room temperature with TBST, incubated
with peroxidase-conjugated rabbit anti-goat IgG (1:10 000; Zymed Laboratories
Inc., San Francisco, CA) as the secondary antibody for 1 h at room temperature,
and then rinsed again for 30 min at room temperature with TBST.
Immunoreactive proteins were detected using enhanced chemiluminescence
(Amersham/Pharmacia, Arlington Heights, NY) according to the manufactur-
er’s recommendations.

Immunohistochemistry

The expression of PGR and ESR1 proteins was evaluated in paraformal-
dehyde-fixed, paraffin-embedded, uterine tissue cross-sections (4 lm) using
procedures described previously [23]. Briefly, boiling citrate buffer was used
for retrieval of PGR, and pronase E (0.5 mg/ml in PBS) was used to retrieve the
ESR1 antigen. Proteins were detected with mouse anti-human PGR IgG (2 lg/
ml 2C5 PGR; Zymed Labs) and rat anti-human-ESR1 IgG (2 lg/ml H222;
Abbott Laboratories, Chicago, IL) and visualized with the Super ABC Mouse/
Rat IgG Kit (Biomeda, Foster City, CA). For negative controls, primary
antibodies were substituted with mouse (for PGR) or rat (for ESR1) IgG at the
same concentrations as the primary antibodies.

Photomicrography

Digital photomicrographs of representative bright-field (immunohistochem-
istry) or bright-field and dark-field illumination (in situ) images were evaluated
with a Zeiss Axioplan2 microscope (Carl Zeiss, Thornwood, NY) fitted with an
Axiocam HR digital camera. Digital images for immunohistochemistry and in
situ hybridization were recorded using the Axiovision 4.3 software. All
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immunohistochemistry and in situ hybridization figures were assembled using
Adobe Photoshop 8.0 (Adobe Systems Inc., San Jose, CA).

Statistical Analysis

All quantitative data were subjected to least-squares ANOVA using the
general linear models procedures of the Statistical Analysis System (SAS
Institute, Cary, NC). Slot blot hybridization data were corrected for differences
in sample loading using the 18S rRNA data as a covariate. Orthogonal contrasts
were used to determine the effects of treatment. Preplanned contrasts were CO
vs. E2, E2 vs. P4, P4 vs. P4 þ E2, P4 þ ZK vs. P4 þ ZK þ E2, and P4 vs. P4 þ
ZK. All tests of significance were performed using the appropriate error terms
according to the expectation of the mean squares for error. A P value equal to
or less than 0.05 was considered statistically significant. Data are presented as
least-square means (LSM) with standard errors (SEM).

RESULTS

Steady-State Levels of FGF7 mRNA in the Pig Endometrium
and of FGF7 Protein in the Uterine Lumen

The FGF7 cRNA detected a single transcript of ;2.4 kb in
Northern blot analysis of pig endometrial total RNA (Fig. 1A).
The steady-state levels of endometrial FGF7 mRNA were not
different between pigs that received CO or E2 (P . 0.10), or
between pigs that received P4 or P4ZK (P . 0.10). However
FGF7 mRNA increased in pigs injected with P4 compared to
those injected with E2 (P , 0.05). The combination of P4 and
E2 increased endometrial FGF7 mRNA compared to P4 alone
(P , 0.01), and the addition of E2 (PZKE2) to the P4ZK
treatment increased the level of FGF7 mRNA significantly (P
. 0.01). The results of the Western blotting analysis to detect
FGF7 protein purified from uterine flushings using heparin-
coated agarose beads are shown in Figure 2. An immunore-
active FGF7 protein of 17-kDa was detected in the flushings
from pigs treated with P4 and E2, and two molecular mass
variants of the FGF7 protein, 17 kDa and 25 kDa, were
detected in the flushings from pigs treated with the combina-
tion of P4, E2, and ZK, which indicates the secretion of FGF7
into the uterine lumen of pigs (Fig. 2).

Relationships Between FGF7 mRNA, PGR, and ESR1
in Pig Endometria

Previous studies have reported the presence of ESR2 mRNA
and ESR2 protein in the pig uterus [27–29]. A specific PCR
product was detected in the pig endometrium using primers for
ESR2. Sequence analysis indicated that the product was pig

ESR2. However, although ESR1 was readily detected by RT-
PCR, ESR2 was barely detected above background in total
endometrium from pigs from all the treatment groups (Fig. 3).
In all the endometrial samples, the level of ESR1 was ;8-fold
higher than that of ESR2. In addition, ESR2 was not detected
above the level of the sense cRNA probe or irrelevant IgG
background using in situ hybridization or immunohistochem-
istry, respectively (data not shown). In situ hybridization
analysis of pig endometrium localized FGF7 mRNA to the LE
of ovariectomized pigs treated with P4, P4 and E2 or P4, E2,
and ZK. However, FGF7 mRNA was not detected in the
endometrial LE of pigs treated with CO vehicle, P4 and ZK or
E2 alone (Fig. 4). Immunohistochemistry for PGR revealed
expression in the endometrial LE of pigs treated with CO
vehicle or E2, whereas PGR expression was absent in the LE of
pigs treated with P4 alone or P4 in combination with ZK and/or
E2. In contrast, PGR was expressed in the endometrial stromal
cells of pigs in all the treatment groups (Fig. 4). Immunohis-
tochemistry for ESR1 revealed expression in the LE, stromal
cells, and GE of all pigs in all treatment groups. In the
following section, the relationships between treatment, PGR
and ESR1 status, and FGF7 mRNA expression are summarized
by treatment group (Fig. 4).

Ovariectomized pigs injected with corn oil. In the
absence of ovarian steroid hormones following ovariectomy,
the absence of P4 and E2 resulted in default expression of both
PGR and ESR1 in the endometrial LE, stromal cells, and GE
(Fig. 4). The presence of PGR in the LE is considered to
preclude the expression of FGF7 mRNA in CO-treated pigs.

Ovariectomized pigs injected with progesterone. Con-
tinuous 9-day exposure of pigs to P4 resulted in the down-
regulation of PGR in endometrial LE but not in stromal cells,
and did not affect the expression of ESR1 in LE, GE or stromal
cells (Fig. 4). The combined effects of P4-induced down-
regulation of PGR in LE and the maintenance of PGR in
stromal cells is considered to enable P4 to interact with PGR in
stromal cells to induce the synthesis and secretion of a putative
progestamedin that induces FGF7 in the LE.

Ovariectomized pigs treated with progesterone and
ZK137,316. It appears that 75 mg ZK daily does not
recapitulate the previous results obtained for sheep [30] to
block completely the effects of P4 on the pig endometrium.
PGR in the LE and stromal cells are differentially sensitive to
the effects of ZK. Although ZK did not inhibit P4-induced
down-regulation of PGR in endometrial LE in 5/5 pigs, ZK
bound PGR in the endometrial stromal cells, thereby rendering

FIG. 1. Detection of FGF7mRNA in the endometrium. A) Northern blot analysis of FGF7mRNA (20 lg) in the endometria of ovariectomized pigs treated
with P4, P4 þ E2 (P4E2), P4 þ ZK (P4ZK), and P4ZKE2. The positions of the 28S (4.7-kb) and 18S (1.8-kb) rRNAs are indicated. A single transcript for FGF7
(;2.4 kb) is detected. B) Steady-state levels of FGF7mRNAs in CO-, E2-, P4-, P4E2-, P4ZK-, and P4ZKE2-treated pig endometria, expressed as least square
means of the relative units of counts per minute with overall SEM, normalized for differences in sample loading using 18s rRNA and representing 20 lg of
total endometrial mRNA per sample.
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the stromal cells unresponsive to P4 (Fig. 4). Therefore, it
seems likely that a progestamedin was not synthesized or
released by stromal cells in response to P4 so as to mediate the
induction of FGF7 mRNA in the LE of the 3/5 pigs that
received both P4 and ZK.

Ovariectomized pigs treated with estradiol benzoate.
The absence of P4 to down-regulate PGR and the effect of E2
in inducing PGR resulted in the expression of PGR in the LE,
which is considered to have prevented the induction of FGF7
mRNA in the LE by E2 (Fig. 4).

Ovariectomized pigs treated with progesterone and E2.
Treatment of pigs with both P4 and E2 allowed P4 to down-
regulate the PGR in the LE and allowed E2 to induce FGF7
mRNA expression in the endometrial LE (Fig. 3). Furthermore,
the interaction of P4 with PGR in stromal cells probably allows
the induction of a progestamedin that acts on the LE to induce
the expression of FGF7 mRNA. Alternatively, the expression
of FGF7 mRNA may be induced in this treatment group
through a combination of these two mechanisms.

Ovariectomized pigs treated with progesterone, ZK, and
E2. The action of ZK on PGR in stromal cells inhibits the
production of the putative progestamedin that is necessary for
the induction of FGF7 expression in the LE (Fig. 4). Therefore,
in the absence of functional PGR, E2 action via ESR1 is
considered to be sufficient for the induction of FGF7 mRNA
expression in pig endometrial LE.

DISCUSSION

The results of the present study of pig endometria indicate
that: 1) P4 is permissive for FGF7 expression through its action
in down-regulating PGR in LE; 2) P4 stimulates PGR-positive
uterine stromal cells to release an unidentified progestamedin,
which induces FGF7 expression by the LE; 3) the combined
effects of E2 and P4 or E2, P4, and ZK can induce FGF7 due to
the effect of P4 in down-regulating PGR or the effect of ZK in
blocking PGR function and allowing E2 to act on PGR-
negative LE; and 4) E2 from conceptuses interacts via ESR1 in
LE to induce maximal expression of FGF7 in PGR-negative
LE on Day 12 of pregnancy in pigs. The group that received
both P4 and E2 is the most physiologically relevant, with P4
from the CL being permissive for the actions of E2 from pig
conceptuses during the peri-implantation period. A model that
summarizes the present working hypothesis for hormonal
regulation and the role of uterine FGF7 during early pregnancy
in pigs is presented in Figure 5. The mechanism responsible for
the lack of expression of FGF7 by endometrial GE is not
known.

P4, which is the hormone of pregnancy in all mammals, is
critical for the control of the temporal and spatial (cell-specific)
changes in gene expression within the uterus that ensure
synchrony between uterine and conceptus (embryo/fetus and
associated membranes) development [31]. Indeed, treatment
with exogenous P4 significantly alters the expression of a
number of genes in rodent, primate, and sheep uteri, as
measured in microarray analyses [32–34]. Although similar
studies have not been performed in pigs, P4 increases the
expression of calbindin-D9k [35], vascular endothelial growth
factor [36], FGF2 and two of its receptors, FGFR1 and FGFR2
[37], and the a4, a5, and b1 integrin receptor subunits [38], as
well as suppressing the expression of MUC1 [38]. Importantly,
P4 increases the expression levels of various uterine secretory
proteins, components of the histotroph, which is hypothesized
to support conceptus development in pigs [39–41]. Previous
studies with endometrial explant cultures and in vivo steroid
replacement experiments have failed to demonstrate FGF7

regulation by P4 in the pig uterus, since the investigators
assumed that increases in FGF7 expression during the estrus
cycle and pregnancy were most likely influenced by P4 [5, 42].
The results of the present study clearly indicate that FGF7 is
induced in the uterine LE of ovariectomized pigs treated with
P4, and that the expression of FGF7 is blocked by ZK, a PGR
antagonist.

The permissive effects of P4 on FGF7 expression are
mediated by PGR in the pig endometrium [43, 44]. In most
mammalian uteri, PGR are expressed in endometrial epithelia
and stromal cells during the early to midluteal phase, allowing
direct regulation of genes by P4. However, in sheep, the
presence of PGR in LE precludes the expression of most P4-
regulated genes in the LE until continuous exposure of the
endometrium to P4 down-regulates PGR expression exclusive-
ly in the LE and GE [31]. This paradigm of loss of PGR from
uterine epithelia prior to implantation appears to be common
among mammals [45] and predicates that the endocrine effects
of ovarian P4 on endometrial epithelia during the peri-
implantation period are mediated indirectly by either P4-
induced paracrine-acting factors (progestamedins) produced by
PGR-positive stromal cells or by the induction of factors in the

FIG. 2. Western blot analysis of FGF7 in porcine uterine luminal
flushings. The positions of the prestained molecular mass standards are
indicated. Immunoreactive FGF7 is detected (arrows) in the uterine
flushings from ovariectomized pigs treated with P4 þ E2 (P4E2) or P4 þ ZK
þ E2(P4ZKE2).

FIG. 3. RT-PCR analysis of ERS1 and ESR2 mRNAs in the endometria of
pigs treated with P4, P4 þ E2 (P4E2), P4 þ ZK (P4ZK), and P4ZKE2.
Densitometric analyses of ESR1 and ESR2 transcripts from the endometria
of pigs in different treatment groups following PCR amplification reveal
that ESR1mRNA is maintained at higher levels than ESR1 mRNA in all the
treatment groups.
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LE that simultaneously down-regulate PGR and either allow or

stimulate the expression of endometrial genes [30, 46]. In pigs,

the expression of PGR in endometrial LE and GE is down-

regulated by Day 10 of the estrus cycle and pregnancy, whereas

the expression of PGR is maintained in stromal cells and the

myometrium [19]. Removal of PGR from LE correlates with

loss of MUC1 and expression of secreted phosphoprotein 1

(SPP1; also known as osteopontin) on the apical surface of the

LE, which exposes integrins to extracellular matrix proteins for

trophoblast attachment to the uterus [38, 47]. This is also the

period during which the endometrium releases many cytokines

and growth factors into the uterine lumen of the pig to support

conceptus development and trophoblast elongation [48].

Although the loss of PGR from the endometrial epithelia of

pigs is well established [19], the present results are the first to

dissect effectively P4 regulation of gene expression in the LE
during the estrus cycle and early pregnancy.

Three conclusions can made based on the results of the
present study. First, similar to sheep [23], P4 negatively auto-
regulates PGR in the LE, but not PGR in the endometrial
stromal cells of pigs. The expression of PGR in the LE and
stromal cells was detected in pigs that received CO but it was
down-regulated in the LE of all pigs treated with P4. Second,
similar to the results for P4-regulated genes in the endometrial
epithelia of sheep [23, 30], the presence of PGR in pig LE
precludes the induction of FGF7. All pigs with PGR in the LE,
i.e., those treated with CO alone or E2 alone, failed to express
FGF7 in LE. Third, the combined effects of P4-induced down-
regulation of PGR in LE and P4 interaction with PGR in
stromal cells result in the expression of a progestamedin(s)
from stromal cells that acts on LE to induce FGF7. Pigs treated
with P4 exhibited down-regulation of PGR in LE concomitant
with induction of FGF7. Furthermore, FGF7 expression
requires functional stromal PGR, since ZK treatment ablated
P4-induced FGF7 expression. However, in the absence of
functional PGR (treatment with P4, E2, and ZK), E2 alone
interacts with ESR1 to induce FGF7 expression.

The mechanisms by which P4 both down-regulates PGR
and up-regulates the expression of other genes within the
uterine LE of pigs are not understood. Induction of stromal-
derived progestamedins is one explanation for these phenom-
ena, although an attractive alternative hypothesis has been put
forward by Geisert and colleagues [46]. They propose that P4
interacts with PGR in LE to stimulate factors that activate
nuclear factor kappa B (NF-jB), which then functions to
inhibit PGR expression and activate transcription of genes that
are believed to be involved in implantation [46]. The results of
the present study are consistent with both of these theories of
endometrial gene regulation by P4.

Estrogens secreted by pig conceptuses on Day 12 of
gestation comprise the maternal recognition signal that
switches the secretion of endometrial prostaglandin F2a from

FIG. 5. Schematic illustration of the proposed hormonal regulation of FGF7 expression in the porcine pregnant uterine endometrium. During early
pregnancy, continuous exposure of the uterine epithelia to progesterone down-regulates PGR, thereby eliminating PGR-dependent inhibition of
expression of most P4-regulated genes, e.g., those in the LE. Therefore, the endocrine effects of P4 in inducing the expression of FGF7 in endometrial LE
and its secretion into the uterine lumen are mediated by a paracrine-acting factor(s) (progestamedin) produced by the PGR-positive stromal cells.
Furthermore, in PGR-negative epithelial cells, estrogen produced by pig conceptuses binds to ESR1 in the LE to induce FGF7 expression. The combined
endocrine/paracrine effects of ovarian P4 and conceptus estrogens are likely responsible for the high levels of FGF7 mRNA expression in the endometria
and of FGF7 protein in the uterine lumen on Day 12 of pregnancy. During the estrus cycle, FGF7 expression increases in the LE during the P4-dominated
luteal phase, whereas maximal levels of FGF7 are attained on Day 12 of pregnancy after the PGR are down-regulated and when LE is stimulated by high
levels of estrogen released by pig conceptuses for pregnancy recognition and P4 can stimulate the secretion of a progestamedin(s) from uterine stromal
cells. It is hypothesized that secreted FGF7 acts on the conceptus to stimulate the proliferation and differentiation of the trophectoderm.

3

FIG. 4. Interrelationships between FGF7 mRNA, PGR protein, and
estrogen receptor a protein in pig endometria. First column: nuclear
localization of ESR1 protein in the luminal epithelia (LE) of corn oil (CO)
and E2-treated (E2) pigs, whereas PGR is present in stromal cells (ST) of the
endometria from pigs in all the treatment groups. A section from an E2-
treated pig stained with nonimmune mouse IgG (IgG) serves as a negative
control. The width of each field is 540 lm. Second column: nuclear
immunostaining for PGR in the LE, GE, and ST of endometria from pigs in
all treatment groups. A section from an estradiol valerate-treated pig
stained with nonimmune rat IgG serves as a negative control. The width of
each field is 540 lm. Third and fourth columns: in situ hybridization
analysis of FGF7 mRNA expression in pig endometria. The left and right
panels represent corresponding bright-field and dark-field images,
respectively, of endometria from pigs in each treatment group. A
representative section from a P4-treated pig hybridized with a radiola-
beled sense cRNA probe (Sense) serves as a negative control. Note that
FGF7 mRNA is detectable only in the LE, and that the hybridization signal
is evident only in the endometria from pigs treated with P4, P4 þ E2 (PE2),
and P4 þ ZK þ E2 (PZKE2). The width of each field is 690 lm.
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the endocrine to exocrine direction to prevent CL regression
[16]. In addition, conceptus estrogens modulate uterine gene
expression to support uterine secretions and the controlled
inflammatory-like events that characterize changes in concep-
tus morphology and uterine remodeling for implantation in pigs
[49]. Indeed, secreted SPP1 is induced by estrogen in LE, and
it initially localizes to the LE in close proximity to the Day-12
implanting conceptuses [47], whereas conceptus secretion of
estrogens correlates with conceptus secretion of IL1b and may
modulate uterine responses to this cytokine [50]. The
importance of estrogen for the early survival of pig conceptuses
is underscored by pregnancy loss in response to premature
exposure of the pregnant uterus to estrogen. Administration of
estrogen on Days 9 and 10 of pig pregnancy is associated with
altered expression of SPP1 and cyclooxygenase 1 in LE [46,
51] and degeneration of conceptuses by Day 15 [52]. In pigs,
ESR1 is readily detectable in LE from Day 5 through Day 12 of
the estrus cycle and pregnancy, then decreases, but remains
detectable until Day 15 [18]. The presence of ESR1 in LE
provides a mechanism by which estrogens secreted by the
elongating pig conceptus can stimulate the changes in uterine
function that are necessary for the maintenance of pregnancy
[18]. Previous reports, using endometrial explant cultures and
in vivo steroid replacement experiments, have strongly
suggested that the induction of FGF7 in uterine LE during
early pregnancy in pigs is stimulated primarily by conceptus
estrogens [5, 42]. The results of the present study support these
previous reports and further indicate that FGF7 is induced in
the uterine LE of ovariectomized pigs injected with E2, but
only when P4 has down-regulated PGR in the LE. The uterine
LE of pigs treated with E2 alone does not express FGF7
mRNA, probably due to the lack of P4 to down-regulate PGR
in the LE, whereas pigs treated with a combination of E2 and
P4 exhibit FGF7 expression. Furthermore, functional stromal
PGR, and therefore progestamedins, are not required for E2
induction of FGF7 because the addition of ZK did not alter the
effects of the combination of P4 and E2.

There is a discrepancy between the results of the present
study and those in the previous reports with respect to the
fining that estrogen in the absence of P4 can increase
endometrial expression of FGF7 [5, 37]. Ka et al. [5] used
endometrial explant cultures from Day 9 of the estrus cycle, at
which time-point the PGR are significantly reduced compared
to Days 0–5 [19, 53]. It is likely that the PGR were already
decreased to levels that were insufficient to prevent the
induction of FGF7. Although the study conducted by
Wollenhaupt et al. [42] employed ovariectomized, steroid-
replaced pigs and detected a significant increase in endometrial
FGF7 mRNA in response to estradiol benzoate compared to P4
treatment, the levels of expression of FGF7 mRNA overlapped
between gilts that were treated with vehicle and estradiol
benzoate. Furthermore, the effects on FGF7 expression of
estradiol benzoate alone did not differ from the combined
effects of P4 and estradiol benzoate, which did not differ from
the results of treatment with either vehicle or P4 alone.
Interestingly, increases in FGF7 protein were detected
primarily in the vascular smooth muscle cells and endothelium,
whereas weak expression in LE was not affected by the
different treatments [42]. In contrast, the present study utilized
ZK, which is a PGR antagonist, to dissect the hormonal
regulation of FGF7, and in situ hybridization analyses to
understand cell-specific changes in FGF7 expression. The
results clearly indicate the complex and overlapping regulation
of FGF7 in endometrial LE by P4 and E2.

The FGF7 synthesized and secreted by uterine epithelial
cells into the uterine lumen can stimulate the proliferation and

differentiation of conceptus trophectoderm [4, 5] by influencing
DNA synthesis and through motility, differentiation, cytopro-
tective, and antiapoptotic effects on cells [54]. Western blotting
detected an immunoreactive FGF7 protein of about 25 kDa only
in the uterine flushings of pigs treated with E2. Interestingly, a
17-kDa FGF7 protein was also detected in uterine flushings
from pigs treated with E2; this protein may be a cleavage
fragment of the native 25-kDa FGF7 protein. These results
indicate that E2 regulates the secretion of FGF7 from LE cells. It
is known that estrogen (of conceptus origin or administered
exogenously) induces pseudopregnancy, modulates the redi-
rection of prostaglandin F2a from primarily endocrine secretion
into the underlying vasculature to exocrine secretion into the
uterine lumen [16], and increases the secretory activities of
endometrial epithelia directly or by increasing uterine expres-
sion of prolactin receptors on uterine epithelia [55]. Therefore,
we hypothesize that FGF7 secretion is regulated by conceptus
estrogens during pregnancy and by ovarian estrogens during the
estrus cycle. The detailed cellular mechanism by which estrogen
affects epithelial FGF7 secretion remains to be determined.

In summary, the uterine environment of early pregnancy in
pigs is complex and influenced by the overlapping actions of
conceptus estrogens for pregnancy recognition and the
permissive effects of P4 acting on uterine epithelia to down-
regulate PGR and/or via PGR expressed by uterine stromal
cells to stimulate the expression of a progestamedin(s) that
mediates the developmental changes in uterine functions
necessary for the establishment and maintenance of pregnancy.
The dynamic regulation of FGF7 by estrogen and P4 reflects
this complexity, and strongly suggests important roles for
FGF7 in stimulating the proliferation and differentiation of the
pig conceptus during elongation and implantation. The results
of the present study provide new insights into the intricate
interplay between the actions of estrogen and P4 to modify
gene expression in the peri-implantation pig uterus. A similar
interplay between pregnancy recognition signals and proges-
terone has been reported for sheep [56, 57]. However, the
magnitude and extent of the influence that conceptus estrogens
impart on the early pregnant uterus are remarkable and unique
to the pig. Clearly, further studies are warranted to dissect
further the endocrine and paracrine regulation of gene
expression in the uterus of pregnant pigs.
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I was born in my parents’ home on October 23, 1940, in Menston, a village in

West Yorkshire in the postal district of Ilkley, a few miles north of the industrial

cities of Bradford and Leeds. My father was a wool sorter in Bradford, while my

mother had been employed until my birth in a shirt factory. My one brother, Glyn,

was also a war baby, born in February 1944. I was enrolled in Menston Primary

School from the autumn of 1945 until the summer of  1951 and then in Bradford

(Boys) Grammar School until 1959. The latter was a “Direct Grant Grammar
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School”, comprised of fee-paying as well as scholarship pupils, and had high

academic standards, with a quite ruthless preoccupation with placing its students

into the Universities of Oxford and Cambridge. My father badly wanted his eldest

son to develop a career that provided more job security, better pay, shorter working

hours, and less dirt than he himself had experienced as a textile worker. His

preference was for me to become a dentist, although even he acknowledged later

that such a decision would have been a disaster for an individual so acutely lacking

fine motor skills, patience, and an ability to visualize anything in three dimensions.

Nevertheless, at the age of 13, I was funneled (quite happily I should add) into an

academic track that provided increasing emphasis on science, particularly

mathematics, physics and chemistry. My interest in biology was fostered by my

dad’s knowledge of  birds and local plants, family walks, and having the freedom to

roam anywhere in the local countryside. My mother, who had left school at 13,

was an enthusiastic co-pupil. Unfortunately neither of them was much help when

it came to algebra, physics, Latin and French.

I realized in my early teens that I enjoyed science, particularly chemistry. My

main chemistry teacher at Bradford Grammar School, a Mr. J. B. Bentley, was a

great influence on my schoolboy academics. He was a remarkable man, Oxford

trained, a WW II veteran, broadly read, authoritative yet wonderfully encouraging

in his restrained English fashion. I found the formal course work of biology less

challenging and less interesting than chemistry and physics, but was always

fascinated by what I read outside the classroom. At 17, I passed my “A Level”

national examinations sufficiently well to be awarded a State Scholarship, which

would pay my way at any university that cared to accept me. I remained at Bradford

Grammar for an extra year to prepare for the entrance examinations to Oxford

and was offered a place at Lincoln College in December 1958, leaving me free to

concentrate on rugby, cricket, and other pleasures for the rest of the academic

year.

My scholarship paid tuition and provided full living expenses for three years at

Oxford. Its annual value was about the equivalent of what my father earned in a

year. I chose to major in Biochemistry, which at that time was really chemistry

with some biochemistry tagged on. I remember Hans Krebs (after he had won the

Nobel Prize, but before he became Sir Hans) wandering through our lab class not

quite knowing what to say to us students and everyone feeling slightly awkward. I

was particularly unsettled during my first term in residence, uncomfortable in the

Oxford environment where everyone seemed smarter and more accomplished than

I. I also wasn’t enjoying inorganic chemistry and toyed with the idea of switching

to medicine but, for reasons that I still don’t quite understand, decided I wanted to

work with plants and to major in botany. At that time, the Professor and Head of

Department was the cytogeneticist, Cyril Darlington, a controversial, figure because

of his views on eugenics and his inability to be politically correct on just about any
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subject, but who ensured that classical botany was never much emphasized. Instead

students were exposed to extensive amounts of genetics and plant biochemistry.

Even though my decision to become a plant scientist appeared radically unsound

to my father, I thoroughly enjoyed my remaining years as an undergraduate, and

graduated with an “Upper Second” honors degree in June of 1962.

There are two events during my undergraduate life that are worth remarking

upon, since they have had a profound effect on my future. The first was that I

married Susan Elizabeth Davies, a technician in the department of Botany, in

January 1961. We had our first child, Mark Glyn, in the late summer of that year.

My college was silently aghast, and the addition of a family certainly strained what

financial resources we had available, particularly as it was impossible, even in the

1960s, for a young mother to find child care and to continue to work. Our flat was

also pretty primitive and certainly cheap by Oxford standards; it had an outside

lavatory, a bath tub in the kitchen, and no central heating. In the record, arctic-

like winter of 1963, when Susan was pregnant with our second child, Samantha

Clare, everything seemed to freeze, including the lavatory. Despite this unpropitious

start and impoverished state, I was extremely happy and certainly a more motivated

individual than before. Our marriage has survived for 47 years.

The second noteworthy occurrence was that in March of my final undergraduate

year I was awarded a prestigious Christopher Welch Scholarship in biology, which

would pay me a stipend of £500 (now £13,500) a year to pursue a D.Phil. degree

at Oxford. It was an honor to accept a scholarship previously held by such scientists

as John Eccles, J. Z. Young, Peter Medawar, Anne McLaren, Alec Jeffreys, and John

Gurdon, among others. The examination for this award was competitive and involved

written and oral sections, which required that the applicant map out a research

problem they proposed to tackle. I developed a theoretical approach to studying

the biosynthesis of cell wall polysaccharides in roots through the incorporation of

radioactive precursors and then using autoradiography to follow patterns of

deposition along files of cells from their stem cell origins in the meristem through

the main zone of elongation further along the root. Oddly, this theoretical scheme

worked almost perfectly when I came to perform real experiments during my

graduate training.

My nominal supervisor during my graduate student days was a plant biochemist,

Vernon Butt, a nice man but who was largely absent from the laboratory during

my three years of research as he tried to recover from the premature death of his

wife and to bring up two young children. I worked more closely with Lionel

Clowes, who discovered the quiescent centre within root meristems, and Barrie

Juniper, a microscopist, with whom I published my first paper on the production

of mucus-like, lubricating polysaccharides by the maize root cap ( Juniper and

Roberts 1966). My thesis eventually led to the publication of six papers, but

getting Vernon to even read them (I was in the U.S.A. by then) was like pulling
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teeth. The gambit that eventually worked was to submit and publish a paper

without his authorship (Roberts 1967). I had no trouble after that with getting

him to edit and co-author the subsequent manuscripts.

In the summer of 1964, I attended the International Botanical Congress in

Edinburgh and had the opportunity to meet several plant scientists from North

America, who were recruiting postdoctoral fellows. The post-Sputnik, U.S. science

expansion was in full swing. Although Buffalo New York was not the place of my

dreams, I eventually decided to join Frank Loewus there in the Department of

Biology. America seemed such a potential adventure, and it was. I had never travelled

by air before; I didn’t possess a driver’s license, and fondly believed that we could

get about on bicycles, just as we had in Oxford. That first winter in Buffalo, we had

135 inches of  snow, but at least we were warmer than we had been in our frigid

flat on Divinity Road, Oxford. I drove a VW bug illegally (you need an automobile

to survive a Buffalo winter) for six months before taking my test and became an

expert on ice.

My U.S. education began in September 1965. Frank Loewus was best known

for his work in ascorbic acid biosynthesis, but had recently discovered the inositol

pathway in plants in which myo-inositol is oxidatively cleaved to D-glucuronic

acid. I was able to demonstrate that myo-inositol, via this cleavage reaction, is a

precursor of the uronic acids and pentoses incorporated into cells wall pectins and

hemicelluloses (Roberts, Deshusses et al. 1968). I also had the opportunity to study

the formation of apiose, an unusual sugar found in the walls of  the pond weed

Lemna gibba, and of phytic acid, the polyphosphorylated form of inositol (Roberts,

Shah et al. 1967). Frank taught me an awful lot, particularly some carbohydrate

chemistry and the use of rigorous methods for identifying metabolites (with no

help from mass spectrometry). The lack of course work associated with an Oxford

D.Phil. and the narrow scope of the prior undergraduate curriculum allows a

motivated student enormous license to follow what interests him, but the down

side can be a profound ignorance of all sorts of other useful stuff, a fact I soon

began to appreciate. Another feature of the Loewus laboratory was that it required

scrupulously annotated note books, another valuable training lesson. I thoroughly

enjoyed my time in Frank’s laboratory and owe him a great deal about how to run

and how not to run a research group. In my third postdoctoral year, I was also

appointed as a temporary Assistant Professor and given the opportunity to lecture

and run a laboratory course, all useful experience for the future, although a low

grade in 1967 could condemn a student to a vacation in Vietnam.

The late 1960s were heady times. As a green card recipient (Brits were a

favored nationality in those days), I was obliged to register for the draft myself, but

my advanced age (24) and two children meant I was unlikely ever to be called up

for war duty. In any case, we were only 20 minutes from the Canadian border. The

Vietnam War was not yet at its peak and popular when we first arrived, but out of
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hand and facing massive protests by the time we left in 1968. That year the U.S.

experienced the deaths of Robert Kennedy and Martin Luther King, riots in central

cities, including the predominantly black areas of Buffalo, the Johnson resignation,

and the extraordinary Democratic Convention in Chicago, which we watched from

our hotel room in New York, just before embarking on the great ocean liner,

“France”, for Southampton at the end of August. I look back fondly to those years

in the U.S.A. and the freedom of being a postdoc. Our family were also liberated by

the possibilities of traveling where we wanted by automobile, camping where we

chose, and the seductive opportunities of having little extra money in our pockets.

I returned to England in August 1968 as a Fellow of the Atomic Energy Authority

to work at the Radiochemical Center in Amersham, then a government owned,

commercial enterprise that sold radiochemicals. It was an odd 16 months. I had to

sign the “Official Secrets Act” although, in retrospect, that seems no more bizarre

than signing a Loyalty Oath for my subsequent job at the University of Florida. I

was given a lot of freedom to pursue topics in which I was interested, learned a lot

of enzymology, and was able to make use of  the almost limitless supplies of

labeled compounds available for metabolic tracer studies. At the same time, fixed

work hours, the limited availability of  equipment, and the constant risk of

radioactive contamination were irksome. My mail was opened, and, I assume,

read, but I benefitted from being surrounded by excellent professionals and a

knowledge that I had a job for life should I have wanted such security, which I

didn’t. After having a series of job interviews in botany departments at U.K.

universities I also decided that I didn’t desire that sort of job either, and I seized

upon the opportunity to interview for a position in the Department of Biochemistry

at the University of  Florida in Gainesville, then something of a backwater tucked

away in North Florida. I was offered that position, and the family moved to

Gainesville in January 1970.

At Florida, I was hired as a plant biochemist but my laboratory was located in

the Medical School. I continued to concentrate on plant cell wall formation and on

determining whether plants could utilize glucosamine as a precursor

of glycoproteins (Roberts, Connor et al. 1972). I wrote my first NSF grant application

that first month of 1970 with nothing much in the way of preliminary results, but

by late summer was funded. How the world has changed! I also began to gravitate

towards animal biochemistry through collaborations. I teamed up with Owen

Rennert, a pediatrician, to determine whether there was anything abnormal about

the glycosaminoglycans secreted by cultured dermal fibroblasts from patients with

cystic fibrosis (there wasn’t) (Welch and Roberts 1975), but on the basis of a few

ideas wrote a successful application for a Career Development Award to NIH, a

grant that paid my salary for five years from 1972 through 1977. Also, through a

peculiar series of circumstances, one of  which was being the faculty advisor for

the University of Florida cricket team, I became acquainted with the reproductive
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biology group on campus, including Fuller Bazer, an Assistant Professor of Animal

Sciences, with whom I would eventually share the 2002/2003 Wolf Prize for

Agriculture. Fuller told me about a purple glycoprotein that was secreted into the

uterine lumen of the pig uterus in response to progesterone treatment, thereby

beginning a collaboration that lasted until I left the University of Florida 13 years

later. Thomas Chen, one of Fuller’s graduate students worked under my supervision

to purify this protein (Chen, Bazer et al. 1973), for which I eventually coined the

name uteroferrin. Over the next dozen years we published an extensive series of

papers on uteroferrin, whose color and potent acid phosphatase activity (another

surprise) is derived from its bi-iron center (Schlosnagle, Sander et al. 1976; Gaber,

Sheridan et al. 1979; Antanaitis, Aisen et al. 1980) During pregnancy in the pig

and a few other species with a non-invasive type of placentation, uteroferrin

serves to transport iron to the fetus (Buhi, Ducsay et al. 1982; Renegar, Bazer et al.

1982; Roberts, Raub et al. 1986), but at other locations it is a lysosomal enzyme

(Baumbach, Saunders et al. 1984). In osteoclasts, for example, it is the so-called

tartrate-resistant-acid phosphatase (TRAP) whose role appears to be removal of

phosphate from bone phosphoproteins, and whose concentration in serum is

increased in osteoporosis. The enzyme is also elevated in certain kinds of  cancer

cells, most notably, those of hairy cell leukemia. My laboratory first purified the

human version of uteroferrin from a spleen removed from a patient suffering

from hairy cell leukemia (Ketcham, Baumbach et al. 1985). Uteroferrin was to

become the founding member of a family of  enzymes with comparable bi-iron

centers, but its abundance and ease of  purification made it a favorite of

spectroscopists, and we gave grams of it away as requests came in. It had other

attributes, as well. Stuart Kornfeld and colleagues at Washington University in St.

Louis used it to examine how putative lysosomal enzymes receive the mannose

6-phosphate “mark” that targets them to the lysosome (Lang, Reitman et al. 1984;

Couso, Lang et al. 1986), and in 1987 uteroferrin also became the first protein to

be sequenced by tandem mass spectroscopy (Hunt, Yates et al. 1987). Uteroferrin

has achieved fame and lasting utility that was unimaginable at the time Fuller

Bazer first observed it in the uterine flushing of young female pigs during the

luteal phase of their estrous cycles.

The discovery of uteroferrin paved the way to a 1975 NIH grant and the

opportunity to examine other steroid-induced components of the secretory milieu

of the uterus, such as retinol binding proteins. When a 1973 Gordon Conference

was named Genital Track Secretions, its title was the subject of some mirth, but to

those in the field this was a topic of  considerable significance, as these products of

the female tract provide a nurturing culture medium for the early embryo. Such

secretions are particularly vital in species where the blood supplies of the mother

and the conceptus are physically separated by several barriers of cells because they

provide necessary nutrients to the fetus throughout pregnancy. Uteroferrin was of

34_2002-3 Roberts.p65 06-Mar-09, 7:46 PM792



R. Michael Roberts 793

special interest in this regard because iron deficiency in neonatal pigs is a frequently

encountered problem for producers (Roberts and Bazer 1988) .

In the mid-1970s, Bazer and I, with the later collaboration of Bill Thatcher, a

dairy cow physiologist, began to turn our attention to the subject of maternal

recognition of pregnancy and specifically how the conceptus signaled to the mother

that she was pregnant. This problem was important to producers, as a female

breeder that failed to remain pregnant was a costly liability. This research became

possible through a second NIH grant, which still remains active here in Missouri

30 years after it was first awarded. Prior work from Bob Moore’s lab in Cambridge

in the 1960s and later by Jacques Martal in France, had indicated that extracts of

sheep conceptuses infused into the uterus were capable of extending the estrous

cycles of non-pregnant ewes and that the active factor was only present in such

extracts for a few days just prior to the time that placentation was initiated, i.e.

before the conceptus had made firm attachment to the uterine wall. Moreover, all

evidence suggested that this factor was a protein. Our group at Florida decided

that the easiest way to identify the factor was probably not by grinding up embryos.

Instead we predicted that it would be secreted. We therefore cultured intact ovine

conceptuses, recovered by flushing the uterus of pregnant ewes at different days of

pregnancy, in culture medium lacking serum but containing radioactive amino

acids, reasoning that the best source of protein would be the medium recovered at

the end of an extended culture period. Two-dimensional electrophoresis allowed

us to identify a major protein of molecular weight approximately 18,000, consisting

of three to four isoforms, that was produced transiently during early pregnancy

and that proved remarkably easy to purify by using a combination of ion-exchange

chromatography and gel filtration (Godkin, Bazer et al. 1982). Initially called

Protein X, we eventually settled on the name ovine trophoblast protein-1 or oTP-1.

Sufficient purified oTP-1 was eventually accumulated to allow us to determine

whether its infusion into the uteri of non-pregnant ewes could lengthen the estrous

cycle, i.e. induce a short pseudopregnancy, by extending the functional lifespan of

the corpus luteum, the progesterone-producing structure on the ovary that normally

regresses at the end of a non-fertile estrous cycle. Indeed it did. A new hormone of

pregnancy had been discovered and one that might have the potential to improve

pregnancy rates in animals at risk for early pregnancy loss. Parallel studies in cows

revealed a similar protein, although the bovine variety appeared to be glycosylated

and of slightly higher molecular weight (Bartol, Roberts et al. 1985).

In late 1985, I took a position at the University of Missouri, with appointments

in both Biochemistry and Animal Sciences. Importantly, I now had direct access to

the sheep flock. Colleagues in Animal Sciences at Missouri, particularly Duane

Keisler, Alan Garverick, and Mike Smith, crucially helped me harvest and culture

embryos that autumn before my official arrival, so providing a stock of oTP-1 and

RNA. My immediate objective was to clone a cDNA for this protein, although the

34_2002-3 Roberts.p65 06-Mar-09, 7:46 PM793



794 Wolf Prize in Agriculture

laboratory had no experience with the required technology. Moreover, those were

days before the appearance of “kits” and other aids to neophytes such as me who

wanted to become “molecular biologists”. To accomplish the cloning quickly, I

established a collaboration with Keith Marotti at the UpJohn Co. in Kalamazoo,

Michigan. An energetic postdoctoral fellow, Kaz Imakawa, was dispatched to Keith’s

laboratory to establish cDNA expression libraries in lambda phage with RNA

extracted from ovine embryos and to screen these libraries with an antiserum

prepared against the purified oTP-1. The first sequencing data emerged in late

1986 and immediately revealed that oTP-1 was allied to the type I interferons

(IFN), proteins known for their abilities to protect cells from virus. That phone call

with Keith when he described the results was one of those “wow moments” that

happen infrequently but sufficiently often to make research so rewarding an

experience. Despite the clear signal that we were dealing with an IFN, however, it

was clear that the resemblance to human, mouse, and bovine IFNα and IFNβ, the

best characterized kinds of Type I IFN at the time, was relatively distant (~60 %

and 30 % amino acid sequence identities, respectively). Moreover, the predicted

primary structure of oTP-1 indicated that it possessed an extra sequence of  six

amino acids on its carboxyl tail, which was absent on IFNα, which are generally

166 residues in length. On the other hand, oTP1 did bear a closer resemblance

(~70 % identity) to a newly discovered Type I IFN, eventually named IFNω. These

data were published in late 1987 in Nature (Imakawa, Anthony et al. 1987), but

not before the manuscript had been misplaced for several weeks. Soon after this

publication, bTP-1, the bovine equivalent of  oTP-1 was also cloned (Imakawa,

Hansen et al. 1989). Both the native proteins and their recombinant forms possessed

an antiviral potency similar to that reported for other Type I IFN. On the basis of

this information, I chose to name the oTP-1 and bTP-1 proteins interferon-tau

(IFNτ), although it required several years for the official nomenclature committee

to affirm this designation, largely because there was concern that this new group

was part of  the established IFNω family with which it shared structural

characteristics (Allen and Diaz 1994).

A question immediately arose was whether relatives of the IFNτ serve as signaling

molecules for maternal recognition of pregnancy in other mammals and especially

the human. We were excited to find that antiviral activity was released by murine

and porcine embryos (Cross, Farin et al. 1990). The nature of  the former activity

still remains mysterious, whereas that of the pig is due to the secretion of  a

mixture of  IFN-gamma (Lefevre, Martinat-Botte et al. 1990), a cytokine structurally

unrelated to Type I IFN, and IFN-delta, a novel Type I IFN, most closely related to

IFNβ (Lefevre and Boulay 1993). No antiviral activity could be detected in the

medium in which human blastocysts had been cultured (Roberts, Cross et al.

1991). Ultimately, my group went on to show what we had long anticipated,

namely that the gene family encoding the IFNτ (IFNT) was of recent evolutionary
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origin (Leaman and Roberts 1992). We showed that it had diverged from the IFNω

gene (IFNW) lineage approximately 36 million years ago (Roberts, Liu et al. 1997).

As a result of this recent origin, the IFNT were confined to a single sub-order, the

Ruminantia, a grouping that contains among others, cattle and sheep and their

relatives, antelope, deer, and giraffe. The IFNT are absent from rodents, primates,

and even other taxa within the Artiodactyl order, such as swine. The ruminant

ungulates are an especially successful group of mammals with a geographic spread

from equatorial regions, e.g. wildebeest, impala, to the arctic, e.g. musk oxen,

reindeer, and elk, and from wetland, e.g. water buffalo, to desert, e.g. addax. Many,

such as the American bison, once roamed in huge numbers and have only become

diminished as a result of  recent human activity. The emergence of the IFNT

correlated in time with the origin of the Ruminantia and with the evolution of the

highly efficient, non-invasive placentation that characterizes this taxon. I like to

believe that the recruitment of this interferon for reproductive purposes has had a

great deal to do with the triumphant rise of the magnificent animals that occupy

this sub-order of mammals.

A second and more persistent question has been whether the IFNτ possess

some unique features that especially equip them for their role in maternal

recognition of pregnancy. In our studies at Missouri, we found that the IFNτ have

an antiviral activity comparable or superior to other type I IFN (Alexenko, Leaman

et al. 1997), that they bind to the same receptor as other Type I IFN (Li and Roberts

1994), and that this receptor is especially concentrated on the surface epithelium

of the uterus targeted by IFNτ (Rosenfeld, Han et al. 2002). My group also showed

that the ability of different forms of  IFNτ to cause a pseudopregnancy in sheep is

strongly correlated with their potency as antiviral agents (Niswender, Li et al.

1997). The IFNτ activate the same signal transduction system as other Type I IFN

and regulate most, if not all the same genes (Chen, Antoniou et al. 2007). Conversely,

other Type 1 IFN can extend estrous cycle length in ewes provided they are supplied

in amounts that would evoke an equivalent antiviral response to the IFNτ (Ealy,

Green et al. 1998). As a result of such observations, I had begun, by the late

1990s, to favor the alternative hypothesis, namely that the proteins had not evolved

unusual properties but instead their unique role depended upon their being

produced in the right place, at the right time, and in sufficient quantities to trigger

maternal responses that would allow the pregnancy to be maintained. Accordingly

the attention of the laboratory became focused not so much on the proteins as on

IFNT gene expression itself  and specifically on the control elements of these genes.

It was already known that IFNT expression was unlike that of the other known

Type I IFN. The genes were not upregulated in response to viruses and other

pathogens, but instead were expressed constitutively as part of a program associated

with conceptus development (Roberts, Cross et al. 1992). This expression is confined

to a single layer of cells known as trophectoderm, the precursor tissue of the fetal
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placenta, and occurs on a grand scale. The trophectoderm literally becomes a

factory for IFNτ production and then shuts down the genes just a few days later. I

can’t pretend that we have discovered all the contributing factors that establish

this unique pattern of gene expression, but it is clear that two transcription factors,

ETS2 (Ezashi, Ealy et al. 1998) and DLX3 (Ezashi, Das et al. 2008), play a central

role in the up-regulation of the IFNT, and that the whole process is coordinated in

part by the release of  stimulatory factors by the mother (Ezashi and Roberts 2004;

Das, Ezashi et al. 2008). Just as we suspected, the development of the conceptus is

synchronized with the mother’s physiological state. Any disruption of this process

or a failure of the conceptus to signal either on time or sufficiently robustly will

result in termination of the pregnancy. In fact, it may be possible to utilize IFN to

improve pregnancy success in low fertility flocks and herds (Schalue-Francis, Farin

et al. 1991; Meyer, Hansen et al. 1995). Unfortunately, injection of these proteins

causes fever and other side effects that make their commercial use unlikely (Meyer,

Hansen et al. 1995).

Work on IFN was not consuming all the attention of the laboratory during the

productive 1986-2002 period. We successfully identified by cloning procedures

some components of porcine uterine secretions in addition to uteroferrin, including

retinol binding proteins (Stallings-Mann, Trout et al. 1993) and two different

kinds of protease inhibitor (Malathy, Imakawa et al. 1990; Stallings-Mann, Burke

et al. 1994). Then, in 1990, I was asked by a Belgian collaborator, Jean-François

Beckers, to examine the specificity of an antiserum that he had raised against some

unknown components he called pregnancy-associate glycoproteins (PAG) of bovine

placenta that he was using to develop an early pregnancy test for cattle. We used

the diluted antiserum to screen a bovine placental cDNA expression library for

cross-reacting antigens and to our surprise found that the cDNA we first cloned

encoded a protein with a strong structural resemblance to pepsinogen, the precursor

polypeptide of pepsin and the main digestive enzyme of the stomach (Xie, Low et

al. 1991). Curiously, however, there were mutations within the regions encoding

the catalytic center that would render the enzyme catalytically inactive. Subsequently

an extremely large family of these genes was identified, many of which could also

be inferred to encode inactive aspartic proteinases, but yet appeared capable of

binding peptide within the groove that houses the catalytic center (Xie, Geen et al.

1997; Green, Xie et al. 2000). Even now, the function of these proteins is obscure.

On the other hand, with my colleagues Sancai Xie and Jon Green have been able to

identify which of these genes encode proteins that enter the maternal circulation

sufficiently early to provide a sensitive and accurate pregnancy test applicable to

dairy cows (Green, Parks et al. 2005). This test is currently under commercial

development.

There have been other interests as well, two of which have potential application

to livestock production. The first was the discovery that male and female bovine
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embryos are differentially sensitive to glucose during their early development

(Larson, Kimura et al. 2001). In particular, the concentrations of glucose found in

most commercial culture media severely inhibit the ability of female embryos to

make the transition from morula (a solid ball of cells) to blastocyst (a hollow

structure) during early development. In contrast, males are not affected. Such

sexual dimorphism could contribute to conditions that favor the production of

male offspring over female when embryos are cultured prior to embryo transfer.

High glucose concentrations in utero, possibly brought on by particular feeding

regimens around the time of conception, might also lead to preferential loss of

female progeny in early pregnancy, as well as decreased fertility of the cow. The

second, related project grew out of a discovery that a diet extremely high in fat

and fed ad libitum to female mice skews the sex ratio of the pups towards males,

while a low fat diet has the opposite effect, favoring females (Rosenfeld, Grimm et

al. 2003). Finally, in 2003, my laboratory began to study human embryonic stem

cells, specifically taking advantage of the ability of the growth factor BMP4 to

drive these potentially totipotent cells to trophoblast through intermediary

trophoblast stem cells (Ezashi, Das et al. 2005; Das, Ezashi et al. 2008). This new

direction in my research coincided with Missouri becoming the center of the

debate on the use of embryonic stem cells in medical research and its relation to

both abortion and human cloning. There had been growing concern that an

increasingly conservative state legislature would place further restrictive measures

to discourage the use of  stem cells within Missouri and particularly to block

attempts to use therapeutic cloning. Alarmed by these trends, a consortium of

private citizens and research interests, including the immensely wealthy Stowers

Foundation of Kansas City, mounted what was to become a costly campaign to

place a constitutional amendment on the 2006 ballot that would limit the power

of the legislature to regulate research on human embryonic stem cells. The pro-

stem cell group was vehemently opposed by “Missourians Against Human Cloning”,

the “Family Research Council” and the Roman Catholic Diocese. Well over $25

million was spent on the campaign, and the constitutional amendment narrowly

passed. One of the safeguards in the language of the amendment was that individuals

working on human embryonic stem cells “register” with the State to provide a

census on stem cell activities. In 2006, the first year for this requirement, I was the

only active researcher in the State, and my work, performed with so-called

“approved” lines and funded through NIH was protected from legislative

interference whether or not the amendment had passed.

My move to Missouri from Florida in January 1986 was regarded by some as a

quirk of male menopause. My colleagues in Gainesville were particularly aghast.

Missouri was an area one flew over, a geographic nowhere with an inhospitable

climate. For me, however, it was a welcome change. Sure, I missed weekend canoeing

throughout the year, diving, the accessible beaches, a backyard pool and over 300
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days a year of sunshine. Certainly, Lake of the Ozarks wasn’t much compensation,

but I felt energized by the change and relished having full control over the animal

studies. Susan and I enjoyed the courtesy of Midwest. Getting your car fixed or

calling a plumber were somehow pleasanter events than they had been. The

university was smaller and more accessible than that of the University of  Florida,

and Columbia was a delightful place in which to re-settle. I was treated well; all

agreements with the administration were kept and generally exceeded. I had

dependable support from my Dean, Roger Mitchell, equivalent to an extra grant,

which has been maintained to this date. That source of funding allowed me to try

new directions and take risks that would have been much more difficult with just

federal grant support. No, there have been no regrets, even though I never imagined

I could spend so long in one place. I began to receive more recognition for my

work, particularly for the research on interferon-tau. In 1989, Fuller Bazer and I

shared the Research Award from the Society for Study of Reproduction, the

professional society I still love best. I continued to maintain at least two grants

from NIH, and in 1992 received one of the best presents of my career, a Merit

Award from the institute at NIH, NIHCD, which has supported me for over 30

years. That Merit Award was not only an honor, it provided an additional stable

source of  funding for the next ten years. The research on interferon was also

recognized outside the reproductive biology community when I was awarded the

1995 Milstein Award by International Society for Interferon and Cytokine Research.

I suppose that 1996 has to be my banner year because I was elected to the U.S.

National Academy of Sciences, a huge thrill not just for me but for my laboratory,

and later in the year received the Alexander Von Humboldt Award for Agriculture.

The research that most likely gained me NAS membership and provided the

main basis for my selection as the 2002/2003 Wolf Awardee for Agriculture was

undoubtedly that on interferon-tau, work that can be considered important for

several reasons. First, it described a Type 1 IFN functioning in a constitutive biological

process unrelated to pathogenesis. Second, the find provided the first example of a

cytokine involved in trophoblast signaling, plus an example of  how a defined

trophoblast product might intervene in maternal immune responses. Third, the

IFNT would appear to be the most recent mammalian Type 1 gene family to have

arisen and provide a clear illustration of how a control region of a gene can be

commandeered and then refined to provide a radically changed pattern of

expression. Most importantly, IFNτ illustrated why cattle, sheep, and goats are able

to recognize that they are pregnant even before the conceptus has attached to the

uterine wall and why many pregnancies fail at this stage of development. I was

immensely proud to receive the Wolf Prize for this and other work on farm species

with my long-time collaborator, Fuller Bazer, and to accept the prize simultaneously

with three other friends, Oliver Smithies, Mario Capecchi, and Ralph Brinster, who

shared the Prize for Medicine.
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366. Swiss Institute for Experimental Cancer Research, Lausanne, Switzerland.

9/24/79. Dynamics and turnover of CHO plasma membrane polypeptides.

367. Regensburg, W. Germany. Department of  Anatomy. 7/29/79. Hormonal

control properties and function of uteroferrin, an iron-containing phosphatase

involved in transplacental transport of iron.

368.  Marburg, W. Germany. International Symposium on Progesterone-induced
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Protein synthesis and secretion by the early trophoblast and its role in maternal

recognition of pregnancy.

397. Department of  Cell Biology, Baylor College of  Medicine, Houston,

TX 11/7/84. Rapid surface membrane shuttling and membrane turnover in

CHO cells.

398. Second Bourn Hall Meeting, Cambridge, England on Implantation of the

Human Embryo. 11/20/84. Embryonic Antiluteolysins.

399. Monsanto Chemical Co., Agricultural Division, St. Louis, MO. 12/4/84.

Proteins secreted into the uterine tract of the large domestic farm animals

during early pregnancy.

400. Visiting Scientist, Department of Physiology, University of Kansas Medical

Center, Kansas City (1/14/85-1/15/85). The role of trophoblast secretory

products in maternal recognition of pregnancy (1/15/85).

401. Department of  Animal Science, University of  Missouri, Columbia, MO.

1/16/85. The role of  trophoblast secretory products in maternal recognition

of pregnancy in the sheep and cow.

402. Department of  Biochemistry, University of  Missouri, Columbia, MO.

3/5/85. Uteroferrin: A progesterone-induced acid phosphatase with a role

in iron metabolism and transport.

403. Federation Meetings, Anaheim, CA (4/22/85). Role of  uteroferrin in

transplacental iron transport in the pig. (Theme symposium: Placental

Transport).

404. NIH, Environmental Health Sciences, Research Triangle Park, NC 5/3/85.

Role of trophoblast secreted proteins in maternal recognition of pregnancy.
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405. American Society of Zoologists, Baltimore, MD (12/30/85) Possible functions

of carbohydrates on glycoproteins secreted into the uterus of pigs during

pregnancy (Symposium: The Significance of Protein Glycosylation in Molecular

and Cellular Recognition).

406. University of  Wisconsin, Madison, WI. (2/17/86). Production of

antiluteolysins by sheep and cow trophectoderm.

407. National Institute of Health and Family Welfare, Indian Council of Medical

Research, New Delhi (4/5/86). Conceptus Proteins as antiluteolysins. In the

Indo-US Workshop on Development of pre-implantation embryos.

408. Upjohn Company, Kalamazoo, Michigan (10/1/86). Uteroferrin and other

iron-containing acid phosphatases.

409. College of Agriculture, University of Nebraska (10/17/86). Biotechnology

and the Animal Sciences.

410. School of  Medicine Colloquium, University of  Missouri (11/2/86).

Polypeptides involved in maternal recognition of pregnancy: identification,

characterization and molecular cloning.

411. Brymar Seminar, University of  Missouri (11/13/86). Technology and

breeding.

412. Synergen Company, Boulder, Colorado 12/4/86. Protein secretion by early

embryos of  cow and ewe: paracrine hormones involved in maternal

recognition of pregnancy.

413. Department of Physiology, Colorado State University, Ft. Collins, Colorado

12/5/86. Polypeptides involved in maternal recognition of pregnancy in

cow and ewe.

414. Symposium on Cell Biology of the Uterus, National Institutes of Health,

Bethesda, Maryland 12/12/86. Hormonal control and function of secretory

proteins.

415. Department of  Cell Biology, Baylor College of  Medicine, Houston, TX

2/26/87. Purification, function and molecular cloning of  proteins involved

in maternal recognition of  pregnancy in the sheep and cow.

416. Seminar presented to Biotechnology Group at Oklahoma State University,

4/9/87. The purification, function and molecular cloning of proteins involved

in maternal recognition of pregnancy in the ewe and cow.

417. Department of  Animal Sciences, Oklahoma State University, 4/10/87.

Biotechnology in the Animal Sciences.

418. Department of  OB/GYN, Albert Einstein Medical Center, Philadelphia,

5/18/87. Maternal recognition of pregnancy in Clinical Applications of

Reproductive Immunology.

419. Department of  OB/GYN, Albert Einstein Medical Center, Philadelphia,

5/18/87. Proteins secreted by the trophoblast: factors influencing the outcome

of pregnancy in Clinical Applications of Reproductive Immunology.
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420. Society for Study of Fertility, York, England 7/08/87. Functions of uterine

secretions in early embryonic development. In the Meeting Symposium: The

milieux of the egg and early embryo.

421. Blastocyst-Implantation Discussion Group, University of Illinois 7/19/87.

Ovine trophoblast protein-1, a polypeptide implicated in mediating maternal

recognition of pregnancy in sheep, is an interferon of the alpha class.

422. Department of  Biochemistry and Molecular Biology, Gainesville, FL.

9/24/87. Purification, properties and molecular cloning of ovine trophoblast

protein-1, an unusual interferon of the alpha class.

423. Biochemistry-Biophysics Program, Washington State University, Pullman, WA.

11/03/87. Characterization and molecular cloning of a novel interferon

from sheep trophoblast.

424. Department of  Biochemistry, University of  Kansas Medical School,

Kansas City, KA. 12/04/87. Interferons and maternal recognition of

pregnancy.

425. Abbott Laboratories (Diagnostic Division), Abbott Park, IL. 12/10/87. The

characterization of acid phosphatase derived from human placenta, spleen

and bone.

426. AAAS Annual Meeting 1988, Boston, MA. Symposium on “Frontiers of

Reproductive Biology” 2/13/88. Interferons and Maternal Recognition of

Pregnancy.

427. Indo-US Symposium on “Factors influencing the establishment of pregnancy,”

All-India Institute of Medical Sciences, New Delhi, 2/17/88. Interferons

secreted by the trophoblast are involved in maternal recognition of pregnancy

in sheep and cattle.

428. Indian Institute of  Immunology, New Delhi, 2/17/88. Interferons and

maternal recognition of pregnancy.

429. Vanderbilt University, Reproductive Biology Forum 4/5/88. Characterization

and molecular cloning of a novel interferon from sheep trophoblast.

430. Lexington Hormone Research Symposium, University of Kentucky 5/20/88.

The possible role of interferons in maternal recognition of  pregnancy.

431. Current Trends in Reproductive Biology Research, Tufts University School of

Veterinary Sciences 7/01/88. The role of interferons in early pregnancy in

farm animals.

432. Gordon Conference, Reproductive Tract Biology, 7/08/88, Brewster Academy.

Possible function of interferons produced by the trophoblast in maternal

recognition of pregnancy.

433. Institute of Medicine/National Acad. Sciences Conference on Basic Science

Foundation of Medically Assisted Conception, 8/23/88, Newporter Resort,

Irvine CA. Uterine Receptivity, Maternal Recognition of Pregnancy and Early

Embryonic Loss.
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434. Department of Physiology and Biophysics, University of  Illinois, Urbana,

10/14/88. Embryonic interferons and maternal recognition of pregnancy.

435. 1988 Annual Meeting of the International Society for Interferon Research

and ISIR-JSIR Meeting on Interferon and Cytokines, Kyoto, Japan, 11/18/88.

Embryonic interferons and maternal recognition of pregnancy.

436. Molecular Biology Group, University of Nebraska-Lincoln, 12/07/88. A novel

role for interferons in pregnancy.

437. UCLA Colloquium, Embryo Development and Paracrine Relationships,

Taos N.M., 2/03/89. Role of  uterine secretory activity in support of the

preimplantation embryo.

438. CIBA-GEIGY Corp., Biotechnology, Basel, Switzerland 3/29/89. Role of

interferons in early pregnancy.

439. Third International Conference on Pig Reproduction, University of Nottingham

4/13/89. Chairman, Session on Early Pregnancy.

440. Royal Postgraduate Medical School, Hammersmith Hospital, London,

4/15/89. Iron-containing acid phosphatases: Structure and possible function.

441. Second Symposium on the Genetic Engineering of Animals, Cornell University,

6/25/89 - 6/28/89. Interferons at the placental interface.

442. The 1989 Biennial Animal Reproduction Symposium, Lexington, Kentucky

7/31/89. Conceptus products involved in pregnancy recognition.

443. Cell Biology Symposium, 22nd Annual Meeting of the Society for Study of

Reproduction, Columbia, Missouri 8/06/89. Trophoblast interferons and

maternal recognition of pregnancy.

444. Patrick Steptoe Memorial Symposium: Establishment of Successful Human

Pregnancy 9/22/89. Blastocyst uterine interactions.

445. Department of Physiology, The University of Arizona 10/20/89. Structure,

Function and Control of Expression of Embryonic Interferon.

446. The Johns Hopkins University, Department of  Population Dynamics,

12/05/89. Structure, Function and Control of Expression of Embryonic

Interferons.

447. Third International Ruminant Reproduction Symposium, Nice, France,

3/25/90- 3/28/90. The polypeptides and genes for ovine and bovine

trophoblast protein-1.

448. Serono Symposium on Growth Factors in Reproduction, Savannah, Georgia,

4/01/90- 4/04/90. Trophoblast Interferons.

449. Tufts University, Boston. Progress in Cell, Molecular and Developmental

Biology, 4/10/90. Embryonic Interferons: molecular cloning, structure and

role in maternal recognition of pregnancy.

450. The Procter and Gamble Company, Corporate Research Division, Cincinnati,

OH, 4/19/90. The biological and molecular properties of tartrate-resistant

acid phosphatase.
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451. University of Pennsylvania Medical Center, Division of Reproductive Biology,

5/22/90. Trophoblast Interferons.

452. AgTechnology ‘90 Conference, St. Louis MO, 9/17/90. Interferons as Potential

Enhancers of Fertility in Domestic Animals.

453. Workshop on Uterine and Embryonic Factors in Early Pregnancy, Rockefeller

Foundation, Bellagio, Italy, 10/08/90. Interferon-like factors.

454. 23rd Annual Postgraduate Course: Course VII, Periconceptional Molecular

Biology and Growth Factors, The American Fertility Society, Washington DC,

10/13/90. Maternal Recognition of Pregnancy and Use of polymerase chain

reaction to study genes and gene products.

455. Beijing (China) Workshop on Reproductive Biology, sponsored by the

Rockefeller Foundation, 10/19-10/21/90. Several lectures on implantation

and maternal recognition of  pregnancy.

456. Plenary Speaker, Beijing International Symposium on Reproductive Biology,

Beijing, China, 10/23/90. Trophoblast Interferons.

457. Plenary Speaker, 1990 Annual Meeting of  the International Society for

Interferon Research, San Francisco, 11/16/90. Unique Features of  the

Trophoblast Interferons.

458. The 2nd Sydney A. Asdell Lecture - 1990, Cornell University, Ithaca NY.

11/28/90. Embryonic Interferons: Discovery, Distribution, Molecular Cloning

and Function in Early Pregnancy.

459. NIH Workshop on Molecular Approaches in Reproductive Endocrinology -

February 1991, Parklawn Bldg. Conference Center. Trophoblast Interferons.

460. Lincoln University, Canterbury, New Zealand, March 1, 1991. Trophoblast

Interferons.

461. Prince Henry’s Institute of  Medical Research, Melbourne, Australia -

March 13, 1991. Trophoblast interferons: a unique class of type 1 interferons

with regard to structure and expression.

462. Prince Henry’s Institute of  Medical Research, Melbourne, Australia -

March 13, 1991. Do the trophoblast interferons have a unique function in

pregnancy?

463. Monash University, Melbourne, Australia, March 15, 1991. Trophoblast

Interferons.

464. Serono Symposium: Frontiers in Reproductive Endocrinology - April 23, 1991,

Washington DC. Trophoblast Interferons and Maternal Recognition of

Pregnancy.

465. Serono Symposium: Preimplantation Embryo Development - August 18, 1991,

Newton, MA. Uterine Secretory Activity and Embryo Development.

466. Washington University, St. Louis, Missouri, September 3, 1991. Gene

expression in trophectoderm of  preimplantation embryos: trophoblast

interferons and aspartyl proteinases.
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467. Washington University, St. Louis, Missouri, September 4, 1991. Role of uterine

secretions in early development of the embryo.

468. University of Minnesota, St. Paul, Minnesota, November 20, 1991. Trophoblast

interferons: structure, distribution, control of expression and function during

pregnancy.

469. University of Illinois, Champaign-Urbana, May 11, 1992. Interferons: Novel

roles in the endocrinology of pregnancy.

470. Serono Symposium Trophoblast Cells: Pathways for Maternal-Embryonic

Communications, Las Vegas, August 9, 1992. Interferons: Functions in

pregnancy, gene distribution among mammals and trophectoderm-restricted

expression.

471. The Procter & Gamble Company, Cincinnati OH, October 6, 1992. Tartrate-

resistant Acid Phosphatases.

472. Genzyme Corporation, Framingham MA, October 26, 1992. Interferons as

Hormones of Pregnancy.

473. University of  Missouri-Kansas City, December 10, 1992. Interferons as

Hormones of Pregnancy.

474. Triangle Conference on Reproductive Biology (Conception), Research Triangle

Park NC, January 9, 1992. Factors produced by the early conceptus involved

in maternal recognition of  pregnancy.

475. Department of Physiology, All Indian Institute of Medical Sciences, New

Delhi, February 4, 1993. Trophoblast Interferons.

476. Workshop on Molecular Biology Techniques in Reproduction Research,

Bangalore, India, February 11, 1993. Farming of  Embryos: In Vitro

Fertilization to produce large numbers of blastocysts for experimental use.

477. Discussion Meeting on Recent Trends in Molecular Aspects of Reproductive

Biology, Indian Institute of Science, Bangalore, India, February 15, 1993.

Trophoblast Interferons.

478. Department of Physiology, Colorado State University, Ft. Collins, May 11,

1993. Cloning and characterization of secretory products of pre-implantation

ovine conceptuses.

479. Fourth International Conference on Pig Reproduction, Columbia, Missouri,

May 25, 1993. Embryo-uterine interactions in the pig.

480. IVth Organon Round Table Conference, Thessaloniki, Greece, June 24-25,

1993. Identification of secretory proteins released by preimplantation embryos.

481. VIIIth World Congress on In Vitro Fertilization and Alternate Assisted

Reproduction, Kyoto Japan, September 12-15, 1993. Interferons and other

factors released by the perimplantation conceptus.

482. The 5th International Conference on Aspartic Proteinases, Gifu, Japan,

September 19-24, 1993. Glycoproteins of the aspartyl proteinase gene family

secreted by the developing placenta.
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483. Department of Microbiology, The University of Kansas Medical Center, Kansas

City, October 6, 1993. Trophoblast interferons.

484. Department of  Biochemistry & Molecular Biology, University of Florida,

Gainesville, November 5, 1993. The uterine-trophoblast interface: A site for

production of unusual signaling molecules.

485. Endocrinology-Reproductive Physiology Program, University of Wisconsin-

Madison, March 10, 1994. Interferon-tau: Novel Type I interferons involved

in maternal recognition of  pregnancy.

486. The Society for the Study of Fertility, Amoroso Lecture, Southampton, England,

July 1994. Interferon-tau: a Hormone of Pregnancy.

487. Serono Symposium on Molecular and Cellular Aspects of Perimplantation

Processes, Boston, July 15-18, 1994. Proteins and Inhibitors at the Trophoblast

Interface.

488. 16th International Congress of Biochemistry and Molecular Biology, New

Delhi, India, September 19-22, 1994. Gene expression in preimplantation

trophoblast.

489. Department of  Obstetrics/Gynecology, University of  Kansas School of

Medicine-Wichita, October 17, 1994. Structure-function relationships in

the interferon-tau.

490. International Symposium on Cell Signaling and Ovo-Implantation, The Sixth

Annual Meeting of the Indian Society for the Study of Reproduction and

Fertility, All India Institute of Medical Sciences, New Delhi, India, November

21-24, 1994. Interferons as Hormones of Pregnancy.

491. Int. Embryo Transfer Soc. Satellite Meeting, Calgary, Alberta, January 11,

1995. Identification of Unusual Factors Released by Preimplantation Embryos

and Their Interaction with the Maternal System.

492. Department of  Biochemistry/Biophysics, Washington State University,

February 23, 1995. Interferon-tau, Novel Type I Interferons; Structure,

Function and Evolution.

493. IncStar Inc., Stillwater, Minnesota, June 12, 1995. Uteroferrin and Tartrate-

Resistant Acid Phosphatases.

494. President’s Symposium, Society for the Study of Reproduction, 28th Annual

Meeting, Davis, California, July 11, 1995. Maternal Recognition of Pregnancy.

495. University of  Liège, Belgium, Veterinary Medical Faculty, Reproductive

Physiology, September 19, 1995. Ungulate trophoblast and placental proteins

as signals for maternal recognition of pregnancy.

496. Institute for Hormone and Fertility Research, University of Hamburg, September

25, 1995. Trophoblast interferons and maternal recognition of pregnancy.

497. Center for Reproductive Science, Northwestern University, Evanston, IL,

December 4, 1995. Trophoblast-specific gene expression: interferons, aspartic

proteinases and maternal recognition of  pregnancy in cattle and sheep.
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498. The Maternal-Placental-Fetal Dialogue, International Workshop Sponsored

by Science & Technology Agency of Japan, Maui, HI, February 2, 1996.

Trophoblast secretory products mediating maternal recognition of pregnancy

in ungulate species.

499. AgResearch, Ruakura Agricultural Research Station, Hamilton, New Zealand,

February 7, 1996. Maternal recognition of pregnancy and trophectoderm-

specific gene expression in cattle and sheep.

500. Albert Einstein College of  Medicine of  Yeshiva University, Dept. of

Developmental and Molecular Biology, Bronx, NY, May 21, 1996. Gene

expression in embryonic trophectoderm: interferons and aspartic proteinases

at the placental interface.

501. Samuel Lunenfeld Research Institute, Mt. Sinai Hospital, Toronto, Ontario,

May 29, 1996. Gene expression in trophoblast of species with non-invasive

implantation.

502. Gordon Research Conference on Reproductive Tract Biology, Plymouth State

College, Plymouth, NH, July 8, 1996. Gene expression in periimplantation

trophectoderm.

503. Gordon  Research  Conference  on  Mammalian  Gametogenesis  and

Embryogenesis, Colby-Sawyer College, New Hampshire, August 14, 1996.

Trophoblast-specific gene expression in pre- and peri-implantation

conceptuses in domestic farm species.

504. St. Louis University School of  Medicine, Dept. of  Pharmacology and

Physiological Science, St. Louis, MO, November 5, 1996. Interferons and

maternal recognition of pregnancy.

505. Washington University, Dept. Ob/Gyn (Grand Rounds), St. Louis, MO,

November 6, 1996. Maternal Recognition of pregnancy: What can we learn

from comparative approaches?

506. Havemeyer Foundation Workshop on Maternal Recognition of Pregnancy in

the Mare, Puerto Plata, Dominican Republic, January 7-9, 1997. Pregnancy-

associated glycoproteins of the horse and zebra, aspartic proteinases produced

by embryonic trophectoderm.

507. Missouri Veterinary Association, 105th Annual Convention, Lake of the

Ozarks, Missouri, January 25, 1997. Protein products released by early bovine

placenta; importance in maternal recognition of pregnancy and potential

value in pregnancy detection.

508. Development Biology Seminar Program, MD Anderson Cancer Center,

Houston, Texas, March 25, 1997. Evolution of Trophoblast-Specific Gene

Expression.

509. MD Anderson Cancer Center, Interdisciplinary Reproductive Biology Group,

University of Florida, Dept. of Obstetrics and Gynecology, April 2, 1997.

Evolution of Trophoblast-Specific Gene Expression.
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510. Monsanto Corporation, Chesterfield, Missouri, September 26, 1997.

Pregnancy Associated Glycoproteins.

511. Serono Symposium, Embryo Implantation: Molecular, Cellular and Clinical

Aspects, Newport Beach, California, October 6, 1997. Silencing of hCG Alpha

and hCG Beta Gene Expression.

512. 18th Annual Meeting of  the American Society of Reproductive Immunology.

Chicago, IL, May 10, 1998. Interferon-tau: basis of  trophoblast-specific

expression and evolutionary origins.

513. Departments of Physiology and Ob-Gyn, University of Illinois School of

Medicine, Chicago, May 12, 1998. Interferons and maternal recognition of

pregnancy.

514. Symposium: Maternal Recognition of Pregnancy: Gainesville and Beyond

(In memory of  Dr. R. Jeffrey Moffatt), Texas A&M University, College Station,

Texas, August 12, 1998. Conceptus interferons: an evolutionary perspective.

515. USDA/ARS Annual Reproductive Group. Beltsville, MD, October 16, 1998.

Pregnancy-associated glycoproteins: Multigene family of  aspartic proteinases

expressed in placenta.

516. USDA/ARS; Beltsville, MD. October 16, 1998. Development of an ideal

pregnancy test in cattle.

517. Visiting Professor, National Institute of Animal Industry. Presented seminars

on IFN-τ and pregnancy associated-glycoproteins at four locations in Japan.

Japan. October 25-November 6, 1998.

518. Development of the ideal pregnancy test for cattle, University of  Liege,

Belgium. November 25, 1998.

519. Keynote Speaker: International Workshop on Embryogenesis and Implantation.

National Institute of Animal Industry, Japan. Hawaii, HI, February 1-4, 1999.

Genomes of farm animal species: A forgotten side of agricultural research

and one vital to understanding reproductive processes.

520. Life Sciences Consortium Colloquium. Pennsylvania State University. March

2, 1999. Rapid Evolutionary Changes in the Mechanisms for Maternal

Recognition of Pregnancy in Placental Mammals.

521. S.W. Medical School, Dallas Texas. May 7,1999. Pregnancy-Associated

Glycoproteins: An Extremely Large, Rapidly Evolving Family of Peptide-Binding

Molecules Expressed in Placenta.

522. Dept. of Animal Science Seminar. Michigan State University. May 20, 1999.

Variability and Evolution in Mechanisms for Maternal Recognition of

Pregnancy.

523. VIIIth International Aspartic Proteinase Conference. Funibal, Madeira,

Portugal. September 7-12, 1999. Pregnancy-associated glycoproteins

(PAGs): a large family of  aspartic proteinases expressed in placenta of

Artiodactyls.
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524. Department of Ob/Gyn, University of Pennsylvania, Philadelphia. March

29, 2000. Rapid Functional Evolution of Genes Expressed Specifically in

Placenta.

525. Departments of Animal Sciences and Biochemistry. University of Wyoming,

Laramie. March 31, 2000. Evolution of Interferon-tau gene function.

526. Life Sciences Symposium. University of Wyoming. April 1, 2000. Post Genomic

Biology in Agriculture.

527. 49th Beef Cattle Short Course. Florida Cattle Short Course 2000. Gainesville,

Florida. May 3-5, 2000. National Genome Projects: Present Status, Future

Directions, Why They are Important.

528. Symposium on US-EU Policy Issues in Animal Production. University of

Missouri-Columbia. May 22, 2000. U.S. Perspective.

529. Keynote Speaker, 33rd Annual Meeting of  the Society for the Study of

Reproduction. Madison, WI. July 15, 2000. The Place of farm species in the

New Genomics World of Reproductive Biology.

530. A Nalbandov Memorial Lecture. University of Illinois, Urbana, November

29, 2000. Future of Reproductive Sciences in the Post Genomic World.

531. AAI Symposium Comparative View of  Fetal-Maternal Immunological

Interactions. FASEB Annual Meeting, Orlando FL, April 2, 2001. Expression

of Interferons by Trophoblast in Ungulates.

532. Department of Physiology, University KUMUS Medical School, Kansas City,

Missouri. April 15, 2001. The Evolution of a Reproductive Function among

Type I Interferons.

533. Jackson Laboratory, Bar Harbor, MN. June 13, 2001. Evolution of mechanisms

for Maternal Recognition of  Pregnancy.

534. International Society for Interferon and Cytokine Research (ISICR) annual

meeting, Cleveland, OH. October 7-11, 2001. Effect of  three distinct

IFN-tau variants on progression and severity of  experimental allergic

encephalomyelitis (EAE) in mice.

535. Reproductive Forum, Texas A&M University, College Station, TX. November

2, 2001. Developmental Control of Interferon-tau Expression.

536. Department of  Animal Production/Animal Physiology, University of

Nottingham, Nottingham, England. November 13, 2001. Developmental

control of Interferon-Tau Expression.

537. Monash University, Melbourne, Australia. February 19, 2002. Evolution of

the interferon system for a role in maternal recognition of pregnancy.

538. Department of  Obstetrics & Gynecology, Adelaide University, Australia.

February 22, 2002. Evolution of the interferon system for a role in maternal

recognition of pregnancy.

539. Symposium : Sperm Storage, Sorting and Sexual Dimorphism. Mid West

meeting of the American Society of Animal Sciences, Des Moines IA, March
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19, 2002. Sexual dimorphism among blastocysts may provide for sex ratio

adjustment in the bovine.

540. Department of Biomedical Sciences, Southwest Missouri State University,

Springfield, MO. April 11, 2002. Interferons in Disease and Pregnancy.

541. Department of Veterinary Medicine, University of Pennsylvania, Philadelphia,

PA. April 16, 2002. The Evolution of Mechanisms of Maternal Recognition

of Pregnancy.

542. Mammalian Gametogenesis & Embryogenesis Conference, Connecticut College,

New London CT. June 30-July 5, 2002. Mechanisms of Genetic Quality

Control: The in utero environment and its influence on sex ratio.

543. Sixth International Symposium on Reproduction in Domestic Ruminants,

Crieff, Scotland, UK. August 14-17, 2002. Ovary-uterine-embryo interactions.

544. Department of Physiology, University of Cambridge, England, UK. November

15, 2002. Does maternal diet influence the sex of offspring born?

545. Department Cell Biology, University of Southampton, England, UK. November

19, 2002. Does maternal diet influence the sex of offspring born?

546. Koret School of Veterinary Medicine, Tel Aviv, Israel. May 12, 2003. The

relationship between diet and sex of  offspring.

547. Annual Meeting of the Israel Fertility Association, Tel Aviv, Israel. May 14,

2003. Pregnancy recognition signals and uterine biology.

548. Havemeyer Foundation Workshop, Embryonic and Fetal Nutrition, Ravello,

Italy. May 15-18, 2003. Can maternal nutrition influence the sex of offspring?

549. Larry Ewing Memorial Lecture, John Hopkins University, Baltimore MD.

October 8-9, 2003. Sexual dimorphism during early embryonic development

and the effects of diet on sex of offspring.

550. Keynote Speaker, Kansas IDeA Biomedical Focus Group Symposium, University

of Kansas Medical Center, Kansas City KS. November 1, 2003. The Culture

of Collaboration.

551. Reproductive Biology Seminar Series, University of Illinois. May 5, 2004.

How the diet of the mother affects the sex of her offspring.

552. Missouri. Agriculture Leaders Forum with USDA Undersecretary Bill Hawks,

University of Missouri-Columbia. October 12, 2004

553. Advantages of Agriculturally Important Domestic Species as Biomedical

Models Workshop, Michigan State University. October 29-31 2004. Are the

Domestic Farm Species Redundant as Models in Biomedical Research? Does

Mighty Mouse Rule Supreme?

554. International Symposium on Stem Cells: Premises and Promises for Research

and Therapeutics. September 18-21, 2005 Mumbai India. Hypoxia and

prevention of human embryonic stem cell differentiation

555. Saturday Morning Science Lecture Jan 28, 2006. University of Missouri.

How Diet Influences Sex of  Offsprings.
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556. Life Sciences and Society Symposium- Invited Speaker March 8, 2006

University of Missouri. Stem Cells: The Upside and Downside of  Stem Cell

Science.

557. Saturday Morning Science Lecture Sept 16, 2006. Stem Cells: Technology

Promise and Concern

558. Center for Reproductive Science Workshop, UCSF. October 12, 2006.

Embryonic Stem Cells as Models for Trophoblast Differentiation under High

and Low Oxygen Conditions.

559. William Woods University Invited Speaker October 24, 2006. Stem Cells:

Technology Promise and Concern

560. University of Connecticut Invited Speaker. November 15, 2006. Lineage

Commitment to Trophectoderm.

561. 33rd Annual Conference of the Int’l Embryo Transfer Society. Kyoto, Japan.

January 10, 2007 Lineage Specification in Mouse.

562. Second Okayama Symposium in Reproductive Biology. Okayama Japan. Jan

11, 2007. IFNT Regulated Genes.

563. Keystone Symposia Reproduction: Advances and Challenges (C1-2007) Santa

Fe, New Mexico Feb 24, 2007. Maternal Diet and Reproductive Outcome.

564. 2nd SGI Endometrial Satellite Symposium Reno, Nevada. March 13, 2007

Implantation and Interferon Response.

565. International Federation of Placenta Associations Meeting “Placenta-Platform

for Life. Kingston, Ontario Canada. August 17-21, 2007. Human Embryonic

Stem Cells as Models for Trophoblast Differentiation.

566. Seminar presentation (Invited Speaker). November 27, 2007. UC Santa

Barbara. “Human Embryonic Stem Cells as Models of  Placental Cell

Development.”

567. Seminar presentation (Invited Speaker). March 7, 2008. University of Florida-

Gainesville. “Can a mother’s diet influence the sex of her offspring?”

568. Seminar presentation (Invited Speaker) April 15, 2008. University of Santa

Barbara “Interferon-tau: function, control of expression and evolutionary

origin”.

GRADUATE STUDENTS

1. Jacques Van Veen (Ph.D.): 1972-1975. “Cell Surface Properties in Relation to

Growth and Form in Chinese Hamster Ovary Cells in Culture.”

2. Daniel W. Welch (Ph.D./M.D.): 1971-1976. “Complex Carbohydrate

Metabolism in Skin Fibroblast Cultures from Patients with Cystic Fibrosis of

the Pancreas.”

3. William Buhi (Ph.D.): 1975-1981. The Role of Uteroferrin Iron Transport of

the Pig Conceptus.
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4. Deborra Mullins (Ph.D.): 1977-1979.

Title of Thesis: “A Study of Steroid Hormone-induced Changes in Epithelial

Cells of  Reproductive Tissue.”

5. Kathy Adams (M.S.): 1977-1979. “Retinol Binding Protein in Uterine Flushings

of Pigs.”

6. George A. Baumbach (Ph.D.) 1980-1984.

Gene Expression in the Porcine Uterus: Biosynthesis and Secretion of

Progesterone-induced Proteins.

7. John B. Denny (Ph.D.) 1980-1982. Dynamics of  CHO Cell Surface

Glycoproteins.

8. Catherine Ketcham (Ph.D.) 1984-1988. Molecular cloning of the human

placental acid phosphatases.

9. Nancy Ing (Ph.D.) 1982-1988 ( Joint Ph.D.-D.V.M. Candidate) Uterine milk

proteins of the sheep: Biosynthesis, secretion and molecular cloning.

10. Michael Burke (Ph.D.) 1984-1989. Uterine plasmin inhibitor of the pig.

11. Peter Nuttleman (M.S.) 1986-1989. Transfer of  uteroferrin iron to fetal

transferrin.

12. Janet Clawitter (M.S.) 1986-1989. Retinol-binding proteins from pig uterine

secretions.

13. Jay Cross (Ph.D.) 1987-1991. Trophoblast interferons.

14. Ping-Ling (Ph.D.) 1987-1992. Iron-containing acid phosphatases.

15. Robert Nagel (M.S.) 1991-1993. Ovine pregnancy-associated glycoproteins.

16. Kyle Kramer (Ph.D.) 1987-1993. Ovine conceptus secretory proteins.

17. Douglas Leaman (Ph.D.) 1989-1993. Molecular biology of the trophoblast

interferons.

18. Junzhi Li (Ph.D.) 1988-1994. Structure-function studies on interferon-tau.

19. Melody Stallings (Ph.D.) 1991-1994. Progesterone-induced expression of

secretory proteins in the porcine uterus.

20. Suzanne Clark (M.S.) 1991-1994. Recombinant human tartrate-resistant acid

phosphatase.

21. Limin Liu (Ph.D.) 1990-1996. Evolution and function of  trophoblast and

omega interferon genes.

22. Jonathan Green (Ph.D.) 1992-present. Structure, function and evolution of

pregnancy-associated glycoproteins.

23. Jodie Duffy (Ph.D.) 1992-1996. Secretory products of  pre-implantation ovine

trophoblast.

24. George Smith (Ph.D.) 1993-1996. Differential gene expression by two luteal

cell populations.

25. Melissa Larson (Ph.D.) 1993-2000. Time of transgene integration in livestock

species.
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26. Chun Sheng Han (Ph.D.) 1994-1999. Type I interferon receptors.

27. James MacLean (Ph.D.) 1994-2000. Kunitz proteinases as immunoprotective

agents.

28. Xinsheng Gan (M.S.) 1996-1998. Pregnancy-associated glycoproteins of non-

ruminant species.

29. Xiaodi Chen (Ph.D.) 1996-2000. An aspartic proteinase expressed in placenta

and neonatal stomach of the mouse.

30. Phillip Wang (Ph.D.) 1997-2004. Interactions of cytoplasmic components

with the intracellular domain of  IFNAR2.

31. Anindita Chakrabarty (Ph.D.) 1998-2004. The evolution and function of the

repeat regions of  the trophoblast-domain Kunitz inhibitors.

32. Yizhen Chen (Ph.D.) 1999-2005. Responses to interferon-τ in mammalian

tissues and cells.

33. Angela Walker (M.S.: joint DVM candidate) 2000-present. Comparison of

glycosylated and non-glycosylated interferon-τ.

34. Padmalaya Das (Ph.D.), 2001-2006. Transcription factors controlling

interferon-tau expression.

35. Rangan Gupta (Ph.D.), 2005-present

36. Steven Daniel Smith (Ph.D.) 2005-present

Partial direction of thesis work of David Schlosnagle (Ph.D. in Chemistry, 1974),

Thomas Chen (Ph.D. in Animal Science, 1974), M.T. Zavy (Ph.D. in Animal Science

1980), C.A. Ducsay (Ph.D. in Animal Science, 1981), R.D. Geisert (Ph.D. in Animal

Science 1982), R.H. Renegar (Ph.D. in Animal Science, 1982), F.F. Bartol (Ph.D. in

Animal Science, 1982), and J. Moffatt (Ph.D. in Animal Science, 1983), K. McDowell

(Ph.D. Animal Science, 1986), J. Vallet (Ph.D. Animal Science, 1988).

Michael D. Olympio (1978-1979) was awarded 2nd Prize for Research (Watson

Clinic Award) in the Medical Student Research Competition in 1979.

John Denny won the 1st prize in the Graduate Research Competition in the College

of Medicine in 1981.

Rosalind Masters won the 1st prize for Research (Watson Clinic Award) in the

Medical Student Research Competition in 1982. Rosalind Masters won the 1st

prize for a written paper in the AOA competition for Medical Student Research

in 1982.

George Baumbach won 2nd prize in the Graduate Research Competition in the

College of Medicine, University of Florida, 1983.

Catherine Ketcham won 1st prize in the Graduate Research Competition, College of

Medicine, University of Florida, 1987.

Jay Cross won second place in the “Young Investigator” competition at the SSR

Meeting in Seattle, 1988.
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Kyle Kramer won the first place prize in the biological sciences interactions portion

of the Ninth Annual Research and Creative Activities Forum at the University

of Missouri in 1992.

Doug Leaman won 1st Place in the “Young Investigator” competition at the SSR

Meeting in Raleigh NC, 1992.

George Smith won the Superior Graduate Achievement Award for 1993-94 from

the University of Missouri Graduate Association and the Graduate School.

Limin Liu won 1st Place in the “Young Investigator” competition at the SSR Meeting

in Ann Arbor, MI, 1994.

Shushong (Phillip) Wang won 1st Place in the “Young Investigator” poster

competition at the SSR Meeting in Cincinnati 2004.
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Steven D. Tanksley
Cornell University, Ithaca, New York, USA

k

2004 — for innovative development
of hybrid rice and discovery of the
genetic basis of heterosis in this
important food staple.

CURRICULUM VITAE

EDUCATION

Colorado State University B.S. 1976 Agronomy

University of California, Davis Research Assistant 1976-79 Genetics

University of California, Davis Ph.D. 1979 Genetics

University of California, Davis Postdoctoral Fellow 1979-81 Genetics

PROFESSIONAL EXPERIENCE

1994-Present Liberty Hyde Bailey Professor of Plant Breeding, Professor of Plant

Biology, Cornell University

1991-1994 Professor, Department of  Plant Breeding & Biometry, Cornell

University

1985-1991 Associate Professor, Department of Plant Breeding & Biometry, Cornell

University

1981-1985 Assistant Professor, Department of  Horticulture and Plant Genetic

Engineering Laboratory, New Mexico State University, Las Cruces
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HONORS/ACTIVITIES

Editor, Genetics 1988-92

Editor, Molecular Breeding 1996-97

Appointed to Liberty Hyde Bailey Professorship, 1994

Elected to the National Academy of Sciences, USA, 1995

Award for Outstanding Contributions to Biology, University of California, Davis,

1989

Outstanding Undergraduate Mentor Award, Cornell University, 1989

Outstanding Research Award (Gamma Sigma Delta), 1996

Chair, Cornell Genomics Initiative, 1997-2005

Alexander von Humboldt Foundation Award, 1998

Martin Gibbs Medal, American Society of Plant Physiology, 1999

Wolf Foundation Prize in Agriculture, 2004

Kumho Award in Plant Molecular Biology and Biotechnology Korea, 2005

Appointed as an Einstein Professor of the Chinese Academy of Sciences, 2006

Appointed as Honorary Professor Wuhan Botanical Garden (China), 2006

Rank Prize Award, 2008

SCIENTIFIC ACHIEVEMENTS

Steve Tanksley’s research has resulted in major contributions in our understanding

of plant genome organization and in concepts and infrastructure that improve

dramatically the efficiency of plant breeding programs. He published the first

molecular map of tomato in 1992. This proof-of-concept map was followed up

with work providing some of the first clear experimental evidence of how molecular

maps and markers could be applied to agriculture. Tanksley’s early work was

extended to molecular mapping of  other major crop species, including the

Solanaceous crops, potato and pepper, and cereal crops. The markers developed in

Tanksley’s lab were distributed widely to researchers throughout the world and

facilitated the flow of information and scientific collaboration. His work to produce

the molecular map of rice became a cornerstone of the Rockefeller Foundation’s

International Program on Rice Biotechnology and was pivotal in the development

of the USDA’s National Research Initiative in Plant Genomes.

In 1988, Tanksley demonstrated for the first time that quantitatively inherited

traits spanning an entire genome could be dissected into their corresponding

Mendelian factors (quantitative trait loci, QTLs) using a comprehensive RFLP linkage

map. This led to a cascade of  experiments by other researchers aimed at detecting

and mapping QTLs in a wide array of other organisms. Within Tanksley’s own

group, QTL analysis in rice led to the discovery of the genetic basis of heterosis in

this key food staple. More recently, Tanksley has used the power of QTL analysis to

explore ways of  efficiently utilizing wild and unadapted germplasm resources in
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plant improvement. Working in rice and tomato, he and his colleagues are applying

the molecular maps and markers they developed to identify rate-limiting genes

associated with crop performance. Recently they discovered genes from a wild

ancestor of rice that can boost the yields of domesticated rice by 15-18%. This

approach provides an effective mechanism for expanding the gene pool of cultivated

crop varieties.

The ability to clone genes of  agronomic importance and to determine their

function is a major objective of biology today. Tanksley’s group used the tomato

molecular map to accomplish the first map-based cloning of a resistance gene in

any crop species in 1993. They isolated the Pto gene for resistance to bacterial

speck and demonstrated that a protein kinase played a critical role in this plant-

microbe interaction. This work has become one of the classic studies in disease

resistance gene isolation and contributed major new insights leading to an

understanding of the kinds of signal transduction pathways that are active in host-

pathogen recognition.

Tanksley’s group successfully extended map-based cloning to QTLs of agronomic

significance where nothing is known of the target gene other than the phenotype

it confers. The QTL Fw2.2 is responsible for 30% of the difference in tomato fruit

size between the domesticated tomato and their wild relatives. Fw2.2 was cloned

using a multi-tiered strategy including high resolution mapping with RFLPs and

RAPDs on near isogenic lines, physical mapping using yeast artificial chromosomes

and cosmic clones, and finally complementation tests to confirm the identity of the

gene. This seminal research set the stage for a better understanding of both evolution

under natural selection and crop improvement under human selection. Furthermore,

this outstanding achievement in resolving the genetic basis of complex phenotypes

has opened the way for similar studies in other organisms.

Another major contribution was the development of  comparative maps that

clarified evolutionary relationships among genera and provided an essential

framework for exploring questions of gene homoeology in plants. Tanksley showed

that the same RFLP probes could be used to map different members of plant

families. Tanksley’s first comparative map (tomato-potato) was published in 1988.

At the level of macro-synteny, these species appeared to be differentiated by only 5

major translocations. Following the investigation of the Solanaceae family, Tanksley’s

group demonstrated the extent of macro-synteny in the distantly related sub-

families of the grasses, notably rice and maize. Today synteny is accepted as the

rule throughout crop plant genetics and the concept pervades plant genetics

research.

Tanksley’s current work demonstrates a new marker-assisted breeding strategy

that is having a direct impact on plant improvement. His group uses maps and

markers to identify new yield-enhancing genes/QTLs from wild species and transfer

them to elite cultivars of tomato and rice. Based on an “Advanced Backcross”
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strategy, Tanksley aims to demonstrate an effective new concept in breeding that is

based on the ability of molecular marker analysis to identify favourable genes or

QTLs from almost any cross and efficiently introgress them into existing high-

yielding cultivars. By looking for novel alleles in wild and unadapted germplasm,

this approach broadens the gene pool of cultivated crop species. The power of

advanced backcross has been demonstrated in tomato and in rice, with yield

increases of  15-20%. When a yield enhancement of 18% was documented in an

wild-cultivated BC2 rice testcross generation compared to one of the most widely

planted hybrids in China, rice breeders took an immediate interest. This was the

first example of  a molecular strategy for plant improvement that does not simply

try to overlay marker based selection on a traditional breeding framework. The

impact of this work is likely to be felt most profoundly in international circles

where staple food production is a pressing concern and yield per acre is an

important target in the face of increasing population pressure. The work is also

impacting on the private sector where novel quality traits are of interest and

reservoirs of  wild species are now a proven source of genes.

Steve Tanksley has promoted the genomic revolution in biology across a broad

front. His group developed algorithms that facilitated the analysis of the complete

Arabidopsis genome sequence and led to the discovery that at least 60% of this

small genome is involved in segmental duplications. Tanksley was the first to

demonstrate the micro-syntenic relationships between the genomes of tomato and

arabidopsis. He also created a large publicly available EST database in tomato

(Solanaceae Genome Network http://www.sgn.cornell.edu/) and used this to

elucidate structural detail of the tomato genome. The same dataset has been used

to unite the sequenced maps of diverse plant species. His group screened the

tomato ESTs against the arabidopsis genomic sequence and reported the

identification of a set of 1000 genes (referred to as a conserved ortholog set, or

COS markers) which have remained relatively stable in sequence since the early

radiation of dicotyledonous plants. These COS markers also are conserved in the

genomes of other plant families and can be used for comparative mapping studies

between highly divergent genomes. Tanksley’s most recent work has focused on

the genetic dissection of  adaptive traits in tomato.

In summary, Tanksley has provided many of the tools and generated much of

the fundamental knowledge and concepts that are the basis of plant genetics and

crop improvement today.

LIST OF PUBLICATIONS

1. Chen K, Cong B, Wing R, Vrebalov J, Tanksley S (2007) Regulatory Mutation

in a Cell Elongation Transcription Factor Responsible for the Evolution of

Autogamy in Cultivated Tomatoes. Science 318, 643.
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2. McCarthy, A., Biget, L., Lin, C., Petiard, V., Tanksley, S., and McCarthy, J.

Cloning (2007) Expression, crystallization and preliminary X-ray analysis of

the XMT and DXMT N-methyltransferases from Coffea canephora (robusta).

Acta Crystallographica F63, 304-307.

3. Tanksley S, Fulton T (2007) Dissecting quantitative trait variation—examples

from the tomato. Euphytica 145: 365-370.

4. Hobolth A, R. Nielsen, Y. Wang, F. Wu, and S. D. Tanksley. (2006) CpG +

CpNpG analysis of protein-coding sequences from tomato. Mol. Biol. Evol.

2006 23:1318-1323.

5. Hinniger C, Caillet V, Michoux F, Amor M, Tanksley S, Lin C, McCarthy J

(2006) Isolation and Characterization of cDNA Encoding Three Dehydrins

Expressed During Coffea canephora (Robusta) Grain Development. Annals

of Botany 97:755-765.

6. Carlson J, Leebens-Mack J, Wall P, Zahn L, Mueller L, Landherr L, Hu Y,

Ilut D, Arrington J, Choirean S, Becker A, Field D, Tanksley S, Ma H,

dePamphilis C (2006) EST database for early flower development in California

poppy (Eschscholzia californica Cham., Papaveraceae) tags over 6000 genes

from a basal eudicot. Plant Molecular Biology 62 351-369.

7. Wang Y, R. S. van der Hoeven, R. Nielsen, L. A. Mueller and S. D. Tanksley

(2006) Characteristics of the tomato nuclear genome as determined by

sequencing undermethylated EcoRI digested fragments. Theor Appl Genet

112: 72-84.

8. Wang Y, Tang X,Cheng Z, Mueller M, Giovannoni J, Tanksley S (2006)

Euchromatin and Pericentromeric Heterochromatin: Comparative Composition

in the Tomato GenomeGenetics 2006 172: 2529-2540.

9. Wu F, Mueller L, Crouzillat D, Petiard V(2006) Bioinformatics and

Phylogenetics to Identify Large Sets of Single Copy, Orthologous Genes (COSII)

for Comparative, Evolutionary and Systematic Studies: A Test Case in the

Euasterid Plant Clade Genetics; 174: 1407-142.

10. Cong B, Tanksley SD (2006) FW2.2 and cell cycle control in developing

tomato fruit: a possible example of gene co-option in the evolution of a

novel organ. Plant Mole Biol 62:867-880.

11. Barrero L.S., B. Cong, F. Wu, and S.D. Tanksley 2006 Developmental

characterization of  the fasciated locus and mapping of candidate genes

involved in the control of floral meristem size and carpel number in tomato.

Genome 49:991-1006.

12. Frary A, Xu Y, Liu J, Mitchell Sh, Tedeschi E, Tanksley SD (2005) Development

of a set of PCR-based anchor markers encompassing the tomato genome and

evaluation of their usefulness for genetics and breeding experiments. Theor

Appl Genet 111:291.

35_2004 Tanksley.p65 06-Mar-09, 7:47 PM853



854 Wolf Prize in Agriculture

13. Albert, V.A., D.E. Soltis, J. Carlson, W.G. Farmerie, K. Wall, D.C. Ilut,

T. M. Solow, L.A. Mueller, L.L. Landherr, Y. Hu, M. Buzgo, S. Kim, M-J. Yoo,

M.W. Frohlich, R. Perl-Treves, S. Schlarbaum, B. Bliss, X. Zhang, S. Tanksley,

D.G. Oppenheimer, P.S. Soltis, H. Ma, C.W. dePamphilis, and J.H. Leebens-

Mack. (2005) Floral gene resources from basal angiosperms for comparative

genomics research. BMC Plant Biology 5:5.

14. Yogeeswaran K, Frary A, York T, Amenta A, Lesser A, Nasrallah J, Tanksley S,

Nasrallah M (2005)Comparative genome analyses of  Arabidopsis spp.:

Inferring chromosomal rearrangement events in the evolutionary history of

A. thaliana. Genome Res., Apr 2005; 15: 505-515.

15. York T, Durrett R, Tanksley S, Nielsen R (2005) Genetical Research. 85

Bayesian and maximum likelihood estimation of genetic maps 85:159-168.

16. Lin,-Chenwei, Mueller L, McCarthy J, Crouzillat D, Petiard V, Tanksley S.

2005 Coffee and tomato share common gene repertoires as revealed by deep

sequencing of seed and cherry transcripts. Theoretical-and-Applied-Genetics.

112(1): 114-130.

17. Barrero L.S., and S. D. Tanksley 2004 Evaluating the Genetic Basis of Multiple-

locule Fruit in a Broad Cross Section of  Tomato Cultivars. Theor Appl Genet

109: 669-679.

18. Frary, Amy, Fritz, Lisa A., and S. D. Tanksley 2004 A Comparative Study of

the Genetic Bases of Natural Variation in Morphology of Tomato Leaves,

Sepals, and Petals. Theor Appl Genet 109: 523-533.

19. van der Knaap, E., Sanyal, A. Jackson, S.A. S.D. Tanksley 2004 High-Resolution

Fine-Mapping and FISH analysis of sun a Locus Controlling Tomato Fruit

Shape, Reveals a Region of the Tomato Genome Prone to DNA Rearrangements.

Genetics 168(4):2127-40.

20. Chen, Kai-Yi, Tanksley, S. D. High Resolution Mapping and Functional

Analysis of se2.1: a Major Stigma Exsertion QTL Associated with the Evolution

from Allogamy to Autogamy in the Genus Lycopersicon. Genetics 168,

1563-1573.

21. Yates H, Frary A, Doganlar S, Frampton A, Eannetta N, Uhlig J, Tanksley S

(2004) Comparative fine mapping of fruit quality QTLs on chromosome 4

introgressions derived from two wild tomato species Euphytica 135:283-296.

22. Frary, A., T. M. Fulton, D. Zamir, S. D. Tanksley 2004 Advanced Backcross QTL

Analysis of  a Lycopersicon Esculentum x L. Pennellii Cross and Identification

of Possible Orthologs in the Solanaceae. Theor Appl Genet 108, no. 3: 485.

23. Tanksley, S. D. (2004) The Genetic, Developmental and Molecular Bases

of Fruit Size and Shape Variation in Tomato. Plant Cell Special Issue 16:

S181-S189.

24. Ronning et al 2003 Comparative analyses of  potato expressed sequence Tag

libraries. Plant Phys 131:419-429.
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25. Van der Knapp E, Tanksley S D. 2003 The Making of a Bell Pepper-Shaped

Tomato Fruit: Identification of Loci Controlling Fruit Morphology In Yellow

Stuffer Tomato. Theor Appl Genet 107:139-147.

26. Cong B, Liu J, Tanksley SD. 2002. Natural Alleles at a Tomato Fruit Size

Quantitative Trait locus Differ by Heterochronic Regulatory Mutations. Proc

Natl Acad Sci 99:13606-13611.

27. Fulton, T. M., R. van der Hoeven, N.T. Eannetta, S.D. Tanksley. 2002.

Identification, Analysis and Utilization of Conserved Ortholog Set (COS)

Markers for Comparative Genomics in Higher Plants. Plant Cell 14:1457-

1467.

28. Fulton, T. M., P. Bucheli, E. Voirol, J. Lopez, V. Petiard, and S. D. Tanksley.

2002. Quantitative Trait Loci (QTL) Affecting Sugars, Organic Acids and

Other Biochemical Properties Possibly Contributing to Flavor, Identified in

Four Advanced Backcross Populations of  tomato. Euphytica 127:163-177.

29. Doganlar, S., A. Frary, M-C. Daunay, R. N. Lester, and S. D. Tanksley. 2002. A

Comparative Genetic Linkage Map of Eggplant (Solanum melongena) and

its Implications for Genome Evolution in the Solanaceae Genetics 161:

1697-1711.

30. Doganlar, S., A. Frary, M-C. Daunay, R.N. Lester, and S. D. Tanksley.

2002. Conservation of Gene Function in the Solanaceae as Revealed by

Comparative Mapping of Domestication Traits in Eggplant Genetics 161:

1713-1726.

31. Durrett R T, Chen K-Y, Tanksley S 2002. A Simple Formula Useful for

Positional Cloning. Genetics 160: 353-355.

32. Giovannoni J et al. Genetic Control of Fruit Quality and Prospects for Nutrient

Modification. HortScience. 37. P. 453-456.

33. Giovannoni J. 2002. Molecular Biology of Fruit Maturation and Ripening.

Annual. Review Plant Physiol. Plant. Mol. Biol. Vol. 52: 725-749.

34. Liu, Jiping, J. Van Eck, B. Cong, and S. D. Tanksley . 2002. A New Class of

Regulatiry Genes Underlying the Cause of Pear-Shaped Tomato Fruit PNAS.

Vol. 99: 13302-13306.

35. Payton P et al. Creation of a baseline gene expression profile for tomato fruit

ripening: characterization of ripening, ethylene signaling, and light signaling

genes. 53, No. 377. 2023-2030.

36. Van der Hoeven, R., C. Ronning, J. Giovannoni, G. Martin, S.D. Tanksley.

2002. Deductions about the number, organization and evolution of  genes in

the tomato genome based on analysis of a large EST collection and selective

genomic sequencing. Plant Cell 14(7):1441-56.

37. Ku H-M, Liu J, Doganlar S, Tanksley S 2001. Exploitation of Arabidopsis-

Tomato Synteny to Construct a High-Resolution Map of the ovate Locus in

Tomato. Genome 44:470-475.
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38. Lippman, Z, Tanksley 2001. Dissecting the genetic pathway to extreme

fruit size in tomato using a cross between the small-fruited wild species

L. pimpinellifolium and L. esculentum, var. ‘Giant Heirloom’. Genetics

158:413-422.

39. Monforte A, Freidman E, Zamir D, Tanksley S 2001. Comparison of a set of

allelic QTL-NILs for chromosome 4 of tomato: Deductions about natural

variation and implications for germplasm utilization. Theor Appl Genet

102:572-590.

40. Van der Knapp E, Tanksley S 2001. Identification and characterization of a

novel locus controlling early fruit development in tomato. Theor Appl Genet

103:353-358.

41. Brommonschenkel S, Frary A, Frary A, Tanksley S 2000. The broad spectrum

tospovirus resistance gene Sw-5 of tomato is a homolog of the root knot

nematode resistance gene Mi. 13(10):1130-8.

42. Doganlar S, Tanksley S, Mutschler M 2000. Identification and molecular

mapping of  loci controlling fruit ripening time in tomato. Theor Appl Genet

100(2):249-255.

43. Doganlar S, Frary A, Tanksley S 2000. The genetic basis of seed weight

variation: tomato as a model system. Theor Appl Genet 100(8):1267-1273.

44. Frary A, Nesbitt TC, Frary A, Grandillo S, van der Knaap E, Cong B, Liu J,

Meller J, Elber R, Alpert K, Tanksley S 2000. Cloning and Transgenic

Expression of  fw2.2: a Quantitative Trait Locus Key to the Evolution of

Tomato Fruit. Science 289:85-87.

45. Fulton T M, Grandillo S, Beck-Bunn T, Fridman E, Frampton A, Lopez J,

Petiard V, Uhli J, Zamir D, Tanksley S 2000. Advanced backcross QTL analysis

of a Lycopersicon esculentum x L. parviflorum cross Theor Appl Genet

100:1025-1042.

46. Ku H-M, Vision T, Liu J, Tanksley S 2000. Comparing Sequenced Segments

of the Tomato and Arabidopsis Genomes: Large-Scale Duplication Followed

by Selective Gene Loss Creates a Network of Synteny. PNAS 97: 9121-9126.

47. Ku H, Grandillo S, Tanksley S 2000. fs8.1, a major QTL, sets the pattern of

tomato carpel shape well before anthesis. Theor Appl Genet 101:873-878.

48. Monforte A, Tanksley S 2000. Development of a set of near isogenic and

backcross recombinant inbred lines containing most of the Lycopersicon

hirsutum genome in a L. esculentum genetic background: A tool for gene

mapping and gene discovery. Genome 43:803-813.

49. Monforte A, Tanksley S 2000. Fine mapping of  a quantitative triat

locus (QTL) from Lycopersicon hirsutum chromosome 1 affecting fruit

characteristics and agronomic traits: breaking linkage among QTLs affecting

different traits and dissection of  heterosis for yield. Theor Appl Genet

100:471-479.
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50. Vision T, Brown D, Tanksley S 2000. The origins of genomic duplications in

Arabidopsis. Science 290:2114-2117.

51. Vision T, Brown D, Shmoys D, Durret R, Tanksley S 2000. Selective Mapping:

A Strategy for Optimizing the Construction of High-Density Linkage Maps.

Genetics 155:407-429.

52. Grandillo S, Ku H-M, Tanksley S (1999) Identifying loci responsible

for natural variation in fruit size and shape in tomato. Theor Appl Genet

99:978-987.
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182. McCouch, S. R., G. Kochert, Z. Yu, Z. Wang, G. S. Khush, W. R. Coffman, and

S. D. Tanksley. 1988. Molecular mapping of rice chromosomes. Theor. Appl.

Genet. 76:815-829.

183. Paterson, Andrew H., Eric S. Lander, John D. Hewitt, Susan Peterson,Stephen

E. Lincoln, and Steven D.Tanksley. 1988. Resolution of quantitative traits

into Mendelian factors by using a complete RFLP linkage map. Nature

335:721-726.

184. Tanksley, S. D. and J. Hewitt. 1988. Use of molecular markers in breeding for

soluble solids content in tomato — a re-examination. Theor. Appl. Genet.

75:811-823.

185. Tanksley, Steven D., Joyce Miller, Andrew Paterson, and Robert Bernatzky.

1988. Molecular mapping of plant chromosomes. In: Chromosome Structure

and Function ( J. Gustafson and R. Appels, eds.). Plenum. pp. 157-172.
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Nationality: Chinese
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Development Center
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Address (Institution): China National Hybrid Rice Research & Development Center,

Changsha, Hunan 410125, P.R. China
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1. Foreign associate of the National Academy of Sciences (NAS)

2. Member of the Chinese Academy of Engineering (CAE)
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4. Professor of Hunan Agricultural University, Qinghua University, Wuhan University
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MEMBERSHIP OF ACADEMIES AND SOCIETIES:

1. Vice Chairman of China’s Society of Crop Science

2. Chairman of Hunan Agronomy Society

3. Deputy Director of Hunan Provincial Natural Science Foundation

4. Vice Chairman of National Expert & Consultant Group for Field Crop Production

of China Ministry of  Agriculture

5. Vice Chairman of Science & Technology Association of Hunan Province

AWARDS & HONOURS:

1. Outstanding Achievement Award, ASPA, 2005

2. World Food Prize, World Food Prize Foundation, Des Moines, USA, 2004

3. Wolf Prize, Wolf Foundation, Jerusalem, Israel, 2004

4. Golden Sickle Award, Bangkok, Thailand, 2004

5. Roman Magsaysay Award, Roman Magsaysay Award Foundation, Manila,

Philippines, 2001

6. Supreme State Sci. & Tech. Award, given by Chinese Government, Beijing,

China, 2000

7. New Name of Minor Planet (Yuan Longping=1996 SDI), named by Minor

Planet Center, 1999

8. Outstanding Scientist, given by Ministry of Science and Technology and

Ministry of  Personnel, P.R. China, 1999

9. The Fukui International Koshihikari Rice Prize, Japan, 1998

10. Distinguished Pioneer Scientist in Heterosis, “The Genetics and Exploitation of

Heterosis in Crop International Symposium”, Mexico, 1997

11. NIKKEI Asian Prize Award, Tokyo, Japan, 1996

12. World Food Security and Sustainability Medal awarded by FAO, Quebec,

Canada, 1995

13. Ho Leung Ho Lee Foundation Prize, Beijing, China, 1994

14. Alan Shawn Feinstein World Hunger Award for research and education, Brown

University, U.S.A. 1993

15. Meritorious Scientist, Hunan Provincial Government, Changsha, China, 1992

16. The Rank Prize for Agronomy and Nutrition, London, England, 1988

17. The UNESCO Science Prize in the recognition of the outstanding contribution

in the field of  science and technology for development, Paris, France, 1987

18. The WIPO Gold Medal for the outstanding inventor, 1985

19. The first Special-class National Invention Prize, Beijing, China, 1981

BIOGRAPHY

For his breakthrough achievement in developing the genetic materials and

technologies essential for breeding high-yielding hybrid rice varieties, Prof. Yuan
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Longping won the World Food Prize in 2004 – the United Nations’ Food and

Agricultural Organization’s International Year of Rice.

Born in Peking in 1930, Yuan Longping graduated from Southwest Agricultural

College in China in 1953, and then taught crop genetics and breeding at Hunan

Anjiang Agricultural School. He began research there in hybrid rice development

in 1964 and was transferred to the Hunan Academy of Agricultural Sciences in

1971 to serve as a research professor.

Professor Yuan is widely acknowledged for his discovery of the genetic basis of

heterosis in rice – a phenomenon in which the progeny of two distinctly different

parents grow faster, yield more, and resist stress better than either parent. In

developing his three-line system of hybrid rice, Professor Yuan and his team soon

produced a commercial hybrid rice variety called Nan-you No. 2, which was

released in 1974. With yields 20 percent higher than previous varieties, Professor

Yuan’s new crop immediately began to improve food availability in China.

In the subsequent three decades, planting of this new crop has spread so

widely that now about 60 percent of China’s rice production area is planted in

hybrid rice with a 20 percent higher yield over conventional rice varieties. This

translates into food to nourish approximately 70 million more people per year in

China alone.

Beyond this exceptional accomplishment, Professor Yuan has built an additional

legacy of  combating food shortages and hunger. He has developed a new technique

for increasing hybrid seed yields through out-pollination, an improved two-line

system of hybrid rice, and other strategies to further improve hybrid rice. His

colleagues have carried on his work with his collaboration and supervision to

develop new strains of “super hybrid rice” that produce almost 10 tons per hectare.

With higher yields, farmers have increased rice production while simultaneously

shifting millions of hectares out of rice and into alternatives such as fish, vegetables,

fruits, and other food and fiber crops, giving more balanced diets and a higher

standard of  living to rural Chinese families. Additionally, based on the new

production technique Prof. Yuan developed in 1975 to obtain higher amounts of

Nan-you No. 2 seed, China was able to establish its own hybrid seed industry,

which today provides additional revenue and training opportunities to thousands

of farmers.

The impact of Prof. Yuan’s ingenuity has been felt beyond China’s rice industry.

Researchers and producers of other crops in China have successfully used the

two-line system for rice to explore similar systems for hybrid sorghum and rapeseed

with increased yields. He has also played a key role in developing hybrid rice

throughout Asia and to Africa and the Americas. Since 1980, he has trained

thousands of scientists and researchers from over 25 countries and has served as a

chief consultant to the FAO. Farmers in more than ten other countries besides

China, including the United States, have thus benefited from his work, gaining

access to a technology they may otherwise never have enjoyed.
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In addition to the 2004 World Food Prize, Prof. Yuan’s honors and awards

include China’s State Supreme Science and Technology Award, the 2001 Magsaysay

Award, the UN FAO Medal of Honor for Food Security, and the 2004 Wolf Prize in

Agriculture. Prof. Yuan currently directs China’s National Hybrid Rice Research

and Development Center and is a member or leader of several national committees,

conferences, and foundations that support agriculture, science, and technology in

China.

Professor Yuan Longping’s pioneering research has helped transform China

from food deficiency to food security within three decades. His accomplishments

and clear vision helped create a more abundant food supply and, through food

security, a more stable world. Professor Yuan’s distinguished life’s work has caused

many to call him the “Father of Hybrid Rice,” while his continuing research offers

even more promise for world food security and adequate nutrition for the world’s

poor.

LIST OF PUBLICATIONS

1. A preliminary report on male sterility in rice, Oriza sativa L. 1966, Scientia

Sinica Bulletin (in Chinese with English abstract).

2. Hybrid rice breeding—practice and theory, 1977, Scientia Agricultura Sinica

(in Chinese).

3. Key techniques for hybrid rice seed production, 1977, Genetics and Breeding

(in Chinese).

4. Hybrid rice breeding in China, 1980, Selected papers from the 1979

international Rice research Conference, IRRI.

5. A Concise Course in Hybrid Rice, 1985, published by Hunan Science and

Technology Publishing House (A Chinese-English bilingual textbook).

6. Current Status of  Hybrid Rice Research and Development. International

Symposium on Hybrid Rice, Changsha, Hunan, China, 6-10 Oct., 1986.

7. Organization of a Hybrid Rice Breeding Program, Hybrid Rice Proceedings of

International Symposium, 1986, Changsha, China.

8. The strategies for hybrid rice breeding, 1987, Hybrid Rice (in Chinese).

9. The Potential Vse of Apomixis in Crop Improvement, Hybrid Rice, 1988(4):1-3.

10. Breeding for Wide Compatibility Rice Line, Hybrid Rice, 1989(2):35-38.

11. Rice Line 84-15 as an Apomictic Material Needs Scientific Evidence. Hybrid

Rice, 1989(4):3-4.

12. New Progresses on Rice Apomixis Research, Hybrid Rice, 1990(1):29-32.

13. Progress of two-line system hybrid rice breeding, 1990, Scientia Agricultura

Sinica.

14. Technical Strategy of Breeding for TGMS Lines. Hybrid Rice, 1992(1):1-4.

15. Purfication of T(P)GMS Lines of Rice and Their Production of Foundation

Seeds. Hybrid Rice. 1994(6):1-3.
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16. Technology of hybrid rice production, a manual published by FAO, 1995 (in

English).

17. Studies on Two-Line System Hybrid Rice. Hunan Agr. Sci., 1995(6):4-5.

18. Progress of Two-line System Hybrid Rice Breeding Sci. Agr. Sinica, 1990(3):1-6.

19. Prospects of Rice Yield Potential from the View Point of Plant Breeding, Hybrid

Rice, 1996(4):1-2.

20. Hybrid Rice Breeding in China. Advances in Hybrid Rice Technology:

Proceedings of the 3rd International Symposium on Hybrid Rice, 1996, India.

21. Breeding Strategies for Development of Intersubspecific Hybrid Rice. Hybrid

Rice, 1996(2):1-3.

22. Genes from Wild Rice Improve Yield. Nature. 1996, Nov. 21, 384(6606):

223-224.

23. A Strategy for Developing Wide Spectrum Compatibility Rice Line. Sci. Agr.

Sinica, 1997, 30(4):1-8.

24. Explaiting Crop Heterosis by Two-line System Hybrid: Current, Status and

Future Prospects. Proc. Int. Symp. On Two-line System Heterosis Breed in

Crops. 1997, Changsha, Hunan, China.

25. Current Status, Objectives and Prospects of Research and Development of

Two-Line Hybrid Rice. Research of Agricultural Modernization, 1997(1):

1-3 Preliminary Experiences on SRI for Growing Super Hybrid Rice.

26. Hybrid Rice Breeding for Super High Yield. Hybrid Rice. 1997(6):1-6.

27. Hybrid Rice Development and Use: Innovative Approach and Challenges. The

19th Session of International Rice Commission, 1998, Cairo, Egypt.

28. Hybrid Rice Breeding for Super High Yield XVIIIth Int. Congr. Genet., 1998,

Beijing, China.

29. Retrospect, Current Status and Outlook of Hybrid Rice Breeding. China Rice,

1999(4)3-6.

30. Hybrid Rice — Genetics, Breeding and Seed Production. Plant Breeding Review,

Vol. 17. 1999.

31. The System of Rice Intensification (SRI). Hybrid Rice, 2001(4):1-3.

32. Preliminary Experiences on SRI for Growing Super Hybrid Rice. SRI

International Conference, 2002, Sanya, China.

33. Hybrid Rice Technology for Food Security in the world. The 4th International

Hybrid Rice Symposium, 2002, Hanoi, Vietnam.

34. The Second Generation of Hybrid Rice in China, The Commission’s 20th Session,

Bangkok, Thailand, July 23-26, 2002.

35. Recent Progress in Breeding Super Hybrid Rice in China. International Rice

Congress 2002, Beijing, China.

36. L.P. Yuan. Hybridriceology, Published by China Agriculture Press, 2002, Beijing.
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CONTRIBUTIONS TO THE DEVELOPMENT OF HYBRID RICE

1. Development of  practicable three-line system hybrid rice. Prof. Yuan started

his research on hybrid rice in 1964. After nine year’s hard work, he and his

assistants in 1973 successfully developed the genetic tools essential for hybrid

rice breeding, namely, the cytoplasmic male sterile line (A Line), cytoplasmic

male sterility maintainer line (B line) and cytoplasmic male sterility restorer

line (R line). The first commercialized hybrid rice variety, Nan-you No. 2, with

good heterosis and high yield potential was also developed by him in 1974.

Hybrid rice was released for commercial production in 1976. In recent years

hybrid rice is planted to around 15 million ha each year and it has been proven
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that hybrid rice outyields the modern improved inbred varieties by around 20%

for many years.

2. Development of hybrid rice seed production technology. Previously, it seemed

impossible to obtain high seed yield because of the thought that the self-

pollinating characteristic in rice would restrict its outcrossing rate. Prof. Yuan

and his assistants, however, developed the hybrid seed production technique in

1975. On average the hybrid seed yield is around 2.7 tons per ha and the ratio

of field areas between hybrid seed production and commercial production of

hybrid rice is 1 to 120-150 nowadays.

3. Development of  strategies for further improvement of  hybrid rice.

Prof. Yuan is not content with what he has achieved. He has always been

pursuing to evolve new approaches to enhance the heterosis level and to simplify

the methodology in hybrid rice technology. He proposed an overall strategy for

further improvement of  hybrid rice, i.e. the “three developmental phases of

hybrid rice breeding”:

To enhance the heterosis level: intervarietal heterosis (phase I) →

intersubspecific heterosis (phase II) → distant heterosis (phase III).

To simplify the methodology: three line or CMS system (phase I) → two line

or P(T)GMS system (phase II) → one line or apomixis system (phase III).

Each of the phases would mark a new breakthrough in rice breeding and

result in a great increase in yield if  it is attained.

4. Development of practicable two-line system hybrid rice. Two-line system has

two advantages over the three-line system, namely, simpler procedure of seed

production and higher chance of developing better heterotic hybrids. Under

Prof. Yuan’s wise leadership and technical guidance, his research team succeeded

in developing a whole package of two-line system hybrid rice technology in

1995. The planting area under two-line hybrid rice reached 3.5 million ha

recently in China and the newly released two-line hybrids outyielded the three-

line check hybrids by about 10%.

5. Developing super-high yielding hybrid rice and exploring new approaches to

further increase yield potential of rice. Prof. Yuan is an imaginative scientist.

He realized early on that there is always a yield stagnation after a breakthrough

in rice breeding and dedicated to further improve the yield potential of hybrid

rice. Recently, he proposed a unique morphological model and a strategy of

utilizing inter-subspecific (indica/japonica) heterosis for developing super-high

yielding hybrid rice, i.e. super hybrid rice. Several inter-subspecific hybrids

developed according to his model yielded 12 t/ha at multi-location yield trials.

The average yield of the super hybrid rice is 8.5 t/ha on very large scale

commercial production (2 million ha) in recent years.
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6. Extending hybrid rice technology outside China. Development of hybrid rice

to benefit the people worldwide is one of Prof. Yuan’s lifelong noble wishes. He

concerns not only China’s food problems but also the world’s hungry. It is he

who shares his valuable knowledge, experience, idea and breeding materials

especially CMS lines with institutes including IRRI outside China to help develop

hybrid rice in other countries. Since 1980, he and his colleagues have trained

more than 600 scientists and technicians from 25 countries of  Asia, Africa and

South America on hybrid rice technology at China National Hybrid Rice Research

and Development Center and outside China such as in Indonesia and Bangladesh.

He was invited as a chief consultant on hybrid rice project outside China

by FAO. In 1998, FAO published a book titled “Technology of Hybrid Rice

Production” written by Prof. Yuan, which has been distributed to a lot of

countries. Prof. Yuan and his assistants have served in India, Vietnam, Bangladesh,

Myanmar and USA more than 30 times for consultancy. Currently, hybrid rice

is commercialized in 9 countries including India, Vietnam, Philippines,

Bangladesh, Pakistan, Myanmar, Indonesia, Egypt and USA. Besides, many other

countries are actively exploring this technology to enhance rice yield.

7. Due to his great contribution to the development of hybrid rice in the world, he

is honored with the name of “Father of hybrid rice” worldwide.

PROF. YUAN’S IMPACT ON THE WORLD FOOD SECURITY

1. Greatly increasing the food production in China. It has been proven practically

for 32 years that hybrid rice cultivars outyield the modern semi-dwarf pure

line counterparts by more than 20%. In recent years, hybrid rice covered about

15 million ha – constituting half  of  China’s rice cultivation area while

contributing around 57% of the total rice production in China. The average

yield is 7.2 tons/ha for hybrid rice against 5.8 tons/ha for conventional pure

line rice. The grains increased by hybrid rice can feed 70 million more people

each year. It is obvious that hybrid rice has played a very significant role in

achieving food self-sufficiency since 1980s in China, which has the largest

population in the world.

2. Creating an effective approach for increasing rice production outside China.

The whole package of hybrid rice technology developed mainly by Prof. Yuan

now is available to most rice growing countries. Generally speaking, rice hybrids

can outyield improved pure line rice varieties by around 20%. For example, in

Vietnam the area under hybrid rice was more than 65000 ha in 2005. The

average yield of  rice hybrids is 6.3 t/ha while the yield of inbred varieties is

4.5 t/ha. Due to planting hybrid rice on large area for years, Vietnam becomes

the second largest rice export country in Asia. In the Philippines, both the
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present president Arroyo and the former president Estrada who witnessed the

remarkable yield advantage in farmers’ fields strongly encourage the nation’s

farmers to plant hybrid rice for increasing rice yield and farmers’ income and

ensuring the food security of  the country. Because of the success of developing

hybrid rice outside China in recent years, the important role of hybrid rice

technology in enhancing grain yield was emphasized at the 19th session of the

International Rice Commission (held in Cairo, 7-9 September 1998). Also at

the session, it was suggested that FAO should take active measures to speed up

the development of hybrid rice in the world.

3. Offering a feasible approach to enhance rice yield in the world this century.

The successful development of two-line hybrid rice and the ongoing research

on developing super hybrid rice offer a bright opportunity to achieve food

sufficiency in the new century in China and other developing countries as well.

In 2010, the population in China will reach 1.36 billion and 50 million ton

more food is needed. The situation may be even worse in some other Asian

countries. Because it is impossible to expand the arable land, to raise the yield

per unit area is the only solution. Developing two-line system hybrid rice,

especially super hybrid rice may play a more important role in raising rice yield

to fill the food gap in this century. If  50% of the world paddy field were

covered by rice hybrids and 2 tons grains per ha were increased, it means

400-500 million more people can be fed. Therefore, the government as well as

non-governmental organizations in and outside China pay great attention to

the super hybrid rice program.

4. Offering a new way for heterosis utilization in other crops. Encouraged

and inspired by the success in developing two-line system hybrid rice, this

new approach is being explored in some other crops, especially those in which

the three line system has not yet been available. To date, much progress has

been made in the development of two-line system hybrids of  sorghum, rape

seed, etc. For example, a two-line system hybrid of sorghum outyielded the

three-line check hybrid variety by more than 10% in yield trial in 1998 in

China and this was reconfirmed from 1999 to 2001 on large scale commercial

production.

5. Directing the hybrid rice research for the future. His “three developmental

phases of hybrid rice breeding” strategies offer the future direction of hybrid

rice research and are actually followed by most hybrid rice breeders. Especially,

the newly proposed model of plant type and approaches for developing super

hybrid rice are highly appreciated and followed by many scientists in and

outside China.
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6. Providing socio-economic benefits. Before the release of  hybrid rice,

the planting area under rice was about 35 million ha in China and even so, the

production could not meet the need of rice in the country. After the exploitation

of hybrid rice technology, as well as improved cultivation practices, the land for

rice production reduced year by year due to the increased yield per unit area.

In recent years the rice area is reduced to about 30 million ha and 5 million ha

of rice land has been shifted to the production of some other important or

more profitable alternatives, such as fish, vegetables, fruits, cotton, rape seed,

etc., not only contributing a lot to the sufficient and balance food supply

but also helping enhance living standard of  the people in China. In addition,

a good number of  jobs has been created because of hybrid seed business,

esp. in the rural area a lot of woman labors are involved in hybrid seed

production.

Kexue Tongbao, Volume 17, No. 7 - 15 April 1966

BOTANY

A PRELIMINARY REPORT ON MALE STERILITY IN RICE, Oryza satbra L

L. P. YUAN

Anjiang Agricultural School, Hunan

Through panicle to panicle inspection at heading stage, six male-sterile rice plants

were found in the paddy fields where several varieties were grown from 1964 to

1965 in Hunan Province. The frequency of occurrence of such male-sterile rice

plants under natural conditions was estimated to he 0.13 per cent. According to

the characteristics of their anthers and pollen grains, these male-sterile plants can

he distinguished into three different types:

(1) Pollen-free type. Two plants of this type were found to be completely male-

sterile. Their anthers are smaller and thinner than those of the normal plant

as shown in Fig. 1. They are colourless, remain unbroken after flowering, and

contain no pollen grains.

Fig. 1. Rice anthers 2 hours after flowering.

Left – normal panicle; right – male-sterile

panicle (pollen-free type).
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(2) Pollen abortive type. Two plants of this kind were found to be completely

male-sterile. Their pale-yellow anthers, smaller than normal ones, fail to dehisce

after flowering, but contain poorly developed pollen grains. These pollen grains

are not only smaller in size, but also irregular in form. They show no blue

colour reaction when treated with KI solution.

(3) Partially male-sterile type. Of this type two plants were found. On one plant

the anthers in most of the florets fail to dehisce after flowering, but all the

anthers contain normal pollen grains. On the other plant the anthers in most

of the florets contain poorly developed pollen grains, and remain unbroken

after flowering.

No significant difference was found between the above-mentioned male-sterile

plants and their normal check plants in respect of other morphological characters

including the pistil. The seeds produced by the pollen-free male-sterile plants

through artificial crosses, have not been sown so far. The panicles arising from the

stubbles of these plants remain to be completely male-sterile.

The two original, partially male-sterile plants produced partially male-sterile

progenies and male-fertile progenies.

Completely male-sterile, partially male-sterile, and male-fertile plants were

obtained from the progenies of the two pollen-abortive male-sterile plants through

open pollination. The F1 completely male-sterile plants were crossed artificially

with fifteen varieties, the average rate of seed setting being 74.1 per cent. Three

crosses had a higher rate of seed setting above 90 per cent. This indicates that the

pistils of these male-sterile plants function as usual preliminary data suggest that

the male sterility from this source might be used for breeding male-sterile lines.

THE STRATEGIES FOR HYBRID RICE BREEDING

Yuan Longping

Hunan Hybrid Rice Research Center (1987)

(In Chinese - English Abstract)

The exploitation of hybrid rice has played a key role in increasing grain yield in

China. However, the heterosis employed now is inter-vatietal and the method

being used belongs to the three line system. From a strategic point of view, the

development of hybrid rice breeding can be divided into three phases according to

the heterosis level and breeding methodology.

1. In terms of  methodology: three line or CMS (cytoplasmic male sterile)

system two line or TGMS (thermo sensitive genic male sterile) and PGMS

(photoperiod-sensitive genic male sterile) system → one line or apomixis system.

2. In terms of heterosis level: inter-varietal heterosis inter-subspecific heterosis →

distant heterosis.
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PROGRESS IN BREEDING OF SUPER HYBRID RICE

Yuan Longping

(China National Hybrid Rice R&D Center)

Introduction

The success in the development of hybrid rice in China is a great breakthrough in

rice breeding and a technological innovation in rice production, being an effective

approach to markedly increasing rice yield on a large scale.

China is the first country in the world to exploit heterosis in rice commercially.

Research on breeding hybrid rice was initiated in 1964. The genetic tools (viz.,

male sterile, maintainer and restorer line) essential to develop F1 hybrid were

successfully developed in 1973. The hybrid combinations with good heterosis were

selected in 1974, and seed production techniques were fundamentally completed

in 1975. In 1976, hybrid rice was released to farmers. Since then, the acreage of

hybrid rice has increased rapidly each year. At present, there are about 29 million

hectares under rice in China of which nearly 60% is by hybrid rice.

It has been proven for many years that hybrid rice varieties have more than 20

percent yield advantage over improved inbred varieties. In recent years the

nationwide average yield of hybrid rice is 7.1 t/ha, about 1.4 t/ha higher than

that of improved inbred varieties which is 5.7 t/ha. (The worldwide average yield

is 3.9 t/ha, the yield in Japan is 6.3 t/ha, and in India is 3 t/ha.) These figures

indicate that hybrid rice has been playing a critical role in solving the food problem

of China.

Rice is the main crop food feeding about 60% of China’s population and still

has great yield potential especially in hybrid rice to be tapped. In order to meet

food requirement for all Chinese people in the 21st century, a super rice breeding

program was set up by China Ministry of Agriculture in 1996. The yield targets

for hybrid rice are listed below (Table 1).

Table 1. Yield standards of super rice in China

1996 level

Phase I (1996-2000)

Phase II (2001-2005)

First

cropping

7.50

9.75

11.25

Hybrid ricea

% increase
Second

cropping

7.50

9.75

11.25

Single

cropping

8.25

10.50

12.00

0

More than 20%

More than 40%

Phase

aIn t ha-1 at 2 locations with 6.7 ha each in 2 consecutive years.
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With morphological improvement plus the use of intersubspecific (indica/

japonica) heterosis, several pioneer two-line super hybrid rice varieties had been

developed and met the Phase I yield standard of single cropping rice by 2000.

There were more than 20 demonstration locations with 6.7 ha or 67 ha each,

where their average yield was more than 10.5 t ha-1 in 2000. A combination,

P64S/9311, was released for commercial production in 2001. Since then the area

under this hybrid has expanded very fast and reached 2 million ha in recent

years (Fig. 1). Its average yield is 8.4 t ha-1 while that of the nationwide rice

was 6.3 t ha-1. Another combination, P64S/E32, had created a record yield of

17.1 t ha-1 in an experimental plot (720m2) in 1999 (Fig. 2).

Fig. 2. P64S/E32 created a record yield of 17.1t

ha-1 in an experimental plot in 1999.

Fig. 1. P64S/9311 was released for commercial

production in 2001.

Recently the efforts are focused on breeding Phase II super hybrid rice and

good progress has been made. Some promising combinations with 13 t ha-1 of

yield potential have been developed. Among them, the best one is P88S/0293,

which yielded over 12 t ha-1 at four 6.7-ha or 67-ha locations in 2003 and twelve

6.7-ha or 67-ha locations in 2004. It means the yield target of Phase II is attained

one year ahead of the plan.

Technical approaches

Crop improvement practices have indicated, up to now, that there are only

two effective ways to increase the yield potential of  crops through plant

breeding, i.e., morphological improvement and the use of heterosis. However, the

potential is very limited when using morphological improvement alone and heterosis

breeding will produce undesirable results if  it is not combined with morphological

improvement. Any other breeding approaches and methods, including high

technology such as genetic engineering, must be incorporated into good

morphological characters and strong heterosis; otherwise, there will be no actual

contributions to a yield increase. On the other hand, the further development of

plant breeding for a super yield target must rely on progress in biotechnology.
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Morphological improvement

A good plant type is the foundation for super high yield. Since Dr. Donald proposed

the concept of ideotype in 1968, many rice breeders pay great attention to this

idea and propose various models for super high-yielding rice. Among them, the

well-known one is the “new plant type” proposed by Dr. Khush at IRRI. Its main

features are: (1) large panicles, with 250 spikelets per panicle; (2) fewer tillers,

3-4 productive tillers per plant; and (3) a short and sturdy culm. Whether these

models can realize super high yield or not has yet to be proved.

Based on our studies, especially inspired by the striking characteristics

of the high-yielding combination P64S/E32, which has made a record yield of

17.1 t ha-1, we have found that the super high-yielding rice variety has the following

morphological features:

1. Tall erect-leaf canopy

The upper three leaf blades should be long, erect, narrow, V-shaped, and thick

(Fig. 3). Long and erect leaves have a larger leaf area, can accept light on both

sides, and will not shade each other. Therefore, light is used more efficiently and

air ventilation is also better within such a canopy. Narrow leaves occupy a relatively

small space and thus allow a higher effective leaf  area index. A V-shape makes the

leaf blade stiffer so that it is not prone to be droopy. Thick leaves have a higher

photosynthetic function and are not easily senescent. These morphological features

signify a large source of  assimilates that are essential to super high yield.

Fig. 3. The upper three leaf  blades should be long, erect, narrow, V-shape and thick.

2. Lower panicle position

The tip of the panicle is only 60-70 cm above the ground during the ripening

stage. Because the plant’s center of gravity is quite low, this architecture enables

the plant to be highly resistant to lodging. Lodging resistance is also one of the

essential characters required for breeding a super high-yielding rice variety.
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3. Bigger panicle size

Grain weight per panicle is around 5 g and the number of panicles is about

300 m-2. Theoretically, the yield potential is 15 t ha-1
 in this case.

Grain yield = biomass × harvest index. Nowadays, the harvest index (HI) is

very high (above 0.5). A further raising of the rice yield ceiling should rely on

increasing biomass because further improvement of the HI is limited. From the

viewpoint of morphology, to increase plant height is an effective and feasible way

to increase biomass. However, this approach will cause lodging. To solve this

problem, many breeders are trying to make the stem thicker and sturdier, but this

approach usually results in a decrease in HI. Therefore, it is difficult to obtain a

super high yield in this way. The plant model of  a taller canopy can combine the

advantages of a higher biomass, higher HI, and higher resistance to lodging.

Raising the level of heterosis

According to our studies, heterosis level in rice has the following general trend:

indica/japonica > indica/javanica > japonica/javanica > indica/indica > japonica/

japonica. Indica/japonica hybrids possess a very large sink and rich source, the

yield potential of which is 30% higher than that of intervarietal indica hybrids

being used commercially (Figs. 4 to 6). Therefore, efforts have been focused on

using indica/japonica heterosis to develop super hybrid rice. However, many

problems exist in indica/japonica hybrids, especially their very low seed set, which

must be solved to practically use their heterosis (Table 2.). Making use of wide

Fig. 6. Hybrid vigour in panicle.

Fig. 5. Hybrid vigour in root.Fig. 4. Hybrid vigour in plant.
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compatibility (WC) genes and selecting intermediate-type lines instead of typical

indica or japonica lines as parents, several intersubspecific hybrid varieties with

stronger heterosis and normal seed set have been successfully developed.

By means of biotechnology

This is another important approach for developing super hybrid rice. So far, three

encouraging results have been obtained in this research area.

The use of  favorable genes from wild rice: Based on molecular analysis and field

experiments, two yield-enhancing QTLs from wild rice (Oryza rufipogon L.) were

identified. Each of  the QTLs contributed to a yield advantage of 18% over the high-

yielding check hybrid Weiyou 64 (one of the most elite hybrids). By means of

molecular marker-assisted backcrosses and field selection, an excellent R line (Q611)

carrying one of these QTLs was developed. Its hybrid, J23A/Q611, outyielded the

check hybrid by 35% in a replicated trial for the second cropping in 2001. Its

yield in farmers’ fields planted as the second cropping is around 10 t ha-1, about

2 t ha-1 higher than that of the CK.

Using genomic DNA from barnyard grass (Echinochloa crus-galli) to create a

new resource of rice: The total DNA of barnyard grass was introduced into a

restoring line (R207) by the spike-stalk injection method and variants occurred in

the D1. From these variants, new elite stable R lines containing some DNA fragments

of barnyard grass have been developed (Figs. 7 and 8). The most outstanding one

is RB207, and its agronomic characters such as number of spikelets per panicle

and grain weight are much better than those of the original R207. Particularly, its

hybrid, GD S/RB207, has a good plant type and very strong heterosis (Fig. 9). The

estimated yield was more than 15 t ha-1 in our experimental plot in 2002. Its yield

potential at different ecologic locations is now being evaluated. Preliminary results

indicated that this hybrid performed very well in higher elevation regions. At a

mountainous location (600m above sea level), its average yield was 13 t ha-1 in a

large scale (6.5ha) demonstration (Fig. 10).

Table 2. Yield potential of an indica/japonica hybrid

Combination

Chengte 232 ( japonica)

× 26 Zhaizao (indica)

Weiyou 35

(indica/indica)

Increase %

Plant
height (cm)

120

89

34.8

Actual yield
(kg/ha)

8250

8625

-4.3

Number of
spikelets/

panicle

269.4

102.6

162.8

Number of
spikelets/plant

1779.4

800.3

122.4

Seed setting
rate %

54.0

92.9

-41.9
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C4 genes from maize have been cloned and successfully transferred into rice

plant. Preliminary test showed that the photosynthetic efficiency of the leaves of

some rice plants containing C4 genes was 15-30% higher than that of the CK. By

using this transgenic plant as donor to introduce C4 genes into super hybrid rice is

underway. It is expected that the yield potential of C4 super hybrid rice can be

further increased by a big margin theoretically.

Based on the above progress, the Phase III super hybrid rice program is proposed,

in which the yield target is 13.5 t ha-1 and could be fulfilled by 2010 (Fig. 11).

Figs. 7 and 8. DNA fragments from B. grass.

Fig. 10. GDS/RB207 on a large scale demonstration.Fig. 9. Strong heterosis of  GDS/RB207.

Fig. 11. “Water-fall rice”.
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Prospects

The yield standard of Phase II super hybrid rice (12 t ha-1) had been achieved by

2004. These super hybrids were released in 2006. Large scale commercial

production showed the yield of  the second generation super hybrids was

10-10.5 t ha-1. Based on this achievement, a “planting three to produce four”

project is initiated, i.e. planting three ha of super hybrids to produce as much as

growing four ha of the existing varieties. It is planned that the planting area under

such super hybrids would be extended to 4 million ha in five years, in which an

equivalent of 5.3 million ha of existing rice varieties would be produced. Therefore,

implementation of this project is not only very important for food security but also

can save 1.3 million ha of land for other more profitable uses, thus to help farmers

alleviate poverty and become rich.

By reaching the target of Phase III super hybrid rice program, we can increase

a yield of 3 t ha-1, and will produce 30 million t of more rice yearly when it is

commercialized up to 10 million ha.

Conclusion

Chinese people can not only meet their food demand by themselves, but also help

other developing countries to solve their food shortage problems.
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We have produced a draft sequence of the rice genome for the most widely
cultivated subspecies in China, Oryza sativa L. ssp. indica, by whole-genome
shotgun sequencing. The genomewas 466megabases in size, with an estimated
46,022 to 55,615 genes. Functional coverage in the assembled sequences was
92.0%. About 42.2% of the genome was in exact 20-nucleotide oligomer
repeats, and most of the transposons were in the intergenic regions between
genes. Although 80.6% of predicted Arabidopsis thaliana genes had a homolog
in rice, only 49.4% of predicted rice genes had a homolog in A. thaliana. The
large proportion of rice genes with no recognizable homologs is due to a
gradient in the GC content of rice coding sequences.

Rice is the most important crop for human
consumption, providing staple food for more
than half the world’s population. The euchro-
matic portion of the rice genome is estimated
to be 430 Mb in size (1–3), which is the
smallest of the cereal crops. It is 3.7 times
larger than that of A. thaliana (4–6 ), and 6.7
times smaller than that of the human (7, 8).
The well-established protocols for high-effi-
ciency genetic transformation, widespread
availability of high-density genetic and phys-
ical maps (9, 10), and high degrees of synteny
among cereal genomes (11–15) combine to
make rice a unique organism for studying the
physiology, developmental biology, genetics,
and evolution of plants. The International
Rice Genome Sequencing Project (IRGSP)
(16 ) has already delivered a substantial
amount of sequence for the japonica (Nip-

ponbare) subspecies, in bacterial artificial
chromosome (BAC) and P1-derived artificial
chromosome (PAC)–sized contigs. Working
independently, Monsanto and Syngenta (17,
18) established proprietary working drafts for
japonica, in April 2000 and February 2001,
respectively. The Monsanto sequence has been
used to assist in the efforts of the IRGSP.

We are releasing a draft genome sequence
for rice from 93-11 (19), which is a cultivar
of Oryza sativa L. ssp. indica, the major rice
subspecies grown in China and many other
Asia-Pacific regions. It is the paternal cultivar
of a super-hybrid rice, Liang-You-Pei-Jiu
(LYP9), which has 20 to 30% more yield per
hectare than the other rice crops in cultivation
(20). The maternal cultivar of LYP9 is Pei-Ai
64s (PA64s), which has a major background
of indica and a minor background of japonica

and javanica, two other commonly cultivated
subspecies. We have also produced a low-
coverage draft sequence for PA64s. A prelim-
inary assembly and analysis on a subset of
this sequence was published in the Chinese
Science Bulletin (21). Our discussion will
focus largely on the genome landscape of
rice, how it differs from that of the other
sequenced plant, A. thaliana, and how both
plant genomes differ from that of the human.
We will show that rice genes exhibit a gra-
dient in GC content, codon usage, and amino
acid usage. This compositional gradient re-
flects a unique phenomenon in the evolution-
ary history of rice, and perhaps all monocot
plants, but not eudicot plants. As a result,
about one-half of the predicted rice genes
have no obvious homolog in A. thaliana,
whereas the other half is almost a replica of
the A. thaliana gene set.

The entire rice genome sequence can be
downloaded from our Web site at http://btn.
genomics.org.cn/rice. Following our an-
nouncement of the rice genome sequence at
the annual Plant, Animal and Microbe Ge-
nomes (PAG X) conference, in San Diego,
during the ensuing period from 14 January to
2 March 2002, this sequence was download-
ed 556 times, and the BLAST search facilities
were used 7008 times by 343 individuals.
This sequence has also been deposited at the
DNA Data Bank of Japan/European Molecu-
lar Biology Laboratory/GenBank under the
project accession number AAAA00000000.
The version described in this paper is
AAAA01000000.
Experimental design. The rice genome

project at the Beijing Genomics Institute has
been designed in two stages. This is a report
on stage I, the primary objective of which
was to generate a draft sequence of rice at
�4� coverage for 93-11. A similar amount
of data will eventually be generated for
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PA64s, but at present there is only enough
data to estimate polymorphism rates between
rice cultivars. The sequence reads were ac-
quired on high-throughput capillary ma-
chines (MegaBACE 1000, 10 to 11 runs per
machine per day). Concurrent with the data
acquisition, we developed a software pack-
age (22) to identify and mask repetitive
sequences and to correctly assemble these
sequence reads into contigs and scaffolds,
even though cereal genomes contain far
more repetitive sequence than many other
genomes (23, 24 ). We generated 87,842
expressed sequence tags (ESTs), against
our ultimate goal of 1,000,000 ESTs, to
provide confirmatory evidence for gene
identification, and for gene expression
analysis. Comparing the 93-11 contig as-
semblies with the public data, we generated
a set of polymorphic markers for genetic
analysis. In stage II of the project, our
objective will be to obtain a high-quality
sequence, fully integrated with the physi-
cal/genetic maps, and with complete gene
annotations.

We used a “whole-genome shotgun” ap-
proach, as successfully applied to Drosophila
melanogaster (25) and Homo sapiens (8).
Our data are complementary to those of the
IRGSP, which is sequencing Nipponbare, a
cultivar of the subspecies japonica, with a
“clone-by-clone” approach. If we assume a
euchromatic rice genome size of 430 Mb, and
a Phred Q20 (26, 27 ) read length of 500 base
pairs (bp), then 1� coverage would be equiv-
alent to 0.86 million sequence reads, or 1
million reads after the typical success rate of
80 to 85% is factored in. Shotgun libraries

were constructed with a variety of methods
for clone-insert preparation (28–30), to min-
imize the likelihood of systematic biases in
genome representation. A total of 55 plasmid
libraries were constructed for 93-11 and
PA64s, with a 2-kb nominal clone-insert size.
Overall, we prepared 2.75 million plasmid
DNA samples (31, 32). Sequencing was per-
formed on both ends of the inserts. By the 21
October 2001 freeze, there were 4.62 million
successful reads, indicating an 84% success
rate. The average Q20 read length was 546 bp.
Assembling the draft. Genomic studies

of grasses, especially the cereal crops, have
indicated that the intergenic regions between
genes are inhabited by clusters of nested ret-
rotransposons (23, 24, 33), which compose
almost half of the rice genome, and substan-
tially larger fractions of other crop plants like
Zea mays (maize) and Triticum aestivum
(wheat). Our sequence assembler software
was designed to handle highly repetitive ge-
nomes without having to first characterize the
repeats in any traditional biological sense.
The focus was on contiguity at the scaffold
level, instead of complete assembly across all
the repeats. However, error probabilities
would be computed for every base that was
successfully assembled.

A typical assembly, based on our soft-
ware RePS (Repeat-masked Phrap with
Scaffolding) (22), is shown in Fig. 1. We
began by computing the number of times
that any 20-bp sequence (20-nucleotide oli-
gomer, 20-mer) appeared in the data set.
Those 20-mers that appeared more often
than a fixed threshold were flagged as
mathematically defined repeats (MDRs).

RePS made no effort to identify biological-
ly defined repeats (BDRs), because if a
20-mer was repeated in the MDR sense, it
would complicate the sequence assembly,
regardless of its biological context (e.g.,
microsatellites, transposable elements,
multigene families, recently duplicated
chromosomal segments, or pseudogenes).
Instead, it masked the MDRs, so that they
were invisible to the sequence assembler
Phrap (34 ). This reduced the computational
load by many orders of magnitude, while
minimizing the likelihood of making a false
join. However, it also introduced another
class of gaps, repeat masked gaps (RMGs),
distinct from the Lander-Waterman gaps
(LWGs) that are usually encountered in
sequencing. In a RMG, the gap sequence is
actually in the data set, but it was not
usable because it was made invisible to
Phrap by the masking. In a LWG, the gap
sequence is missing, as a result of sampling
statistics (35). Some of the RMGs could be
closed with the clone-end pairing informa-
tion, assuming that both clone ends were
not fully masked. After repeat-gap closure,
and regardless of the nature of the remain-
ing gaps, RePS was used to analyze the
clone-end pairing information to construct
scaffolds—nonoverlapping contigs linked
together in the correct order and orienta-
tion. LWGs were usually small, easy to
close by polymerase chain reaction. Gaps
larger than a few kb were usually RMGs
due to the nested retrotransposons in the

Fig. 1. Typical RePS assembly, with 93-11 (indica) contigs aligned to finished BAC sequences from
GLA (indica) (GenBank accession numbers AL442007 and AL512542). Exact 20-mer repeats are
indicated by the blue histogram bars, with bar heights proportional to estimated copy number in
93-11 (indica). Three stages are shown: repeat-masked Phrap, repeat-gap closure, and scaffold
construction. First, we mask exact the 20-mer repeats and use Phrap to assemble the data on the
basis of the unique sequence. Second, we use the clone-end pairing information to close smaller
repeat masked gaps (RMGs) ignored by Phrap because of the masking. However, larger RMGs and
gaps due to sampling statistics, Lander-Waterman gaps (LWGs), cannot be so closed. Third, we use
the clone-end pairing information to construct scaffolds—sets of nonoverlapping contigs linked
together in the correct order and orientation. A LWG at 0.5 kb is scaffolded over. RMGs at 1.5 and
2.5 kb are closed, and another at 80 kb is scaffolded over. The RMG between 42 and 65 kb is too
large to scaffold across given a clone-insert size of 2 kb.

Table 1. Sequence assembly statistics for 93-11
(indica). The Q20 read lengths refer to the usable
part of the sequence with error probabilities less
than 10�2. Masking 20-mer repeats eliminated
42.2% of the sequence by length. Some reads
were partially masked, but 18.7% of reads were
fully masked. The N50 contig or scaffold sizes
define that size above which 50% of the assembly
was found. To estimate the assembled-equivalent
size of the unused reads, we divided total Q20
lengths by the 4.2� depth of reads in the assem-
bled contigs. This resulted in an assembled-equiv-
alent size of 104 Mb, of which 78 Mb was fully
masked reads. The total genome size was thus
estimated to be 466 Mb.

Basic shotgun data
Total genome size (Mb) 466
Number of reads 3,565,386
Q20 read lengths (bp) 546
Shotgun coverage 4.2

Exact 20-nt oligomer repeats
Length of fraction masked 42.2%
No. of fully masked reads 18.7%

Sequence assembly
Total contig size (Mb) 361
N50 contig size (kb) 6.69
Total scaffold size (Mb) 362
N50 scaffold size (kb) 11.76

Unassembled data
Fully masked reads (Mb) 78
All other reads (Mb) 26
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intergenic regions between genes. Whether
these gaps should be closed or not remains
to be resolved.

Shotgun data for 93-11 (Table 1) and
PA64s were assembled separately, to allow
for large differences in their genome se-
quences. In 93-11, there were 3.57 million
sequence reads after removal of the ones
containing mitochondrial, chloroplastic, and
bacterial sequence. Our RePS assembly
yielded 127,550 contigs with an N50 size
(i.e., the size above which 50% of the total
assembly is found) of 6.69 kb. The total
contig length was 361 Mb. These contigs
were linked into 103,044 scaffolds with an
N50 size of 11.76 kb, or a 1.8-fold increase
over the initial contigs. The total scaffold
length was 362 Mb. In contrast, for the PA64s
data set, we had only 1.05 million sequence
reads. With such low coverage, the N50 con-
tig and scaffold sizes were much smaller, at
1.88 and 1.97 kb, respectively. These statis-
tics differ slightly from those reported in the
Chinese Science Bulletin (21), because of
improvements in the RePS software. Remain-
ing gaps between scaffolds are probably larg-
er than the clone-insert size of 2 kb; other-
wise, we would have been able to bridge
them. We cannot provide a gap size distribu-
tion, but in the rice BACs that have been
sequenced, repeat cluster sizes up to 25 kb
have been observed.

The total contig and scaffold lengths fall
far short of the previously estimated euchro-
matic genome size of 430 Mb. Where is the
missing DNA? In the initial phase of the
RePS assembly, 42.2% of the sequence was
identified as a MDR and masked. A total of
18.7% of all the reads were fully masked and
not immediately usable. Even though some
were later incorporated into the assembly,
with the clone-end pairing information, a
large number of fully masked reads, and
some partially masked reads, remained un-
used. To estimate the effective-assembled
size of the unused reads, we defined an em-
pirical coverage based on the depth of reads
in the assembled contigs, 4.2�. The effec-
tive-assembled size for the unused fully
masked and partially masked reads was thus
estimated as 78 and 26 Mb, respectively,
resulting in a total genome size of 466 Mb.
That this is larger than the previous estimates
is reasonable, given that whole-genome shot-
gun data inevitably contain some amount of
heterochromatin DNA.
Quality assessments. We assumed that

any large cluster of MDRs was an intergenic
region and that we could safely avoid having
to assemble across such a region. If so, then
most of the “functional sequence” that en-
codes genes, and their immediate regulatory
elements, should lie in our 361 Mb of assem-
bled contigs. To confirm that this was indeed
the case, we gathered all the publicly avail-

able sequence-tagged sites (STSs) and full-
length cDNA sequences, as well as our own
ESTs, and searched for them in our assem-
bled contigs, using BLAST (36 ). Fortunately,
a dense physical map of STS markers had
already been established (37 ) for japonica. A
total of 2845 markers were analyzed, and on
the basis of sequence identity, 91.5% of their
total length could be found in our contigs.
Similarly, 24,776 UniGene clusters were as-
sembled from 87,842 ESTs for 93-11, and
93.8% of their total length could be found in
our contigs. Finally, 907 nonredundant
cDNA sequences were extracted from Gen-
Bank release 125 (15 August 2001), and
90.8% of their total length could be found in
our contigs. Averaged across these three data
sets, the functional coverage was 92.0%.

The quality metrics that matter for gene
identification are (i) contiguity on the length
scale of a gene, (ii) single-base error proba-
bility, and (iii) contig assembly accuracy on
the length scale of a gene. As will be detailed
in a later section, the mean gene size for rice
is about 4.5 kb. Considering that our N50
scaffold size is only 11.76 kb, larger scaffolds
would reduce the number of genes that are
split across scaffolds, and this is a key objec-
tive in stage II of the project. The number
most often cited is the single-base error prob-
ability, which the International Human Ge-
nome Sequencing Consortium (7 ) deter-
mined should be 10�4 or better, based on a
human polymorphisms rate of 10�3. Actual-
ly, as is detailed in a later section, rice poly-
morphism rates are closer to 10�2, so an error
rate of 10�4 is better than needed. On the
basis of Phrap estimates (26, 27, 34 ), 94.2,
90.8, and 83.5% of the 93-11 sequence had an
error rate of better than 10�2, 10�3, and
10�4, respectively. However, most of the
problematic bases were at the ends of the
contigs. When we restricted this calculation
to contigs greater than 3 kb and ignored bases
within 500 bp of the ends, 97.3, 96.1, and
92.5% of the 93-11 sequence had an error rate
of better than 10�2, 10�3, and 10�4, respec-
tively. It is important to bear these error rates
in mind when comparing two sequences to
estimate polymorphism rates.

Assembly accuracy is an often overlooked
but nevertheless important quality metric.
When the sequence reads are joined together
in the wrong order or orientation, some of the
exons will be arranged in the wrong order or
orientation. This will confuse any gene-anno-
tation program. For example, a 2-kb segment
that is flanked by a pair of inverted repeats
might be assembled in the wrong orientation.
Comparison of independently assembled
BACs would not necessarily detect the mis-
take, because the problem is due to sequence
content, not data quality, and the same mis-
take could be made in both BACs. Compar-
ison with existing physical or genetic maps

validate assembly accuracy on the Mb length
scale, but that is much larger than the size of
most genes. Clone-end pairing information
does validate a contig assembly on the kb
length scale of the genes. However, when the
clone ends are also used to assemble the
sequence, they do not qualify as an indepen-
dent confirmation. To address this problem,
we aligned cDNA sequences (i.e., experi-
mentally derived transcripts) with the ge-
nome sequence.

We removed obvious redundancies by
eliminating any cDNA that was more than
90% contained inside another. Transposon
sequences identified by RepeatMasker (38),
generally in the 3�-untranslated region, were
trimmed off to minimize the number of am-
biguous hits. Alignments were allowed to
span multiple contigs. Within any one contig,
a putative misassembly was flagged whenev-
er an exon was missing from the middle of
the chain, in the wrong order, or in the wrong
orientation. Missing splice sites resulting
from minor sequencing errors, and partial
alignments resulting from missing sequences
at the end of a contig, were not counted. All
putative misassemblies were validated by vi-
sual inspection, to ensure that no better align-
ments could be found. If in the end, the best
alignment remained problematic, we con-
cluded that there must have been a misassem-
bly. One might think that lower quality
cDNA sequences would contribute to the
problematic alignments, and that this proce-
dure would only set an upper bound on the
number of misassemblies. However, we
doubt that this is a serious problem. Substi-
tutional errors might be common in cDNA
sequences, but they would not trigger our
detection algorithm. Only exon-sized rear-
rangements, especially those that change the
order and orientation, would do so, but such
rearrangements are rare in cDNA sequences.

We benchmarked our misassembly detec-
tion procedure on two of the most recently
completed model organism genomes: A.
thaliana, which is of finished quality (4 ), and
Drosophila melanogaster, from the Celera
13� whole-genome-shotgun sequence (25).
For A. thaliana, we detected problems in
0.2% of 4804 genes, and for D. melano-
gaster, we detected problems in 1.1% of 1889
genes. For 93-11 contigs, we detected prob-
lems in 1.1% of 907 genes, which was com-
parable to the D. melanogaster data.
Compositional gradients. The rice ge-

nome has compositional properties that dif-
ferentiate it from the other sequenced plant
genome, A. thaliana, and introduce unique
difficulties for genome analysis. Here, we
show data on exon, intron, and gene sequenc-
es derived from alignment of cDNAs with
genomic sequence. Indeed, for Figs. 3
through 7, all of the gene models were de-
rived from cDNA alignments, not gene-pre-
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diction programs. GenBank release 125 (15
August 2001) was used for the A. thaliana
figures, and for the rice cDNAs. The rice
genome sequence was our 93-11 assembly.
The human cDNA sequence was downloaded
on 2 March 2001 from NCBI-RefSeq ftp://
ncbi.nlm.nih.gov/refseq/H_sapiens and the
human genome sequence was downloaded on
27 February 2001 from ftp://ncbi.nlm.nih.
gov/genomes/H_sapiens, immediately after
the initial annotation papers.

Genomic, exon, and intron GC contents.
The average genomic GC content for pro-
karyotes and eukaryotes varies widely. It
ranges from less than 22% in the human
malaria parasite, Plasmodium falciparum, to
more than 68% in the large amplicon of
Halobactrium sp. NRC1 (39). Local hetero-
geneity in GC content can be enormous,
ranging from 26 to 65% in the human ge-
nome alone. In contrast, AG content (purine)
is homogeneous (40–43), fluctuating by just a
few percent about a mean of 50%. Composi-
tional heterogeneity has been debated for
more than 30 years (44–47 ). Discussions
have focused on the characterization of the
human genome as a mosaic of GC-rich and
AT-rich “isochores,” which are observed in
warm-blooded vertebrates, but not in cold-

blooded vertebrates. More recently, an ele-
vated GC content in the Gramineae (grass)
genomes was reported, extending perhaps to
all monocot genomes, but not to eudicot ge-
nomes (48). It is not known whether or how
this phenomenon is related to isochores.

Major differences between sequence con-
tent in A. thaliana, rice, and human are ob-
servable even at the simplest level, from dis-
tributions of genomic GC content. Tradition-
ally, GC content was computed on a large
window size, typically in the 100s of kilo-
bases, to mimic the original Cs2SO4 density
gradient experiments (49, 50). We have
found that smaller windows are more infor-
mative, because when these windows are
larger than a typical gene size, they obscure
differences between intergenic DNA and
genes. We used a 500-bp window size, to
obtain a smaller size than that of most plant
genes (Fig. 2). As previously reported (51),
the A. thaliana distribution displayed a
“shoulder” on the AT-rich side, which could
be attributed to the sizable fraction of the
genome that was in intergenic DNA. The
primary peak at 0.382 was nearly identical to
the 0.388 GC content of the average A. thali-
ana gene. In contrast, no shoulder was ob-
served in rice. However, a “tail” was apparent

on the GC-rich side. The human distribution
also displayed no shoulder, but a minor tail
might have been present. To analyze these
features, we plotted GC content distributions
for exons and introns (Fig. 3). Rice exons
exhibited a GC-rich tail, but rice introns did
not, indicating that the GC-rich tail in the rice
genomic distribution was primarily due to the
exons.

Variation in GC content within genes. The
key question is whether the increase in exon
GC content was due to many genes with a
few GC-rich exons or to a subset of GC-rich
genes. Equivalently, was most of the varia-
tion in exon GC content within genes or
between genes? After the GC contents of
individual exons and introns were plotted as a
function of genomic length (i.e., the sum of
exon and intron lengths), it was apparent that
most of the variation was within genes (Fig.
4). Contrary to the expectation that, in the
human genome, large genes are on average
more AT-rich than small genes, we found that
at least one exon of exceptionally high GC
content could be found in almost every rice
gene, including the largest ones. Moreover,
when the GC content of the protein-coding
regions was plotted as a function of position
along the direction of transcription, starting

Fig. 2. Distributions for genomic GC content in
A. thaliana, O. sativa, and H. sapiens, computed
over a bin size of 500 bp. Note that for bins/
10 � 100, the number of bins with that GC
content is 1000.

Fig. 3. GC content distribution for exons and introns in A. thaliana, O. sativa, and H. sapiens. All
exon and intron sequences were derived from cDNA-to-genomic alignments. Mean GC content is

computed on a length-weighted basis as�GC� � �
i

L i �GCi/�
i

L i , where GCi and L i are theGC content

and length for the ith segment (exon or intron).
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from the 5� end, we observed a negative
gradient in the GC content of rice genes (Fig.
5). Typically, the 5� end was up to 25% richer
in GC content than the 3� end. These gradi-
ents would extend to about 1 kb from the 5�
end, before finally petering out. The magni-
tudes of these gradients varied. A few genes
had zero gradients, but almost no genes had
positive gradients. In contrast, for A. thali-
ana, no comparable gradients were observed.
Examining hundreds of best available ho-
mologs (i.e., possible orthologs), we found
that the GC content of rice genes was equal to
or exceeded that of their A. thaliana counter-
parts, at all positions along the coding region.

A more detailed analysis of this composi-
tional gradient will be presented elsewhere
(52). The important point is that, not only is
there a gradient in GC content, but there are
also gradients in the patterns of codon and
amino acid usage. The former is a novel
challenge for the ab initio gene-prediction
programs that rely on codon-usage statistics,
and the latter makes it more difficult to do

protein homology searches across the mono-
cot-eudicot divide.
Genic and intergenic DNA. We exam-

ined exon and intron distributions for every
plant, vertebrate, and invertebrate organism
with more than a hundred or so genes in
GenBank, either by cDNA alignments or by
parsing annotations. Numerical summaries
(Web Supplement 1) are available on Science
Online at www.sciencemag.org/cgi/content/
full/296/5565/79/DC1. Exon sizes are nar-
rowly constrained, but intron sizes can be
highly variable within and between organ-
isms. Intron-size distributions tend to be bi-
modal, weakly (most organisms) or strongly
(human). There is always a sharp “spike” at
some organism-specific minimum size,
which is about 90 bp for plants and verte-
brates (Fig. 6). There is also a broad “hump”
due to the larger introns. The magnitude of
this hump is highly variable between organ-
isms and can be difficult to ascertain precise-
ly, because of the systematic biases against
the complete sequencing of large genes.

Although the existence of this acquisition
bias is known, the magnitude of its effect on our
perception of intron and gene sizes is not well
appreciated. For example, in the initial annota-
tion of the human genome, the reported mean
gene size of 27 kb turned out to be an under-
estimate by a factor of 3 (53). To correct for this
bias, one need only realize that the bias against
complete sequencing of large genes is equiva-

lent to the bias against production of large
genomic contigs. Thus, the correction can be
made by restricting the computation of the
mean gene size to cDNA alignments in contigs
above a minimum size, and extrapolating to the
limit of infinite contigs. For the human genome,
the extrapolated mean gene size was 72 kb. In
A. thaliana, there was no appreciable bias, be-
cause most of the contigs were already much
larger than the genes, which had a mean size of
2.4 kb. This was larger than the published gene
size of 2.0 kb, but only because we included
UTRs, whereas the published numbers did not.
In rice, there was a small acquisition bias, given
the draft nature of our sequence. Nevertheless,
the extrapolated mean gene size was only 4.5
kb, much smaller than in the human, consistent
with the relatively small hump in the rice in-
tron-size distribution.

A preliminary gene count can be estimat-
ed from the mean gene size, for comparison
against the number of genes identified by the
gene-prediction programs. Our estimated 4.5-
kb mean gene size for rice is similar to the
maximal gene density of one per 4 to 5 kb,
based on analyses of syntenic loci across
many plant species (54 ). Assuming that the
rice intergenic fraction is equal to the 42.2%
of the sequence that was in MDRs, and taking
466 Mb as the genome size, the estimated
number of rice genes is 59,855. One could
also include CpG islands in the gene count,
although not every CpG island is associated
with a gene, so that this number can at best be
considered an upper bound (55). Including
both assembled contigs and unused reads,
138,485 CpG islands were identified by the
standard algorithm (56 ). Either way, rice al-
most certainly has more genes than A. thali-
ana (4 ), which has only 25,498. It might even
have more genes than the human (7, 8),
which has 30,000 to 40,000, although the
actual gene count remains controversial. The
idea that plants might have more genes than
humans is not new, as it was predicted before
our analysis (57, 58).

Where did the transposons end up? The
significance of these size distributions is that
a prominent “hump” in the intron-size distri-
bution, as observed for the human, is evi-
dence of extensive transposon activity in the
evolution of intron size. RepeatMasker (38)
identified at least one transposon, and often
many more than one, in almost every human
intron larger than 1 kb. It rarely found a
transposon in smaller introns less than 1 kb,
not only in the human, but in every organism
analyzed. The negative result might have
been due to the incomplete status of the
transposon database on which RepeatMasker
relies. To support this claim, we introduce an
argument that does not rely on knowledge of
the sequences of all the extant transposons.

The main assumption was that any trans-
poson should have inserted into the genome

Fig. 4. GC content for individual exons as a
function of their gene size, in A. thaliana, O.
sativa, and H. sapiens. All exon and intron se-
quences were derived from cDNA-to-genomic
alignments. Each data point is a single exon.
Exons for the same gene are plotted at the
same abscissa and connected by a vertical line.
The genes are sorted by size, where gene size is
defined as the sum of exon and intron lengths.
To make the figure legible, we use constant
spacing between genes, thus resulting in non-
uniform abscissa labels. We show only the 41
largest genes for which the entire cDNA could
be aligned to genomic sequence. Given the
draft nature of the rice genome, some of the
largest rice genes had to be omitted.

Fig. 5. GC content for homologous genes in A.
thaliana and O. sativa as a function of gene
position from the 5� to 3� end, computed on a
sliding 129-bp window (equal to the median
exon size in rice). Only the coding region is
shown. GenBank locus identifiers are specified
in the legend. The smaller gene is “potassium
channel beta subunit,” and the larger gene is
“phytochrome B.”
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many times before becoming inactive. De-
spite subsequent degradation of these trans-
poson sequences, portions should remain in
many different places throughout the ge-
nome. RePS computed the copy number for
every 20-mer sequence in the genome, indi-
cating how many times each occurred in the
genome. We could therefore determine the
copy number required to account for all of a
particular sequence data set. These data sets
would include all exons, introns, and known

transposons (Fig. 7). For the exons and in-
trons, we used cDNA-to-genomic align-
ments. For transposons, we used RepBase 6.6
(59), a database of consensus sequences for
every known family or subfamily of trans-
posons. In plants, exons and introns were
fully accounted for by 20-mers with copy
numbers of less than 10. Transposons re-
quired much higher copy numbers of 10 to
102 in A. thaliana and 102 to 103 in rice. One
could legitimately ask if the absence of large

MDR clusters in our rice assemblies was a
confounding factor in the intron analysis. We
therefore performed an analysis on introns
from finished BAC sequences and found no
detectable differences. Strikingly, in the hu-
man, extremely large copy numbers of 104 to
105 were required to fully account for the
introns, as was observed with the trans-
posons. Human exons, however, were found
at the same low copy numbers as in plants.

The copy number analysis shows that few
plant transposons are in the introns, and by
definition, plant transposons must be located in
the intergenic regions between genes. Con-
versely, analyses of gene size show that most
human transposons are in the introns (53). We
believe that this dichotomy in where the trans-
posons ended up reflects a fundamental differ-
ence in plant and vertebrate genomes. The di-
chotomy is not due to any lack of transposons in
plants, because plant genomes contain many
transposons. At least 24.9% of the rice genome
was identifiably of transposon origins, based on
a weighted average of assembled contigs and
unused reads, but the correct percentage is like-
ly to be much higher, because the transposon
databases on which RepeatMasker relied were
incomplete. A. thaliana, being a more compact
genome, had a reported transposon fraction of
10%, although we suspect that this too is an
underestimate.
Repetitive sequences. We deal with

three classes of repeats: simple repeats [e.g.,
(CAG)n], complex repeats (i.e., transposable
elements or TEs), and mathematically de-
fined repeats (MDRs). Here, we focus on the
first two classes, which we called biological-
ly defined repeats (BDRs). As with intron
and gene sizes, acquisition biases must be
factored in, so that we do not introduce ad-
ditional discrepancies among the published
studies. For example, a survey of 73,000
sequence-tagged connectors, totaling 48 Mb
of sequence from japonica (60), found that
63% of identified TEs were retrotransposons
(e.g., copia and gypsy). However, a survey of
910 kb of rice genomic sequence (61) found
that 18.6% of identified TEs were retrotrans-
posons. Most of the remainder were MITEs,

Fig. 6. Exon- and intron-size distributions for A. thaliana, O. sativa, and H. sapiens, with color
indicating averaged GC content for exons or introns at that size range. All exon and intron
sequences were derived from cDNA-to-genomic alignments.

Table 2. Simple repeats. Shown are tandem repeats with periods 1 to 4 (mono-,
di-, tri-, and tetranucleotide) and the totality of repeats with all periods. The
index n is the number of periodic units. For example, AGTTAGTT is a tetranucle-

otide of n � 2. We compute mean GC contents of the observed repeats in each
category. Repeat content is then given as a percentage by length, normalized
with respect to the data set (assembled contigs, fully masked reads, or cDNAs).

93-11 assembled contigs 93-11 fully masked reads Full-length cDNAs

n � 6–11 n � 11 n � 6–11 n � 11 n � 6�11 n � 11

% GC
% of
data set

% GC
% of
data set

% GC
% of
data set

% GC
% of
data set

% GC
% of
data set

% GC
% of
data set

Mononucleotides 7.63 1.7847 27.65 0.0680 20.34 0.6953 21.02 0.0154 24.08 0.6303 1.31 0.7125
Dinucleotides 35.77 0.0904 13.08 0.0847 41.86 0.0553 4.38 0.0294 46.85 0.0573 31.11 0.0394
Trinucleotides 71.79 0.0454 10.08 0.0106 67.20 0.0098 20.81 0.0012 83.05 0.1335 66.67 0.0043
Tetranucleotides 28.77 0.0072 24.90 0.0032 37.35 0.0020 31.90 0.0010 50.00 0.0018 0.00 0.0000
All periods 1.9277 0.1665 0.7624 0.0469 0.8229 0.7561
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or miniature inverted-repeat TEs, which ac-
counted for 71.6% of identified TEs. Similar-
ly large discrepancies were encountered in
analyses of microsatellite distributions using
mixed data from BAC ends, ESTs, and fin-
ished BAC/PACs (62).

For the 93-11 sequence, it is particularly
important that we analyze those sequence
reads that were not assembled into contigs.
Tables 2 and 3 thus summarize repeat con-
tents in the two largest components: 361 Mb
of assembled contigs and 78 Mb of unused
fully masked reads. Weighted averages for
the entire rice genome were also computed.
For comparison, we show repeat content in
907 nonredundant full-length cDNAs from
GenBank release 125 (15 August 2001). Ab-
solute numbers are not listed because, with so
much of the genome in unassembled reads,
and with so many of the transposons nested
inside some other transposon, accurate counts
were not feasible. Results are listed as a
fraction of total sequence length.

Simple sequence repeats (SSRs). SSRs are
particularly useful for developing genetic
markers. They are believed to vary through
DNA replication slippage (63–65), and are
related to genetic instability (66 ). In Table 2,
we describe SSR content for two sectors, n �
6 to 11 units and n � 11 units, to emphasize
that the number of SSRs dropped substantial-
ly after 11 units. The SSR content for 93-11
was 1.7% of the genome, lower than in the
human, where it was 3% (7 ). The over-
whelming majority of rice SSRs were mono-
nucleotides, primarily (A)n or (T)n, and with
n � 6 to 11. In contrast, for the human, the
greatest contributions came from dinucleoti-
des. Notably, trinucleotides with n � 6 to 11
were a barometer of gene content. The basic
effect was captured by the ratio of trinucle-

otide to dinucleotide content, which was
2.33, 0.50, and 0.18 in cDNAs, assembled
contigs, and fully masked reads, respectively.
As required for a barometer, these numbers
are well correlated with presumed gene con-
tent. In addition, the GC content of these
trinucleotides was high, consistent with the
high GC content of many rice exons.

Complex sequence repeats (TEs). Trans-
posons identified by RepeatMasker (38) were
assigned into three classes. Class I repeats are
retrotransposons, primarily Ty1/Copia-like
and Ty3/Gypsy-like. Class II repeats are DNA
transposons, including Ac/Ds, En/Spm, Mar-
iner-like, and Mutator elements. Class III
repeats are a previously unknown type of
short DNA transposons called MITEs (67,
68). The two common examples are Stow-
away and Tourist. Recently, an active family
of tourist-like MITEs was identified in maize
(69). Programs like RepeatMasker identify
sequences that share at least 50% identity
with a known TE. Because TEs are under no
selective constraints after they insert in a
genome, they tend to diverge from their an-
cestral sequence, and become unrecognizable
over a time scale of a hundred million years
(70). Identifiable repeat content is thus a
function of TE age and completeness of the
TE databases. The numbers listed in Table 3
must therefore be considered underestimates.

Fully masked reads were composed of
59% identifiable TEs. Assembled contigs
were only 16%. Of these TEs, the amount in
class I and class III repeats was 97 and 1%,
respectively, for fully masked reads, but 42
and 40% for assembled contigs. This ex-
tremely biased distribution is notable, be-
cause class I repeats reportedly inhabit the
intergenic regions (23, 24 ), and class III re-
peats are found near, although not necessarily

in, the genes (71). Thus, we had 92.0% func-
tional coverage despite having only 361 Mb
in assembled contigs, in a genome of total
size 466 Mb. The reason class I repeats failed
to assemble is apparent when one examines
their mean size. Class III repeats were usually
smaller than 671 bp, but class I repeats were
as large as 7 kb. Our ability to close repeat-
masked-gaps, or RMGs, was limited by the
clone-insert sizes. For this assembly, the
clone-insert sizes were only 2 kb, although
we plan to use larger sizes for the next stage
of the rice genome project.

Finally, the TEs in rice cDNAs constitut-
ed only 1% of the sequence, which is much
lower than the 4% that was reported for
human genes (72). Gene-associated TEs, in
human and other vertebrates, have been pro-
posed to play crucial roles in creating new
genes (73) and in changing the regulatory
circuitry to promote evolution in the host
genome (74 ).
Rice gene annotations. Gradients in GC

content and codon usage for rice genes create
special problems in the gene-annotation pro-
cess (52). Because rice genes have different
compositional properties at their 5� and 3�
ends, it is difficult to train a program to
perform well under all circumstances. Some
ab initio gene-prediction programs can use
different codon-usage statistics for different
genes, on the basis of regional GC content,
but none use different codon-usage statistics
at different positions along the same gene.
Unless the gradient is explicitly modeled, or
perhaps, codon-usage statistics are aban-
doned altogether, performance will be subject
to the vagaries of the training process. With
this in mind, we set out to survey all of the
programs trained for rice: FGeneSH (75),
GeneMark (76 ), GenScan (77 ), GlimmerM

Table 3. Complex repeats. Transposons identified by RepeatMasker are
assigned to three classes. Each class has a number of families (e.g.,
tourist-like MITEs), and each family has a number of different sub-
families. The number of subfamilies is listed, as well as their

total and mean size. Repeat content for each family is given as a
percentage by length, normalized with respect to the data set (assembled
contigs, fully masked reads, or cDNAs) or with respect to all identified
transposons.

Number
Total
(bp)

Mean
(bp)

93-11 assembled contigs 93-11 fully masked reads Full-length cDNAs

% of
data set

% of
repeats

% of
data set

% of
repeats

% of
data set

% of
repeats

Class I LINEs 5 18,997 3,799 1.1905 7.43 0.1318 0.22 0.0257 2.51
SINEs 7 1,254 179 0.0888 0.55 0.0047 0.01 0.0268 2.61
gypsy-like 19 105,614 5,559 3.7285 23.28 41.6894 70.35 0.1238 12.07
copia-like 5 35,151 7,030 1.7175 10.72 15.8506 26.75 0.0869 8.47
Subtotal 6.7254 41.99 57.6766 97.33 0.2631 25.65

Class II Ac/Ds TEs 3 1,567 522 0.1099 0.69 0.0145 0.02 0.0000 0.00
En/Spm TEs 3 5,558 1,853 0.2590 1.62 0.2770 0.47 0.0000 0.00
MULEs 22 25,800 1,173 2.4500 15.30 0.6378 1.08 0.1807 17.62
Subtotal 2.8190 17.60 0.9293 1.57 0.1807 17.62

Class III Stowaway-like 70 16,112 230 2.2370 13.97 0.1247 0.21 0.1910 18.62
tourist-like 77 19,933 259 3.7405 23.35 0.3228 0.54 0.3451 33.65
Unknown MITEs 2 1,341 671 0.4950 3.09 0.2080 0.35 0.0458 4.46
Subtotal 6.4725 40.41 0.6556 1.11 0.5818 56.73

Grand Total 213 231,327 1,086 16.0169 100.00 59.2615 100.00 1.0255 100.00
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(78), and RiceHMM (79). Strictly speaking,
GenScan was trained for maize, another
monocot with GC content gradients.

Assessment of gene-prediction programs.
All the gene-prediction programs were pre-
trained by the authors and tested against our
cDNA-to-genomic alignments. These com-
parisons may favor the program that was
trained on the largest and most recent data
set, but that information was not available to
us. Performance was measured at the base
pair and the exon levels, and then plotted as a
function of position from 5� to 3� end (Fig. 8).
Sensitivity is the probability that the actual
coding region is correctly predicted (1 minus
false-negative rate). Specificity is the proba-
bility that the predicted coding region corre-
sponds to the actual coding region (1 minus
false-positive rate). Some programs, includ-
ing GenScan, had sensitivities that were ex-

tremely dependent on position, although this
was not the case when we applied these
performance metrics to human genes. This
suggests that the compositional gradients
were indeed a source of error. That GenScan
would be affected is significant because, in
the most recent comparative analysis of hu-
man genes (80), two of the most successful
programs were FGeneS (a variant of
FGeneSH) and GenScan. For rice, however,
FGeneSH is the most successful program. It
is not obvious why, although the documenta-
tion states that FGeneSH places more weight
on signal terms (e.g., splice sites, start and
stop codons) than on content terms (i.e.,
codon usage).

Submitting our 93-11 assembly to the
FGeneSH Web site returned 75,659 predic-
tions. However, only 53,398 were complete,
in the sense that initial and terminal exons
were both present; 7489 had only an initial
exon, 11,367 had only a terminal exon, and
3405 had neither. When we include predic-
tions without both an initial and terminal
exon as only half a gene, we obtain an upper
bound of 64,529 genes. Without correcting
for sensitivity or specificity, the estimated
gene count is 53,398 to 64,529. This is sim-
ilar to the 59,855 genes that we predicted
from considerations of gene size and repeat
content. How good are these predictions? We
have reservations about the absolute value of
the performance metrics, because FGeneSH
was probably trained on a gene set with
considerable overlap to our reference
cDNAs. These metrics may not tell us how

well FGeneSH performs for rice genes with
substantially different compositional proper-
ties. However, their relative values should be
interpretable. Namely, base-level specificities
were better than base-level sensitivities, indi-
cating that false-negatives are more likely to
be a problem than false-positives. The pro-
gram is more likely to miss an exon fragment
than to label something part of an exon by
mistake. Sensitivities and specificities were
much worse at the exon level, implying that
that the exon-intron boundaries are not pre-
cisely defined, even when the presence of a
gene is correctly detected.

Two pieces of evidence qualify our level
of confidence in the gene predictions. First, if
the sensitivity is really as good as suggested,
then we ought to be able to find most of the
ESTs in the predicted gene set. We thus
performed a comparison against the 24,776
UniGene clusters assembled from our 87,842
ESTs. The result was that only 77.3% of
these clusters could be found in the FGeneSH
predictions. Second, the mean size of the
predicted coding regions in rice was only 328
residues, or 73.5% of the predicted coding
regions in A. thaliana, which averaged 446
residues. This was the case even though we
restricted the mean to complete genes with
initial and terminal exons. Although it is
possible that rice genes are intrinsically
smaller than A. thaliana genes, we believe
that this discrepancy reflects a deeper prob-
lem that is related to the compositional gra-
dients, as will be explained below.

Functional classification of rice genes.

Fig. 7. Cumulative copy numbers for exons,
introns, and known transposons in A. thaliana,
O. sativa, and H. sapiens. We determined the
copy number of 20-mers in each genome, and
then mapped these 20-mers back to exons,
introns, and known transposons for each ge-
nome. All exon and intron sequences were de-
rived from cDNA-to-genomic alignments. The
analyzed transposons were the consensus se-
quences for the known families or subfamilies
of transposons. We show here the fraction of
each data set that is in 20-mers up to the
indicated copy numbers.

Fig. 8. Performance metrics for ab initio gene-prediction programs, as a function of gene position
from 5� to 3� end, when compared against cDNA-to-genomic alignments at the same loci.
Sensitivity is the probability that the coding region is correctly predicted (1 minus false-negative
rate). Specificity is the probability that the predicted coding region is real (1 minus false-positive
rate). At the exon level, both splice sites must be correctly predicted for an exon to be counted as
correct.
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Although 25,426 genes have been identified
in A. thaliana, fewer than 10% have been
documented experimentally (81). Conse-
quently, functional classification of plant
genes must rely heavily on homology,
coupled with a few nonhomology-based
methods, such as phylogenetic profiling, cor-
related gene expression, and conserved gene
orders. Only 27.3 and 36.3% of A. thaliana
genes have been classified by InterPro (82)
and Gene Ontology Consortium (83), respec-
tively. To establish functional classifications
for rice genes, we performed protein-to-pro-
tein sequence comparisons against A. thali-
ana annotations, and adopted classifications
from the best match to A. thaliana. We con-
sidered only those 53,398 predictions from
FGeneSH with initial and terminal exons.
When multiple hits were found, we selected
the one with the longest extent of homology.

We required that at least 25% of the protein
length be matched. This is a low-threshold
setting, but as we will explain below, it was
necessary. In total, 15.9 and 20.4% of rice
gene predictions were classified by InterPro
and Gene Ontology Consortium, respective-
ly. As a percentage of classified genes, the
predicted gene sets for rice and A. thaliana
are similarly distributed among different
functional categories (Fig. 9). We depict
Gene Ontology Consortium because more
genes were classified. Tables of predicted
rice genes and their functional classifications
(Web supplement 2), as well as InterPro fig-
ures (Web supplement 3), are available on
Science Online at www.sciencemag.org/cgi/
content/full/296/5565/79/DC1.

We advise extreme caution in interpreting
minor differences in functional classification
between the predicted gene sets for rice and

A. thaliana. With such a large fraction of the
genes unclassified, intrinsic uncertainties in
any classification scheme are amplified into
artifactual differences. For example, the larg-
est difference for InterPro was in signal trans-
duction genes, but no notable difference was
observed for Gene Ontology Consortium.
Furthermore, focusing on small differences
that had a high likelihood of being artifactual
would distract from the major difference be-
tween rice and A. thaliana, which as we will
show next, lies almost entirely in those genes
with no functional classification.
A. thaliana comparisons. In general,

there are two ways to compare gene sets:
through colinearity and homology. Colinear-
ity of plant genomes has been studied exten-
sively (84, 85). For analyses done within a
plant family, high degrees of colinearity have
been consistently observed. Across the
monocot-eudicot divide, with rice and A.
thaliana as representative species, observed
degrees of colinearity have been considerably
lower (86–89). For example, an analysis of a
340-kb segment on rice chromosome 2 iden-
tified 56 putative genes (88). Homologs for
22 (39%) of them were identified in A. thali-
ana, but were distributed among 5 chromo-
somal segments, with several small-scale in-
versions. Another study of 126 rice BACs,
totaling 20 Mb of sequence and with 3011
putative genes, identified homologs in A.
thaliana for 1747 (58%) of these genes (89).
Typically, each 150-kb BAC mapped to three
or more chromosomes. Notwithstanding the
absence of colinearity, the finding that only
half of the rice genes had a homolog in A.
thaliana was unexpected. Although these
analyses were based on predicted genes,
which have not yet been confirmed, we do
not believe that this was why so few rice
genes had a homolog in A. thaliana, because
a similar analysis was done with 27,294
unique ESTs from Z. mays (maize), and only
62% of the open reading frames had a ho-
molog in A. thaliana (90).

We focus exclusively on homology,
rather than orthology, because extensive
gene duplications in A. thaliana (4, 91) and
rice make strict one-to-one pairing rela-
tions, the classic definition for orthology
(92), difficult to determine. A mere 35% of A.
thaliana genes are unique and 37.4% belong
to gene families with more than five mem-
bers. Segmental duplications larger than 100
kb in size constitute 58% of the genome, and
17% of the genes are arranged in tandem
arrays. In comparisons of rice with A. thali-
ana, and vice versa, we sought to compute
the degree of homology in each direction, and
the extent to which gene duplications in A.
thaliana are replicated in rice when decom-
posed by functional classification. Even this
modest objective was not easy to accomplish,
because of unexpected complications intro-

Fig. 9. Functional classification of rice genes, according to Gene Ontology Consortium, and
assigned by homology to categorized A. thaliana genes. In this ontology, “biological process,”
“cellular location,” and “molecular function” are treated as independent attributes. Only 36.3% of
the 25,426 predicted genes for A. thaliana are classified. For rice, only 20.4% of the 53,398
complete predictions, with both initial and terminal exons, could be classified.

Table 4. Polymorphism rates relative to 93-11 (indica). Comparisons were made to finished BAC
sequences from GLA (indica) and Nipponbare (japonica), as well as to PA64s contigs. Rates were
computed for repeated and unique regions, in single-base substitutions (SNPs) and insertion-deletions
(InDels). The numbers given for “unalignable” are a gross underestimate because RePS assemblies omit
many of the fully masked reads that correspond to the unalignable regions of Fig. 14.

Nipponbare
(japonica)

PA64s GLA (indica)

SNPs in repeated sequence (%) 0.88 0.68 0.65
InDels in repeated sequence (%) 0.33 0.45 0.27
SNPs in unique sequence (%) 0.50 0.35 0.50
InDels in unique sequence (%) 0.14 0.16 0.15

Repeated sequence fraction (%) 24.1 25.5 22.8
Unique sequence fraction (%) 74.8 74.3 74.1
Parts unalignable by BLAST (%) 1.1 0.3 3.1
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duced by the compositional gradients in rice.
Homology between monocots-eudicots.

The complete set of 25,426 annotated A.
thaliana genes was downloaded from the
Arabidopsis Information Resource Web site
(93) on 29 November 2001. As a control,
1441 proteins were downloaded from
SwissProt (94 ) on the same day. The rice
genes were restricted to the 53,398 predic-
tions from FGeneSH with initial and terminal
exons. We compared protein sequence to all
six reading frames of the genome sequence
by means of TblastN (36 ). Therefore, if the
homology search failed, it would not be due
to a gene being missing from the annotation
of the target genome. The expectation value
cutoff was set to 10�7. This was not a sensi-
tive parameter, as most hits were either very
good or very bad. What mattered was the
“coverage rule.” We projected every hit back
to the protein query, and unless a minimum
fraction of the protein was covered, none of
the hits were accepted. The hits had to occur
in the same order in both the query and the
target, and they all had to be in the same
orientation. When a homolog spanned more
than one scaffold, the coverage rule was im-
posed on each scaffold. From this rule, we
estimated the number of homologs per gene,
the extent of the homology, and the percent-
age amino acid identity (95).

The asymmetry in the monocot-eudicot
analysis was striking (Fig. 10). About 80.6%
of A. thaliana genes had a homolog in rice.
The mean extent of homology was 80.1% of
the protein length, and there was 60.0% ami-
no acid identity. If instead of the full set of
annotated genes, we had used SwissProt
genes, 94.9% of the genes would have had a
homolog, across 86.7% of the protein length

and at 72.9% amino acid identity. Presum-
ably, there were more homologs in the
SwissProt data because they were more bi-
ased toward highly conserved proteins. In
contrast, only 49.4% of predicted rice genes
had a homolog in A. thaliana. The mean
extent of homology was 77.8% of the protein
length, and there was 57.8% amino acid iden-
tity. For brevity, predicted rice genes with a
homolog in A. thaliana are called WH genes,
and those with no homologs are called NH
genes. We identified two distinct problems in
this analysis, both attributable to the compo-
sitional gradients in rice. One was the poor
quality of the FGeneSH predictions for NH
genes, and the other was related to the prob-
ability of identifying a TblastN hit even with
a perfect gene annotation. We did use ESTs
to confirm that NH genes were not false
predictions, but first, we will discuss what we
believe to be the true problems.

We had previously observed that rice gene
predictions were only 73.5% the size of A.
thaliana gene predictions. This discrepancy
is not due to the WH half of the rice genes. It
is due to the NH half, which was on average
49.4% smaller than the WH half (Fig. 11). To
analyze the problem, we randomly sampled
3000 WH genes and 3000 NH genes, and
applied the analyses of Fig. 3 to Fig. 7. In
general, WH genes resembled the “gold stan-
dard” based on alignment of cDNA to
genomic sequence. NH genes exhibited a
number of striking differences. First, the de-
creased coding region size was clearly due to
a decrease in the number of exons, not to a
decrease in the size of the exons. The GC-rich
tail in NH gene exon distribution was twice
as large as normal (Fig. 11), suggesting that
NH genes had more pronounced GC content

gradients than either WH genes or those
cDNAs retrieved from GenBank. It is plausi-
ble that FGeneSH performance would have
faltered on NH genes, because NH genes did
not resemble those genes on which FGeneSH
was presumably trained. NH genes also had
twice as many introns as normal in the 200-
to 2000-bp range (Fig. 11). This would be
consistent with some of these missing exons
being combined with their flanking introns.
The preponderance of anomalous subminimal
introns would be consistent with exon frag-
ments being mistakenly called introns. How-
ever, NH genes could not be transposon se-
quences, because a 20-mer analysis con-
firmed that their constituent sequences were
found in the genome at low copy numbers,
much like WH and cDNA-derived genes.

Although we do not entirely ascribe the
small size of NH genes to a failure by
FGeneSH to detect exons, it is likely that
more exons were missed than for WH genes.
Thus, it would be more difficult to identify a
homolog for these genes in A. thaliana. How-
ever, even for experimentally derived gene

Fig. 10. Distributions in extent of homology and maximum amino acid identity, for Arabidopsis-
to-rice and rice-to-Arabidopsis comparisons. These values are based on a comparison of predicted
protein sequence against all six reading frames of the target genome sequence.

Fig. 11. Size distribution of predicted rice genes
with a homolog (WH), and with no homolog
(NH), in A. thaliana, plus exon GC content and
intron size for a random sampling of 3000 NH
genes. Gene size refers to the size of the pre-
dicted coding region.
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sequences, like cDNAs, the probability of
identifying a TblastN hit, as a function of the
position, dropped precipitously near the 5�
end of the genes (52). Far from the end, the
probability was about 90%, but within the
first few hundred bases near the 5� end, the
probability dropped to less than 50%. This
was another consequence of the composition-
al gradients in rice. The magnitude of the
effect was unexpected. We had thought that
selective constraints on coding sequences
would have limited the number of amino acid
changes, despite pressure from rising GC
content. However, this was not the case. Ho-
mology searches were more likely to fail with
the smaller NH genes because the problem-
atic region was a larger fraction of their total
length, and our “coverage rule” required that
the TblastN hits cover a minimum fraction of
the coding region. Even in the Arabidopsis-
to-rice analysis, where the gene predictions
were more reliable, 83.2%, 80.6%, 69.5%,
and 48.5% of A. thaliana genes had a ho-
molog in rice, for coverage rules of 0, 25, 50,
and 75%. We had to use a relatively low
coverage rule of 25%. Given the typical pro-
tein and protein domain sizes of 446 and 100
residues (96–98), respectively, this was
equivalent to one protein domain.

Alternatively, what if the problem were
due to scaffold size? Half of the NH genes
were identified in a scaffold that was smaller
than 7.1 kb. However, as a function of scaf-
fold size, predicted coding regions for NH
genes were almost always the same size. NH
genes found in scaffolds greater than 7.1 kb
were only 7% larger than those found in
scaffolds less than 7.1 kb. Scaffold size could

not have been responsible for the small size
of the NH genes. Perhaps NH genes are not
real genes at all. Are they even expressed?
Looking back at our EST confirmation anal-
ysis, we found that 42.9% of WH genes were
confirmed by a UniGene cluster, compared
with 15.4% of NH genes. Assuming that all
WH genes are real, this would imply that
(15.4/42.9) � 100% � 35.9% of NH genes
are real. However, if we adjust for their being
49.4% smaller than normal, attributing this
size deficit to missed exons, then 72.7% of
NH genes are real. Certainly, not every NH
gene is real, but many are. To be conserva-
tive, we can adjust our gene count estimates
by a factor of (0.494 � 0.727 � 0.506),
resulting in a revised gene count of 46,022 to
55,615.

Considering the relatively recent diver-
gence between monocots and eudicots, 145 to
206 million years ago, it is surprising to find
so many genes in rice with no homolog in A.
thaliana. Even more intriguing, this absence
of homology for NH genes extended to other
sequenced organisms, including D. melano-
gaster, Caenorhabditis elegans, Saccharomy-
ces cerevisiae, and Schizosaccharomyces
pombe. Although WH genes had a 30.5%
probability of being homologous to at least
one gene in one of these organisms, NH
genes had a 2.4% probability. Hence, the
major difference between rice and A. thaliana
gene sets lies in that half of the predicted rice
gene set with essentially no homologs in any
organism, and whose functions are largely
unclassifiable.

Duplication between monocots-eudicots.
Having established the major difference be-

tween the gene sets for rice and A. thaliana,
we now consider the similarity. We had re-
ported that 80.6% of the predicted A. thaliana
genes, and 94.9% of the SwissProt genes, had
a homolog in rice. The actual number is likely
to be even higher, because the gradients kept
us from identifying potential homologs for
smaller genes. We know that, within A. thali-
ana, the genes are highly duplicated. Are
these genes duplicated in the same manner
when mapped to rice? As a proxy for the
number of gene homologs within and be-
tween genomes, we used the “hits per gene,”
as defined in the notes (95). Considering that,
in the Arabidopsis-to-rice comparison, we
used a low coverage rule of 25% to compen-
sate for the gradients, it was inevitable that
we would experience more difficulty than
usual in distinguishing between duplicated
domains and duplicated genes. Thus, the
number of hits per gene is an overestimate of
the number of gene homologs.

Comparing Arabidopsis-to-Arabidopsis
(A2A), the mean and median hits per gene were
38.2 and 6.0, similar to the mean and median of
33.4 and 5.0 that we observed comparing Ara-
bidopsis-to-rice (A2R) (Fig. 12). That the A2R
numbers would be slightly smaller makes
sense, given the 145 to 206 million years of
divergence. We further note that the means
were large only because of a few outliers, some
with up to 1000 hits. The identity of these
outliers included protein kinase, cytochrome
P450, putative disease resistance, and many
“unknown” genes. It is difficult to draw any
conclusions about the last category, but the
others are highly duplicated gene families,
which confirms that these outliers were not
computational artifacts. The maximum amino
acid identity was independent of the number of
hits, but the minimum amino acid identity de-
creased with the number of hits, which would
be consistent with an increasing occurrence of
hits to ever larger families of related but diver-
gent genes. Although the number of hits was
dependent on the functional classification, it
was similarly distributed among the different
functional categories for A2R and A2A (Fig.
13). Therefore, not only was it possible to iden-
tify a homolog in rice for almost every A.
thaliana gene, but the patterns of gene duplica-
tion in one were largely replicated in the other.

The most parsimonious explanation is that
the rice gene set is essentially a “superset” of
the A. thaliana gene set. However, we are
unable to say how many of these additional
genes that are unique to rice are functionally
novel, or merely unrecognizable, because of
gradients in rice amino acid usage. It does
seem unlikely that so many novel genes
would arise within only 145 to 206 million
years, and therefore, we suspect that a mas-
sive duplication event (or a series of duplica-
tion events) occurred, after which many of
the rice genes were rendered unrecognizable

Fig. 12. Distributions in number of hits per gene and maximum-versus-minimum amino acid
identity, for Arabidopsis-to-rice and Arabidopsis-to-Arabidopsis comparisons. “Hits per gene” is a
proxy for the number of gene homologs, between and within genomes.
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by compositional gradients. Some may have
been inactivated, and now exist only as pseu-
dogenes. However, until we can compensate
for the confounding effects of compositional
gradients, we cannot explore the extent to
which rice (99) and many other plants, in-
cluding A. thaliana, are hybrid (100) or al-
lopolyploid (101, 102) in origin.
Rice polymorphisms. Differences be-

tween subspecies or cultivars of rice must be
described at two levels, gross and nucleotide.
At the gross level, we found kilobase-sized
regions of high similarity interspersed with
kilobase-sized regions of no similarity. One
such example is shown in Fig. 14, which was
based on a comparison of two overlapping
BACs from indica and japonica. Every un-
alignable region coincided with a cluster of
MDRs, traceable to length differences of 0.7
to 25 kb between the two source sequences,
distributed in almost equal proportions be-
tween insertions and deletions. To the extent
that BDRs could be identified, in roughly half
of the unalignable regions, they belong to the

class of nested retrotransposons that inhabit
the intergenic regions between genes. This is
another confirmation of the observation that
genome sizes change rapidly in grasses (103).
On the basis of the available 259 kb of over-
lapping finished BAC sequences, from Nip-
ponbare (japonica) and GLA (indica), all on
rice chromosome 4, we would estimate that
16% of the indica and japonica genome is
unalignable by this definition.

At the nucleotide level, excluding the un-
alignable regions, we define polymorphism
rates for repeated and unique sequence, par-
titioned in single-base substitutions (single-
nucleotide polymorphisms, SNPs) and inser-
tion-deletion polymorphisms (InDels). By re-
peated sequence, we mean MDRs. Three dif-
ferent comparisons are shown in Table 4.
Two are based on the alignment of 93-11
contigs to finished BAC sequences from Nip-
ponbare (japonica) and GLA (indica), total-
ing 11.8 and 0.9 Mb, respectively. The other
is a comparison of 93-11 and PA64s contigs.
One might question the accuracy of a poly-

morphism rate based on rough draft se-
quence, particularly the low-coverage PA64s
sequence. However, as we noted in our “qual-
ity assessments” section, most of the errors
are in the small contigs and at the ends of the
contigs. Thus, we restricted this analysis to
contigs larger than 3 kb, with 500 bp trimmed
off both ends. Overall, there was twice as
much variation in the repeated regions as in
the unique regions. Substitution rates were
two to three times as large as InDel rates.
Remarkably, there was very little difference
among the three pairwise comparisons. For
93-11 to PA64s, averaged over repeated and
unique regions, the SNP and InDel rates were
0.43 and 0.23%, respectively. Combining the
SNP and InDel rates, we obtained an overall
rate of 0.67%. Although the numbers are not
exactly comparable, the measured polymor-
phism rate in maize was 0.96% (104 ).

SNPs are useful in genetic mapping (105),
and are either directly applicable to pheno-
types or indirectly applicable through linkage
and association studies. Polymorphisms in
the unique regions are particularly useful be-
cause, unlike those in the repeated regions,
they are more reliably genotyped with exist-
ing high-throughput technologies, which al-
ways involve some sort of hybridization step.
We expect that genome-wide SNP mapping
in plants (106 ) will become more popular as
new technologies become available, especial-
ly as some are customized for plants (107 ).
Concluding remarks. In the initial anno-

tation of the human genome (7, 8), alternative
splicing was proposed as a method by which
protein diversity could be generated from the
surprisingly small number of genes that were
identified. The idea that there is extensive
alternative splicing in human genes has been
supported by analyses of EST data (108–
112). Alternative splicing is often associated
with the exon recognition model (113) of
pre-mRNA splicing. Exon recognition is fa-
cilitated by exonic splicing enhancers—
short, degenerate sequences located in the
exons that are recognized by a multitude of
RNA binding factors (114, 115). Because it is
the exons that are recognized by the splicing
machinery, the intron sequence content is less
critical, and transposon insertions into the
intron are more readily tolerated. Thus, the
preponderance of large transposons-filled in-
trons in the human genome is consistent with
extensive alternative splicing.

The presence of relatively few trans-
posons inside plant introns suggests that exon
recognition is not a common process for plant
genes. Indeed, exonic splicing enhancers
have yet to be identified in plants (116 ). The
corollary is that there should be relatively
little alternative splicing in plant genes. Anal-
ysis of the EST data confirms that A. thaliana
has substantially less alternative splicing than
vertebrates or invertebrates (117 ). However,

Fig. 13. Distributions in the number of hits per gene, sorted according to Gene Ontology
Consortium, for Arabidopsis-to-rice and Arabidopsis-to-Arabidopsis comparisons. This figure shows
only the 36.3% of predicted A. thaliana genes that are classified.

Fig. 14. Comparison of GLA (indica) and Nipponbare (japonica) BAC sequences (GenBank accession
number AL442110 and AL606449, respectively). Exact 20-mer repeats are indicated by blue
histogram bars, with bar heights proportional to copy number in 93-11 (indica). Sequence similarity
is almost 100%, or unalignable and set to 20% by BLAST. Every unalignable region coincides with
a cluster of MDRs, but RepeatMasker fails to identify a BDR in half of these regions.
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protein diversity must be generated for the
organism to evolve. Our analysis has demon-
strated extensive gene duplications in rice
and A. thaliana, which are highly correlated
with each other when decomposed by func-
tional classification. The conclusion is that
protein diversity in plants is generated pri-
marily through gene duplications, whereas in
vertebrates, it is generated through gene du-
plications and alternative splicing. This
would explain why rice has so many genes.
However, as a method of generating protein
diversity, gene duplications come at the cost
of an increase in transcriptional noise (118).
Perhaps, at some level of complexity, alter-
native splicing becomes preferred.

Looking to the future, we intend to improve
our draft sequence by adding more reads from
large-insert clones, filling any gaps that are
likely to contain genes, and integrating the re-
sultant sequence with existing physical and ge-
netic maps. The large-insert clones are neces-
sary to correctly assemble across the large re-
peat clusters that are sprinkled throughout the
rice genome. Until then, the BAC-end sequenc-
es (119) may not be useful because they are too
large to bridge adjacent contigs, and instead
skip intervening contigs, resulting in a morass
of interleaving scaffolds. One should also be
wary of large-scale differences between indica
and japonica. In any event, the final assembly
will be made freely available to the research
community. We will then apply the experiences
gained from the rice genome project to other
agriculturally important crops, including Z.
mays (maize) and T. aestivum (wheat).
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The genome of the japonica subspecies of rice, an important cereal and model
monocot, was sequenced and assembled by whole-genome shotgun sequenc-
ing. The assembled sequence covers 93% of the 420-megabase genome. Gene
predictions on the assembled sequence suggest that the genome contains
32,000 to 50,000 genes. Homologs of 98% of the known maize, wheat, and
barley proteins are found in rice. Synteny and gene homology between rice and
the other cereal genomes are extensive, whereas synteny with Arabidopsis is
limited. Assignment of candidate rice orthologs to Arabidopsis genes is possible
in many cases. The rice genome sequence provides a foundation for the im-
provement of cereals, our most important crops.

Cereal crops constitute more than 60% of
total worldwide agricultural production (1),
and rice, wheat, and maize are the three most
important cereals. More than 500 million tons
of each are produced annually worldwide; per
capita consumption averages as high as 1.5
kg per day (2). Most rice grown is consumed
directly by humans, and about one-third of
the population depends on rice for more than
50% of caloric intake (3).

The cereals have been evolving indepen-
dently from a common ancestral species for
50 to 70 million years (4), but despite this
long period of independent evolution, cereal
genes and genomes display high conserva-

tion. Comparisons of the physical and genetic
maps of the grass genomes show conserva-
tion of gene order and orientation, or synteny
(5–7). Despite gene similarity and genome
synteny, cereal genome sizes vary consider-
ably. The genomes of sorghum, maize, bar-
ley, and wheat are estimated at 1000, 3000,
5000, and 16,000 megabase pairs (Mbp), re-
spectively. Rice has a much smaller genome,
estimated at 420 Mbp. The small genome and
predicted high gene density of rice make it an
attractive target for cereal gene discovery
efforts and genome sequence analysis.

Over the past several years, selected re-
gions of the japonica and indica rice genomes

have been sequenced. The International Rice
Genome Sequencing Project (IRGSP) was
organized to achieve �99.99% accurate se-
quence using a mapped clone sequencing
strategy (8). In addition, expressed gene se-
quencing has been actively pursued. More
than 104,000 expressed sequence tags (ESTs)
from a variety of rice tissues have been en-
tered into the EST database (9). Other rice
genome sequencing projects have been re-
ported by Monsanto Co. (10) and by the
Beijing Genomics Institute (11).

The two major groups of flowering plants,
monocots and dicots, diverged 200 million
years ago (12). In late 2000, the 125-Mbp
genome of the dicot model plant Arabidopsis
thaliana was reported (13–15). Similar high-
accuracy sequencing projects of important
cereals would be expensive and slow because
their genomes are so large. Recent improve-
ments in automated DNA sequencing have
made whole-genome shotgun sequencing an
attractive approach for gene discovery in both
small and large genomes (16–18). Here, we
describe the random-fragment shotgun se-
quencing of Oryza sativa L. ssp. japonica
(cv. Nipponbare) to discover rice genes, mo-
lecular markers for breeding, and mapped
sequences for the association of candidate
genes and the traits they control. Also report-
ed are the linkages of sequence assemblies to
rice bacterial artificial chromosome (BAC)
end sequences and fingerprints (19–22), an-
choring of the physical and genetic maps, and
the syntenic relationship between rice and
other plants. The finding that most cereal
genes have strong rice homologs suggests
that the rice genome will be useful as a
foundation for sequencing the genomes of
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MAIN SCIENTIFIC ACHIEVEMENTS AND PRESENT RESEARCH ACTIVITIES

DECIPHERING THE GENETICS OF COMPLEX TRAITS

Inherited predisposition is increasingly recognized as one of the major determinants
of disease susceptibility in man and of productivity in agriculture. Most of the
time, however, the inheritance patterns of these predispositions do not conform to
simple Mendelian rules, but are more “complex”. The reasons underlying this
complexity remain largely unexplored territory. The most common explanation
invokes the joint action of  multiple genes (referred to as polygenes or Quantitative
Trait Loci (QTL)) interacting with each other and with environmental factors. It is
becoming increasingly apparent, however, that more drastic advances in molecular
biology are needed to account for the observations. The field of epigenetics, in
particular, has opened several novel avenues for investigation.

Deciphering the molecular architecture of complex traits is a very “hot topic”
in modern genetics. It is indeed recognized that understanding the molecular basis
of inherited predispositions would be a major step in the path towards improved
prevention, diagnosis and treatment of disease, as well as towards improved selection
schemes in agriculture.

Michel Georges has devoted his scientific career to the molecular analysis of
complex traits. He has primarily worked with livestock species, but also in model
organisms and man. He has recently co-authored a review paper with his colleague
and friend Leif Andersson that summarizes the state-of-the-art in this field (Nature

Reviews Genetics 5: 202-212, 2004).
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POSITIONAL CLONING OF THE MYOSTATIN GENE CAUSING DOUBLE-MUSCLING IN CATTLE

The first research topic that was assigned to Michel Georges was the identification
of  the gene(s) underlying the distinct racial feature of  Belgian Blue cattle:
double-muscling. This generalized muscular hypertrophy had been hypothesized
by Dr. Hanset to be under the influence of a major gene referred to as “mh”.
This conjecture was confirmed when the predicted gene was mapped by linkage
analysis to bovine chromosome 2 (Mammalian Genome 6: 788-792, 1995). The
gene was subsequently fine-mapped to a subcentimorgan region. This chromosome
segment was shown to harbour the myostatin gene, a member of the TGFβ family
of  growth and differentiation factors, which was shown to carry a series of
loss-of-function mutations in double-muscled breeds including Belgian Blue
(Nature Genetics 17: 71-74, 1997; Mammalian Genome 9: 210-213, 1998)
(Fig. 1).

Figure 1: Schematic representation of the bovine myostatin gene with position and definition of

the identified DNA sequence polymorphisms. The gray boxes correspond to the untranslated leader

and trailer sequences (large diameter), and the intronic sequences (small diameter) respectively. The

blue, pink and green boxes correspond to the sequences coding for the leader peptide, N-terminal

latency-associated peptide, and bioactive carboxyterminal domain of the protein respectively. Small

green, red, and pink arrows point towards the positions of  the primers used for intron amplification,

exon amplification and sequencing, and exon sequencing respectively. The position of  the identified

DNA sequence polymorphisms are shown as green, blue, or red lines in the myostatin gene for silent,

conservativen, and disrupting mutations respectively. Each mutation is connected via an arrow with a

box reporting the details of the corresponding DNA sequence and eventually encoded peptide sequence.

In each box, the variant sequence is compared with the control Holstein-Friesian sequence, and

differences are highlighted in color. (from Mammalian Genome 9: 210-213, 1998)
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MAPPING, FINE-MAPPING AND POSITIONAL CLONING OF QUANTITATIVE TRAIT LOCI (QTL)

(Annual Reviews of Genomics and Human Genetics 8: 131-162, 2007)

As previously mentioned, most medically and agronomically important traits are
thought to be under the influence of multiple genes mapping to QTL, and the
“hunt” for these QTL is one of  the major objectives of modern genetics. For more
than 15 years now, Michel Georges has been at the forefront in the development
and application of molecular and statistic methods towards that goal.

He played a key role in the realization of the first whole genome QTL scan
performed in a mammal that lead to the identification of QTL influencing blood
pressure in the SHRSP rat (Nature 353: 521-529, 1991). He performed the first
whole genome QTL scan in livestock in order to identify QTL influencing milk yield
and composition in cattle. This let to the location of multiple QTL and a seminal
paper in the field (Genetics 139: 907-920, 1995). After this pioneering work, his
team performed multiple whole genome scans in cattle, pigs and sheep, which all
lead to the identification of multiple QTL influencing a broad range of agronomically
important phenotypes (f.i. Mammalian Genome 9: 540-544, 1998; Animal Genetics

29: 107-115, 1998; J Dairy Sci 82: 2514-2516, 1999; J Dairy Sci 83: 795-806,
2000; Genet Selec Evol 34: 371-388, 2002).

The mapping resolution achieved with conventional QTL mapping techniques
is typically in the 20-30 centimorgan (cM) range, therefore insufficient for positional
cloning or effective marker assisted selection. To overcome these limitations, the
laboratory of Michel Georges has devised original identity-by-descent (IBD) and
linkage disequilibrium (LD) methods for the fine-mapping of QTL. Application of
these novel approaches has allowed them to position QTL in chromosome intervals
as small as 250 Kb (f.i. Proc. Natl. Acad. Sci. USA 96: 9252-9257, 1999; Genetics

161: 275-287, 2002; Genetics 163: 253-266, 2003; Genetics 165: 277-285,
2003).

Achieving this high-resolution mapping of QTL ultimately allowed the team of
Michel Georges to identify the causal genes and mutations for two QTL in cattle and
one QTL in porcine. The first two were shown to correspond to structural mutations
in the diacylglycerol acyl transferase 1 (DGAT1) and growth hormone receptor
(GHR) genes respectively, while the latter one was shown — in collaboration with
Dr. Leif  Andersson from Uppsala — to correspond to a regulatory mutation in the
porcine insulin-like growth factor 2 (IGF2) gene (Genome Research 12: 222-231,
2002; Genetics 163: 253-266, 2003; Nature 425: 832-836, 2003; Proc. Natl. Acad.

Sci. USA 101: 2398-2403, 2004) (Fig. 2).
It is noteworthy that despite considerable investments committed by the scientific

community towards the identification of QTL in human, rodent models, plants and
animals in recent years, only very few successes have been achieved to date (see f.i.
Science 298: 2345, 2002 for a review). The successes of Michel Georges’ team are
therefore rightfully considered quite remarkable.
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Figure 2: The IGF2 quantitative trait locus in pigs. Insulin-like growth factor 2 (IGF2) was first

identified as a paternally expressed quantitative trait locus (QTL) in INTERCROSSES between the

European wild boar and Large White domestic pigs; and between Large White and Piétrain pigs. In

the wild-boar intercross, the QTL allele from the domestic pig was associated with high muscularity,

less backfat and a larger heart. Sequence analysis showed that the IGF2 haplotypes in the Swedish

Large White and Piétrain pigs were identical by descent, whereas the Belgian Large White and wild-

boar haplotypes were similar, which indicated the presence of  two alleles that are denoted Q and q

for high and low muscle growth, respectively. Another intriguing observation was the large sequence

divergence (~1%) between the two haplotypes. This led to the suspicion that the two haplotypes

might have an Asian and European origin, in line with previous finding that some European breeds,

including the Large White, are hybrids of  Asian and European domestic pigs. Sequence analysis of

IGF2 haplotypes segregating in an intercross between Chinese Meishan and Large White pigs confirmed

this hypothesis. The Meishan allele, which was functionally equivalent to IGF2*q, was nearly identical

to IGF2*Q at the sequence level. These data provided conclusive evidence that the causative mutation

for IGF2*Q was a G-to-A substitution at nucleotide 3,072 in intron 3. IGF2 was identified as a

positional candidate gene, but the quantitative trait nucleotide (QTN) was identified by pure genetics:

linkage analysis to deduce QTL genotypes combined with an analysis of the minimum shared haplotype.

Functional studies showed a plausible mechanism for the QTL effect (see figure). First, the mutation

does not affect the imprinting or METHYLATION STATUS of the QTN region and the region is

undermethylated in skeletal muscle. Second, the wild-type sequence binds a nuclear factor and this

interaction is abrogated by the mutation and by methylation. Third, transfection analysis indicated

that the wild-type sequence functions as a silencer element, whereas the mutant sequence is a

significantly weaker silencer. Finally, expression analysis showed an approximately threefold

upregulation of IGF2 expression in postnatal skeletal and cardiac muscle but not in prenatal muscle

or in liver. The result is consistent with phenotypic data showing that IGF2*Q are associated with high

muscle growth and a larger heart, but has no effect on birth weight or the size of  the liver. The IGF2

QTL is truly adaptive from a pig production point of  view as it does not affect birth weight but

supports muscle growth after birth. The photographs of  the wild boar, Meishan, Piétrain and Large

White pigs were provided by B. Kristiansson, Quality Genetics AB, J.-M. Beduin and the Roslin

Institute, respectively. (from Nature Reviews Genetics 5: 202-212, 2004)
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POLAR OVERDOMINANCE AT THE OVINE CALLIPYGE LOCUS AND OTHER IMPRINTED QTL

In recent years, it has become apparent that a growing number of genes do not
operate according to Mendel’s laws. It has been shown in particular that some
genes are undergoing parental imprinting, i.e. paternal and maternal alleles are
functionally non-equivalent, carrying parent-of-origin specific epigenetic marks. It
is also increasingly realized that perturbations of such imprinted genes underlie a
series of inherited diseases characterized by so-called “parent-of-origin” effects
in man.

While studying the genetic determinism of a muscular hypertrophy in sheep
(referred to as the callipyge (CLPG) phenotype) using molecular markers, the team
of Michel Georges in collaboration with Dr. N. Cockett demonstrated that this
phenotype is transmitted in a unique, non-Mendelian way which was referred to
as polar overdominance: only heterozygous individuals having received the CLPG
mutation form their sire exhibit the phenotype (Proc. Natl. Acad. Sci. USA 91:
3019-3023, 1994; Science 273: 236-238, 1996). The gene has been mapped to a
400 Kb chromosome interval (e.g. Mammalian Genome 12: 141-149, 2001;
Mammalian Genome 12: 183-185, 2001). Complete sequencing, annotation and
functional analysis of 400 kilobases within this interval lead to the identification
of six novel genes which were shown to undergo parental imprinting and be
preferentially expressed in skeletal muscle (Genome Research 11: 850-862, 2001;
submitted). It was subsequently shown that the CLPG mutation enhances the
expression of four of these genes without altering their imprinting status (Nature

Genetics 27: 367-369, 2001). The CLPG mutation was shown by others and by
Michel Georges’s team to be a single base pair substitution in a highly conserved
dodecamer motif thought to act as a skeletal muscle specific silencer element
(Genome Research 12: 1496-1506, 2002; Genetics 163: 453-456, 2003). The
fact that only the padumnal heterozygotes express the phenotype (“polar
overdominance”) was then shown to result from the trans-inhibition of the genes
expressed from the paternal allele by the genes expressed from the maternal
allele, and the consequent ectopic expression of  DLK1 exclusively in skeletal
muscle of callipyge animals (Trends in Genetics 19: 248-252, 2003; Current

Biology 14: 1858-1862, 2004). Michel Georges’ team has recently shown
that this trans-inhibition involves RNA interference and micro-RNA genes expressed
exclusively from the maternal allele (Current Biology 15: 743-749, 2005)
(Fig. 3).

Polar overdominance at the ovine callipyge locus is becoming a classical topic
in the emerging epigenetic field, as testified by the fact that Michel Georges was
invited to give a plenary lecture at last years 69th Cold Spring Harbor Symposium
on Quantitative Biology devoted to “Epigenetics”.
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The callipyge phenotype was the first example in livestock of  a phenotype
subject to parental imprinting. Subsequently, the teams of Michel Georges and Leif
Andersson demonstrated that one of the QTL they had identified in the pig as
having a major effect on muscle mass and fat deposition was in fact subject to
parental imprinting as well (Nature Genetics 21: 155-156, 1999). This QTL was
subsequently shown to be due to a regulatory mutation in the porcine IGF2 gene
(see above).

These results have spurred efforts amongst the scientific community to identify
other such imprinted QTL. There is growing evidence that parental imprinting
may play a much more important role in the determinism of complex traits in
livestock than originally anticipated. This may have major consequences for future
breeding strategies as conventional selection methods can’t cope effectively with
imprinted genes.

Figure 3: Working model for polar overdominance, involving (i) a paternally expressed growth

promoter (DLK1), (ii) a maternally expressed trans-acting (red arrow) growth repressor thought to

correspond to one or more non-coding RNA genes (ncRNA), (iii) a cis-acting (green arrow) LRCE

affected by the CLPG mutation. The crosses correspond to the parental imprinting effects. The functional

status in postnatal skeletal muscle is illustrated for the four CLPG genotypes: active elements are

shown in red, inactive elements in white. Only the +Mat/C Pat individuals express the callipyge phenotype

(boxed in red) due to ectopic expression of the DLK1 protein. (from Current Biology 14: 1858-1862,

2004)
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POLYMORPHIC MIRNA-TARGET INTERACTIONS

Using the same positional cloning approach, Michel Georges’ team has recently
identified a QTL with major effect on muscular development in the sheep. The QTL
was fine-mapped to a region shown to harbour the myostatin gene known from
previous work to cause double-muscling in cattle. Detailed analysis of  the ovine
myostatin gene identified a A to G transition in the 3’UTR revealing an illegitimate
target site for miRNAs that are highly expressed in skeletal muscle. miRNAs are a
recently discovered class of small non-coding RNA genes that play a key “epigenetic”
role during developmental by causing either the degradation or the translational
inhibition of target mRNAs. A very large proportion of genes is now thought to be
under the control of batteries of miRNAs. It was demonstrated that the identified A
to G transition indeed leads to the translational inhibition of the myostatin transcripts
and thus to muscular hypertrophy (Fig. 4) (Nature Genetics 38: 813-818, 2006).

Most importantly, however, subsequent bioinformatic analyses of SNPs databases
for human and mice, demonstrated that mutations creating or destroying putative
miRNA target sites are abundant and might thus be important effectors of phenotypic
variation. This information has been compiled in a publicly accessible database
(www.patrocles.org). This discovery opens a new field of investigation not only for

Figure 4: Schematic representation of the effect of the g+6723G-A mutation in the 3’UTR of the

ovine GDF8 gene. In wild-type animals (such as the Romanov sheep shown in the left picture) the

GDF8 transcripts (in blue) in the sarcoplasm don’t interact with microRNAs miR-1 and miR-206

despite their high level of  expression in skeletal muscle. Hence GDF8 protein is produced at regular

levels, controlling muscle growth by retro-inhibition. In mutant animals (such as the Texel sheep

shown in the right picture), GDF8 transcripts (in red) become targets for miR-1 and miR-206 as a

result of  the g+6723G-A mutation. This leads to translational inhibition of  the GDF8 transcripts,

reduced GDF8 protein levels, relaxation of the retro-inhibition and hence enhanced muscle growth.

(from 71st CSH Symposium on Quantitative Biology Vol. 69, pp 477-483, 2006)

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM910



Michel A. J. Georges 911

Michel Georges’ team but for the scientific community in general (Current Opinion

in Genetics & Development 17: 1-11, 2007).

GENOME WIDE ASSOCIATION (GWA) ANALYSIS OF CROHN’S DISEASE (CD)

Michel Georges’ team has recently moved to the new, multidisciplinary GIGA
genome centre on the premises of the Faculty of Medicine of the University of
Liège. Teaming up with clinicians (particularly Dr. Edouard Louis), they have
applied their expertise in the molecular dissection of complex traits to the genetic
analysis of common human diseases including Inflammatory Bowel Disease (IBD).
They were amongst the first teams in the world and certainly the first team in
Belgium to perform a large scale, genome wide association study using recently
emerged high throughput SNP genotyping technology. This work — let in
collaboration with the Centre National de Genotypage in Paris (Prof. Mark Lathrop)
as well as four other Belgian universities (KUL, RUG, UCL and ULB) — resulted in
the identification of a novel locus (5p13.1) contributing to inherited susceptibility
to CD. The mining of transcriptome data in conjunction with SNP data let to the
identification of a prostanoid receptor (PTGER4) as causal gene thereby opening
novel therapeutic avenues (PloS Genetics: e58, 2007) (Fig. 5).

Figure 5: Results of the whole genome association for Crohn Disease.  P-values (-log(p)) for the

10,000 best SNPs out of  311,882 are shown (gray circles).  The position of previously described

susceptibility loci are marked by red arrows.  The p-values obtained in our cohorts with the reportedly

associated SNPs/mutations are shown by the red dots, and the corresponding odds ratios (OR)

indicated.  The p-values obtained with SNPs included in the Illumina panel at ≤ 50 Kb from these

SNPs/mutations are marked by black circles. Two novel susceptibility loci identified in this study are

marked by green dots and correspond respectively to the IL23R gene on chromosome 1 and the

PTGER4 gene on chromosome 5. (from PLoS Genetics e58, 2007)
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These result “have placed Belgium on the map” in the extremely competitive
“GWA” field. The laboratory of  Michel Georges is presently very actively
involved in a large scale meta-analysis in collaboration with the NIDDK and
Broad.

Institute in the US, and the Welcome Trust Case Control Consortium in the UK.
The results of this unique study, involving ~10,000 CD patients, will be presented
at the 2008 American Society of Human Genetics meeting and should result in a
major publication in the near future.

Michel Georges’ team continues to study the molecular mechanisms involving
PTGER4-dependent CD susceptibility as well as the contribution of Copy Number
Variation to IBD susceptibility.

MENDELIAN TRAITS, TRANSGENIC LIVESTOCK AND RODENT MODELS OF SUSCEPTIBILITY TO INFECTION

In addition to these most salient achievements, Michel Georges’ team (i) has been
very active over the years in the development and application of  bioinformatic,
statistical and molecular methods for the positional identification of QTL (e.g.
Science 235: 683-684, 1987; Genomics 18: 270-276, 1993; Genome Research 6:
580-589, 1996; Genetics 149: 1547-1555, 1998; Proc. Natl. Acad. Sci. USA 96:
9252-9257, 1999; Genetics 161: 275-287, 2002; Genetics 163: 253-266, 2003;
Genetics 165: 277-285, 2003), (ii) has mapped several genes underlying Mendelian
traits including the gene causing progressive degenerative myeloencephalopathy
called “Weaver” disease (Proc. Natl. Acad. Sci. USA 90: 1058-1062, 1993), the
Polled gene determining the presence or absence of horns (Nature Genetics 4:
206-210, 1993), the roan gene involved in a developmental anomaly of the female
genital tract called White Heifer disease (Mammalian Genome 7:138-142, 1996),
and the gene causing syndactyly in cattle (Genome Research 6: 580-589, 1996).
Michel Georges’ team has recently developed genome-wide SNP arrays for the
bovine and demonstrated their extreme efficacy to map and subsequently clone
genes underlying recessive defects. In a few months they have mapped and cloned
the genes causing two types of “Congenital Muscular Dystonia” (CMD) as well as
“Harlequin Ichthyosis” and mapped the genes causing “Crooked Tailed Syndrome”
and “Renal Lipofuscinosis” in cattle (Charlier et al., in preparation). These findings
have resulted in the development of  diagnostic tests which have been extensively
used in the field, eliminating CMD from the Belgian Blue Cattle breed in a matter
of months.

Michel Georges’ team has also been active in designing strategies to utilize gene
information in breeding programs whether by marker assisted selection (e.g.
Livestock Production Science 54: 229-250, 1998) or by means of  genetic
engineering and transgenics (e.g. Genesis 35: 227-238, 2003; Proc. Natl. Acad.

Sci. USA 102: 6413-6418, 2005).
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More recently they have expanded their activities in rodent models to study
the genetic determinism of resistance to infectious agents in collaboration with
Dr. Desmecht. Results of genome-wide QTL scans for resistance to Mouse Pneumonia
Virus (a mouse model of RSV dependent bronchiolitis in children) and Sendai
Virus are being prepared for publication.

TEAM WORK

The previously described scientific achievements are obviously the result of intense
team work (Fig. 6). Michel Georges is presently heading a group of approximately
30, comprising 1/3 senior scientists and post-doctoral fellows, 1/3 PhD students
and 1/3 laboratory technicians. The team comprises people originating from at
least six countries with backgrounds ranging from computer engineering to
veterinarians via biologists, chemists, physicists, and agronomists. Special credit is
expressed towards the group leaders, especially Carole Charlier and Wouter
Coppieters.

The team benefits from an annual research budget of the order of 2.5 million
Euros per year of  which 65% is provided by Belgian and European public funding
organizations and 35% by private industry from Belgium, the Netherlands, New
Zealand and Canada.

Figure 6: Unit of Animal Genomics 2002. (i) Dimitri Pirottin, Cécile Libioulle, Latifa Karim, Anne

Cornet, Fabienne Marcq, Luc Grobet, Alain Empain, Patricia Simon, Bernard Grisart, (ii) Carole

Charlier, Fabrice Moreau, Valérie Marot, Karin Segers, Xavier Hubin, Fabienne Davin, Catherine

Collette, Erica Davis, Wouter Coppiteres, Maria Smit, (iii) Michel Georges, Minh Nguyen, Benoît

Brouwers, Laurence Moreau, Myriam Mni, Francesca Baraldi, Nadine Cambisano, (iv) Bernadette

Marcq, Jong-Jo Kim, Paulette Berzi.
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This important corporate contribution is perceived as beneficial as it has raised
the professional standards of  the team, has provided critical mass, has opened
avenues for the utilization of the results in the field, even if  it has imposed
constraints on sharing results with the scientific community. Members of Michel
Georges’ team are inventors on more than five patents issued over the last five
years.

PHDS AND POSTDOCTORAL FELLOWS

Since he has been holding a professorship at the University of Liège (1994 –
present), Michel Georges has been promoter of seven completed PhD theses (Carole
Charlier, Luc Grobet (hese d’aggrégation) Frederic Farnir, Stéphane Berghmans,
Karin Segers, Dimitri Pirottin, Erica Davis), while five more are in progress. Carole
Charlier is now a permanent research fellow of the Belgian National Science
Foundation (FNRS); Luc Grobet and Frederic Farnir are professors in respectively
Embryology and Statistics at the University of  Liège; Stéphane Berghmans has
completed a postdoctoral fellowship at the Dana Farber Cancer Institute in Boston
(Dr. Zon); Karin Segers is senior scientists in the department of Human Genetics at
the University of Liège; Erica Davis is a postdoctoral fellowship at the Johns Hopkins
University School of Medicine (Dr. Katsanis); and Dimitri Pirotin is completing
research in the laboratory of Michel Georges.

During the same period, the laboratory of Michel Georges has hosted 24
postdoctoral fellows from nine nationalities (Belgium, France, Japan, Korea, Spain,
Switzerland, United Kingdom, United States Vietnam). Moreover, many scientists
from around the world have visited the Georges’ laboratory for short stays.

INTERNATIONAL RECOGNITION

INVITED LECTURES

Over the last 15 years, Michel Georges has been invited on average ~5 times per
year to speak at international conferences, including the meetings of  the
International Society of Animal Genetics (1992, 1994, 2004), the World Congress
on Genetics Applied to Livestock Production (1990, 1994, 1998, 2002, 2006), the
Plant and Animal Genome Conference (2002, 2003, 2004, 2006, 2007), the
International Congress of Genetics (1993, 2003, 2006, 2008), HUGO’s Human
Genome Meetings (1999, 2001, 2007), Gordon Conferences (1993, 1999, 2003),
Keystone Meetings (2004, 2007, 2x2008) and Banbury Conferences (1990, 1995).

The invited lectures that he is most proud of, however, are the three plenary
lectures that he was invited to give respectively at the 68th, 69th and 71st Cold
Spring Harbour Symposia on Quantitative Biology devoted respectively to “The
Genome of Homo Sapiens” (2003), “Epigenetics” (2004), and “Regulatory RNAs”
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(2006) as well as for the Cold Spring Harbour Meeting on “The Biology of Genomes”
in 2007. In these, his contributions were respectively on the positional identification
of QTN in livestock in 2003, on the molecular dissection of callipyge in 2004, on
polymorphic miRNA-target interactions in 2006, and on the identification of a
novel risk locus for Crohn disease in 2007.

Michel Georges has been invited on several occasions to give courses including
at the University of  Guelph (Canada), at the University of  Leon (Spain), at
“Internordic Courses” in Uppsala (Sweden) and Lillehammer (Norway), at the
University of Helsinki (Finland), by INRA, at a Wellcome Trust Advanced Course
and at the Summer Institute in Statistical Genetics (NCSU and University of
Washington, USA).

EDITORIAL BOARDS AND PEER REVIEW

Michel Georges is editor-in-chief of Genetics Selection Evolution, and associate
editor of PloS Genetics.

He is a member of the editorial board of Mammalian Genome, Genetical

Research, Genome Research and Physiological Genomics.

He has been solicited for peer review by numerous journals including Animal

Genetics, Animal Biotechnology, Annales de Médecine Vétérinaire, Genetics,

Genetical Research Genetics Selection Evolution, Genome Research, Genomics,

Human Molecular Genetics, Journal of Experimental Biology, Journal of Heredity,

Livestock Production Science, Mammalian Genome, Nature, Nature Genetics, Nature

Reviews Genetics, PNAS, Science, Theoretical and Applied Genetic and Trends in

Genetics.

MISCELLANEOUS

Michel Georges is or has been a member (i) of the Steering Committee for the ESF
Scientific Program on Integrated Approaches for Functional Genomics, (ii) of the
NFWO commission on “Medical cell biology and genetics”, (iii) of the Scientific
Advisory Board of the Centre National de Génotypage (CNG) – Evry, France, (iv) of
the Scientific Advisory Board of the Institut National de la Recherche Agronomique
(INRA)- France, (v) of the Scientific Advisory Board of the Consortium National de
Recherche en Génomique (CNRG) – France, and (vi) of the RIKEN SNP Research
Center Advisory Council (SRAC) – Japan.

His laboratory is part of  two European Networks of  Excellence: (i) The
Epigenome, devoted to the study of epigenetic phenomena (http://www. epigenome-
noe.net/) and (ii) Eadgene, devoted to the study of host-pathogen interactions
in livestock (http://lotus5.vitamib.com/hnb/eadgene/eadgene.nsf/web/frame?
openform).
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He is one of the original founders of the GIGA/CBIG project at the University
of Liège that has culminated with the creation of a new genome centre regrouping
over 175 scientists in the fall of  2006.

The work of Michel Georges’ team has been covered by review articles in
Science, Scientific American (e.g. W.W. Gibbs The unseen genome: beyond DNA.
Scientific American 12/01/2003) La Recherche and Nature Reviews Genetics.

Michel Georges has recently organized the European Institute in Statistical
Genetics at the University of  Liège, in collaboration with Professor Bruce Weir
from the University of Washington in Seattle. It has attracted 223 students from
27 countries which have followed a total of 450 modules.

(http://www.biostat.washington.edu/sisg07/)
In 2007, Michel Georges was awarded the Wolf prize for agriculture, which is

arguably the most prestigious prize in this field.

MAJOR PUBLICATIONS

ARTICLES IN INTERNATIONAL JOURNALS WITH PEER REVIEW:

[x]: impact factor of  journal, year of publication
|Corresponding author|: mentioned when M.G. not last author despite being
corresponding author.

1. GEORGES, M.; LEQUARRE, A.S.; HANSET, R.; VASSART, G. (1987). Genetic
variation of the bovine thyroglobulin locus studied at the DNA level. Animal

Genetics 18:41-50. [1.4]
2. GEORGES, M.; COCHAUX, P. LEQUARRÉ, A.S.; YOUNG, M.W.; VASSART, G.

(1987). DNA fingerprinting in man using a mouse probe related to part of
the Drosophila “Per” gene. Nucleic Acids Research 15:7193. [6.6]

3. GEORGES, M.; SWILLENS, S.; BOUQUET, Y.; LEQUARRÉ, A.S.; HANSET, R.
(1987) Genetic linkage between the bovine plasma protease inhibitor 2
(Pi-2) and S blood group loci. Animal Genetics 18:311-316. [1.4]

4. VASSART, G.; GEORGES, M.; MONSIEUR, R.; BROCAS, H.; LEQUARRE, A.S.;
CHRISTOPHE, D. (1987). A sequence in M13 phage detects hypervariable
minisatellites in human and animal DNA. Science 235: 683-684. [24.68]

5. GEORGES, M.; LEQUARRÉ, A.S.; CASTELLI, M.; HANSET, R.; VASSART, G.
(1988). DNA fingerprinting in domestic animals using four different
minisatellite probes. Cytogenet Cell Genet 47:127-131. [1.2]

6. GEORGES, M.; HILBERT, P.; LEQUARRÉ, A.; LECLERC, V.; HANSET, R.;
VASSART, G. (1988). Use of DNA bar codes to resolve a canine paternity
dispute. JAVMA 193: 9-12. [1.4]

7. FARBER, C.M.; GEORGES, M.; DEBOCK, G.; VERHEST, A.; SIMON, P.;
VERSCHRAEGEN-SPAE, M. (1989). Demonstration of spontaneous XX/XY
chimerism by DNA fingerprinting. Hum Genet 182:1-3. [4]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM916



Michel A. J. Georges 917

8. FRIES, R.; BECKMANN, J.S.; GEORGES, M.; SOLLER, M.; WOMACK, J. (1989).
The bovine gene map. Animal Genetics 20:3-29. [1.4]

9. HILBERT, P.; MARCOTTE, A.; SCHWERS, A.; HANSET, R.; VASSART, G.;
GEORGES, M. (1989). Analysis of genetic variation in the Belgian Blue Cattle
Breed using DNA sequence polymorphism at the growth hormone, low density
lipoprotein receptor, -subunit of glycoprotein hormones and thyroglobulin
loci. Animal Genetics 20:383-394. [1.4]

10. GEORGES, M.; LATHROP, M.; HILBERT, P.; MARCOTTE, A.; SCHWERS, A.;
SWILLENS, S.; VASSART, G.; HANSET, R. (1990). On the use of  DNA
fingerprints for linkage studies in cattle. Genomics 6: 461-474. [3.5]

11. PERRET, J.; SHIA, Y.; FRIES, R.; VASSART, G.; GEORGES, M. (1990). A
polymorphic satellite sequence maps to the pericentric region of the bovine
Y chromosome. Genomics 6:482-490. [3.5]

12. GEORGES, M.; LATHROP, M.; BOUQUET, Y.; HILBERT, P.; MARCOTTE, A.;
SCHWERS, A.; ROUPAIN, J.; VASSART, G.; HANSET, R. (1990) Linkage
relationships among 19 genetic markers in cattle. Evidence for linkage between
two pairs of blood group systems: B-Z and S-F/V respectively. Animal Genetics

21:95-105. [1.4]
13. STREYDIO, C.; SWILLENS, S.; GEORGES, M.; SZPIRER, C.; VASSART G. (1990).

Structure, evolution and chromosomal localisation of the human pregnancy-
specific ß1 glycoprotein gene family. Genomics 6:579-592. [3.5]

14. JULIER, C.; DE GOUYON, B.; GEORGES, M.; GUENET, J.L.; AVNER, P.; LATHROP,
G.M. (1990). Minisatellite linkage maps in the mouse by cross-hybridization
with human VNTR probes. Proc. Natl. Acad. Sci. USA 87: 4585-4589.
[10.3]

15. GEORGES, M.; MASSEY, J.M. (1991) Velogenetics or the synergistic use of
Marker Assisted Selection and Germ-Line Manipulation. Theriogenology 35(1):
151-156. [1.8]

16. MOORE, S.S.; SARGEANT, L.; KING, T.J.; MATTICK, J.S.; GEORGES, M.;
HETZEL, D.J.S. (1991). The conservation of dinucleotide microsatellites among
mammalian genomes allows the use of heterologous PCR primer pairs in
closely related species. Genomics 10: 654-660. [3.5]

17. STEELE, M.; GEORGES, M. (1991) Generation of bovine multisite haplotypes
using random cosmids. Genomics 10: 889-904. [3.5]

18. GEORGES, M.; GUNAWARDANA, A.; THREADGILL, D.; LATHROP, M.;
OLSAKER, I.; MISHRA, A.; SARGEANT, L.; STEELE, M.; TERRY, Ch.; ZHAO. X.;
HOLM, T.; FRIES, R.; WOMACK, J. (1991). Characterization of a set of variable
number of tandem repeat markers conserved in Bovidae. Genomics 11:
24-32. [3.5]

19. HILBERT, P.; LINDPAINTER, K.; SERIKAWA, T.; SOUBRIER, F.; CARTWRIGHT, P.;
DUBAY, C.; JULIER, C.; TAKAHASI, S.; VINCENT, M.; BECKMANN, J.;
GANTEN, D.; GEORGES, M. & LATHROP, M. (1991). Chromosomal mapping

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM917



918 Wolf Prize in Agriculture

of two genetic loci associated with hereditary hypertension in the rat. Nature

353:521-529. [31]
20. DIETZ, A.B.; GEORGES, M.; THREADGILL, D.W.; WOMACK, J.E.;

SCHULER, L.A. (1992). Somatic cell mapping, polymorphism and linkage
analysis of bovine prolactin related proteins and placental lactogen. Genomics

14: 137-143. [3.5]
21. MACKINNON, M.J.; GEORGES, M. (1992). The effects of selection on linkage

analysis for quantitative traits. Genetics 132: 1177-1185. [4.9]
22. DELHAISE, F.; ZHAO, X.; DESSY, F.; GEORGES, M. (1993). Quantitative

estimation of chimerism in mice using microsatellite markers. Molecular

Reproduction and Development 34: 127-132. [2.5]
23. GEORGES, M.; LATHROP, M.; DIETZ, A.B.; LEFORT, A.; LIBERT, F.;

MISHRA, A.; NIELSEN, D.; SARGEANT, L.S.; STEELE, M.R.; ZHAO, X.;
LEIPOLD, H.; WOMACK, J.E. (1993). Microsatellite mapping of the gene
causing weaver disease in cattle will allow the study of an associated QTL.
Proc. Natl. Acad. Sci. USA 90: 1058-1062. [10.3]

24. GEORGES, M.; DRINKWATER, R.; LEFORT, A.; LIBERT, F.; KING, T.;
MISHRA, A.; NIELSEN, D.; SARGEANT, L.S.; SORENSEN, A.; STEELE, M.R.;
ZHAO, X.; WOMACK, J.E.; HETZEL, J. (1993). Microsatellite mapping of  a
gene affecting horn development in Bos taurus. Nature Genetics 4: 206-210.
[38.8]

25. LIBERT, F.; LEFORT, A.; OKIMOTO, R.; GEORGES, M. (1993). Construction of
a bovine genomic library of large yeast artificial chromosome clones. Genomics

18:270-276. [3.5]
26. NEIBERGS, H.L.; GALLAGHER, D.S.; GEORGES, M.; WOMACK, J.E. (1993).

Physical mapping of Inhibin beta-A in domestic cattle. Mammalian Genome

4: 328-332. [2.7]
27. BARENDSE, W.; ARMITAGE, S.M.; KIRKPATRICK, B.W.; MOORE, S.S.; GEORGES,

M.; WOMACK, J.E.; HETZEL, J. (1993). A genetic map of index markers on
bovine chromosome 21. Genomics 18: 598-601. [3.5]

28. BARENDSE, W.; ARMITAGE, S.M.; RYAN, A.M.; MOORE, S.S.; CLAYTON, D.;
GEORGES, M.; WOMACK, J.E.; HETZEL, J. (1993). A genetic map of index
markers on bovine chromosome 1. Genomics 18: 602-608. [3.5]

29. BARENDSE, W.; ARMITAGE, S.M.; KOSSAREK, L.M.; KIRKPATRICK, B.W.;
RYAN, A.M.; SHALOM, A.; CLAYTON, D.; LI, L.; NEIBERGS, H.L.; ZHANG, N.;
GROSSE, W.M.; WEISS, J.; CREIGHTON, P.; MCCARTHY, F.; RON, M.;
TEALE, A.J.; FRIES, R.; MCGRAW, R.A.; MOORE, S.S.; SOLLER, M.;
GEORGES, M.; WOMACK, J.E.; HETZEL, D.J.S. (1994). A genetic map of the
bovine genome shows unexpected chromosomal rearrangements between
humans and cattle. Nature Genetics 6:227-235. [38.8]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM918



Michel A. J. Georges 919

30. COCKETT, N.E.; JACKSON, S.P.; SHAY, T.D.; NIELSEN, D.; GREEN, R.D.;
GEORGES, M. (1994). Chromosomal localization of the callipyge gene in
sheep (Ovis aries) using bovine DNA markers. Proc. Natl. Acad. Sci. USA 91:
3019-3023. [10.3]

31. GEORGES, M.; NIELSEN, D.; MACKINNON, M.; MISHRA, A.; OKIMOTO, R.;
PASQUINO, A.T.; SARGEANT, L.S.; SORENSEN, A.; STEELE, M.R.; ZHAO, X.;
WOMACK, J.E.; HOESCHELE, I. (1995). Mapping quantitative trait loci
controlling milk production by exploiting progeny testing. Genetics 139:
907-920. [4.9]

32. CHARLIER, C.; COPPIETERS, W.; FARNIR, F.; GROBET, L.; LEROY, P.;
MICHAUX, C.; MNI, M.; SCHWERS, A.; VANMANSHOVEN, P.; HANSET, R. &
GEORGES, M. (1995) The mh gene causing double-muscling in cattle maps
to bovine chromosome 2. Mammalian Genome 6: 788-792. [2.7]

33. CHARLIER, C.; DENYS, B.; BELANCHE, J.I.; COPPIETERS, W.; GROBET, L.;
MNI, M.; WOMACK, J.; HANSET, R. & GEORGES, M. (1996). Microsatellite
mapping of a major determinant of White Heifer Disease: the bovine roan

locus. Mammalian Genome 7:138-142. [2.7]
34. CHARLIER, C.; FARNIR, F.; BERZI, P.; VANMANSHOVEN, P.; BROUWERS, B.;

GEORGES, M. (1996). IBD mapping of recessive traits in livestock: application
to map the bovine syndactyly locus to chromosome 15. Genome Research

6:580-589. [9.6]
35. GEORGES, M. & ANDERSSON, L. (1996). Livestock genomics comes of age.

Genome Research 6:907-921. [9.6]
36. COCKETT, N.; JACKSON, S.; SHAW, T.; FARNIR, F.; SNOWDER, G.; NIELSEN, D.;

GEORGES, M. (1996). Polar overdominance at the ovine callipyge locus.
Science 273:236-238. [24.7]

37. SAMSON, M.; LIBERT, F.; DORANZ, B.J.; RUCKER, J.; LIESNARD, C.; FARBER,
C-M.; SARAGOSTI, S.; LAPOUREMOULIE, C.; COGNAUX, J.; FORCEILLE, C.;
MUYLDERMANS, G.; VERHOFSTEDE, C.; BURTONBOY, G.; GEORGES, M.;
IMAI, T.; RANA, S.; YI, Y.; SMYTH, R.J.; COLLMAN, R.G.; DOMS, R.W.;
VASSART, G.; PARMENTIER, M. (1996). Resistance to HIV-1 infection in
caucasian individuals bearing mutant alleles of the CCR-5 chemokine receptor
gene. Nature 382: 722-725. [31]

38. CAI, L.; SCHALKWIJK L.C.; STEHLI, A.S.; ZEE, R.Y.L.; HAAF, T.; GEORGES, M.;
LEHRACH, H.; LINDPAINTER, K. (1996). Construction and characterization
of a 10-genome equivalent yeast artificial chromosome library for the
laboratory rat, Rattus norvegicus. Genomics 38: 385-392. [3.5]

39. MILINKOVITCH, M.C.; LEDUC, R.G.; ADACHI, J.; FARNIR, F.; GEORGES, M.;
HASEGAWA, M. (1996). Effects of character weighting and species sampling
on phylogeny reconstruction: a case study based on DNA sequence data in
cetaceans. Genetics 144:1817-1833. [4.9]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM919



920 Wolf Prize in Agriculture

40. BARENDSE, W.; VAIMAN, D.; KEMP, S.J.; SUGIMOTO, Y.; ARMITAGE, S.M.;
WILLIAMS, J.L.; SUN, H.S.; EGGEN, A.; AGABA, M.; ALEYASIN, S.A.; BAND, M.;
BISHOP, M.D.; BUITKAMP, J.; BYRNE, K.; COLLINS, F.; COOPER, L.;
COPPETTIERS, W.; DENYS, B.; DRINKWATER, R.D.; EASTERDAY, K.;
ELDUQUE, C.; ENNIS, S.; ERHARDT, G.; FERRETTI, L.; FLAVIN, N.; GAO, Q.;
GEORGES, M.; GURUNG, R.; HARLIZIUS, B.; HAWKINS, G.; HETZEL, J.;
HIRANO, T.; HULME, D.; JORGENSEN, C.; KESSLER, M.; KIRKPATRICK, B.W.;
KONFORTOV, B.; KOSTIA, S.; KUHN, C.; LENSTRA, J.A.; LEVEZIEL, H.;
LEWIN, H.A.; LEYHE, B.; LIL, L.; BURRIEL, I.M.; MCGRAW, R.A.; MILLER, J.R.;
MOODY, D.E.; MOORE, S.S.; NAKANE, S.; NIJMAN, I.J.; OLSAKER, I.;
POMP, D.; RANDO, A.; RON, M.; SHALOM, A.; TEALE, A.J.; THIEVEN, U.;
URQUHART, B.G.D.; VAGE, D.I.; VANDEWEGHE, A.; VARVIO, S.; VELMALA, R.;
VIKKI, J.; WEIKARD, R.; WOODSIDE, C.; WOMACK, J.E.; ZANOTTI, M.;
ZARAGOZA, P. (1997) A medium-density genetic linkage map of the bovine
genome. Mammalian Genome 8: 21-28. [2.7]

41. DUNNER, S.; CHARLIER, C.; FARNIR, F.; BROUWERS, B.; CANON, J.; GEORGES,

M. Towards interbreed IBD fine mapping of the mh locus: double-muscling
in the Asturiana de los Valles breed involves the same locus as in the Belgian

Blue cattle breed.(1997) Mammalian Genome 8: 430-435. [2.7]
42. GEORGES, M. (1997). From QTL mapping to QTL cloning: mice at the rescue.

Genome Research 7: 665-666. [9.6]
43. GROBET, L.; ROYO MARTIN, L.J.; PONCELET, D.; PIROTTIN, D.; BROUWERS, B.;

RIQUET, J.; SCHOEBERLEIN, A.; DUNNER, S.; MENISSIER, F.; MASSABANDA, J.;
FRIES, R.; HANSET, R.; GEORGES, M. (1997) A deletion in the myostatin gene
causes double-muscling in cattle. Nature Genetics 17:71-74. [38.8]

44. GROBET, L.; PONCELET, D.; ROYO MARTIN, L.J.; BROUWERS, B.; PIROTTIN, D.;
MICHAUX, CH.; MENISSI ER , F.; ZANOTTI, M.; DUNNER, S.; GEORGES, M.

(1998). Molecular definition of an allelic series of mutations disrupting the
myostatin function and causing double-muscling in cattle. Mammalian

Genome 9: 210-213. [2.7]
45. COPPIETERS, W.; MACKINNON, M.; GEORGES, M. (1998). A note on the

effect of  selection on linkage analysis for quantitative traits. Journal of

Heredity, 89:193-195. [1.7]
46. MACKINNON, M.; GEORGES, M. (1998) A bottom-up approach

towards marker assisted selection. Livestock Production Science 54:229-250.
[1]

47. COPPIETERS, W.; RIQUET, J.; ARRANZ, J.-J.; BERZI, P.; CAMBISANO, N.;
GRISART, B.; KARIM, L.; MARCQ, F.; SIMON, P.; VANMANSHOVEN, P.;
WAGENAAR, D.; GEORGES, M. (1998) A QTL with major effect on milk yield
and composition maps to bovine chromosome 14. Mammalian Genome 9:
540-544. [2.7]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM920



Michel A. J. Georges 921

48. COPPIETERS, W.; KVASZ, A.; ARRANZ, J.J.; GRISART, B.; FARNIR, F.;
MACKINNON, M. & GEORGES, M. (1998). A rank-based non parametric
method to map QTL in outbred half-sib pedigrees: application to milk
production in a grand-daughter design. Genetics 149:1547-1555. [4.9]

49. ARRANZ, J.-J.; COPPIETERS, W.; BERZI, P.; CAMBISANO, N.; GRISART, B.;
KARIM, L.; MARCQ, F.; RIQUET, J.; SIMON, P.; VANMANSHOVEN, P.;
WAGENAAR, D.; GEORGES, M. (1998) A QTL affecting milk yield and
composition maps to bovine chromosome 20: a confirmation. Animal Genetics

29: 107-115. [1.4]
50. PIROTTIN, D.; PONCELET , D.; GROBET, L.; ROYO, L.J.; BROUWERS, B.;

MASABANDA, J.; TAKEDA, H.; FRIES, R.; SUGIMOTO, K.; WOMACK, J.;
DUNNER, S.; GEORGES, M. (1999). High resolution human-bovine
comparative mapping based on a closed YAC contig spanning the bovine mh

locus. Mammalian Genome 10: 289-293. [2.7]
51. NEZER, C.; MOREAU, L.; BROUWERS, B.; COPPIETERS, W.; DETILLEUX, J.;

HANSET, R.; KARIM, L.; KVASZ, A.; LEROY, P.; GEORGES, M. (1999) An
imprinted QTL with major effect on muscle mass and fat deposition maps to
the IgfII locus in pigs. Nature Genetics 21: 155-156. [38.8]

52. COCKETT, N.E.; SHAY, T.; BEEVER, J.E.; NIELSEN, D.M.; ALBRETSEN, J.;
GEORGES, M.; PETERSON, K.; STEPHENS, A.; VERNON, W.; TIMOFEEVSKAIA,
O.; SOUTH, S.; MORK, J.; MACIULIS, A.; HOLYOAK, G.R.; BUNCH, T.D. (1999).
Localization of the locus causing Spider Lamb Syndrome to the distal end of
ovine chromosome 6. Mammalian Genome 10: 35-38. [2.7]

53. LIEN, S.; COCKETT, N.E.; KLUNGLAND, H.; ARNHEIM, N.; GEORGES, M.;
GOMEZ-RAYA, L. (1999). High-resolution gametic map of the sheep callipyge
region: linkage heterogeneity among rams detected by sperm typing. Animal

Genetics 30: 42-46. [1.4]
54. RIQUET, J.; COPPIETERS, W.; CAMBISANO, N.; ARRANZ, J.-J.; BERZI, P.;

DAVIS, S.; GRISART, B.; FARNIR, F.; KARIM, L.; MNI, M.; SIMON, P.; TAYLOR, J.;
VANMANSHOVEN, P.; WAGENAAR, D.; WOMACK, J.E.; GEORGES, M. (1999).
Identity-by-descent fine-mapping of QTL in outbred populations: application
to milk production in dairy cattle. Proc. Natl. Acad. Sci. USA 96: 9252-9257.
[9.04]

55. COPPIETERS, W.; KVASZ, A.; ARRANZ, J.-J.; GRISART, B.; RIQUET, J.; FARNIR, F.;
GEORGES, M. (1999). The great-grand-daughter design: a simple strategy
to increase the power of a grand-daughter design. Genetical Research 74:
189-199. [2.5]

56. SPELMAN, R.J.; HUISMAN, A.E.; SINGIREDDY, S.R.; COPPIETERS, W.; ARRANZ,
J.J.; GEORGES, M.; GARRICK, D.J. (1999). Quantitative Trait Loci analysis on
17 nonproduction traits in the New Zealand dairy population. J Dairy Sci

82: 2514-2516. [2.1]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM921



922 Wolf Prize in Agriculture

57. FARNIR, F.; COPPIETERS, W.; ARRANZ, J.-J.; BERZI, P.; CAMBISANO, N.;
GRISART, B.; KARIM, L.; MARCQ, F.; MOREAU, L.; MNI, M.; NEZER, C.;
SIMON, P.; VANMANSHOVEN, P.; WAGENAAR, D.; GEORGES, M. (2000).
Extensive genome-wide linkage disequilibrium in cattle. Genome Research

10: 220-227. [9.6]
58. IKONEN, T.; BOVENHUIS, H.; OJALA, M.; UOTTINEN, O.; GEORGES M.

(2001). Associations between casein haplotypes and first lactation milk
production traits in Finnish Ayrshire cows. J Dairy Sci. 84(2):507-14.
[2.1]

59. KARIM, L.; COPPIETERS, W.; GROBET, L.; VALENTINI, A.; GEORGES, M.

(2001). Convenient genotyping of six myostatin mutations causing double-
muscling in cattle using a multiplex oligonucleotide ligation assay. Animal

Genetics 31: 396-399. [1.4]
60. SEGERS, K.; VAIMAN, D.; BERGHMANS, S.; SHAY, T.; BEEVER, J.; COCKETT, N.;

GEORGES, M. & CHARLIER, C. (2001). Construction and characterization
of an ovine BAC contig spanning the callipyge locus. Animal Genetics 31:
352-359. [1.4] |corresponding author|

61. SHAY, T.; BERGHMANS, S.; SEGERS, K.; MEYERS, S.; WOMACK., J.; BEEVER, J.;
GEORGES, M.; CHARLIER, C. & COCKETT, N. E. (2001). Fine-mapping
and construction of a bovine contig spanning a 4.6 centimorgan interval
containing the CLPG locus. Mammalian Genome 12: 141-149. [2.7]
|corresponding author|

62. BERGHMANS, S.; SEGERS, K.; SHAY, T.; GEORGES, M.; COCKETT, N. E. &
CHARLIER, C. (2001). Breakpoint mapping positions the callipyge gene within
a 400 kilobase chromosome segment containing the Dlk1 and Gtl-2 genes.
Mammalian Genome 12: 183-185. [2.7] |corresponding author|

63. CHARLIER, C.; SEGERS, K.; KARIM, L.; SHAY, T.; GYAPAY, G.; COCKETT, N.;
GEORGES, M. (2001). The callipyge (CLPG) mutation enhances the expression
of the coregulated DLK1, GTL2, PEG11 and MEG8 genes in cis without
affecting their imprinting status. Nature Genetics 27:367-369. [26.5]

64. CHARLIER, C.; SEGERS, K.; WAGENAAR, D.; KARIM, L.; BERGHMANS, S.;
JAILLON, O.; SHAY, T.; WEISSENBACH, J.; COCKETT, N.; GYAPAY, G.;
GEORGES, M. (2001). Human - ovine comparative sequencing of  a 250
kilobase imprinted domain encompassing the callipyge (clpg) gene and
identification of  six imprinted transcripts: DLK1, DAT, GTL2, PEG11,

antiPEG11 and MEG8. Genome Research 11:850-862. [9.6]
65. PAILHOUX, E.; VIGIER, B.; VAIMAN, D.; SCHIBLER, L.; VAIMAN, A.; CRIBIU, E.;

NEZER, C.; GEORGES, M.; SUNDSTROM, J.; PELLINIEMI, L.J.; FELLOUS, M.;
COTINOT, C. (2001) Contribution of domestic animals to the identification
of new genes involved in sex determination. J. Exp. Zoology 290: 700-708.
[1.8]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM922



Michel A. J. Georges 923

66. PAULSEN, M.; TAKADA, S.; YOUNGSON, N.A.; BENCHAIB, M.; CHARLIER, C.;
SEGERS, K.; GEORGES, M.; FERGUSON-SMITH, A. (2001) Detailed sequence
analysis of  the imprinted Dlk1-Gtl2 locus in three mammalian species
identifies highly conserved genomic elements and a domain structure different
from the Igf2-H19 region. Genome Research 11: 2085-2094. [9.6]

67. BIDWELL, C.A.; SHAY, T.L.; GEORGES, M.; BEEVER, J.E.; BERGHMANS, S.;
COCKETT, N.E. (2001) Differential expression of the GTL2 gene within the
callipyge region of ovinechromosome 18. Animal Genetics 32:248-256. [1.4]

68. GRISART, B.; COPPIETERS, W.; FARNIR, F.; KARIM, L.; FORD, C.; CAMBISANO,
N.; MNI, M.; REID, S.; SPELMAN, R.; GEORGES, M. & SNELL, R. (2002).
Positional candidate cloning of a QTL in dairy cattle: Identification of a
missense mutation in the bovine DGAT gene with major effect on milk yield
and composition. Genome Research 12: 222-231. [9.6] |corresponding
author|

69. FARNIR, F.; GRISART, B.; COPPIETERS, W.; RIQUET, J.; BERZI, P.; CAMBISANO,
N.; KARIM, L.; MNI, M.; MOISIO, S.; SIMON, P.; WAGENAAR, D.; VILKKI, J.;
GEORGES, M. (2002). Simultaneous mining of  linkage and linkage
disequilibrium to fine-map QTL in outbred half-sib pedigrees: revisiting the
location of a QTL with major effect on milk production on bovine chromosome
14. Genetics 161: 275-287. [4.9]

70. NEZER, C.; MOREAU, L.; WAGENAAR; D.; GEORGES, M. (2002). Results of  a
whole genome scan targeting QTL for growth and carcass characteristics
in a Piétrain X Large White intercross. Genetics, Selection, Evolution 34:
371-388. [1.3]

71. AMARGER, V.; NGUYEN, M.; VAN LARE, A.S.; NEZER, C.; GEORGES, M.;
ANDERSSON, L. (2002). Comparative sequence analysis of  the INS-IGF2-
H19 gene cluster in pigs. Mammalian Genome 13: 388-398. [2.7]

72. KIM, J.J.; GEORGES, M. (2002). Evaluation of a new fine-mapping method
exploiting linkage disequilibrium: a case study analysing a QTL with major
effect on milk composition on bovine chromosome 14. Asian-Aust. J. Anim.

Sci. 15: 1250-1256. [0.4]
73. SMIT, M.; SEGERS, K.; SHAY, T.; BARALDI, F.; GYAPAY, G.; SNOWDER, G.;

GEORGES, M.; COCKETT, N.; CHARLIER, C. (2003). Mosaicism of Solid Gold
supports the causality of a non-coding A to G transition in the determinism
of the callipyge phenotype. Genetics 163: 453-456. [4.9] |corresponding
author|

74. BLOTT, S.; KIM, J.-J.; MOISIO, S.; SCHMIDT-KÜNTZEL, A.; CORNET, A.;
BERZI, P.; CAMBISANO, N.; FORD, C.; GRISART, B.; JOHNSON, D.; KARIM, L.;
SIMON, P.; SNELL, R.; SPELMAN, R.; WONG, J.; VILKKI, J.; GEORGES, M.;

FARNIR, F.; COPPIETERS, W. (2003). Molecular dissection of  a QTL: a
phenylalanine to tyrosine substitution in the transmembrane domain of the

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM923



924 Wolf Prize in Agriculture

bovine growth hormone receptor is associated with a major effect on milk
yield and composition. Genetics 163: 253-266. [4.93] |corresponding author|

75. DUNNER, S.; MIRANDA, M.E.; AMIGUES, Y.; CANON, J.; GEORGES, M.;
HANSET, R.; WILLIAMS, J.; MENISSIER, F. (2003) Haplotype diversity of the
myostatin gene among beef cattle breeds. Genetics Selection Evolution 35:
103-118. [1.3]

76. GROBET, L.; PIROTTIN, D.; FARNIR, F.; PONCELET, D.; ROYO, L.J.;
BROUWERS, B.; CHRISTIANS, E.; DESMECHT, D.; COIGNOUL, F.; KAHN, R.;
GEORGES, M. (2003). Modulating skeletal muscle mass by post-natal, muscle-
specific inactivation of  the myostatin gene. Genesis 35: 227-238. [2.9]

77. GEORGES, M.; CHARLIER, C.; COCKETT, N. (2003). Polar overdominance at
the ovine callipyge locus supports trans interaction between the products of
reciprocally imprinted genes. Trends in Genetics 19:248-252. [12]

78. NEZER, C.; COLLETTE, C.; MOREAU, L.; BROUWERS, B.; KIM, J.J.; GIUFFRA, E.;
BUYS, N.; ANDERSSON, L.; GEORGES, M. (2003). Haplotype sharing refines
the location of an imprinted QTL with major effect on muscle mass to a 90
Kb chromosome segment containing the porcine IGF2 gene. Genetics 165:
277-285. [4.9]

79. VAN LAERE, A.-S.; NGUYEN, M.; BRAUNSCHWEIG, M.; NEZER, C.;
COLLETTE, C.; MOREAU, L.; ARCHIBALD, A.L.; HALEY, C.S.; BUYS, N.;
TALLY, M.; ANDERSSON, G.; GEORGES, M. & ANDERSSON, L. (2003).
Positional identification of a regulatory mutation in IGF2 causing a major
QTL effect on muscle growth in the pig. Nature 425: 832-836. [31]
|co-corresponding author|

80. WERNER, F.A.O.; DURSTEWITZ, G.; HABERMANN, F.A.; THALLER, G.;
KRAMER, W.; KOLLERS, S.; BUITKAMP, J.; GEORGES, M.; BREM, G.;
MOSNER, J.; FRIES, R. (2004) Detection and characterization of SNPs useful
for identity control and parentage testing in major European dairy breeds.
Animal Genetics 35: 44-48. [1.4]

81. GRISART B., FARNIR F., KARIM L., CAMBISANO N., KIM J.-J., KVASZ A., MNI
M., SIMON P., FRERE J.-M., COPPIETERS W., GEORGES M. (2004). Genetic
and functional demonstration of the causality of the DGAT1 K232A mutation
in the determinism of the BTA14 QTL affecting milk yield and composition.
Proc. Natl. Acad. Sci. USA 101: 2398-2403. [10.3]

82. ANDERSSON, L.; GEORGES, M. (2004) Domestic animal genomics:
deciphering the genetics of  complex traits. Nature Reviews Genetics 5:
202-212. [25.7]

83. LAVILLE, E.; BOUIX, J.; SAYD, T.; BIBE, B.; ELSEN, J.M.; LARZUL, C.;
EYCHENNE, F.; MARCQ, F.; GEORGES M. (2004) Effects of a quantitative
trait locus for muscle hypertrophy from Belgian Texel sheep on carcass
conformation and muscularity. J. Anim. Sci 82: 3128-3137. [1.6]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM924



Michel A. J. Georges 925

84. DAVIS, E.; HARKEN JENSEN, C.; SCHRODER, H.D.; SHAY, T.; KLIEM, A.;
COCKETT, N.; GEORGES, M.; CHARLIER, C. (2004). Ectopic expression of
DLK1 protein in skeletal muscle of padumnal heterozygotes causes the
callipyge phenotype. Current Biology 14: 1858-1862. [11.9] |corresponding
author|

85. PIROTTIN, D.; GROBET, L.; ADAMANTIDIS, A.; FARNIR, F.; HERENS, C;
SCHRODER, H.D.; GEORGES, M. (2005). Transgenic engineering of a male-
specific muscular hypertrophy. Proc. Natl. Acad. Sci. USA 102: 6413-6418
[10.3]

86. DAVIS, E.; CAIMENT, F.; TORDOIR, X.; CAVAILLÉ, J.; FERGUSON-SMITH, A.;
COCKETT, N.; GEORGES, M.; CHARLIER, C. (2005). RNAi-mediated allelic
trans-interaction at the imprinted callipyge locus. Current Biology 15:
743-749 |corresponding author| [11.9]

87. SMIT, M.A., TORDOIR, X.; GYAPAY, G.; COCKETT, N.; GEORGES, M.;
CHARLIER, C. (2005). BEGAIN: a novel imprinted gene that generates
paternally expressed transcripts in a tissue- and promotor-specific manner.
Mammalian Genome 16: 801-814. |corresponding author| [2.4]

88. QUAN, X.; LAES, J.-F.; STIEBER, D.; RIVIÈRE, M.; RUSSO, J.; WEDEKIND, D.;
COPPIETERS, W.; FARNIR, F.; GEORGES, M.; SZPIRER, J.; SZPIRER, C. (2006)
Genetic identification of distinct loci controlling mammary tumor multiplicity,
latency and aggressiveness in the rat. Mammalian Genome 17: 310-321.
[2.4]

89. SANDOR, C.; FARNIR, F.; MEUWISSEN, T.; COPPIETERS, W.; GEORGES, M.

(2006). Linkage d.isequilibrium on the bovine X chromosome: characterization
-and use in QTL mapping. Genetics 173: 1777-1786. [4.3]

90. HARMEGNIES, N.; FARNIR, F.; DAVIN, F.; GEERTS, I.; BUYS, N.; GEORGES, M.;
COPPIETERS, W. (2006). Measuring the extent of linkage disequilibrium in
commercial pig populations. Animal Genetics 37: 225-231. |corresponding
author| [2.4]

91. TAKEDA, H.; CAIMENT, F.; SMIT, M.; HIARD, S.; TORDOIR, X.; COCKETT, N.;
GEORGES, M. & CHARLIER,5 C. (2006). The callipyge mutation enhances
bidirectional long-range DLK1-GTL2 intergenic transcription in cis. Proc.

Natl. Acad. Sci. USA 103: 8119-8124. |corresponding author| [10.2]
92. VIITALA, S., SZYDA, J., BLOTT, S., SCHULMAN, N., LIDAUER, M., MAKI-

TANILA, A., GEORGES, M., VILKKI, J. (2006) The role of the bovine growth
hormone receptor and prolactin receptor genes in milk, fat and protein
production in finnish ayrshire dairy cattle. Genetics 173:2151-2164. [4.3]

93. MORREEL, K., GOEMINNE, G., STORME, V., STERCK, L., RALPH, J.,
COPPIETERS, W., BREYNE, P., STEENACKERS, M., GEORGES, M., MESSENS,
E., BOERJAN, W. (2006) Genetical metabolomics of flavonoid biosynthesis in
Populus: a case study. Plant J. 47:224-37. [7.0]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM925



926 Wolf Prize in Agriculture

94. CLOP, A.; MARCQ, F.; TAKEDA, H.; PIROTTIN, D.; TORDOIR, X.; BIBÉ, B.;
BOUIX, J.; CAIMENT, F.; ELSEN, J.M.; EYCHENNE, F.; LARZUL, C.; LAVILLE, E.;
MEISH, F.; MILENKOVIC, D.; TOBIN, J.; CHARLIER, C.; GEORGES, M.

(2006). A mutation creating a potential illegitimate miRNA target site in the
myostatin gene affects muscularity in sheep. Nature Genetics 38:813-818.
[25.8]

95. HARMEGNIES, N.; DAVIN, F.; DE SMET, S.; BUYS, N.; GEORGES, M.;
COPPIETERS, W. (2006). Results of a whole genome QTL scan for growth,
carcass composition, and meat quality in a porcine four-way cross. Animal

Genetics 37: 543-553 |corresponding author| [2.4]
96. WUNDERLICH, K.R.; ABBEY, C.A.; CLAYTON, D.R.; SONG, Y.; SCHEIN, J.E.;

GEORGES, M.; COPPIETERS, W.; ADELSON, D.L.; TAYLOR, J.F.; DAVIS, S.L.;
GILL, C.A. (2006) A 2.5-Mb contig constructed from Angus, Longhorn and
horned Hereford DNA spanning the polled interval on bovine chromosome
1. Anim Genet. 37:592-594. [2.4]

97. HAMELIN, M.; SAYD, T.; CHAMBON, C.; BOUIX, J.; BIBE, B.; MILENKOVIC, D.;
LEVEZIEL, H.; GEORGES, M.; CLOP, A.; MARINOVA, P.; LAVILLE, E. (2006)
Proteomic analysis of ovine muscle hypertrophy. J Anim Sci. 84:3266-3276.
[1.6]

98. LIBIOULLE, C.; LOUIS, E.; HANSOUL, S.; SANDOR, C.; FARNIR, F.;
FRANCHIMONT, D.; DE WIT, O.; DE VOS, M.; VERMEIRE, S.; DEMARCHE, B.;
GUT, I.; HEATH, S.; MNI, M.. ZELENIKA, D.; BELAICHE, J.; RUTGEERTS, P.;
LATHROP, M.; GEORGES, M. (2007) A novel susceptibility locus for Crohn’s
disease identified by whole genome association maps to a gene desert on
chromosome 5p13.1 and modulates the level of  expression of  the
prostaglandin receptor EP4. PloS Genetics 4:e58 [7.7]

99. GEORGES, M.; COPPIETERS, W.; CHARLIER, C. (2007) Polymorphic miRNA-
mediated gene regulation: contribution to phenotypic variation and disease.
Current Opinion in Genetics & Development 17: 1-11 [10]

100. GEORGES, M. (2007) Mapping, fine-mapping and cloning QTL in domestic
animals. Annual Review of Genomics and Human Genetics 8: 131-162.
[10.8]

101. CHARLIER, C.; COPPIETERS, W.; AGERHOLM, J.S.; CAMBISANO, N.; CARTA, E.;
DESMECHT, D.; DIVE,M.; FASQUELLE, C.; FRENNET, J.C.; HANSET, R.;
HUBIN, X.; JORGENSEN, C.; KARIM, L.; KENT, M.; HARVEY, K.; PEARCE, B.R.;
ROLLIN, F.; SIMON, P.; TAMA, N.; NIE, H.; VANDEPUTTE, S.; LIEN, S.; LONGERI,
M.; FREDHOLM, M.; HARVEY, R.J.; GEORGES, M. (2007) Highly effective
SNP-based association mapping and management of recessive defects in
livestock. Nature Genetics, in the press. [25.8]

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM926



Michel A. J. Georges 927

BOOK CHAPTERS

1. GEORGES, M. (1991). Hypervariable Minisatellites and their use in animal
breeding. In: Gene Mapping: strategies, techniques and applications,
pp. 89-112. Ed. by L.B. Schook, Lewin and McLaren. Marcel Dekker,
New York.

2. GEORGES, M. (1991). Perspectives for marker assisted selection and
velogenetics in animal breeding. in Animal Applications of  Research in
Mammalian Development, pp. 285-325. Current Communications in Cell &
Molecular Biology 4. Ed. Pedersen, McLaren and First. Cold Spring Harbor
Laboratory Press.

3. LATHROP, M.; CARTWRIGHT, P.; WRIGHT, S.; NAKAMURA, Y.; GEORGES, M.

(1991). Data analysis for linkage studies. In: Gene Mapping: strategies,
techniques and applications, pp. 177-198. Ed. by L.B. Schook, Lewin and
McLaren. Marcel Dekker, New York.

4. GEORGES, M. (1997). Recent progress in mammalian genomics and its
implication for the selection of candidate transgenes in livestock species. In:
Transgenic animals: generation and use. Pp.519-524. Eds. Houdebine. Harwood
Academic Publisher.

5. GEORGES, M. (1997) Case history in animal improvement: Mapping complex
traits in ruminants. Pp. 229-240. In Molecular analysis of complex traits.
Ed. A. Patterson, CRC Press.

6. GEORGES, M. (1998). Mapping genes underlying production traits in livestock.
Pp. 77-101. In Animal Breeding: Technology for the 21st century. Ed. J. Clark.
Harwood Academic Publishers.

7. GEORGES, M.; ANDERSSON, L. (2004). Positional identification of structural
and regulatory quantitative trait nucleotides in livestock. In “The Genome of
Homo Sapiens”. Cold Spring Harbor Symposia on Quantitative Biology,
Vol. 68, pp 179-187. Edited by Bruce Stillman and David Stewart, Cold Spring
Harbor Laboratory.

8. GEORGES, M.; CHARLIER, C.; SMIT, M.; DAVIS, E.; SHAY, T.; TORDOIR, X.;
TAKEDA, H.; CAIMAN, F.; COCKETT, N. (2005). Toward molecular
understanding of  polar overdominance at the ovine callipyge locus. In
“Epigenetics” Cold Spring Harbor Symposium on Quantitative Biology,
Vol. 69, pp 477-483. Edited by Bruce Stillman and David Stewart, Cold Spring
Harbor Laboratory.

9. GEORGES, M., CLOP, A.; MARCQ, F.; TAKEDA, H.; PIROTTIN, D.; TORDOIR, X.;
HIARD, S.; BIBÉ, B.; BOUIX, J.; CAIMENT, F.; ELSEN, J.M.; EYCHENNE, F.;
LARZUL, C.; LAVILLE, E.; MEISH, F.; MILENKOVIC, D.; TOBIN, J.; CHARLIER, C.
(2006). Polymorphic miRNA-target interactions. In “Regulatory RNAs” Cold
Spring Harbor Symposium on Quantitative Biology, Vol. 71, pp …. Edited by
Bruce Stillman and David Stewart, Cold Spring Harbor Laboratory.

37_2006-7 Georges.p65 17-Mar-09, 9:46 AM927



928 Wolf Prize in Agriculture

10. GEORGES, M.; CLOP, A.; MARCQ, F.; TAKEDA, H.; PIROTTIN, D.; HIARD, S.;
TORDOIR, X.; CAIMENT, F.; MEISH, F.; BIBE, B.; BOUIX, J.; ELSEN, J.M.;
EYCHENNE, F.; LAVILLE, E.; LARZUL, C.; MILENKOVIC, D.; TOBIN, J.;
CHARLIER, C. (2006) Polymorphic Polymorphic MicroRNA-Target Interactions:
A Novel Source of  Phenotypic Variation. Cold Spring Harb Symp Quant Biol.

71:343-350.

CITATION ANALYSIS

Total impact factor: 819
Average impact factor per publication: 8.4
Total number of citations: 7,457
Average number of citations per publication: 51.08
h-index: 41 (41 publications with more than 40 citations)
16 publications with more than 100 citations.

Published items per year

Citations per year

(Source: ISI Web of Knowledge, January 2008)
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MILENKOVIC, D.; TOBIN, J.; CHARLIER, C.; GEORGES, M. (2006). A mutation
creating a potential illegitimate miRNA target site in the myostatin gene affects
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DE WIT, O.; DE VOS, M.; VERMEIRE, S.; DEMARCHE, B.; GUT, I.; HEATH, S.;
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CHARLIER, C.; COPPIETERS, W.; AGERHOLM, J.S.; CAMBISANO, N.; CARTA, E.;

DESMECHT, D.; DIVE, M.; FASQUELLE, C.; FRENNET, J.C.; HANSET, R.;
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ROLLIN, F.; SIMON, P.; TAMA, N.; NIE, H.; VANDEPUTTE, S.; LIEN, S.;
LONGERI, M.; FREDHOLM, M.; HARVEY, R.J.; GEORGES, M. (2007) Highly
effective SNP-based association mapping and management of recessive defects
in livestock. Nature Genetics, in the press.
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Ronald L. Phillips
University of Minnesota
St. Paul, Minnesota, USA

k

2006/7 — for groundbreaking
discoveries in genetics and
genomics, laying the foundations for
improvements in crop and livestock
breeding, and sparking important
advances in plant and animal sciences.

Rank: Regents Professor, University of Minnesota

CURRICULUM VITAE

Date and place of birth: January 1, 1940, Huntington County, Indiana, USA

EDUCATIONAL HISTORY:

1961 B.S. Purdue University – Major Crop Science.

1963 M.S. Purdue University – Major Plant Breeding and Genetics.

1966 Ph.D. University of Minnesota – Major Genetics-Cytogenetics and Plant

Breeding Specialties.

1967 Postdoctorate, Cornell University – Major Genetics.

PROFESSIONAL POSITIONS:

1966-67 NIH Trainee, Cornell University.

1967-68 Research Associate, University of Minnesota.

1968-72 Assistant Professor, University of Minnesota.

1972-76 Associate Professor, University of Minnesota.

1976-93 Professor, University of Minnesota.
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1979 (5 mos.) Program Director, USDA Competitive Research Grants Office,

Washington, DC.

1981 (1 mo.) Visiting Professor, Italian National Research Council and Experimental

Institute for Cereal Crops.

1984 (3 wks.) Visiting Professor, University of Guelph, Ontario, Canada.

1986 (1 mo.) Visiting Professor, People’s Republic of China.

1990 (3 wks.) Foreign Specialist, Japan.

1991-1994 Director, Plant Molecular Genetics Inst., University of Minnesota.

1996-1998 Chief  Scientist, USDA-National Research Initiative Competitive

Grants Program.

1993-present Regents Professor, University of Minnesota.

1999-present McKnight Presidential Chair in Genomics, University of Minnesota.

2000-2005 Director, Ctr. for Microbial and Plant Genomics, University of

Minnesota.

SELECTED HIGHLIGHTS

Grants Management:

• USDA Grants Manager for the Genetic Mechanisms Program (1979) – 5 months

in Washington, D.C.

• USDA Chief Scientist in charge of the National Research Initiative (1996-98) –

50% time in Washington, D.C.

• Grants panels for USDA (1978-80), NSF (1976, 2002), DOE (1979, 1982),

USAID (Chair, 2002)

• Interagency Working Group (OSTP) on Plant Genome, Chair (1997-98). The

Working Group’s Report was prepared in response to Senator Kit Bond’s request

for a plan for Congress. The report resulted in establishment of  the NSF Plant

Genome Research Program.

• Advisory Committee for University of  Arizona NSF Chromatin Functional

Genomics Grant (2003-2005)

• Advisory Committee for Purdue University NSF Comparative Genomics Grant

(2004-present)

• Scientific Advisory Board, Chair, USDA RiceCAP grant (2004-present)

Recent NSF Grants Received:

• NSF Plant Genome Research Program 1998-2001 ($1.8m), 2002-2007 ($3.1m):

RL Phillips and HW Rines, Co-PIs.

Research Center Advisories:

• Palm Oil Research Institute of  Malaysia Program Advisory Committee

(1993-2001)
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• Scientific Liaison Officer for USAID to IRRI (1999-2003)

• Donald Danforth Plant Science Center Scientific Advisory Board (2000-present)

• Noble Foundation Non-resident Fellow (2002-2006)

• International Rice Research Institute (IRRI) Board of Trustees – Program Chair

(2004-present)

Honors and Awards:

• Fellow: American Association for the Advancement of Science (1980), Crop

Science Society of America (1985), American Society of Agronomy (1985)

• Crop Science Research Award – Crop Science Society of America (1988)

• National Academy of Sciences (elected 1991)

• Purdue University Distinguished Agriculture Alumni Award (1993)

• Regents Professor, University of Minnesota (1993-present)

• Dekalb Genetics Crop Science Distinguished Career Award (1997)

• Honorary doctorate – Purdue University (2000)

• McKnight Presidential Chair in Genomics (2000-present)

• Wolf Prize in Agriculture, co-recipient (2007)

Special Offices:

• American Association for the Advancement of  Science: Section “O” Chair

(1989-1990), Program Committee (2003-2005); Task Force on Women in

Agricultural Sciences (2006-present)

• Crop Science Society of America, President (1999-2000)

• National Academy of  Sciences: Section Chair (2001-2003), Class Membership

Committee (1994-95, 2007)

• University of Minnesota Plant Molecular Genetics Institute, Co-founder and

Director (1991-94); Microbial and Plant Genomics Institute, Co-founder and

Director (2000-2005)

• International Crop Science Society, Vice President (2004-present)

• World Food Prize, Committee and Youth Institute Faculty (2004-present)

• Council of Scientific Society Presidents, Chair (2006)

Student Training:

• Advised 61 M.S. and Ph.D. student theses

• Advised 20 postdoctoral scientists

• Teaching: Graduate course in Plant Cytogenetics (1970-present)

• Cold Spring Harbor summer course in Plant Molecular and Developmental

Biology, Guest Instructor (1984, 1985, 1990, 1991)

• President’s Distinguished Faculty Mentoring Program (1988-1994, 2002-2005)

• Project Ag-Grad (African graduate student program), Founder and Co-director

(1986-present)

38_2006-7 Phillips.p65 06-Mar-09, 7:49 PM933



934 Wolf Prize in Agriculture

• Unique Educational Opportunities Grant, University of  Minnesota, Chair

(1986-present)

• Burnham/Chang Scholarship for high school students, University of Minnesota,

Chair (1993-present)

• Eisenhower Program High School Biology Teachers Course, Guest Lecturer

(2000-present)

• Multicultural Undergraduate Research Program (2001)

• Golden Opportunity Scholars Institute, Crop Science Society of  America, Mentor

(2006-present), Committee Member (2007-present)

• University of Minnesota/IRRI graduate shuttle program (2006-present)

Symposium Organization:

• National Academy of Sciences Colloquium on “Protecting our food supply: The

value of plant genome initiatives”, Irvine, CA, Co-organizer (1997)

• University of  Bologna, Italy, International Conference: “From the Green

Revolution to the Gene Revolution”, Co-organizer (2002-2005)

• University of Minnesota, National Symposium: “Intellectual Property for the

Public Good”, Organizer (2003-2004)

Publications:

• 142 Refereed Journal Articles

• 72 Chapters, or edited books

• 343 Abstracts

BRIEF BIOGRAPHY

Hallmarks of Dr. Phillips’ career involve innovative research in plant biology and

genetics leading to technology used in genetic engineering of crops, genomics, trait

selection, student education, and national/international service.

Dr. Phillips is Regents Professor and McKnight Presidential Chair in Genomics,

University of Minnesota. He earned B.S. and M.S. degrees from Purdue University

and a Ph.D. from the University of Minnesota; his postdoctoral training was at

Cornell University. Dr. Phillips has advised over 60 graduate theses and taught a

course in cytogenetics as a faculty member in the Department of Agronomy and

Plant Genetics for over 40 years. Dr. Phillips was the co-recipient of the prestigious

Wolf Prize in Agriculture in Israel in 2007 for “ground breaking research in

service of mankind.” In 1991, he was elected a member of the National Academy

of  Sciences. Currently, he serves on the Board of  Trustees of  the premier

International Rice Research Institute in the Philippines and on the Scientific Advisory

Board of the Donald Danforth Plant Science Center. Other awards include an
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honorary doctorate from Purdue University, Fellow of AAAS (American Association

for the Advancement of Science), ASA (American Society of Agronomy), and CSSA

(Crop Science Society of America), the Purdue University Agriculture Distinguished

Alumni Award, the Dekalb Genetics Crop Science Distinguished Career Award,

and the Crop Science Society of America Research Award. Dr. Phillips served as

Chief Scientist of  the US Department of Agriculture (1996-1998) in charge of the

National Research Initiative Competitive Grants Program and chaired the Interagency

Working Group that wrote the plan for the NSF Plant Genome Research Initiative

of the U.S. He served as President of the Crop Science Society of America in 2000

and Chair of the Council of  Scientific Society Presidents in 2006.

GENERAL DESCRIPTION OF ACCOMPLISHMENTS

Throughout his career, Dr. Phillips has coupled the techniques of plant genetics

and molecular biology to enhance the understanding of basic biology of  cereal

crops and to improve these species by innovative methods. His research program at

the University of Minnesota was one of the early programs in modern plant

biotechnology related to agriculture. He is a founding member and former Director

of both the Plant Molecular Genetics Institute and the Microbial and Plant Genomics

Institute of the University of Minnesota. He has served on numerous editorial

boards, edited six books, and published over 140 refereed journal articles,

70 chapters, and 340 abstracts. Dr. Phillips has been invited to teach, present the

results of his research, and/or serve in an advisory capacity at numerous university,

governmental, and industrial institutions in the U.S. and abroad.

Dr. Phillips conducts research and teaching in plant genetics applied to plant

improvement with an attempt to bridge basic and applied aspects. The research

objectives have been to develop and apply molecular genetic information to the

improvement of important crop traits, to develop and evaluate somatic cell genetic

systems for manipulating crop species, to develop and use genetic and molecular

biological selection procedures, and to develop high-throughput genomic mapping

procedures. As Regents Professor and member of the U.S. National Academy of

Sciences, he participates in addressing University-wide, national, and international

issues.

SPECIFIC RESEARCH ACCOMPLISHMENTS:

Modern agricultural biotechnology reflects Regents Professor Phillips’ significant

contributions in research, education, and national/international public service.

His applications of molecular biology toward understanding plant genomes started

in 1971 with the chromosomal location of important protein machinery genes

(ribosomal DNA) to the Nucleolus Organizer Region in maize using DNA/RNA

hybridization.10 This was the first localization of  ribosomal RNA genes to
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chromosome in plants. The high estimated number of copies of these genes per

cell was an unexpected result at the time.

His laboratory, along with postdoctoral scientist Ed Green, were the first to

regenerate complete corn plants from cells in tissue culture,18 thus providing in

1975 a key technology needed for the development of genetically engineered cereals,

a technology directly applied for corn and indirectly for other cereals. The use of

genetically modified corn with insect resistance, herbicide tolerance and other

traits has expanded tremendously around the world. The inbred line used in the

first successful regeneration of corn plants from cells is still widely used over

thirty years later. In addition, the corn cell line most widely used today in academia

and industry for genetic engineering was developed in Dr. Phillips’ laboratory by

Armstrong in the mid 1980s.

Green and Phillips developed a laboratory selection system for identifying cells

and/or plants high in essential amino acids,17 and lines have been obtained high in

threonine and methionine. The high methionine trait discovered in the Phillips lab

has been transferred to elite lines of maize and recently released to the public.

Variation  induced  during  the  tissue  culture  process  was  extensively

documented by Dr. Phillips and his students showing the occurrence of mutations,

chromosome breakage, DNA methylation alterations, and activation of  transposable

elements.44, 46, 47, 48, 49, 51, 54, 56, 62, 69, 156, 157, 163, 164, 167, 168, 186, 189, 194

Events in the corn kernel endosperm were well described in the Phillips lab

especially with Kowles showing a dramatic but normal developmental increase in

DNA levels per cell.35, 36, 42, 55, 59, 81, 89, 105 Some cells were shown to contain nearly

200X the level of  DNA in the basic chromosome complement. Because the

endosperm is 85% of the kernel, the increase in DNA leading to larger cells must

play a major role in corn yields.81

A major gene influencing flowering date in corn was identified by use of

molecular genetic markers.64 After considerable follow up in collaboration with

Tubersosa, Salvi, and DuPont/Pioneer scientists, the gene was isolated by map-

based cloning and subsequently shown, unexpectedly, to be a non-coding sequence

70kb upstream of a flowering gene.139 This gene caused a 10-day difference in

flowering in the material analyzed. Genetically engineered plants with this gene

showed expected changes in flowering time.

Dr. Phillips and his students have played a central role in the production of

useful molecular genetic marker maps for oats and wild rice and identified

chromosomal regions responsible for several important developmental, agronomic,

and nutritional traits.79, 97, 109, 110, 111, 115, 117, 125, 135, 156, 176, 179, 193, 203, 213

Phillips has presented widely-discussed ideas on how to interpret progress in

plant improvement programs with a restricted genetic base, emphasizing

de novo variation. The paper co-authored with Rasmusson85 has been the topic of

discussion in several courses.
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With colleagues, he has edited several books that advance the field of

plant genetics, including one on DNA-based Markers in Plants co-edited with

Vasil36, 178, 201 and, he has served on several prestigious editorial boards, including

the Proceedings of the National Academy of Sciences and Advances in Agronomy.

Together with Rines and several students and postdoctoral scientists, the Phillips

lab developed oat lines with individual corn chromosomes added (Oat-Maize

Addition Lines, or OMAs) that allow rapid and efficient mapping of  corn

sequences to chromosome.83, 84, 114 All 10 corn chromosomes have been individually

transferred to oat by standard wide-hybridization followed by embryo rescue

techniques.113, 187 In addition to these lines being used extensively for mapping,

they have been used for chromosome sorting, centromere studies, mapping of gene

families, identification of  chimeric BACs (Bacterial Artificial Chromosomes),

chromosome pairing observations, evolutionary studies, and study of  C4 versus C3

photosynthesis. The OMAs were subsequently irradiated with gamma rays to break

apart the corn chromosome to form “Radiation Hybrids.”120, 207, 209 These lines

(approximately 600) allow a gene sequence to be located to a sub-region of the

chromosome.129

Recent isolation of a DNA sequence associated with corn centromeres96 has

formed the basis of developing a maize artificial chromosome by Ananiev and

colleagues at DuPont/Pioneer that should be useful for introducing multiple genes

in genetically engineered corn.

Together with Jacobs and Diez-Gonzalez, transgenic lines of corn have been

produced that possess genes coding for a toxin against the pathogenic

E. coli O157:H7136 which is the cause of many recalls of hamburger, spinach, and

other foods. The concept is that this corn feed will eliminate the pathogenic E. coli

strain from the intestinal tract of the cattle thus preventing contamination of

food.130

More recently the Phillips lab has been determining the genetic basis of a

high-oil corn that has an embryo which is 31% of the kernel and contains 50% oil

to give an overall oil level of 20%.

Professor Phillips’ national influence on plant science is notable. He chaired

the 1998 report to Congress from the President’s Office of Science and Technology

Policy that established the U.S. National Plant Genome Initiative of the NSF. He has

been a major advocate for science in agriculture as Chief Scientist for the U.S.

Department of Agriculture in charge of the National Research Initiative, as a

member of the National Academy of Sciences serving as Chair of his section, on a

National Research Council transgenic plants study commission, as Director of the

Center for Microbial and Plant Genomics (now the Microbial and Plant Genomics

Institute) with 85 faculty members and a new microbial and plant genomics

building (which he played a major role in securing), as scientific advisor to many

research institutes including the Donald Danforth Plant Science Center, the Noble
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Foundation, and the USDA-ARS University of  California-Berkeley Plant Gene

Expression Center, as well as a member and Chair of the Board of Directors of the

Council of Scientific Society Presidents.

International agricultural programs have extensively enlisted Dr. Phillips’ advice.

He serves as Program Chair on the Board of Trustees for the International Rice

Research Institute, Vice President of the International Crop Science Society, and

served for 10 years on the Biology Program Advisory Committee for the Palm Oil

Research Institute of Malaysia. Dr. Phillips has been a co-organizer of several

international conferences including two in Japan and one recently in Italy

(http://www.doublehelix.too.it) and has often been invited to present papers at

international meetings.

Part of Dr. Phillips’ renown is due to his outstanding teaching and training of

more than 50 excellent graduate students and 20 postdoctoral scientists in the

field of plant genetics. Dr. Phillips has been asked to participate in many forums

around the U.S. and world due to his many research contributions and clear and

informative manner of  presentation.

RELATED EDUCATIONAL CONTRIBUTIONS:

In the Heritage Room of the University of Minnesota McNamara Gateway Center,

Regents Professor Phillips was recently pictured in a greenhouse discussing a

genomics experiment with students. A quote from him is included in the display:

“To discover something no one has ever known in the history of the world is a

thrill to behold, and to see it through the eyes of one of your students is a thrill

unsurpassed”. This statement sums up the genuine enjoyment that Professor Phillips

experiences from interaction with students. In advising graduate students, he holds

the philosophy that it is important to give them his very best ideas – a trait said to

have been the reason for the success of  R.A. Emerson at Cornell University who in

the pioneering days of plant genetics had two Nobel Prize winners among a group

of five students, all of whom made significant contributions to the discipline.

Professor Phillips views everything that he does as education, whether it is

formal teaching, advising research centers here or abroad, presenting seminars at

other universities or at national/international meetings, or publishing research

results (141 refereed publications, 72 chapters in books, and 343 abstracts). As

reflected in one of his two commencement speeches to University of Minnesota

Graduate School graduates – the one entitled “Like Fine China: Easy to Break but

Difficult to Mend” – he used the “fine china” metaphor to talk about the importance

of integrity in professional and personal life. He has guest-lectured in courses in

the University of Minnesota Carlson School of Management on biotechnology and

its ethical, social, economic and applied implications, as well as in the Law School

Joint Degree Program and the Humphrey Institute on issues of  world food

production and the role of technology.
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Professor Phillips’ teaching experience began while he was still an

undergraduate. He served as teaching assistant to his undergraduate advisor,

employer, and Master’s advisor, Professor Wayne Keim, whose name is inscribed

on the Wall of Great Teachers at Purdue University, and who provided much of

the teaching philosophy that Professor Phillips uses daily. With his clear and concise

lectures, carefully crafted exams, and positive approach to grading, Professor Keim

provided a great role model. Professor Phillips also benefited as a teaching assistant

from several other professors during his undergraduate and graduate career.

Professor Charles Burnham at the University of Minnesota served as his Ph.D.

advisor and Adrian Srb at Cornell as his postdoctoral advisor. Both of these mentors

authored widely-used genetics textbooks and each provided unique insights about

the teaching profession.

Teaching a graduate course in cytogenetics (the science combining observations

on chromosome behavior from cell to cell and generation to generation with the

correlated inheritance patterns) for over thirty-five years, Professor Phillips has

always viewed this activity as useful for keeping up-to-date in the field. Students

credit this course with providing an especially useful integration of their various

courses in genetics. One of the books used in the course was compiled by Professors

Phillips and Burnham and includes reprints of landmark papers, together with

explanations by the two of them elucidating the importance of the papers to the

development of the field.143 And, he, along with Vasil edited a prominent book in

the field, “DNA-Based Markers in Plants.”178 Professor Phillips was invited to teach

condensed versions of his course in both Italy and China. In China, a 111-page

book was developed from his lectures158 and distributed around the country.

Another course, “Plant Biotechniques,” was developed by Professor Phillips and

taught by postdoctoral researchers in molecular biology. This was considered

sufficiently innovative that a publication ensued in the Journal of Natural Resources,

Life Sciences, and Education.82 The postdoctoral scientists presented the techniques,

underlying theories, and applications of the latest protocols used in their laboratories

for which they had hands-on experience. The students appreciated learning about

the techniques being used in campus laboratories, and the postdoctoral research

associates benefited from having additional teaching experience before entering

into the work force.

In 2002, the organizers of a symposium on careers at the American Society of

Agronomy (ASA) meetings invited Professor Phillips and three others to talk to

undergraduates about their professional experiences. Professor Phillips discussed

the differences between his actual career path in comparison to what his career

expectations were when he was a student. Some of the points included his surprise

at how much writing was involved, the amount of international travel, and how

much of his work was socially controversial even though based on solid science. At

a previous ASA meeting, he had been asked to review the advances in crop science
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during the previous decade (1990s); the talk was videotaped and distributed in

both English and Spanish. At the 50th anniversary Crop Science Society of America

meeting in 2005, he was asked to present a major plenary talk on the development

of the science of genetics within the crop science context. His paper was entitled

“Genetic Tools from Nature and the Nature of  Genetic Tools.”212 In 2007, Professor

Phillips was invited to be a centennial speaker in the 100th anniversaries of the

Department of Crop Science at Oregon State University and the Department of

Agronomy at Purdue. In addition to the book on cytogenetics used in his class,

Professor Phillips has co-edited four symposia books144, 145, 146, 147 and two editions

of the book on “DNA-Based Markers in Plants.”178, 201 He also has been a sub-

editor for an encyclopedia series on agricultural science.206

Professor Phillips has assisted in the organization of  several national and

international meetings. One was an international congress held at the University

of Bologna in Italy: “In the wake of the double helix; from the green revolution to

the gene revolution,” which was attended by 250 scientists from 35 countries.

Eight papers from the meeting were published in the Proceedings of the National

Academy of Sciences, including one from the Phillips lab.209 A book and CD of

review papers have been published from the meeting.210 In conjunction with that

meeting, the U.S. Department of  State asked Professor Phillips to present two

seminars at different universities and a press conference on biotechnology in Italy,

a country not generally sympathetic toward genetically modified crops. He also

was invited to present a talk entitled “Are GMOs Safe?” at a meeting of AAAS

(American Association for the Advancement of Science). He recently served on the

Program Committee of AAAS, which orchestrates the conference program for 10,000

attendees (including 1,000 journalists). The 2007 home page for the AAAS Annual

Meeting featured a picture of Professor Phillips along with quotes about the meeting

and a biographical sketch.

One of the recent symposia organized and chaired by Professor Phillips was

the University of Minnesota President’s 21st Century Interdisciplinary Conference

on “Intellectual Property Rights for the Public Good: Obligations of U.S. Universities

to Developing Countries,” co-sponsored by the Center for Microbial and Plant

Genomics (now the Microbial & Plant Genomics Institute) and the Consortium on

Law and Values in Health, Environment & the Life Sciences. The first issue of a

new journal entitled Minnesota Journal of Law, Science and Technology (edited by

students and faculty) was devoted to papers from this meeting, including an

introductory paper by Professor Phillips.132 He now serves on the Editorial Advisory

Board of the Minnesota Journal of Law, Science & Technology. The suggestion for a

“humanitarian use clause” to be included in university intellectual property policies

was a major outcome of the meeting. Such a clause would facilitate the transfer of

technology to the developing world. Professor Phillips and three colleagues in the

U of M Law School wrote a summary of the symposium published in The Scientist

(April 29, 2004).
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Serving as an international advisor has allowed Professor Phillips to impart his

knowledge of science and influence goals. Among his numerous experiences, he

served on the Program Advisory Committee of the Palm Oil Research Institute of

Malaysia for ten years, chairing it for the last four; he was the Scientific Liaison

Officer for the U. S. Agency for International Development to the International Rice

Research Institute (IRRI) in the Philippines and currently is a member and Program

Chair of the IRRI Board of Trustees; he helped forge the IRRI/CIMMYT alliance

research program on information technology, intensive cereal production, and

the computer knowledge bank; he also consulted and helped establish a new

applied molecular genetics activity and laboratory at the Center for Maize

and Wheat Improvement (CIMMYT) in Mexico. In 2006, Professor Phillips

was invited by the National Academy of Sciences to join a delegation to India to

establish a tripartite agricultural biotechnology program with the US, India, and

Pakistan.

In 1983, the Council of Bishops of the United Methodist Church called on the

various state organizations to form programs important for alleviating hunger at

the local, national and international levels. Professor Phillips was appointed to the

task force to develop a plan. He suggested that the Council could provide support

for students from developing countries to undertake graduate study in production

agriculture at the University of Minnesota, with the expectation that after obtaining

a M.S. and/or Ph.D. the students would return to their home countries and teach

and work on behalf of  food production for the rest of their careers. The idea was

adopted and Professor Phillips became the Director of a program called Project

AgGrad. In 2006, Professor Phillips led the development of  a MOU (Memorandum

of Understanding) between the University of Minnesota and the International Rice

Research Institute (IRRI) that offers graduate students short-term exposures to the

world of international agriculture. The first issue (2008) of the new journal, RICE,

has a lead article on this opportunity for students.

Professor Phillips played a major role in founding two interdisciplinary centers

at the University of Minnesota; the Plant Molecular Genetics Institute in 1980 and

the Center for Microbial and Plant Genomics (CMPG) in 2000. These two units

have now been merged into the single Microbial and Plant Genomics Institute. He

served as Director of the CMPG for five years. He developed two seminar series

that have proved very valuable to faculty, students and staff in the field of genomics.

The first, entitled the “National Academy of Sciences Lectureship” seminar series,

has brought members of the National Academy of Sciences to campus to present

seminars on their latest research, to share their professional experiences related to

ethics and careers in science with the graduate students and postdoctoral

researchers, as well as meet with members of the press. The second is the “Leading

Edge Technologies” seminar series, and sponsors visits of  researchers who are

developing new and powerful technologies of interest to University of Minnesota

scientists.
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He also proposed and chaired the development of a grant proposal at the

request of the University of Minnesota Foundation, which helped to raise $20

million from the Cargill Foundation and the State of Minnesota for the Cargill

Building for Microbial and Plant Genomics and $15 million from the McKnight

Foundation for funding 15 McKnight Presidential Endowed Chairs.

Several University of Minnesota committees which Professor Phillips has chaired

have had significant impact. The report for the reorganization of biological sciences

at the U of M (commonly known as the “Phillips report”) played a major role in

streamlining the organization of biology and bringing together scientists and students

with common interests. He also chaired a task force of Regents Professors and

McKnight Distinguished Professors, at the request of the Provost and Executive

Vice President and the Faculty Consultative Committee, charged with describing

the value of the University of Minnesota without the usual emphasis on numbers

(students, faculty, patents, grants, or economic impact). This report has become

known as the “Lighthouse Report.

Finally, Professor Phillips is continually asked to give talks about his research,

and frequently speaks about the science and issues associated with genomics

and biotechnology. In total, he has given at least 140 invited talks to Minnesota

groups, 100 talks in other states, plus 30 to companies, and over 40 international

presentations.

Professor Phillips’ supportiveness of  students is noteworthy. He not only

administers the University of Minnesota Burnham/Chang fund for the support of

high school students, but he also established a fund to provide unique educational

experiences for graduate students in his department, such as short-term research

training opportunities in other laboratories. And in 2007, he donated the $50,000

Wolf Prize he was awarded to establish graduate fellowships at the University of

Minnesota.

Professor Phillips has advised 34 Ph.D., 22 M.S., and 3 Senior Theses. He also

has served for 35 years as the chair of the H.K. Hayes Memorial Lecture and

Graduate Student Award. The graduate student recipient is chosen based on

excellence in research, scholarship, and leadership.

Professor Phillips’ achievements have been recognized in many ways, including

his appointment as a Regents Professor and the first McKnight Presidential Chair at

the University of Minnesota, his receipt of an honorary doctorate from Purdue

University, his election as a member of  the National Academy of Sciences, and his

elections as Fellow in the Crop Science Society of America, the American Society of

Agronomy, and the American Association for the Advancement of Sciences, and his

award of the Wolf Prize in Agriculture.

List of Graduate Student Advisees:

Kowles, R.V., Professor - St. Mary’s University, Winona, MN

Stout, J.T., Senior Scientist (d) - Upjohn Company, Kalamazoo, MI

38_2006-7 Phillips.p65 06-Mar-09, 7:49 PM942



Ronald L. Phillips 943

Givens, J.F., Retired - Millipore Company/Stock Broker, Lexington, KY

Springer, W.D., Senior Manager - Malt-O-Meal, Northfield, MN

McMullen, M.S., Professor- North Dakota State Univ., Fargo, ND

Kurvink, K.D., Professor - Bethlehem Univ., Bethlehem, PA

Murphy, T.C., Senior Scientist - Dow Agrosciences, Indianapolis, IN

Buescher, P.J., Landscape Architect - Bourgenois, IL

Albertsen, M.C., Senior Scientist - Pioneer Hi-Bred Intl., Johnston, IA

McCoy, T.C., Dean - Montana State Univ., Bozeman, MT

Thompson, S.A., Global Leader - Dow Agrosciences, Indianapolis, IN

Benzion, G., Patent Examiner - U.S. Patent & Trademark Office, Washington, D.C.

Lee, M., Professor - Iowa State Univ., Ames, IA

West, D.P., Scientist - Brown Seed Co., Prescott, WI

Block, L.P., Business - Steamboat Springs, CO

Rhoades, C.A., Homemaker - Former scientist, Calgene, Palo Alto, CA

Johnson, S.S., Self-employed, Plant Breeder

Tuberosa, R., Professor - University of Bologna, Italy

Armstrong, C.L., Senior Scientist - Monsanto Co., St. Louis, MO

Peschke, V.M., Science Writer - Self-employed science writer; Former Sr. Scientist,

Monsanto

Bullock, W.P., Senior Scientist - Garst Seed Co., IA

Benner, M.S., Professor - Ridder Univ., PA

Jellen, E.N., Professor - Brigham Young Univ., Provo, UT

Muenchrath, D.A., Asst. Professor (d) - Iowa State Univ., Ames, IA

Enomoto, S., Research Assoc. - Univ. of Minnesota, St. Paul, MN

Kaeppler, S.M., Professor - Univ. of Wisconsin, Madison, WI

Kim, T.S., Senior Scientist - RDA, Suewon, Korea

Schweizer, L., Sr. Res. Investigator - Oncology Dept, Bristol Myers Squibb, Princeton,

NJ

Rooney, W.L., Professor - Texas A&M Univ., College Sta., TX

Graham, G.I., Senior Scientist - Pioneer Hi-Bred Intl., Johnston, IA

Nunez, V.M., Scientist - Garst Seed Co., Slater, IA

Parentoni, S.N., Scientist - Embrapa, Sete Lagos, Brazil

Krone, T.L., Senior Scientist - Pioneer Hi-Bred Inc., Johnston, IA

Milach, S.C.K.M., Senior Scientist - Pioneer Hi-Bred Inc., Brazil

Al-Saady, N.A., Professor - University of Oman

Olhoft, P.M., Scientist - CIBA-GEIGY, Triangle Park, NC

Vladutu, C.I., Scientist - Romania

Riera-Lizarazu, O., Assoc. Prof. - Oregon State Univ. Corvallis, OR

MacLaughlin, J.E., Scientist - Rutgers Univ., New Jersey

Robert, V.J-M., Postdoc - North Dakota State Univ., Fargo, ND

Olsen, M.S., Scientist - Monsanto Co., Northfield, MN

Start, M.A., Scientist - Syngenta, Northfield, MN
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Springer, N.A., Asst. Prof. - Univ. of Minnesota, St. Paul, MN

Rasmussen, R.D., Scientist - STA Laboratories, Longmont, CO

Imle, P.T., Co-Owner - Pine Lake Wild Rice, Inc., Grand Rapids, MN

Baumgarten, A.M., Scientist - Pioneer Hi-Bred Intl., Johnston, IA

Odland, W.E., Scientist - Pioneer Hi-Bred Intl., Mankato, MN

Walch, M.D., Scientist - Pioneer Hi-Bred Intl., Wilmer, MN

Kianian, P.M.A., Teacher - Moorhead State University, Moorhead, MN

Jacobs, J.L., Scientist - Monsanto Co., St. Louis, MO

Cabral, C., Current Ph.D. student from Brazil

Garcia, N., Current M.S. student from Philippines

Kahler, A., Current Ph.D. student from South Dakota

List of Postdoctoral Scientists:

Green, C.E., V.P. (r) - Sembios, Woodland, CA

Mascia, P., V.P. - Ceres, Inc., Malibu, CA

McMullen, M., Scientist - USDA-ARS/University of Missouri

Yerk-Davis, G., Assoc. Prof. - University of Missouri-Columbia, MO

Grombacher, A., Scientist - Pioneer Hi-Bred Intl., Canada

Wu, B.-C., Res. Assoc. - Boston University Medical School Human Genome Center

Chen, Z., Professor - University of Texas, Austin, TX

Fox, S., Scientist - AgCanada/Univ. of Saskatchewan, SK

Kianian, S., Assoc. Prof. - North Dakota State Univ., Fargo, ND

Ni, W., Scientist - Dow Agrosciences, Indianapolis, IN

Ananiev, E. , Scientist (d) - Pioneer Hi-Bred Intl., Johnston, IA

Kennard, W., Scientist - Monsanto, Ankeny, IA

Vales, I., Asst. Prof. - Oregon State Univ., Corvallis, OR

Riera-Lizarazu, O., Assoc. Prof. - Oregon State Univ., Corvallis, OR

Kynast, R., Curator - Jodrell Laboratory, Royal Botanic Gardens, Kew, London, UK

Jackson, S., Professor - Purdue Univ., W. Lafayette, IN

Portyanko, V., Postdoc - Univ. of Minnesota, St. Paul, MN

Okagaki, R., Postdoc - Univ. of Minnesota, St. Paul, MN

Baumgartner, A., Scientist - Pioneer Hi-Bred Intl., Johnston, IA
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National Academy of Sciences Colloquium on “Protecting our Food Supply:

The Value of Plant Genome Initiatives.”
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molecular organization of maize (Zea mays L.) centromeric regions. Proc.

Natl. Acad. Sci. USA 95:13073-13078.
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101. DeKoeyer, D.L., R.L. Phillips, and D.D. Stuthman. 1999. Changes in genetic

diversity during seven cycles of recurrent selection for grain yield in oat,

Avena sativa L. Plant Breeding 118:37-43.

102. Vladutu, C., J. McLaughlin, and R.L. Phillips. 1999. Fine mapping and
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hybrids derived from an oat-maize addition line. Genetics 156:327-339.
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171. Phillips, R.L., D.J. Plunkett, and S.M. Kaeppler. 1992. Novel approaches to the

induction of genetic variation and plant breeding implications. In Stalker,
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Oat–maize chromosome addition lines: A new system for mapping
the maize genome
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Contributed by Ronald L. Phillips, February 10, 1997

ABSTRACT Novel plants with individual maize chromo-
somes added to a complete oat genome have been recovered via
embryo rescue from oat (Avena sativa L., 2n � 6x � 42) �
maize (Zea mays L., 2n � 20) crosses. An oat–maize disomic
addition line possessing 21 pairs of oat chromosomes and one
maize chromosome 9 pair was used to construct a cosmid
library. A multiprobe (mixture of labeled fragments used as a
probe) of highly repetitive maize-specific sequences was used
to selectively isolate cosmid clones containing maize genomic
DNA. Hybridization of individual maize cosmid clones or their
subcloned fragments to maize and oat genomic DNA revealed
that most high, middle, or low copy number DNA sequences
are maize-specific. Such DNA markers allow the identification
of maize genomic DNA in an oat genomic background. Chi-
meric cosmid clones were not found; apparently, significant
exchanges of genetic material had not occurred between the
maize-addition chromosome and the oat genome in these novel
plants or in the cloning process. About 95% of clones selected
at random from a maize genomic cosmid library could be
detected by the multiprobe. The ability to selectively detect
maize sequences in an oat background enables us to consider
oat as a host for the cloning of specific maize chromosomes or
maize chromosome segments. Introgressing maize chromo-
some segments into the oat genome via irradiation should
allow the construction of a library of overlapping fragments
for each maize chromosome to be used for developing a
physical map of the maize genome.

Chromosome addition lines of different plant species (1–5)
have been generated to introgress valuable genes from wild or
cultivated relatives into host plant species. Alien chromosome
additions have been used for gene mapping (2, 6, 7) and serve
as an enriched source of markers for positional cloning and
constructing physical maps of specific chromosomes. The
discovery of maize-chromosome retention in oat ‘‘haploids’’
after oat � maize crosses and the recovery of stable maize
chromosome-addition oat lines (8, 9) should allow the devel-
opment of a system of chromosome analysis similar to that
available in mammalian hybrid-cell systems (10–12). Such a
system may be used for gene assignment, isolation of chromo-
some-specific probes (13), f low sorting (14) and microdissec-
tion of chromosomes (15), development of chromosome-
specific ‘‘paints’’ of f luorochrome-labeled DNA fragments
(16–18), physical mapping, and selective isolation and map-
ping of cDNAs of a particular chromosome (19, 20).

In this paper we describe an approach for isolating clones
containing large-fragment maize DNA of a single-chromo-
some origin from the oat–maize chromosome addition lines

that will assist in the construction of physical maps for maize
chromosomes. The approach is based on cloning genomic
DNA of an oat–maize chromosome-addition line in an appro-
priate vector and subsequent use of maize-specific dispersed
repetitive DNA sequences as detection probes to isolate clones
carrying maize genomic DNA. Such an approach was success-
fully applied to the isolation of human-specific DNA fragments
in cosmid libraries constructed from DNA of human-rodent
hybrid cell lines carrying individual human chromosomes. In
those experiments the probes included Alu-repeats (21), a
Cot1 DNA fraction (22), or labeled total human DNA (23).

Plant repetitive sequences that are apparently species-
specific were first isolated from rye (24, 25) and later found in
many other species (26). Comparative studies revealed a strong
correlation between the proportion of species-specific re-
peated families in a genome and phylogenetic relationships
(27, 28). About 90–95% of all randomly tested genomic
repeated sequences from barley were detected in wheat and
rye (27). According to DNA reassociation studies, less-related
species such as maize and wheat have less than 10% nucleotide
sequences in common (28). The success of isolating maize
DNA from oat–maize chromosome-addition lines depends on
how many maize-specific (relative to oat) high-copy-number
dispersed nucleotide sequences are found in the maize ge-
nome. Genome analysis in grasses, including maize and oat,
reveals that a major portion of genomic DNA consists of
families of repetitive sequences dispersed throughout the
genome (26, 29, 30). According to DNA–DNA renaturation
data in maize (28), unique sequences of average length 2,100
bp are interspersed with mid-repetitive sequences. Direct
analysis of sequences adjacent to several maize genes reveals
that these genes are flanked by highly repetitive DNA se-
quences (31). Thus, maize large DNA inserts cloned in an
appropriate vector will likely carry some kind of dispersed
maize-specific nucleotide sequence. A cosmid vector was
chosen for this project because of the high cloning efficiency
and relatively large insertion size. Because the oat genome is
about 11,300 Mb, an added maize chromosome with median
size of about 250 Mb would constitute about 2–4% of the total
nuclear DNA of an oat–maize chromosome addition line.

We found that the major part of the maize genome consists
of nucleotide sequences that do not cross-hybridize to oat
genomic sequences under standard hybridization conditions.
This predominant nonhomology between oat and maize
genomic sequences means that many maize genomic sequences
can be directly used for Southern blot hybridization on DNA
from oat–maize chromosome addition lines to selectively
detect sequences of maize origin. A mixture of highly repetitive
dispersed DNA sequences of maize was used as a maize-
specific multiprobe to screen a cosmid library of the chromo-
some addition line. A group of maize-specific cosmids with
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accordance with 18 U.S.C. §1734 solely to indicate this fact.
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inserts from only maize chromosome 9 was isolated and
characterized. Based on the large difference in nucleotide
sequence composition between oat and maize and the means
to efficiently isolate and identify maize DNA fragments from
a chromosome addition line, we propose oat as an effective
host for the cloning of maize DNA segments to construct
physical maps for maize chromosomes.

MATERIALS AND METHODS

Maize and Oat Strains. Oat–maize disomic addition lines
for maize chromosomes 2, 3, 4, 7, and 9 were derived from
plants recovered following sexual crosses of oat by maize (8, 9).
In these crosses about one-third of the recovered plants
contained a haploid set of 21 oat chromosomes plus one or
more maize chromosomes as a result of incomplete maize-
chromosome elimination during early embryo development.
Partial self-fertility due to the production of unreduced ga-
metes by these plants yielded disomic maize-chromosome-
addition oat plants (2n � 42 � 2). The presence of maize
chromosomes was verified cytologically for each plant in the
current study. The chromosome addition lines, the maize
parent lines Seneca 60 and A188, and the oat parent lines
Starter-1 and Sun II were used for DNA extraction.

Isolation and Analysis of DNA. Leaves of 2- to 4-week-old
seedlings grown in a growth chamber were used for nuclei
isolation in pH 9.5 buffer according to the protocol of Liu and
Whitter (32). High molecular weight DNA was purified by
phenol extraction from nuclei after lysis of the nuclei suspen-
sion in an equal volume of the same buffer supplemented with
2% sarkosyl. After two phenol extractions, DNA was precip-
itated with two volumes of ethanol in the presence of 0.3 M
NaOAc, dissolved in TE buffer (10 mM Tris�Cl�1 mM EDTA,
pH 8.0), treated with RNase (50 mg�ml), and extracted with
phenol-chloroform.

Sau3A genomic DNA fragments were cloned into the
BamHI site of dephosphorylated plasmid vector pBlueScript
(pBS) II KS (Stratagene). EcoRI subfragments from cosmid
clones were cloned into the EcoRI site of the dephosphory-
lated pBS KS vector according to standard procedures (33).
Insertions were amplified with the help of forward and reverse
primers (Stratagene) and purified by agarose gel electrophore-
sis.

Gel-blot analysis of plant and cosmid DNA was carried out
as described by Sambrook et al. (33) with several modifications
(34). DNA fragments and total plant DNA were labeled by
random primer extension (35).

Seventeen clones carrying maize repetitive nucleotide se-
quences (30) were kindly provided by J. Bennetzen (Purdue
University, West Lafayette, IN). A clone containing the maize
185-bp knob repeat (36) was provided by W. Peacock (Com-
monwealth Scientific and Industrial Research Organization,
Canberra, Australia).

Cosmid Library Construction and Screening. Cosmid li-
brary construction and screening were done using the cosmid
vector SuperCos 1 (Stratagene) and packaging extract Giga-
Pack II (Stratagene) with protocols provided by the manufac-
turer. Total nuclear DNA was partially digested with Sau3A,
dephosphorylated, and ligated to the cosmid vector. Ligation
products were packaged and the library propagated in Esch-
erichia coli XL1-Blue MR. Cosmid libraries were constructed
for genomic DNAs of the parental maize (Seneca 60) and oat
(Starter-1) lines, as well as for the oat–maize chromosome 9
addition line.

The size of the insertion in a cosmid clone was determined
as the sum of EcoRI subfragments after fractionation in gels
with different concentrations of agarose from 0.6% up to 1.5%
to achieve satisfactory resolution of long and short DNA
subfragments.

RESULTS

Cloning of Maize-Specific Repetitive Sequences. When la-
beled maize total genomic DNA was used as a probe in blot
hybridization, little cross-hybridization to oat genomic DNA
occurred under standard conditions (65�C in 6� SSC) in
comparison with strong hybridization to maize genomic DNA
(data not shown). This hybridization pattern indicated that a
significant portion of the repeated nucleotide sequences of
maize and oat are not shared. To isolate maize repeated DNA
sequences specific to maize relative to oat (hereafter referred
to simply as ‘‘maize-specific’’ sequences) a maize plasmid
genomic library was constructed with fragments from a com-
plete Sau3A digest and screened with labeled total maize
DNA. Clones were isolated that gave a high signal with total
labeled maize DNA as the probe. Labeled oat genomic DNA
hybridized only to a small extent to the same set of clones on
a replica filter. Purified plasmids with Sau3A insertions,
together with a group of maize repetitive DNA sequences in
plasmids (see Materials and Methods), were cut with appro-
priate restriction enzymes to release insertions. They were
screened by blot hybridization with labeled maize and oat
DNA. Clones showing a high signal similar to the signal of an
18S–26S rDNA sequence were considered as highly repetitive.
From this screening, 15 plasmids from the Sau3A maize
genomic library, 6 Zpr clones (from Bennetzen), and the one
185-bp knob repeat clone were selected as highly repetitive
maize-specific nucleotide sequences. Insertions from these 22
selected plasmids were combined to form a composite multi-
probe. This multiprobe revealed very strong hybridization to
maize genomic DNA on a Southern blot and no detectable
hybridization to oat genomic DNA (Fig. 1). The same multi-
probe was used to screen cosmid partial libraries of genomic
DNA of maize and oat (about 10,000 clones each). Almost all
colonies (90–95%) in the maize cosmid library revealed strong
or moderate signals. At the same time, only a few colonies, all
with relatively weak signals, were detected in the oat cosmid
library. Taken together, these results indicate that this com-
posite multiprobe is highly specific for maize DNA and is
suitable for detecting maize DNA fragments in a cosmid
library made from an oat–maize chromosome-addition line.

Isolation of Maize-Specific Cosmids from an Oat–Maize
Addition-Line Cosmid Library. The multiprobe was used to
screen a cosmid library made from an oat–maize chromosome
addition line carrying maize chromosome 9. The screening and
rescreening of about 5,000 clones led to the isolation of 29
hybridization-positive individual colonies. The resulting clones
constituted a maize chromosome 9 library. The cloned maize
DNA fragments in the selected 29 clones had a median size of
about 39 kb. Together they comprised more than 1 Mb of
maize genomic DNA. EcoRI restriction enzyme digestion
enabled cutting out the cloned DNA fragments from the vector
and identification of the number and size of EcoRI subfrag-
ments in the original insertions (Fig. 2a). Fractionation of the
samples on gels of various agarose concentrations from 0.6 to
1.5% enabled detection of doublets and additional small
subfragments below 0.5 kb not detected in the 0.8% agarose gel
blots shown.

Blot hybridization of labeled oat genomic DNA to purified
DNA recovered from each cosmid clone cut by EcoRI did not
reveal strong cross-hybridization to any of the EcoRI subfrag-
ments (data not shown). Only after substantial overexposure
were weak signals revealed and then only for a portion of the
DNA fragments. At the same time, most (�90%) of the EcoRI
fragments revealed strong, medium, or weak hybridization to
labeled maize genomic DNA (Fig. 2b). The difference in
hybridization to oat vs. maize genomic DNA indicates that the
selected cloned DNA fragments likely originated from the
maize chromosome, with no evidence that any were chimeric
in origin.

Agricultural Sciences: Ananiev et al. Proc. Natl. Acad. Sci. USA 94 (1997) 3525
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The EcoRI digests of the set of selected cosmid clones were
hybridized with the maize-specific repeated-sequence multi-
probe that was used to screen the cosmid library (Fig. 2c). The
multiprobe highlighted about 100 of the more than 200 EcoRI
fragments identified in this set of cosmid clones. On average
about three fragments per cosmid were homologous to various
repeated DNA sequences present in the multiprobe. At the
same time a portion of the EcoRI fragments did not hybridize
to the multiprobe nor to total oat DNA but did hybridize to
labeled total maize DNA. These fragments may be added to
the collection of maize-specific repeated DNA sequences to
make the multiprobe an even more efficient screening tool.

Maize-Specific Clones Originate from Maize Chromosome
9. EcoRI subfragments that showed no readily detectable
hybridization to maize genomic DNA as the probe were
identified in 12 of the 29 cosmid clones. Presumably they are
low copy number or unique nucleotide sequences. Altogether
they comprise 11% of the EcoRI fragments or about 6.5% of
the total amount of maize DNA cloned in this set of cosmid
clones. Twenty-one of them were recloned in plasmids and, as
illustrated for five fragments in Fig. 3, used as probes on blot
panels of DNA samples from addition lines for maize chro-
mosomes 2, 3, 4, 7, and 9. Two parental maize and two parental
oat lines were also on this blot panel (Fig. 3). Nine of these 21
EcoRI fragments revealed one or several bands with DNA
specific for chromosome 9 of maize and did not hybridize to the
DNA of the other four maize chromosomes tested (Fig. 3 a–c).

Seven of these nine fragments revealed restriction fragment
length polymorphism (RFLP) in the two maize stocks, A188
and Seneca 60 (Fig. 3 a and b). Another 11 EcoRI fragments
produced multiple bands with DNA of all maize chromosomes
tested, which is characteristic for low-copy-number families of
dispersed repeated sequences (10–100 copies) (Fig. 3 d and e).
Eight of these sequences produced a chromosome-specific
pattern of hybridization and potentially could be used for
chromosome identification (Fig. 3 d and e).

Several EcoRI fragments belonging to medium and highly
repetitive classes of nucleotide sequences from different cos-
mid clones of maize chromosome 9 were used as probes. These
revealed a complex pattern of hybridization for all maize
chromosomes on the panel of chromosome-addition lines (Fig.
4b). Labeled highly repetitive DNA from cosmid 1 (Fig. 4c), as
well as the full set of 29 cosmids (data not shown), gave strong
hybridization to all maize chromosomes and did not reveal any
chromosome 9-specific repetitive nucleotide sequences. Only
the 185-bp knob-repeat revealed apparent chromosome spec-
ificity (Fig. 4d). Many copies of 185-bp repeats are located on
chromosome 9, and a small fraction is present on chromosome
4 in these materials. Several weak bands are seen with DNA of
maize chromosomes 2 and 3. This result is compatible with
reports that most 185-bp knob DNA sequences are organized
in the form of clusters on different chromosomes and relative
knob size can differ greatly among chromosomes in different
maize lines (31).

FIG. 1. Blot hybridization of a labeled multiprobe, composed of 22
maize-specific repetitive DNA sequences, to genomic DNA digests of
2 maize and 2 oat varieties. Strong signal is seen over lanes with maize
DNA but not those with oat DNA. (a) EtdBr-stained 0.8% agarose gel
after separation of DNA samples cut with EcoRI. (b) Autoradiogram
after hybridization to the P-32 labeled multiprobe.

FIG. 2. Blot panel of 29 maize-specific cosmid clones isolated from
a cosmid library of an oat–maize chromosome 9 addition line. (a)
Cosmids (1–29) are cut by EcoRI restriction enzyme and size-
fractionated in an 0.85% agarose gel stained with EtdBr (M �
molecular weight marker, 1-kb ladder). (b) Labeled, total genomic
maize DNA as a probe shows strong, medium, or weak hybridization
to almost 90% of all EcoRI subfragments present in the cosmid clones.
(c) Labeled multiprobe of highly repeated maize DNA sequences
shows hybridization to from one to five EcoRI fragments in each lane.

3526 Agricultural Sciences: Ananiev et al. Proc. Natl. Acad. Sci. USA 94 (1997)
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Most Cloned Maize Nucleotide Sequences Are Maize-
Specific. Seven out of 11 unique or low-copy-number se-
quences showed no cross-hybridization to oat genomic DNA

(Fig. 3 a–d). This result indicates that a significant portion
(�50%) of low-copy-number maize sequences have diverged
enough to show no cross-hybridization to oat genomic DNA.

FIG. 4. Hybridization of medium and highly repetitive cloned maize DNA sequences to a blot panel of oat–maize chromosome addition lines
carrying maize chromosomes 9, 7, 4, 3, and 2, respectively; m1 and m2 are maize stocks A188 and Seneca 60; o1 and o2 are oat stocks Sun II and
Starter-1. (a) EtdBr-stained 0.8% agarose gel; lane M is a 1-kb molecular weight marker ladder. (b) The 0.7-kb EcoRI fragment of cosmid 10 shows
multiple bands on different maize chromosomes as well as one common band for all chromosomes. (c) Cosmid 1, with a 40-kb insertion, shows
strong hybridization signal over maize (lines m1 and m2) and over chromosome addition lines 9, 7, 4, 3, and 2; no hybridization is seen over oat
DNA (lines o1 and o2). (d) With the 185-bp knob repeat, most of the hybridization signal is located on chromosome 9. No hybridization to oat
DNA is detected.

FIG. 3. Hybridization of unique and low-copy-number DNA sequences isolated from maize-specific cosmids shown in Fig. 2 to a blot panel of
oat–maize chromosome addition lines carrying maize chromosomes 9, 7, 4, 3, and 2, respectively; m1 and m2 are maize stocks A188 and Seneca
60; o1 and o2 are oat stocks Sun II and Starter-1. (a) The 2.5-kb EcoRI fragment from cosmid 15 shows one band on the chromosome 9 addition
line. An additional polymorphic band is present in the parental stocks of maize. (b) The 1.8-kb EcoRI fragment from cosmid 28 detects two bands.
One band, polymorphic between m1 and m2, is present in the chromosome 9 addition line. An additional nonpolymorphic band is present on
chromosome 9 and in both parental stocks. (c) The 2.1-kb EcoRI fragment from cosmid 10 shows one band on chromosome 9. (d) The 1.4-kb EcoRI
fragment from cosmid 20 detects about 20 bands in parental maize stocks and several bands among the chromosome addition lines. The band pattern
is chromosome-specific. No cross-hybridization occurred to oat DNA in a–d. (e) The 2.9-kb EcoRI fragment from cosmid 6 detects several
polymorphic bands in parental maize stocks. One nonpolymorphic band is seen in maize, oat, and chromosomes 9, 7, 4, and 2 addition lines.
Additional bands are seen in other chromosome addition lines.
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Eleven of 14 (80%) middle repetitive sequences (class 10–100
copies) are also maize-specific. Two among the remaining
three showed only faint cross-hybridization to oat genomic
DNA. Highly repetitive sequences were preselected in this
study, and the process of selection showed that most highly
repetitive maize sequences are also maize-specific (Fig. 4 b–d).

DISCUSSION

Maize Species-Specific Sequences. The cross between oat
and maize, two species from different subfamilies of the
Graminae, represents the widest combination of crop species
to date yielding stable, fertile partial hybrids (37). However,
little is known about the comparative structure and composi-
tion of the two genomes. Highly conserved sequences such as
rRNA genes or tubulin cDNAs cross-hybridize to correspond-
ing genes in the maize and oat genomes. Unique maize RFLP
probes also have been used to detect sequences in the oat
genome (9). A series of cDNA probes has shown 71% con-
servation of linkage associations between maize and oat
according to Van Deynze et al. (38); however, almost 50% of
maize PstI unique genomic probes do not hybridize to oat
genomic DNA under standard conditions (39).

We report herein that the proportion of maize and oat
nucleotide sequences that cross-hybridize to each other is low
under standard hybridization conditions (65�C, 6� SCC).
Among the set of low-copy-number sequences isolated and
tested, more than 50% appeared to be maize specific. The
proportion of maize-specific sequences among the middle or
highly repetitive maize elements was about 80–95% and
among those that do hybridize to oat, most hybridize only
weakly; therefore, even total genomic DNA of maize can serve
as an efficient probe to identify maize-specific cosmids in an
oat genomic background. But total maize DNA is less reliable
for this use than the described multiprobe because it gives
more false positive clones during primary screening of the
cosmid library. The oat–maize chromosome addition lines are
especially attractive as a source for isolation of region-specific
maize DNA fragments. It is possible to identify even small
portions of a maize chromosome in an oat genome by probing
with total maize genomic DNA, a multiprobe of maize re-
peated nucleotide sequences, or many other types of cloned
maize sequences. In the case of the highly conserved nucleo-
tide sequences, which are common in both maize and oat
genomes, RFLPs may be used to differentially identify maize
DNA in the oat genome.

Efficiency of Recovering Maize-Specific Cosmid Clones.
The efficiency of identifying maize-specific cosmid clones
depends on copy number and the pattern of distribution of
repeated sequences chosen to comprise the multiprobe. Stud-
ies of genome structure in maize (28, 40), especially analysis of
repeated DNA sequences around several maize genes (30, 31),
show that unique sequences with a median size of 2.1 kb are
surrounded by a long, complex array of repeated sequences
that belong to many different families, many of which appear
to be of retrotransposon origin (31).

Our multiprobe highlighted EcoRI subfragments in each of
the 29 cosmid clones of chromosome 9 analyzed, detecting
about 100 of the total of more than 200 fragments. Each clone
contained one or more of the repeated sequences present in
the multiprobe. The same group of EcoRI fragments were
classified as highly repetitive nucleotide sequences because
they showed strong hybridization to labeled total maize
genomic DNA. In the same set of clones at least 50 additional
EcoRI fragments showed a strong hybridization signal to
maize genomic DNA and may be classified as additional highly
repetitive nucleotide sequences. These additional sequences
could be included in our collection of maize-specific repeated
nucleotide sequences to increase the efficiency of the multi-
probe used in searching for maize-specific cosmids.

The number and diversity of repeats differ among clones.
Some of the cosmids consist entirely of several different
repeated sequences; others have only one copy of the tested
repeats. Regions of maize chromosomal DNA consisting only
of low-copy-number sequences with a composite length ex-
ceeding 40 kb, the size of the DNA insertion in most cosmids,
would not be detected in a cosmid library by screening with the
multiprobe.

Because the 29 analyzed clones of maize chromosome 9 were
selected with the help of the multiprobe, they may carry more
repeated DNA sequences than a random set of clones. There-
fore, a control experiment was conducted to analyze the
distribution of repetitive sequences in a set of 38 cosmid clones
randomly chosen from a cosmid library constructed from
DNA of the parental maize line Seneca 60. Only 2 of 38 maize
cosmid clones revealed cross-hybridization to oat genomic
DNA, and they were found to be composed of rDNA se-
quences. Thirty-four of the remaining 36 cosmid clones carried
maize-specific highly repetitive sequences detected by the
multiprobe (data not shown). This experiment indicates that
the probability of recovering maize-specific cosmid clones in a
genomic library of maize chromosome 9 with the help of the
primary multiprobe is around 95%.

Oat as a Host for Cloning Large Maize Chromosomal DNA
Fragments. Impressive achievements have been made in clon-
ing large (�1 Mb) DNA fragments in yeast artificial chromo-
somes (41). However, the difficulties encountered make this
method of cloning a eukaryotic genome expensive and prob-
lematic for wide use. Radiation hybrids (derivative cell lines
from irradiated somatic cell hybrids) are an attractive alter-
native for cloning subfragments of a chromosome. Irradiation
to produce chromosome breakage and segregation of genetic
material has been applied to a number of mammalian somatic
cell hybrids containing individual alien chromosomes (10). A
disadvantage of this approach in some cases is that a host
genome and an alien chromosome have too many in-common
nucleotide sequences, thus making difficult the direct analysis,
identification, and isolation of the alien chromosome frag-
ments.

The results of the research reported here allow us to propose
the use of oat as a host for cloning maize genomic DNA. The
substantial differences in the repetitive DNA composition of
oat and maize genomes and the high level of genetic stability
of the maize-addition chromosomes make it possible to apply
conventional molecular methods to the study of maize genetic
material directly in the oat genome. This approach would be
modeled after that used in mammalian systems (10). Radiation
would be used to induce translocations of maize segments into
the oat genome, from which maize DNA could subsequently be
isolated. In comparison with other possible maize-cloning
systems using phages, bacteria, or yeast, the advantage of this
approach is that all maize chromosome fragments will derive
from a known chromosome. The high proportion of maize
sequences that may serve as maize-specific DNA probes in this
system allows the identification of almost any maize chromo-
some segment in oat or any cloned maize DNA fragment in a
library. The current availability of an extensive collection of
mapped DNA markers for all maize chromosomes (42) may
allow us to identify the boundaries of cloned subfragments and
to generate a collection of overlapping subfragments repre-
senting the whole chromosome. This approach would allow the
cloning in oat of subfragments of maize chromosomes of a
wide size range. Chromosomal subfragments 5–30 Mb in size
may be considered optimal because they can be aligned relative
to the genetic map and, if cloned in bacterial artificial chro-
mosomes or even in cosmid vectors, may be arranged in contigs
to generate detailed physical maps for each subfragment.
Thus, 10–60 subchromosomal fragments may comprise a
collection of overlapping large DNA fragments of one partic-
ular maize chromosome. Taking into account the high stability
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of maize genetic material in the oat background, oat lines with
maize DNA represent a continuous, renewable source of large
segments of maize chromosomal DNA.

This is a joint publication of the University of Minnesota and U.S.
Department of Agriculture–Agricultural Research Service and is
Paper No. 22,475 in the Scientific Journal Series, Minnesota Agricul-
tural Experiment Station. Mention of a trademark or proprietary
product does not constitute a guarantee or warranty by the University
of Minnesota or the USDA-ARS and does not imply approval over
other products that also may be suitable. This research was funded in
part by the Plant Molecular Genetics Institute, University of Minne-
sota, and The Quaker Oats Company.
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We have developed from crosses of oat (Avena sativa L.) and maize
(Zea mays L.) 50 fertile lines that are disomic additions of individual
maize chromosomes 1–9 and chromosome 10 as a short-arm
telosome. The whole chromosome 10 addition is available only in
haploid oat background. Most of the maize chromosome disomic
addition lines have regular transmission; however, chromosome 5
showed diminished paternal transmission, and chromosome 10 is
transmitted to offspring only as a short-arm telosome. To further
dissect the maize genome, we irradiated monosomic additions
with � rays and recovered radiation hybrid (RH) lines providing
low- to medium-resolution mapping for most of the maize chro-
mosomes. For maize chromosome 1, mapping 45 simple-sequence
repeat markers delineated 10 groups of RH plants reflecting dif-
ferent chromosome breaks. The present chromosome 1 RH panel
dissects this chromosome into eight physical segments defined by
the 10 groups of RH lines. Genomic in situ hybridization revealed
the physical size of a distal region, which is represented by six of
the eight physical segments, as being �20% of the length of the
short arm, representing �one-third of the genetic chromosome 1
map. The distal �20% of the physical length of the long arm of
maize chromosome 1 is represented by a single group of RH lines
that spans >23% of the total genetic map. These oat–maize RH
lines provide valuable tools for physical mapping of the complex
highly duplicated maize genome and for unique studies of inter-
specific gene interactions.

P lants with one chromosome (monosomic) or one pair of
homologous chromosomes (disomic) of an alien donor spe-

cies added to the entire recipient species chromosome comple-
ment serve to dissect the donor genome into individual chro-
mosome entities and separate them from their own genome
remnant. The transfer liberates the added chromosome (pair)
from the interactive gene expression network of the donor
genome and puts the chromosome’s genes into the environment
of the host genome. This new structural and functional situation
can create novel orthologous and nonhomologous gene-to-gene
interactions and, hence, helps to answer fundamental questions
about gene expression control, inheritance, and syntenic corre-
spondence among different plant species, especially those with
large genomes, including maize, with a 1C content of �2.7 billion
base pairs [Plant DNA C-Values Database (Release 2.0, January
2003), M. D. Bennett and I. J. Leitch, http:��rbgkew.org.uk�
cval�homepage.html] and a subgenome structure ref lecting an-
cient tetraploidy (1).

By crossing maize to oat, (oat � maize)F1 proembryos were
generated, of which 5–10% could be rescued in vitro. Molecular
and cytological analyses showed retention of one or more maize
chromosomes in addition to the haploid oat genome in 34% of
the F1 plants (2–7). Because haploid oat frequently develops
unreduced gametes (8), subsequent self-fertilization of (oat �
maize)F1 plants with one maize chromosome added to the
haploid oat genome (n � 3x � 1 � 22) can produce F2 offspring
with one homologous maize chromosome pair added to the
doubled haploid (hexaploid) oat genome (2n � 6x � 2 � 44)
among other euploid and aneuploid types (9).

A complete series of oat–maize chromosome addition lines
(10) has enabled markers and genes to be physically allocated to
maize chromosomes without a need for detectable polymor-
phisms. These unique plant materials confirmed interchromo-
somal duplicate loci on a large scale, one of the obstacles to
whole-genome sequencing. Numerous locus duplications com-
plicate the reassembly of a set of shotgun DNA sequences.
Oat–maize chromosome addition lines, however, physically sep-
arate these interchromosomal maize orthologs and paralogs
from each other and make them accessible to mapping, sequenc-
ing, and cloning, even in cases where the duplicated loci of
interest carry genes with monomorphic allelic sequences.

A second obstacle that impedes sequencing of the complete
maize genome by today’s technology is the repetitive nature of
�85% of the maize DNA. Thus, sequencing strategies are being
tested that accomplish the targeted sequencing of less repetitive
gene-rich regions (11, 12). These strategies must involve tech-
nologies that are capable of arranging those gene islands along
the chromosomes and bridging long gaps between contigs.
Generating random breaks in the maize chromosome in an
identified monosomic oat–maize chromosome addition line and
maintaining diminutive maize chromosomes or pieces translo-
cated into oat can provide DNA panels of radiation hybrid (RH)
lines, which allow for a presence vs. absence test of markers
without the need for polymorphisms (13). With sufficient reso-
lution that is determined by the number and distribution of
breaks along the maize chromosomes, RH lines can contribute
to placing contigs in the correct order. A panel of RH lines for
maize chromosome 9 has demonstrated the efficient mapping of
molecular markers (14).

This report summarizes the status for the oat–maize chromo-
some addition line production and characterization, including
the irregular transmission behavior of maize chromosomes 5 and
10 in oat, the last two maize chromosomes recovered as fertile
oat–maize addition lines. We also illustrate the development of
oat–maize RH lines from addition plants for maize chromosome
1. We show the use of these RH lines for physical mapping and
relating genetic map distances to physical chromosome segment
sizes.

Materials and Methods
Plant Material. Plants of oat (Avena sativa L.) cultivars GAF-Park,
Kanota, Preakness, Starter, Stout, Sun II, and the MN-hybrid
(MN97201-1 � MN841801-1) were grown and crossed by maize
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(Zea mays L.) lines Seneca 60, A188, A619, B73, Mo17, the
(A188 � W64A)F1 hybrid, and a line carrying the allele bz1-
mum9. More than 200 putative F1-hybrid plants indicating
successful (oat � maize) hybridization were recovered and
analyzed for vigor, seed set, maize chromosome retention in
various tissues, and maize chromosome transmission to F2
offspring (5, 10). F2 plants were tested by PCR-based markers,
test crosses, genomic in situ hybridization (GISH), and chromo-
some counting for presence, stability, and transmission of maize
chromosomes added to the oat genome (15). F2 plants were
propagated for production of F3 and subsequent generations.
Backcross (BC1) plants monosomic for the maize chromosome
addition were produced by crossing disomic oat–maize chromo-
some addition plants back to their corresponding parental oat
lines. Batches of 150–300 BC1 seeds were irradiated with � rays
from a 137Cs source at different intensities (20–50 krad) to
induce as many maize chromosome breaks as possible without
seriously damaging the vigor of the seeds or resulting seedlings.
BC1F2 offspring with transmitted maize chromosome deficien-
cies or oat–maize chromosome translocations (RH plants) were
selected by a PCR assay with primers specific for Grande 1 (16)
and CentA (17) and used for physically mapping molecular
markers to the particular maize chromosome segments.

Genomic DNA Extraction. For a limited number of PCRs (75 or
fewer) from single plants, DNA was extracted by the use of the
REDExtract-N-Amp Plant PCR kit (Sigma). For larger numbers
of PCRs (�75) from single plants, DNA was extracted by using
either the DNeasy Plant Mini kit (Qiagen, Valencia, CA) or the
acetyltrimethylammonium bromide procedure (18). For labeling
and use as probe in GISH experiments, genomic maize DNA was
extracted from leaf cell nuclei and purified through a CsCl
gradient (19).

PCR. PCRs were accomplished by the use of the REDExtract-
N-Amp Plant PCR kit, according to the vendor’s recommenda-
tions. F1 plantlets and seedlings of the consecutive generations
were screened for the presence of maize sequences by using
maize-specific primers for the long terminal repeat of the highly
dispersed retrotransposon Grande 1 (16) and for the highly
centromere-specific retrotransposon-like repeat CentA (17).
Individual maize chromosomes or chromosome segments in F1
plantlets, addition lines, and RH seedlings were identified by
using maize-specific primers for simple-sequence repeat (SSR)
markers (10) that were selected from the maize genetics and
genomics database (www.maizegdb.org). BC1F2 plants (putative
RH plants) were tested for presence vs. absence of maize
chromosome segments by a PCR assay with 45 SSR markers
specific for maize chromosome 1 (p-umc1354 to p-umc2244
spanning 1,120 map units, according to the IBM2 map). Markers
were selected from the maize genetics and genomics database
mentioned above.

Cytology. Root tips (1.5–2 cm) of oat, maize, and oat–maize
chromosome addition and RH lines were pretreated, fixed, and
stored as described in ref. 10. Root tips for chromosome counting
were prepared as described in ref. 20. Meristem cells were
squashed in 2% wt�vol Aceto-Orcein (Carolina Biological Sup-
ply). Root tips for GISH were prepared as described in ref. 10.
Further steps of RNase treatment, postfixation, and in situ
hybridization were as described earlier in ref. 21 except that total
genomic maize DNA was labeled by the use of the ULYSIS
Alexa Fluor 488 nucleic acid labeling kit (Molecular Probes) and
probed on slides without using unlabeled competitor DNA.
Hybridization was carried out in 40% formamide in 1.5� SSC
(225 mM NaCl�22.5 mM trisodium citrate, pH 7.0) at 37°C.
Posthybridization stringency washes were carried out in 40%
formamide in 1.5� SSC at 42°C. Chromosomes were counter-

stained with propidium iodide. Signals were visualized and
captured by using an Axioskop microscope equipped for epi-
f luorescence (Zeiss) and a Magnafire charge-coupled device
camera (Optronics International, Chelmsford, MA).

Results and Discussion
Maize Chromosome Elimination in (Oat � Maize)F1 Hybrids. In oat �
maize crosses, maize chromosomes are occasionally retained (2).
This situation is distinct in that the maize genome is completely
eliminated in hybridizations between maize and wheat or barley.
There is only one report of a maize chromosome being retained
in wheat; however, the maize chromosome was not transmitted
to offspring (23). The timing of elimination differs as well. The
maize chromosome elimination process in oat sometimes ex-
tends over longer periods of time compared with that in F1
hybrids generated from wheat � maize and barley � maize
crosses (24). In 70% of (wheat � maize)F1 embryos, one or more
maize chromosomes were eliminated at the first mitosis. By the
eight-cell stage, the embryos had lost all maize chromosomes
(24). Maize chromosome elimination from (oat � maize)F1
embryos starts at an early stage in embryogenesis as well (4).
However, as an example of the extended time of maize chro-
mosome elimination from oat, in the (oat � maize)F1 plant
F1-5133-1 with maize chromosomes 4, 7, and 10 all detected at
a young plant stage, a consecutive elimination of individual
maize chromosomes was detected by the PCR analysis of
genomic DNA extracted from tissues of f lag leaves of different
tillers from the same plant shortly after meiosis. The first tiller
retained only maize chromosome 4, thus eliminated chromo-
somes 7 and 10. The second tiller eliminated chromosome 10,
thus retained chromosomes 4 and 7. The third and fourth tillers
eliminated chromosome 7, thus retained chromosome 4 and
chromosome 10 as a short-arm telosome (Fig. 1). We observed
further instances where maize chromosomes were lost in later
growth stages, particularly from plantlets with two or more
originally retained maize chromosomes in their complements
(results not shown).

(Oat � Maize)F1 Hybrids and F2 Offspring in Different Genetic Back-
grounds. Our initial work was conducted with the maize chro-
mosome donor Seneca 60 and the oat recipient Starter. In the
last 2 years we have tested several other combinations of maize
and oat lines. A total of 201 (oat � maize)F1 plants have been
generated from various maize and oat backgrounds, of which 68
F1 hybrids retained one or more maize chromosome(s) in their
complements. All 10 maize chromosomes could be recovered,
with each occurring at different frequencies as single additions
and in combination with other maize chromosomes. No obvious
preferential combination for two or more specific maize chro-
mosomes was detected in multiple additions in haploid oats. The
frequency of recovery of a particular maize chromosome, the

Fig. 1. PCR products from DNA of the F1 (Starter � B73) plant F1-5133-1 when
chromosome-specific SSR markers are used; electrophoresis in a 3.5% agarose
gel shows the different elimination of maize chromosomes in individual tillers.
Lanes 1, young plantlet; lanes 2, tiller F1-5133-1�a; lanes 3, tiller F1-5133-1�b;
lanes 4, tiller F1-5133-1�c; lanes 5, tiller F1-5133-1�d; and lane M, standard
100-bp ladder.

9922 � www.pnas.org�cgi�doi�10.1073�pnas.0403421101 Kynast et al.
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fertility of that plant, and the stability of a maize chromosome
appeared to be primarily dependent on the particular maize
chromosome interacting with the oat background. Furthermore,
the ability to recover a particular maize chromosome in F1
hybrids was not correlated with the ability to produce a fertile
addition line for that chromosome. For instance, 20 F1 hybrids
with maize chromosome 5 were produced, making the chromo-
some 5 the most frequently recovered chromosome, either as a
single chromosome addition or in combination with other maize
chromosomes; chromosome 2 addition plants were the next most
frequent with 15 F1 plants produced. Yet, only one of the
chromosome 5 plants was fertile and transmitted the chromo-
some 5 to offspring resulting in the fertile disomic addition
OMAd5.59 in Sun II oat background. This finding can be
contrasted with chromosome 4, which has been recovered as an
addition line nine times, with three of these addition plants being
fertile and transmitting the chromosome 4 to offspring. With
respect to transmission of maize chromosomes, fertile disomic
addition lines fall into different categories. Addition lines car-
rying chromosomes 2, 3, 4, 6, and 9 exhibited little or no
problems with transmission (nearly 100% maternal and paternal
transmission rate). Lines carrying chromosomes 1 and 7 initially
had poor transmission of the maize chromosome, but after
several generations they show good transmission of the maize
chromosome (�80% transmission rate), possibly due to selective
breeding for stable diploid offspring. Chromosomes 1, 5, and 8
additions have fertility problems even after several generations
of selection, and chromosome 10 additions have transmitted only
short-arm derivatives to offspring. Eleven disomic additions for
different maize chromosomes, including 2, 4, 5, 6, 7, 8, and 9 in
different oat backgrounds, have been added to the previously
reported set (15), making a total of 50 fertile addition lines
(Table 1).

Irregular Maize Chromosome 5 Transmission in Oat. Disomic maize
chromosome 5 additions recovered earlier in two different oat
backgrounds (OMAd5.09 in Starter and OMAd5.17 in MN-
hybrid) show significantly diminished paternal transmission,
whereas maternal transmission of the maize chromosome 5 is
only moderately reduced. Crossing a OMAd5.09 plant as male
back to Starter produced four monosomic maize additions
among 58 BC1 offspring, giving a paternal transmission rate of
6.9% (4 of 58). In 30 F4 offspring of a disomic addition from the
line OMAd5.09, only 2 plants were disomic additions, which
corresponds to a minimal paternal transmission of 6.7% (2 of
30). Twenty-one plants were monosomic additions, which indi-
cates a probable maternal transmission of 76.7% (23 of 30),
although one or two of the monosomic additions could be from
paternal transmission. In a further experiment analyzing 25 F4
offspring of a disomic addition from the line OMAd5.17, only
two plants were disomic additions, indicating a paternal trans-
mission of 8% (2 of 25). Seventeen plants were monosomic
additions, which indicates a probable maternal transmission of
76% (19 of 25). Taking data for both oat backgrounds together,
the irregular low paternal transmission of the maize chromosome
5 (6.7–8%) clearly accounts for the low frequency of disomic
addition offspring from disomic chromosome 5 addition plants.

Maize Chromosome 10 Transmission. Chromosome 10 is the small-
est chromosome, with 190 Mbp in the Seneca 60 complement.
Yet, it was the most frequently eliminated chromosome in (oat �
maize)F1 hybrids, indicating a low tolerance for its presence in
oat (4, 10). The first recovered monosomic addition of chromo-
some 10 occurred in a haploid of GAF-Park oat background
(10). Since that time, the plant has been vegetatively propagated
by tiller cloning under short-day conditions. Periodically, tiller
clones have been moved to a long-day regime to induce f lowering
for self-pollination or backcrossing with GAF-Park pollen. After
screening thousands of spikelets over a period of �3 years, we
recently recovered one seed. This one seed, however, did not
possess maize chromatin; thus, a maize chromosome addition
offspring has not been produced by this plant.

In this new series of oat � maize crosses, we recovered 11
plantlets that retained maize chromosome 10 as single or mul-
tiple chromosome additions, 9 plantlets in Starter oat back-
ground, and 2 plantlets in Sun II background. One chromosome
10-positive F1 plant (F1-0289-1, Seneca 60 � Sun II) set 189 F2
seeds in its first four panicles (Table 2). The PCR assay with
Grande 1 showed that 28 F2 plants originating from three
panicles were maize-positive, and 2 F2 plants were maize-
negative. GISH analyses revealed 16 disomic and 12 monosomic
addition plants. All 10 F2 plants originating from the fourth
panicle were maize-negative. In all 28 maize-positive plants, only

Table 1. Fertile oat–maize chromosome addition lines

Added maize
chromosome Oat host Maize donor Addition

No. of
lines

1 Starter Seneca 60 Disomic 1
2 Starter Seneca 60 Disomic 9
2 Starter bz1-mum9 Disomic 1
2 Sun II Seneca 60 Disomic 2
3 Sun II Seneca 60 Disomic 1
3 Preakness Seneca 60 Disomic 1
4 Starter Seneca 60 Disomic 6
4 Starter A188 Disomic 2
4 Starter B73 Disomic 1
5 Starter Seneca 60 Disomic 1
5 MN-hybrid Seneca 60 Disomic 1
5 Sun II Seneca 60 Disomic 1
6 Starter Seneca 60 Disomic 1
6 MN-hybrid Seneca 60 Disomic 1
6 Sun II Seneca 60 Disomic 1
7 Starter Seneca 60 Disomic 4
7 GAF-Park Seneca 60 Disomic 1
8 Starter Seneca 60 Disomic 1
8 Starter bz1-mum9 Disomic 1
8 GAF-Park Seneca 60 Monosomic 1
9 Starter Seneca 60 Disomic 7
9 GAF-Park Seneca 60 Disomic 1
9 Sun II Seneca 60 Disomic 1
10S Sun II Seneca 60 Ditelosomic 1
1 � 9 Starter Seneca 60 Double disomic 1
4 � 6 Starter Seneca 60 Double disomic 1

This table lists all available addition lines and is an update of an earlier list
that involved fewer lines (15).

Table 2. Seed set from fertile oat–maize chromosome
10S additions

F1-plant panicle

No. of F2 seeds

Total Tested Maize-positive Disomic Monosomic

F1-0289-1�a 51 10 9 3 6
F1-0289-1�b 59 10 9 5 4
F1-0289-1�c 48 10 0 0 0
F1-0289-1�d 31 10 10 8 2
F1-5133-1�a 6 6 6 3 3
F1-5133-1�b 0 — — — —
F1-5133-1�c 1 1 1 0 1*
F1-5133-1�d 2 2 2 1† 1*

*Monosomic for maize chromosome 4 and monosomic for maize chromosome
10S derivative.

†Disomic for maize chromosome 4.

Kynast et al. PNAS � June 29, 2004 � vol. 101 � no. 26 � 9923

PL
A

N
T

BI
O

LO
G

Y

38_2006-7 Phillips.p65 06-Mar-09, 7:49 PM983



984 Wolf Prize in Agriculture

chromosome 10 short-arm-specific SSR markers (p-phi041, p-
phi117, and p-umc1293) were present; none of the long-arm-
specific markers (p-umc1249, p-umc1196, p-umc1176, and p-
umc1084) tested was detected (22). We, therefore, assume that
the chromosome transmitted to offspring in every case is a
short-arm telocentric derivative of chromosome 10 (22). The
derived line disomic for the chromosome 10 short-arm telocen-
tric was labeled OMAdt10S.20 and seeds (F3 offspring) have
already been distributed (Table 1).

The F1 hybrid F1-5133-1 originated from crosses of Starter oat
with maize B73. This hybrid possessed the three maize chromo-
somes 4, 7, and 10 in addition to the haploid oat complement at
a young growth stage. In DNA samples from both the third and
fourth tillers (F1-5133-1�c and F1-5133-1�d), SSR markers were
present for chromosome 4 and chromosome 10. Although all
three short-arm-specific markers for chromosome 10 were
present in the two DNA samples, neither sample showed evi-
dence for long-arm-specific markers. Therefore, we assume that
chromosome 10, which was accompanied by maize chromosome
4, also was a telocentric short-arm derivative of chromosome 10.
PCR analysis of the three F2 offspring from the panicles of the
third and fourth tiller of plant F1-5133-1 (Table 2) showed that
only two F2 plants had the short-arm-specific SSR markers for
chromosome 10, and none had any of the long-arm-specific SSR
markers for chromosome 10. All three F2 plants had the chro-
mosome 4-specific SSR markers. All six F2 offspring from the
F1-5133-1�a panicle were positive for B73 chromosome 4, three
as monosomic and three as disomic additions. The tiller F1-5133-
1�b did not set seed.

The generation of a fertile disomic telocentric addition for
chromosome 10 (OMAdt10S.20) is a major breakthrough in our
efforts to develop a complete series of fertile oat–maize addition
lines (22). However, this observation raises the question of why
does only the short arm of an added maize chromosome 10
transmit in oat. Does the long arm possess a gene that prevents
transmission in this alien background? High sterility occurs in
the highly stable whole chromosome 10 addition in GAF-Park
oat and the two independent events of short-arm derivatives of
chromosome 10 in Sun II and Starter oat, where the long-arm
telocentrics could not be established. The situation appears
similar to the difficulties of generating a disomic euplasmic
addition line for Betzes barley chromosome 1H and for its
long-arm telosome 1HL in Chinese Spring wheat (25). The
difficulties in wheat (26–28) appear to be caused by the inter-
action of the gene Shw (sterility in hybrid with wheat) with the
wheat background causing sterility. However, the sterility was
alleviated by the simultaneous addition of monosomic or disomic
chromosome 6H to the 1H addition (29). Perhaps we could select
(oat � maize)F1 hybrids for the simultaneous additions of other
chromosomes with chromosome 10 to possibly allow fertility and
transmission of the whole chromosome 10. In addition, it may be
feasible to use additional maize genotypes that possess a differ-
ent allele of the presumed gene on chromosome arm 10L
responsible for the sterility. In the corresponding wheat–barley
addition situation, chromosome 1H of the closely related wild
barley (Hordeum vulgare L. subsp. spontaneum) was added to
wheat without causing a severe effect of sterility (30).

Oat–Maize Chromosome 1 RHs. Monosomic oat–maize chromo-
some 1 addition seeds, the foundation for the development of
oat–maize chromosome 1 RH lines, were treated with � rays at
two levels. These levels were 180 BC1 seeds treated with 40 krad
and 120 BC1 seeds treated with 35 krad. A total of 46 maize-
positive plants, as indicated by the presence of the markers
Grande 1 and�or CentA, were recovered from the 40-krad
treatments. The 35-krad treatment generated 54 maize-positive
plants. These 100 BC1 plants were allowed to self-pollinate. Of
these, 91 panicles produced 340 BC1F2 offspring that tested

negative and 171 BC1F2 offspring that tested positive for maize
chromatin in their genomes, indicating successful transmission of
maize segments. It is notable that after the � radiation treatment
of 300 monosomic addition seeds, only 100 plants retained their
maize chromosomes or a diminutive maize chromosome deriv-
ative. This finding indicates that a majority of the breaks
generated maize fragments that were eliminated from somatic
tissues. Earlier results showed a certain level of somatic insta-
bility for whole chromosome 1 addition plants resulting in
chromosome loss (7, 10).

A set of 45 SSR markers distributed along maize chromosome
1 was used to determine by a presence vs. absence test for each
marker approximate points of maize chromosome breakage in
the 171 BC1F2 plants. All 45 SSR markers were present in 98
BC1F2 plants, which represent 50 families. These plants were
considered as possessing either a whole maize chromosome
without a break or a reciprocal oat–maize translocation. These
plants will be self-pollinated, and offspring of those with recip-
rocal translocations will be selected for the segregating translo-
cated chromosomes. Nine BC1F2 plants, forming five families,
showed complex rearrangements, including interstitial deletions
and multiple translocations with oat. Forty-four BC1F2 plants
constituted 21 families, each representing one likely independent
(chromosome rearrangement) event (Table 3). These 44 RH
plants were placed into 10 panel groups, with plants within a
group resulting from similar maize chromosome breaks based on
marker analysis (Table 3 and Fig. 2). Fig. 2 illustrates the
definition of eight segments by seven breaks in selected RH lines
for maize chromosome 1 representing the 10 groups (Table 3).
Plants with only one break in their maize chromosome, and thus
possessing only one deficiency or one oat–maize translocation,
are shown in the first panel (Fig. 2). The markers shown in the
left column are the first and last marker present or absent and
frame the breakpoints. The points define six segments on the
short arm (p-umc1354 to p-umc168), one large segment spanning
the centromere region (p-umc1626 to p-mmc0041), and one
additional segment on the long arm (p-bnlg1720 to p-umc2244).

The apparently single breakpoint in the long arm of chromo-

Table 3. Groups of RH lines from independent chromosome
mutation events that define the same breakpoints on
chromosome 1

Treatment,
krad

No. of BC1

plants

No. of BC1F2

plants with
similar breaks

No. of
independent

events*
Panel
group

40 2 3 2 1
35 3 3 3 1
40 1 1 1 2
40 1 3 1 3
35 1 2 1 4
35 1 1 1 5
40 1 1 1 6
35 2 2 2 7
35 2 2 2 8
40 2 20 2 9
35 4 5 4 9
35 1 1 1 10

*Each irradiated BC1 plant producing offspring with a rearranged added
maize chromosome either as a deletion or a translocation with an oat
chromosome represents at least one independent mutation event. Chromo-
somal BC1-plant mutants, however, are not necessarily based only on one
single rearrangement event because of potentially different mutations in
different embryo cells during irradiation. Thus, the resulting chimeric nature
of the radiated BC1 plants among their different tillers can produce and
transmit more then one maize chromosome derivative to the corresponding
BC1F2-offspring plants.

9924 � www.pnas.org�cgi�doi�10.1073�pnas.0403421101 Kynast et al.
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some 1 as defined by groups 9 and 10 is represented by seven
independent breakage events. This break is marked proximally
by the SSR marker p-mmc0041 and distally by the SSR marker
p-bnlg1720 (Fig. 2). The portion (7 of 21) of lines that break at
the same point or very similar points indicates a preferential
breakage and�or transmission of the chromosome segments to
offspring. On the short arm, five independent events (5 of 21)
demonstrate a common break in the range that is marked by the
SSRs p-umc1071 and p-umc1727 defining segment 1. All other
breakpoints are defined by one or two events. Most striking is
that we did not observe a centric break resulting in either a
telocentric maize chromosome or a centric maize–oat translo-
cation. This situation left intact a large area spanning the
centromere and the proximal regions on both arms, segment 7
(Fig. 2), and it is in strong contrast to earlier results from the
production of maize chromosome 9 RHs (12) that showed that
the level of chromosome 9 breakage across the chromosome was
relatively constant.

The physical sizes of the segments differ remarkably as shown
by GISH experiments (Fig. 3). In the line 1.07.3-001.3-03 (a
sibling from group 7), the maize chromosome shows a primary
constriction that defines the deficient short arm to �80% of its
regular WT metaphase length. This result would mean that the
missing element (20%) represents a genetic size of at least 445
map units separated into 6 distinct segments by 8 of 10 groups.
On the other hand, GISH of line 1.07.2-007.3-04 (a sibling from
group 9) shows the distal maize chromosome fragment translo-
cated to an oat chromosome. The fragment length corresponds
to �20% of the long-arm WT length in metaphase and visualizes
segment 8. Even considering that the definition of the single
segment by two markers varies over a considerable genetic
distance, the segment 7 spans approximately the proximal 80%
of the short and the proximal 80% of the long arm of the genetic
map of maize chromosome 1. The line 1.07.1-020.3-01 (sibling of
group 3) shows by GISH analysis a fragment of �15% of the WT
short-arm length translocated to an oat chromosome. This
fragment visualizes the length of the segments 1 and 2 together
marked by SSRs p-umc1397 and p-umc1479.

Summary
The current set of disomic oat–maize addition lines involves all
maize chromosomes in different oat backgrounds with the
exception of chromosome 10. The maize chromosome 10 addi-
tion progeny has only the short arm; a fertile disomic telocentric
addition line is available. The whole chromosome 10 added to
haploid GAF-Park oat does allow the availability of DNA.
Although not fertile, and therefore not capable of producing
disomic addition offspring, we continue to maintain the original
plant vegetatively by tiller cloning under short-day growing
conditions. The leaves show remarkable somatic stability for the
added maize chromosome over a period of �3 years. The plant
serves as a source for chromosome 10 genomic DNA and RNA.

The complete series of DNAs made from each maize chro-
mosome addition has been used as a powerful tool to allocate
genes and markers to chromosome. Ananiev et al. (31) used the
oat–maize chromosome 9 addition line as the DNA source to
construct a chromosome-specific cosmid library allowing the
isolation of maize-specific repetitive DNA families. The low level
of cross-hybridization under standard conditions between oat
and maize genomic DNA makes it possible to screen libraries for
maize species-specific sequences (31).

Oat–maize addition lines are ideal for mapping gene families
and markers that have more than one copy on different chro-
mosomes likely because of the duplicative nature of maize. For
example, Okagaki et al. (32) mapped 350 ESTs and sequence
tagged sites to chromosomes by a presence vs. absence test and

Fig. 2. Panel of the first RH lines for maize chromosome 1. Shown are the 15
SSR markers that frame the seven breakpoints, hence define the RH segments
between p-umc1354 (most distal on the short arm) and p-umc2244 (most distal
on the long arm) markers representing a genetic distance of more than 1,120
map units according to the IBM2 map.

Fig. 3. GISH of metaphase chromosomes from root tips of three RH plants of the maize chromosome 1 panel. (A) Plant BC1F2, 1.07.3-001.3-3 (sibling of group
7), arrow points to the deficient short arm of maize chromosome 1; the chromosome lost �20% of its short arm. p-umc1626 is the most distal present marker
tested (see also Fig. 2). The yellow-painted chromosome visualizes the segments 7 and 8 representing the genetic distance of 656–675 map units (B) Plant BC1F2

1.07.2-007.3-4 (sibling of group 9), arrow points to the translocation fragment visualizing the RH segment 8. The translocation fragment accounts for �20% of
the long-arm length representing the genetic distance of 261–332 map units (C) Plant BC1F2 1.07.1-020.3-1 (sibling of group 3), arrow points to the translocation
fragment visualizing the RH segments 1 and 2 accounting for �15% of the short-arm length representing the distance of 226–257 map units.
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demonstrated the usefulness of the complete addition line set.
However, the true power of the addition lines as a tool for maize
genomics and genetics may be that no marker polymorphism is
required for large-scale mapping. The value of the plant material
for gene expression studies has already been shown in an
analysis of interchromosomal interaction with respect to ex-
pression of the maize gene liguleless 3 on chromosome 3 (33)
or the reduced susceptibility against the fungal pathogen
Puccinia coronata f. sp. avenae in the oat–maize chromosome
5 addition lines (unpublished data).

With the development of RH lines from the oat–maize
additions, markers can be placed to chromosome regions.
Visualization by GISH of the rearranged maize chromosome

fragments together with marker data helps to relate physical
sizes to genetic distances along the chromosome arms. Besides
the use of addition and radiation hybrid lines for mapping
purposes, the extensive dissection of the maize genome pro-
vides powerful material for the targeted cloning of chromo-
some-specific DNA and to study chromosome-specific struc-
tures and their behavior in an alien background.

This is a joint contribution of the Minnesota Agricultural Experiment
Station and the Department of Agriculture–Agricultural Research Ser-
vice. This material is based upon work supported by the National Science
Foundation Grant 011134.
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Research

Special Professor, School of  Biology, University of Nottingham

School: King Edward VII Grammar School, Coalville (1956-1963)
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QUALIFICATIONS:

B.Sc., Honours chemistry, 2(i), 1967, University of Surrey (1963-1967)

Ph.D., Organic chemistry, 1971, University of Surrey, Compounds from dinitriles

and hydrazine, Professor J.A. Elvidge, 1967-1970

Chartered Chemist, 1975

D.Sc., University of  Nottingham, 1993

Chartered Scientist, 2004

HONOURS/AWARDS:

Special Professor, University of Nottingham, 1991

The Rank Prize, Nutrition and Crop Husbandry, 1995

Fellow of the Royal Society, 1996

Member of the Deutsche Akademie der Naturforscher Leopoldina, 2001

International Society of Chemical Ecology Medal, 2002

CBE, for Services to Biological Chemistry, 2004

Honorary Life Membership, the Association of Applied Biologists, 2004

Foreign Member of  the Royal Swedish Academy of  Agriculture and Forestry, 2005

Wolf Foundation Prize in Agriculture, 2008

PROFESSIONAL AFFILIATIONS:

Fellow of the Royal Society of Chemistry, 1982

Fellow of the Royal Entomological Society, 1989

Member of the American Chemical Society, 1993

Member of the Royal Institution, 1997

ACADEMIC POSITIONS:

External examiner, MSc Course, Pest Management, Imperial College at Silwood

Park, 1992-1995

Chairman, Advisory Committee, School of Applied Chemistry, University of North

London, 1993-1995

Honorary Member, Academic Staff, University of Reading, 1995-

External Examiner, Environmental Science, University of Sussex, 1997-2000

CAREER:

1970-1972 - Postdoctoral fellowship, University of  Manchester Institute of

Science and Technology, Synthesis and photochemistry of

perfluoroalkylpyridazines, Professor R.N. Haszeldine, FRS.

1972-1976 - Senior scientist, Chemistry Department, Brewing Research

Foundation, Redhill, Surrey. Chemical studies on flavour active

components of hops and malt.
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1976-1983 - Principal Scientific Officer, Department of  Insecticides and

Fungicides, Rothamsted Experimental Station: Leading and

coordinating studies on semiochemical aspects of insect chemical

ecology.

1984-present - Head, Band 2, Individual Merit, of  the Biological Chemistry

Division (formerly of  the Department of  Insecticides and

Fungicides, 1984-1993, then of  the Biological and Ecological

Chemistry Department, 1993-2001), Rothamsted (Individual Merit

Promotion to Grade Band 2, 1993).

DISTINGUISHED LECTURES:

- Distinguished Lecture in Life Sciences, 1991, Boyce Thompson Institute for Plant

Research at Cornell University

- Alfred M. Boyce Lecture, University of California, Riverside, 1993

- “Insects and Chemical Signals: A Volatile Situation”, Royal Institution Discourse,

November 1996

- “Keynotes in Natural Resources” lecture, Swedish University of Agricultural

Sciences, Uppsala, 2 March 1998

- The Woolhouse Lecture, The Society for Experimental Biology Annual Meeting,

University of York, 26 March 1998

- The 1999 Barrington Memorial Lecture, University of Nottingham, 29 April

1999

- The 2000 Cameron-Gifford Lecture, University of Newcastle, 9 February 2000

- The Andersonian Chemical Society Centenary Lecture, University of Strathclyde,

5 April 2006

- 17th Annual H.R. MacCarthy Pest Management Lecture, University of British

Columbia, Canada, “Exploiting induced and constitutive plant stress signalling

in crop protection”, 10th October 2007

- The Royal Society Croonian Lecture, 3rd June 2008

POSTS OF DISTINCTION:

- Editorial Board, Journal of Chemical Ecology, 1991-

- Councillor, International Society of Chemical Ecology, 1991-2000

- Visiting Group IPO-DLO, Netherlands, 1993

- Vice-President, the International Society of Chemical Ecology, 1994

- President, International Society of Chemical Ecology, 1995

- Expert, committee for evaluation of INCO-Copernicus, European Commission

DGXII, 1996

- Scientific Adviser, International Foundation for Science, Stockholm, Sweden, 1996-

- Member of Royal Society Conference Grants Committee, 1997-1999

- Member of Royal Society Sectional Committee 9, 1997-2000
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- Chairman, Organiser, Royal Society Discussion Meeting, April 1998; co-editor

of associated volume “Insecticide Resistance: from Mechanisms to Management”,

CABI publishing, 1999

- Chairman, Organiser, Biotechnology in Agriculture, IBC UK Conference, London,

6-7 July, 1998

- Guest Editor, The Biochemist, Insect Supersense, August 1998

- Vice-Chairman, Executive Committee, Ninth International Congress of Pesticide

Chemistry, London, 2-7 August 1998

- Proposer, Chairman, Novartis Foundation Symposium 223, Insect-Plant

Interactions and Induced Plant Defence, 13-15 October 1998

- Presenter of  expert evidence to the House of  Lords Select Committee on

the European Communities, Organic Farming and the European Union, May

1999

- Member of Peer Review Committee on Environmental Biology and Chemical

Ecology in the Boyce Thompson Institute for Plant Research at Cornell University,

October 1999

- Chairman, Royal Society Working Group on the Future of Sites of Special Scientific

Interest (SSSIs), 2000-1

- Member of Royal Society Council, 2000-2002

- Chairman, Royal Society Copus Grants Panel, 2002-2004

- Member, Plant Sciences Advisory Board, University of Reading, 2002-

- Member of review panel of the Swiss National Science Foundation, National

Centre of  Competence in Research (NCCR), Plant Survival in Natural and

Agricultural Ecosystems, 2002-

- Member of the Royal Society Working Group monitoring the Planetary Protection

activities associated with the Beagle 2 probe to Mars, 2002-2003

- Chairman of Scientific Advisory Board for the Max-Planck-Gesellschaft, Institute

of Chemical Ecology, Jena, Germany, 2007- (and Member from 2003)

- Member of the BBSRC Appointments Board, 2004-2007

- Chairman of the International Centre of Insect Physiology and Ecology (ICIPE)

Governing Council, Nairobi, 2007- (and Member from 2005)

- Editorial Board, International Journal of Tropical Insect Science, 2006-

- Member of the Royal Society’s Dorothy Hodgkin Fellowship Selection Panel,

2006-2008

- Chairman of the Royal Society Working Group on Development for Biofuels,

2006-2007

- Chairman of the Royal Society Sectional Committee 9, 2007-2009

- Member of Governing Body of Uppingham School as representative for the

Royal Society, 2007-

- Member of the Royal Society’s Soirée Committee, 2008-2010

- Editorial Board, Phytochemistry, 2008-
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SCIENTIFIC INTERESTS:

Head of Department: The objectives of the Department are to make crop protection

involving natural and synthetic chemical safer and more effective. The Department

is responsible for important discoveries, including the synthetic pyrethroids, and

has a prominent world position in research areas such as chemical ecology and

evolutionary response of insects to insecticidal stress.

Personal research: The chemical ecology of interactions between insects, and some

other animals, and between insects and plants. This specifically involves the chemical

characterisation of  molecular structures that influence the development and

behaviour (semiochemicals) of insects and other organisms. Pickett was the first to

identify aphid, mosquito and sandfly pheromones. Research extends to the

biochemistry and molecular biology of secondary plant metabolites that act as

semiochemicals and the mechanisms by which they are employed by insects. The

long term objectives are to develop pheromones and other semiochemicals for new

methods of pest control. This is exemplified particularly by his recent work in

Africa. His recent studies have turned more to devising novel ways of controlling

vectors of pathogens attacking the human population and farm animals.

LIST OF PUBLICATIONS:

1. J.A. Elvidge and J.A. Pickett (1972) Heterocyclic imines and amines. Part 13.

3,6-Dihydrazinopyridazine and the nature of  the reaction between 3,6-

dimethoxypyridazine and hydrazine. Journal of the Chemical Society Perkin

I, 1483-1488.

2. J.A. Elvidge and J.A. Pickett (1972) Heterocyclic imines and amines. Part 14.

Products from 2,5-diiminopyrrolidine (succinimidine) and hydrazine. Journal

of the Chemical Society Perkin I, 2346-235l.

3. M.G. Barlow, R.N. Haszeldine and J.A. Pickett (1978) Heterocyclic polyfluoro-

compounds. Part 26. Synthesis of 3,6-bistrifluoromethyl- pyridazines and -

di-hydropyridazines. Journal of the Chemical Society Perkin I, 378-380.

4. J.A. Pickett (1973) Use of micro-bead anion-exchange resin for direct estimation

of flavour nucleotides in complex solutions. Journal of Chromatography 81,

156-159.

5. J.A. Pickett (1974) Estimation of nucleotides in beers and their effect on

flavour. Journal of the Institute of Brewing 80, 42-47.

6. D.R.J. Laws and J.A. Pickett (1974) Brewing, malting and allied processes.

Reports on the Progress of Applied Chemistry 59, 345-357.

7. J.A. Pickett, J. Coates and F.R. Sharpe (1975) Distortion of  essential oil

composition during isolation by steam distillation. Chemistry and Industry,

571-572.
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8. J.A. Pickett, J. Coates and F.R. Sharpe (1975) Improvement of hop aroma in

beer. Proceedings of the European Brewery Convention, 15th Congress, Nice,

123-140.

9. D.R.J. Laws and J.A. Pickett (1975) Brewing, malting and allied processes.

Reports on The Progress of Applied Chemistry 60, 451-463.

10. J.A. Pickett (1976) Studies on flavour-active sulphur components of hops

and beer. Proceedings of the Analytical Division of the Chemical Society,

215-217.

11. J.A. Pickett, J. Coates and F.R. Sharpe (1976) Procedure for non-destructive

concentration of flavour-active components of beer. Journal of the Institute

of Brewing 82, 228-233.

12. J.A. Pickett, J. Coates and F.R. Sharpe (1976) Chemical characterisation of

differences between ales and lagers. Journal of the Institute of Brewing 82,

233-238.

13. J.A. Pickett, T.L. Peppard and F.R. Sharpe (1976) Effect of ‘sulphuring’ on

hop oil composition. Journal of the Institute of Brewing 82, 288-289.

14. J.A. Pickett, F.R. Sharpe and T.L. Peppard (1976) Stability of essential oil of

hops. Journal of the Institute of Brewing 82, 330-333.

15. J.A. Pickett and F.R. Sharpe (1976) Effect of reduction in hop oil content on

rate of deterioration of alpha-acid in hops. Journal of the Institute of Brewing

82, 333.

16. D.R.J. Laws, N.A. Bath and J.A. Pickett (1977) Production of solvent-free

isomerized extracts. Journal of the American Society of Brewing Chemists

35, 187-191.

17. D.R.J. Laws, N.A. Bath, J.A. Pickett, C.S. Ennis and A.G. Wheldon (1977)

Preparation of hop extracts without using organic solvents. Journal of the

Institute of Brewing 83, 39-40.

18. J.A. Pickett, T.L. Peppard and F.R. Sharpe (1977) Recent developments in low

temperature steam distillation of hop oil. Journal of the Institute of Brewing

83, 302-304.

19. J.A. Pickett, F.R. Sharpe and T.L. Peppard (1977) Aerial oxidation of humulene.

Chemistry and Industry, 30-31.

20. D.R.J. Laws, T.L. Peppard, F.R. Sharpe and J.A. Pickett (1978) Recent

developments in imparting hop character to beer. Journal of the American

Society of Brewing Chemists 36, 69-72.

21. J.A. Pickett (1979) Behaviour controlling chemicals. Education in Chemistry

16, 44-47.

22. A.W. Ferguson, J.B. Free, J.A. Pickett and M. Winder (1979) Techniques used

for studying honeybee pheromones involved in clustering, and experiments

on the effect of Nasonov and queen pheromones. Physiological Entomology

4, 339-344.
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23. D.C. Griffiths and J.A. Pickett (1980) A potential application of aphid alarm

pheromones. Entomologia Experimentalis et Applicata 27, 199-201.

24. J.A. Pickett and D.C. Griffiths (1980) Composition of aphid alarm pheromones.

Journal of Chemical Ecology 6, 349-360.

25. J.A. Pickett, I.H. Williams, A.P. Martin and M.C. Smith (1980) The Nasonov

pheromone of  the honey bee, Apis mellifera L. (Hymenoptera: Apidae).

Part I. Chemical characterisation. Journal of Chemical Ecology 6, 425-434.

26. J.A. Pickett and J.W. Stephenson (1980) Plant volatiles and components

influencing behaviour of the field slug, Deroceras reticulatum (Mu”ll). Journal

of Chemical Ecology 6, 435-444.

27. J.B. Free, A.W. Ferguson and J.A. Pickett (1981) Evaluation of the various

components of  the Nasonov pheromone used by clustering honeybees.

Physiological Entomology 6, 263-268.

28. I.H. Williams, J.A. Pickett and A.P. Martin (1981) The Nasonov pheromone

of  the honey bee, Apis mellifera L. (Hymenoptera: Apidae). Part II.

Bioassay of the components using foragers. Journal of  Chemical Ecology 7,

225-237.

29. J.A. Pickett, I.H. Williams, M.C. Smith and A.P. Martin (1981) The Nasonov

pheromone of the honey bee, Apis mellifera L. (Hymenoptera: Apidae). Part III.

Regulation of pheromone composition and production. Journal of  Chemical

Ecology 7, 543-554.

30. J.B. Free, J.A. Pickett, A.W. Ferguson and M.C. Smith (1981) Synthetic

pheromones to attract honeybee (Apis mellifera) swarms. Journal of

Agricultural Science Cambridge 97, 427-431.

31. I.H. Williams, J.A. Pickett and A.P. Martin (1981) Attraction of honeybees to

flowering plants by using synthetic Nasonov pheromone. Entomologia

Experimentalis et Applicata 30, 199-201.

32. J.A. Pickett, I.H. Williams and A.P. Martin (1982) (Z)-11-Eicosen-1-ol, an

important new pheromonal component from the sting of the honey bee,

Apis mellifera L. (Hymenoptera: Apidae). Journal of Chemical Ecology 8,

163-175.

33. B.R. Laurence and J.A. Pickett (1982) Erythro-6-Acetoxy-5-hexadecanolide,

the major component of a mosquito oviposition attractant pheromone. Journal

of the Chemical Society Chemical Communications, 59-60.

34. R.W. Gibson, A.D. Rice, J.A. Pickett, M.C. Smith and R.M. Sawicki (1982) The

effects of the repellents dodecenoic acid and polygodial on the acquisition of

non-, semi- and persistent plant viruses by the aphid Myzus persicae. Annals

of Applied Biology 100, 55-59.

35. I.H. Williams, J.A. Pickett and A.P. Martin (1982) Nasonov pheromone

of the honeybee, Apis mellifera L. (Hymenoptera: Apidae). Part IV. Comparative

electroantennogram responses. Journal of Chemical Ecology 8, 567-574.
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36. J.A. Pickett, G.W. Dawson, R.W. Gibson, D.C. Griffiths, A.D. Rice, R.M. Sawicki,

M.C. Smith and C.M. Woodcock (1982) Controlling aphid behaviour. Les

Colloques de l’INRA 7, 243-252.

37. J.B. Free, A.W. Ferguson, J.A. Pickett and I.H. Williams (1982) Use of

unpurified Nasonov pheromone components to attract clustering honeybees.

Journal of Apicultural Research 21, 26-29.

38. J.B. Free, I.H. Williams, J.A. Pickett, A.W. Ferguson and A.P. Martin (1982)

Attractiveness of  (Z)-11-eicosen-1-ol to foraging honeybees. Journal of

Apicultural Research 21, 151-156.

39. D.C. Griffiths, J.A. Pickett and C.M. Woodcock (1982) Behaviour of alatae of

Myzus persicae (Sulzer) (Hemiptera: Aphididae) on chemically treated surfaces

after tethered flight. Bulletin of Entomological Research 72, 687-693.

40. G.W. Dawson, D.C. Griffiths, J.A. Pickett, M.C. Smith and C.M. Woodcock

(1982) Improved preparation of  (E)-β-farnesene and its activity with

economically important aphids. Journal of Chemical Ecology 8, 1111-1117.

41. G.W. Dawson, R.W. Gibson, D.C. Griffiths, J.A. Pickett, A.D. Rice and

C.M. Woodcock (1982) Aphid alarm pheromone derivatives affecting

settling and the transmission of plant viruses. Journal of Chemical Ecology

8, 1377-1388.

42. G.G. Briggs, G.W. Dawson, R.W. Gibson, D.C. Griffiths, J.A. Pickett, A.D. Rice,

M.F. Stribley and C.M. Woodcock (1983) Compounds derived from the aphid

pheromone that interfere with colonization and virus transmission by aphids.

Aspects of Applied Biology 2, 1983, Pests, Diseases, Weeds and Weed Beet in

Sugar Beet, 41-43.

43. J.A. Pickett, G.W. Dawson, D.C. Griffiths, Liu X., E.D.M. Macaulay,

I.H. Williams and C.M. Woodcock (1983) Stabilizing pheromones for field

use: propheromones. Proceedings of the lOth International Congress of Plant

Protection 1, 271.

44. D.C. Griffiths, G.W. Dawson, J.A. Pickett and C.M. Woodcock (1983) Uses of

the aphid alarm pheromone and derivatives. Proceedings of  the 10th

International Congress of Plant Protection 1, 272.

45. G.G. Briggs, G.W. Dawson, R.W. Gibson, D.C. Griffiths, J.A. Pickett, A.D. Rice,

M.F. Stribley and C.M. Woodcock (1983) Compounds derived from the aphid

alarm pheromone of potential use in controlling colonization and virus

transmission by aphids. Proceedings of the Fifth International Congress of

Pesticide Chemistry (IUPAC) Kyoto, 1982 2, 117-122.

46. J.B. Free, A.W. Ferguson and J.A. Pickett (1983) Effect of the components of

the Nasonov pheromone on its release by honeybees at the hive entrance.

Journal of Apicultural Research 22, 155-157.

47. R.W. Gibson, J.A. Pickett, G.W. Dawson, A.D. Rice and C. Venables (1983)

Pyrethroid insecticides and aphid repellents as means of  controlling potato
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virus Y. Proceedings of the 10th Anniversary Conference of the International

Potato Center, Peru, 1982, 87-88.

48. R.W. Gibson and J.A. Pickett (1983) Wild potato repels aphids by release of

aphid alarm pheromone. Nature 302, 608-609.

49. G.W. Dawson, D.C. Griffiths, J.A. Pickett and C.M. Woodcock (1983)

Decreased response to alarm pheromone by insecticide resistant aphids.

Naturwissenschaften 70, 254-255.

50. J.B. Free, A.W. Ferguson and J.A. Pickett (1983) A synthetic pheromone lure

to induce worker honeybees (Apis mellifera L.) to consume water and artificial

forage. Journal of Apicultural Research 22, 224-228.

51. J.A. Pickett, G.W. Dawson, D.C. Griffiths, Liu Xun, E.D.M. Macaulay and

C.M. Woodcock (1984) Propheromones: an approach to the slow release of

pheromones. Pesticide Science 15, 261-264.

52. R.W. Gibson, J.A. Pickett, G.W. Dawson, A.D. Rice and M.F. Stribley (1984)

Effects of aphid alarm pheromone derivatives and related compounds on

non- and semi-persistent plant virus transmission by Myzus persicae. Annals

of Applied Biology 104, 203-209.

53. Liu X., E.D.M. Macaulay and J.A. Pickett (1984) Propheromones that release

pheromonal carbonyl compounds in light. Journal of Chemical Ecology 10,

809-822.

54. J.A. Pickett (1984) Prospects for new chemical approaches to insect control.

Chemistry and Industry, 657-660.

55. M.M. Blight, J.A. Pickett, M.C. Smith and L.J. Wadhams (1984) An aggregation

pheromone of Sitona lineatus. Naturwissenschaften 71, S.480.

56. J.B. Free, J.A. Pickett, A.W. Ferguson, J.R. Simpkins and C. Williams (1984)

Honeybee Nasonov pheromone lure. Bee World 65, 175-181.

57. G.C. Scott, J.A. Pickett, M.C. Smith, C.M. Woodcock, P.G.W. Harris,

R.P. Hammon and H.D. Koetecha (1984) Seed treatments for controlling

slugs in winter wheat. Proceedings of the British Crop Protection Conference:

Pests and Diseases, 133-138.

58. J.A. Pickett, G.W. Dawson, J.B. Free, D.C. Griffiths, W. Powell, I.H. Williams

and C.M. Woodcock (1984) Pheromones in the management of beneficial

insects. Proceedings of the British Crop Protection Conference: Pests and

Diseases, 247-254.

59. G.W. Dawson, D.C. Griffiths, J.A. Pickett, M.C. Smith and C.M. Woodcock

(1984) Natural inhibition of  the aphid alarm pheromone. Entomologia

Experimentalis et Applicata 36, 197-199.

60. B.R. Laurence, K. Mori, T. Otsuka, J.A. Pickett and L.J. Wadhams (1985)

Absolute configuration of  mosquito oviposition attractant pheromone,

6-acetoxy-5-hexadecanolide. Journal of Chemical Ecology 11, 643-648.
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61. B.R. Laurence and J.A. Pickett (1985) An oviposition attractant pheromone in

Culex quinquefasciatus Say (Diptera: Culicidae). Bulletin of Entomological

Research 75, 283-290.

62. J.A. Pickett (1985) Production of  behaviour-controlling chemicals by

crop plants. Philosophical Transactions of the Royal Society of London 310,

235-239.

63. J.B. Free, J.A. Pickett, A.W. Ferguson, J.R. Simpkins and M.C. Smith (1985)

Repelling foraging honeybees with alarm pheromones. Journal of Agricultural

Science, Cambridge 105, 255-260.

64. C. Wall, J.A. Pickett, D.G. Garthwaite and N. Morris (1985) A female sex

pheromone in the pea midge, Contarinia pisi. Entomologia Experimentalis et

Applicata 39, 11-14.

65. Liu Xun, Z-n. Zhang, Kong Jie, J.A. Pickett, Pan Yongcheng, Xie Yige and

Gu Jiechen (1985) Field attractant activity of the synthetic sex pheromone of

diamondback moth, Plutella xylostella. Acta Ecologica Sinica 5, 249-256.

66. J.A. Pickett (1986) Biotechnology in the service of pest control. Proceedings

of National Agricultural Conference, 6 March 1986.

67. G.G. Briggs, G.R. Cayley, G.W. Dawson, D.C. Griffiths, E.D.M. Macaulay,

J.A. Pickett, M.M. Pile, L.J. Wadhams and C.M. Woodcock (1986) Some

fluorine-containing pheromone analogues. Pesticide Science 17, 441-448.

68. I.K. Kigatiira, J.W.L. Beament, J.B. Free and J.A. Pickett (1986) Using synthetic

pheromone lures to attract honeybee colonies in Kenya. Journal of Apicultural

Research 25, 85-86.

69. E.D.M. Macaulay, G.W. Dawson, Liu Xun and J.A. Pickett (1986) Field

performance of synthetic diamondback moth sex pheromones. Aspects of

Applied Biology 12, 105-116.

70. J.A. Pickett and D.C. Griffiths (1986) Electrostatic sprayers for behaviour-

controlling chemicals. AFRC Science Sprays & Sprayers, 18-19.

71. G.W. Dawson, D.C. Griffiths, J.A. Pickett, L.J. Wadhams and C.M. Woodcock

(1986) Plant compounds that synergise activity of  the aphid alarm

pheromone. Proceedings of the British Crop Protection Conference – Pests

and Diseases, 829-834.

72. G.W. Dawson, D.C. Griffiths, A. Hassanali, J.A. Pickett, R.T. Plumb, B.J. Pye,

L.E. Smart and C.M. Woodcock (1986) Antifeedants: a new concept for control

of barley yellow dwarf virus in winter cereals. Proceedings of the British

Crop Protection Conference – Pests and Diseases, 1001-1008.

73. J.A. Pickett (1986) Honey bee pheromones: some recent developments in

controlling honey bee behaviour. The Gooding Memorial Lecture 1985,

pp. 1-11. (Published by the Central Association of Bee–Keepers).

74. G.W. Dawson, D.C. Griffiths, N.F. Janes, A. Mudd, J.A. Pickett, L.J. Wadhams

and C.M. Woodcock (1987) Identification of an aphid sex pheromone. Nature

325, 614-616.
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75. J.A. Pickett, G.W. Dawson, D.C. Griffiths, A. Hassanali, L.A. Merritt,

A. Mudd, M.C. Smith, L.J. Wadhams, C.M. Woodcock and Z-n. Zhang (1987)

Development of plant-derived antifeedants for crop protection. In: Pesticide

Science and Biotechnology, pp. 125-128. Editors R. Greenhalgh and

T.R. Roberts. (Blackwell Scientific Publications).

76. D.C. Griffiths and J.A. Pickett (1987) Novel chemicals and their formulation

for aphid control. Proceedings of the 14th International Symposium on

Controlled Release of  Bioactive Materials 14, 243-244.

77. B. Mauchamp and J.A. Pickett (1987) Juvenile hormone-like activity of

(E)-β-farnesene derivatives. Agronomie 7, 523-529.

78. J.A. Pickett, G.W. Dawson, B.R. Laurence, M.M. Pile, M.C. Smith and

L.J. Wadhams (1986) Development of the oviposition attractant pheromone

for control of  Culex sp. mosquitoes. Abstracts 6th International Congress

Pesticide Chemistry, IUPAC, Ottawa, 1986, 2C-07.

79. J.A. Pickett, G.R. Cayley, G.W. Dawson, D.C. Griffiths, S.H. Hockland,

B. Marples, R.T. Plumb and C.M. Woodcock (1986) Use of  the alarm

pheromone and derivatives against aphid-mediated damage. Abstracts 6th

International Congress Pesticide Chemistry, IUPAC, Ottawa, 1986, 2C-08.

80. 79a. S.H. Hockland, G.W. Dawson, D.C. Griffiths, B. Marples, J.A. Pickett and

C.M. Woodcock (1986) The use of aphid alarm pheromone (E)-β-farnesene

to increase effectiveness of the entomophilic fungus Verticillium lecanii in

controlling aphids on chrysanthemums under glass. In: Fundamental and

Applied Aspects of Invertebrate Pathology, p. 252. Editors R.A. Samson,

J.M. Vlak and R. Peters. (The Netherlands: Society of Invertebrate Pathology).

81. Liu Xun, Kong Jie, Z-n. Zhang, J.A. Pickett, Pan Yongcheng and Meng

Xiaoyun (1987) Field attraction of the photosensitive propheromone to the

diamondback moth, Plutella xylostella (L). Sinozoologia 5, 15-19.
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339. K. Schönrogge, E.K.V. Napper, M.A. Birkett, C.M. Woodcock, J.A. Pickett,

L.J. Wadhams and J.A. Thomas (2008) Host recognition by the specialist

hoverfly Microdon mutabilis, a social parasite of the ant Formica lemani.

Journal of Chemical Ecology 34, 168-178. (DOI 10.1007/s10886-007-

9417-8).

340. J.G. Logan, M.A. Birkett, S.J. Clark, S. Powers, N.J. Seal, L.J. Wadhams,

A.J. Mordue (Luntz) and J.A. Pickett (2008) Identification of human-derived

volatile chemicals that interfere with attraction of Aedes aegypti mosquitoes.

Journal of Chemical Ecology 34, 308-322.

341. T.J.A. Bruce, M.C. Matthes, K. Chamberlain, C.M. Woodcock, A. Mohib,

B. Webster. L.E. Smart, M.A. Birkett, J.A. Pickett and J.A. Napier (2008) cis-

Jasmone induces Arabidopsis genes that affect the chemical ecology of

multitrophic interactions with aphids and their parasitoids. Proceedings of

the National Academy of  Sciences USA 105, 4553-4558.

342. Z.R. Khan, D.G. James, C.A.O. Midega and J.A. Pickett (2008) Chemical ecology

and conservation biological control. Biological Control 45, 210-224.

(doi:10.1016/j.biocontrol.2007.11.009).

343. Z.R. Khan, C.A.O. Midega, E.M. Njuguna, D.M.Amudavi, J.W. Wanyama and

J.A. Pickett (2008) Economic performance of the ‘push-pull’ technology for

stemborer and Striga control in smallholder farming systems in western

Kenya. Crop Protection 27, 1084-1097.

(doi:10.1016/j.cropro.2008.01.005).

POPULAR ARTICLES, 1999 ONWARDS

J.A. Pickett, D.W.M. Smiley and L.J. Wadhams. Food safety: insects to the rescue.

ACTIN MAFF LINK Newsletter. February, 1999.

J.A. Pickett. Striga control by intercropping with Desmodium species. 2000.

In: Haustorium. (Parasitic Plants Newsletter. Official Organ of the International

Parasitic Seed Plant Research Group). Number 37, August 2000.

M.J. Uddin, N.J. Holliday, P.A. MacKay, W. Powell and J.A. Pickett (2001) IPM of

insect pests in seed alfalfa. Forage Seed News 8, 37-42.

Sex pheromone of pea aphids – an integrated pest management component as it

attracts the natural enemies. Joint Annual Meeting 2000 of  the Entomological

Societies of America, Canada and Quebec.

J.A. Pickett (2002) Stem borer and striga control for maize and sorghum in Africa.

Tropical Agriculture Association Newsletter, June 2002, 25-26.

J.A. Pickett et al. (2002). “Growing the Future”. Insect Pests and their Control.

Report of a workshop held at Rothamsted Research 6-8 March 2002.
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J.A. Pickett et al. (2002) Closing discussion: the way forward. Salmon Farming:

towards an Integrated pest Management strategy for sea lice. SCI meeting at

Department of  Zoology, University of Aberdeen, Scotland, 18-19 June, 2001.

Pest Management Science 58, 622-629.

Z.R. Khan, F.N. Muyekho, E. Njuguna, J.A. Pickett, L.J. Wadhams, N. Dibogo,

A. Ndiege, G. Genga and C. Lusweti (2005) A primer on planting and managing

‘push-pull’ fields for stemborer and striga weed control in maize. A step-by-

step guide for farmers. Editor A. Ng’eny-Mengech. ICIPE Science Press, 48 pp.

J.A. Pickett (2006) Book review: Insect-plant biology,second edition. Schoonhoven,

L.M., van Loon, Joop J.A., Dicke, M. (eds.). Oxford University Press, pp. 421 +

xvii. ISBN: 0-19-852594-8 (paperback, £34.95)/0-19-852594-X (hardback,

£75.00). Phytochemistry 67, 1970.

The Quiet Revolution: Push-Pull Technology and the African Farmer. Gatsby

Occasional Paper. The Gatsby Charitable Foundation, April 2005. 26 pp.

J.A. Pickett (2007) Pheromones and other scents for the alleviation, worldwide, of

many pest problems in plant, animal and human health. Transactions of the

Leicester Literary & Philosophical Society 101, 29-32.

D. Amudavi, Z. Khan and J. Pickett (2007) Enhancing the Push-Pull strategy. Leisa

Magazine, 23.4 December 2007, 8-10.

PATENTS

D.R.J. Laws and J.A. Pickett (1975) Preparation of hop oil. Brit. Pat. No. 1501098

and 9 foreign equivalents.

D.R.J. Laws, N.A. Bath, C.S. Ennis, J.A. Pickett and A.G. Wheldon (1977) Preparation

of iso-α-acids. Brit. Pat. No. l576729, and ll foreign equivalents.

J.B. Free, J.A. Pickett, A.W. Ferguson and M.C. Smith (1981) Bee pheromone. Brit.

Pat. No. 8106906, 8206254.

G.W. Dawson, D.C. Griffiths and J.A. Pickett (1981) Improvements in or relating to

pheromones. Brit. Pat. No. 2106503 and various foreign equivalents.

B.R. Laurence and J.A. Pickett (1981) Improvements in or relating to pheromones.

Brit. Pat. No. 2111481 and various foreign equivalents.

E.D.M. Macaulay and J.A. Pickett (1983) Improvements in or relating to behaviour

modifying chemicals. Brit. Pat. No. 2140421 and various foreign equivalents.

G.G. Briggs, G.R. Cayley, B.R. Laurence and J.A. Pickett (1985) Improvements in or

relating to pheromones. Brit. Pat. No. 8504483, 8604222.

A.J. Mordue (Luntz), J.A. Pickett and M.A. Birkett (23 November 2005)

Semiochemicals for sea lice monitoring and control. UK patent no. GB 2388544.
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James H. Tumlinson
Pennsylvania State University

University Park, Pennsylvania, USA

k

2008 — for remarkable discoveries of
mechanisms governing plant-insect and
plant-plant interactions. His scientific
contributions on chemical ecology have
fostered the development of integrated
pest management and significantly
advanced agricultural sustainability.

CURRICULUM VITAE

Ralph O. Mumma Professor and Director of the Center for Chemical Ecology,

Department of Entomology, The Pennsylvania State University, 111 Chemical Ecology

Laboratory, University Park, PA 16802.

Date of Birth: February 28, 1938

EDUCATION:

B.S.

M.S.

Ph.D.

Virginia Military Institute, Lexington,

Virginia

Mississippi State University, State College,

Mississippi

Mississippi State University, State College,

Mississippi

1960

1966

1969

Chemistry

Organic Chemistry

Entomology minor

Organic Chemistry

Biochemistry minor

PROFESSIONAL EXPERIENCE:

1964-1969 Chemist, USDA-ARS, Boll Weevil Research Laboratory, State

College, MS.
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1969-1970 Postdoctoral Research Associate with R. M. Silverstein, New York

State College of Forestry, Department of Chemistry, Syracuse, NY.

1970-1972 Research Chemist, USDA-ARS, Insect Attractants, Behavior and Basic

Biology Research Laboratory, Gainesville, FL.

1970-1975 Adjunct Assistant Professor; University of Florida, Institute of Food

and Agricultural Sciences (IFAS), Department of Entomology and

Nematology, Gainesville, FL.

1975-1982 Adjunct Associate Professor and member of  Doctoral Faculty;

University of  Florida, IFAS, Department of  Entomology and

Nematology, and Department of Chemistry, Gainesville, FL.

1982-Present Adjunct Professor and member of Doctoral Faculty; University of

Florida, IFAS, Departments of Entomology and Nematology, and

Chemistry, Gainesville, FL.

1972-2003 Research Leader, USDA, ARS; Center for Medical, Agricultural, and

Veterinary Entomology (formerly, Insect Attractants, Behavior and

Basic Biology Research Laboratory), Gainesville, FL.

2003-Present Ralph O. Mumma Professor of  Entomology, Department of

Entomology, The Pennsylvania State University, University Park, PA.

2006-Present Director, Center for Chemical Ecology, The Pennsylvania State

University, University Park, PA.

FIELD OF SPECIALIZATION:

Insect chemical communication and chemical ecology: defining chemical

communication systems, including pheromones and other semiochemicals that

mediate insect-insect and plant-insect interactions; biosynthesis of pheromones

and plant chemical signals; insect behavior, including learning, mediated by

semiochemicals. Emphasis is on developing fundamental knowledge and principles

that can be applied in environmentally safe, ecologically sound, sustainable pest

management programs.

HONORS:

1975 U.S. Department of  Agriculture, Superior Service Award, (Boll Weevil

Pheromone Development Group) “In recognition of  the discovery of

and for pioneering the development of the pheromone of the boll weevil

as a technique for detection, survey, suppression, or elimination of the

pest.”

1983 U.S. Department of Agriculture, Superior Service Award, “For outstanding

service in the isolation, identification, and synthesis of pheromones of a

number of major pest insects and providing science and industry with

chemicals for insect research and control.”
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1984 U.S. Department of Agriculture, Agricultural Research Service, Distinguished

Research Scientist of the Year.

1986 Burdick and Jackson International Award for Research in Pesticide

Chemistry, presented by Agrochemicals Division of the American Chemical

Society.

1990 J.E. Bussart Memorial Award from the Entomological Society of America

for research accomplishments in the area of insect semiochemicals and

associated behavior.

1991 Florida Entomological Society Annual Research Award ( Jointly with

W. J. Lewis and T. C. J. Turlings).

1994 LeTourneau Memorial Lecture, University of Idaho.

1995 USDA, The Secretary of Agriculture’s Award for Personal and Professional

Excellence “For Pioneering Research on Insect Pheromones that Provided

the Basis for Control of Major Insect Pests, Including the Boll Weevil,

Thereby Reducing Environmental Contamination by Pesticides”.

1996 Elected a Fellow of the Entomological Society of America.

1997 Elected to the National Academy of Sciences.

1998 Distinguished Lecturer in Life Sciences, Boyce Thompson Institute for Plant

Research, Cornell University, Ithaca, NY.

1998 Alfred M. Boyce Lecturer, University of California at Riverside.

1998 Inducted into ARS Hall of Fame.

1999 Strickland Lecturer, University of Alberta, Edmonton.

1999 Joseph LeConte Lecturer, Georgia Southern University, Statesboro.

2000 Recognition Award in Insect Physiology, Biochemistry and Toxicology, from

the Entomological Society of America.

2002 Kenneth A. Spencer Award for Outstanding Achievement in Agricultural

and Food Chemistry.

2002 ISI Essential Science Indicators; listed Tumlinson’s publications in the top

1% in terms of total citations earned in the field of  Environment/Ecology.

2003 Presidential Rank Award as a Meritorious Senior Professional in USDA,

ARS.

2003 Jean-Marie Delwart Foundation International Prize (with Dr. W.J. Lewis)

for chemical communication.

2005 Silver Medal Award of the International Society of  Chemical Ecology.

2008 Wolf Prize in Agriculture.

OTHER PROFESSIONAL ACTIVITIES:

- Member of the editorial boards of the Journal of Chemical Ecology and of

Biological Control: Theory and Application in Pest Management.

- Vice President, International Society of Chemical Ecology, 1997.
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- President, International Society of Chemical Ecology, 1998.

- Member, Board on Agriculture and Natural Resources, National Research Council,

National Academy of Sciences, April, 2001-2003.

- Served as member of review panel and moderated a session for the meeting:

“Malaria control: a reconsideration of the role of  DDT”, Board on Global health

and Board on Agriculture and Natural Resources, The National Academies,

Washington, DC, July 21-22, 2004.

GRADUATE AND POST-DOCTORAL STUDENTS:

Masters Students

Basilios E. Mazomenos 1978 Greece

Thomas M. Dykstra 1994 U.S.

Mary Donohue 2000 U.S.

Doctoral Students

Peter E. A. Teal 1981 Canada

Fred J. Eller 1990 U.S.

Ted C. J. Turlings 1991 The Netherlands

Ursula Rose 1997 Germany

Yasmin Cardoza 2002 Honduras

Ezra Schwartzberg, current U.S.

Emily Hohlfeld, current U.S.

Elizabeth Bosak, current U.S.

Tracy Conklin, current U.S.

Christy Harris, current U.S.

Sean Halloran, current U.S.

Postdoctoral

Hajime Sugie Japan

Tatsugi Chuman Japan

Stuart Krasnoff U.S.

Hans Alborn Sweden

Philip McCall England

Nianbai Fang China

John Loughrin U.S.

Yoav Gazit Israel

Paul Pare U.S.

Eric Schmelz U.S.

Consuelo De Moraes Brazil

Alonzo Suaso Honduras

Jurgen Engleberth Germany

Cameron Lait Canada

Naoki Mori Japan

Baldwyn Torto Ghana

Juan Huang China

Katalin Boeroeczky Hungary

Irmgard Seidl-Adams Germany

Naoko Yoshinaga Japan

BRIEF SUMMARY OF RESEARCH CAREER

(Numbers in superscript refer to the list of publications that follow.)

My research career, which began in 1964, has been devoted to the study of

chemical ecology, in particular the chemistry of insect communication and behavior.

All of my investigations have been interdisciplinary efforts. I was Research leader

for the Chemistry Research Unit at the Center for Medical, Agricultural and

Veterinary Entomology (formerly Insect Attractants, Behavior and Basic Biology
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Research Laboratory) from 1972 until 2003. With my colleagues and students I

identified and synthesized numerous pheromones of various types, kairomones,

biologically active plant constituents, and insect herbivore-produced elicitors of

plant defenses for over 40 insect species spanning 13 families and 5 orders. Most

of my investigations dealt with insects of considerable economic importance in

one or more areas of the world and resulted in several novel discoveries that were

the first of their kind and subsequently led to similar discoveries by others. In the

last 20 years my research has focused on the chemical ecology of tritrophic insect-

plant interactions. My colleagues and I have taken an active role in transferring the

technology developed through basic research into practical tools for insect pest

management and have had several successes, notably the boll weevil and Japanese

beetle pheromones and lures for the Mediterranean fruit fly, among others. I have

given over 150 lectures on my research throughout the United States and in

several foreign countries. Some examples of my research accomplishments follow.

For my Ph.D. dissertation I isolated, identified, and synthesized the four terpenoid

components of the boll weevil pheromone9. This pheromone was applied as one of

the three primary tools in an integrated program that resulted in the successful

eradication of the boll weevil from the U.S., which had significant economic and

environmental impacts. For example, in Georgia, cotton acreage increased from

115,000 in 1983 (pre-eradication) to 1.5 million in 1995, yield from 112,000

bales to 2 million, and net crop revenues from $187 to over $451 per acre. In the

same period, the average number of insecticide treatments decreased from 14.4 to

5.4 per acre.

As a Postdoctoral Associate in the laboratory of Prof. R. M. Silverstein, at the

New York State College of Forestry, I identified the sex pheromone of the Indian

meal moth12 and the trail pheromone of the leaf cutting ant, Atta texana13.

In 1970 I accepted a position as a Research Chemist at the USDA, ARS, Insect

Attractants, Behavior and Basic Biology Laboratory in Gainesville, Florida, where

my colleagues and I isolated, identified, synthesized, and developed lures and

trapping systems for monitoring of over 20 species of pest insects. One of the most

notable examples was the sex pheromone of the Japanese beetle46. This was the

first time that an enantiomer of  an optically active pheromone was clearly

demonstrated to be a potent inhibitor of attraction to the pheromone. Collaboration

with colleagues and industry scientists resulted in development of a trapping system

used around airports and other vulnerable locations throughout the world to

guard against introduction of this pest, and over 1.5 million lures per year have

been sold in the U.S. for several years.

In a collaboration spanning more than 20 years, Dr. W. J. Lewis and I, with our

students and colleagues, conducted an in depth investigation of the chemical ecology

and behavioral mechanisms that enable insect parasitoids to locate their herbivorous

insect hosts. The goal of this research was to develop more effective methods for
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biological control of agricultural pests. We discovered that plants actively produce

volatile organic compounds, in response to feeding damage by Lepidopterous larvae,

that attract parasitic wasps, the natural enemies of the herbivores164; further, that

female parasitoids can learn the chemical cues that guide them to their hosts by

associating odors with a host recognition signal produced by their hosts, and that

learning plays a major role in the parasitoids’ host foraging behavior127. It enables

them to exploit the vast array and dynamic nature of the chemical cues produced

by the feeding of their hosts on different plant species and other factors in the

environment. In further investigations we discovered that plants respond

systemically181,215, as well as locally, to herbivore damage, that the release of plant

volatiles follows a diurnal rhythm with maximum emission during the day196,240,

when the natural enemies are foraging, that many of the volatile organic compounds

released by the plants in response to herbivore damage are synthesized de

novo217,222, rather than being released from storage, and that plants release different

volatile blends in response to damage by different species of herbivores226. In the

latter case, parasitoid wasps that specialize on a single species of herbivore can

distinguish volatiles induced by hosts from those induced by non-hosts feeding on

the same plant. These results clearly illustrate the active, dynamic ability of plants

to defend themselves against herbivory, by releasing chemical signals that recruit

natural enemies of their attackers.

Equally intriguing was the discovery that plant defensive reactions are triggered

by a substance or substances in the oral secretions or regurgitant of the feeding

caterpillars218. This discovery led to the identification and synthesis of the first

herbivore-produced, herbivore-specific elicitor of plant volatiles from the oral

secretion of beet armyworm larvae, and the demonstration that this elicitor is

produced in the insects from precursors obtained from the plants on which they

feed228. The elicitor, N-(17-hydroxylinolenoyl)-L-glutamine, was named volicitin.

The similarity of the structure of this insect-produced elicitor with the structures

of the components of the octadecanoid signaling pathway in plants suggests the

possibility of developing methods to enhance and manipulate the chemical defenses

of crops to increase their resistance to insect pests. Subsequently, volicitin and/or

analogous compounds were discovered in several different species of Lepidopteran

larvae as well as in other insects. The fact that these compounds are synthesized by

the herbivores250 even though they induce plant defensive reactions against the

insects indicates that they play a critical role in the digestion and or metabolism of

the insect herbivores. Research aimed at elucidating the roles of the elicitors in

insect metabolism as well as the mechanism by which they induce plant defenses is

ongoing. Recently the Tumlinson laboratory identified another class of insect-

produced elicitors (named caeliferins)269 of plant defenses from the regurgitant of

grasshoppers. It is now evident that plants can detect and respond to a broad array

of compounds produced by their attackers.
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Another feature of this interesting and complex interplay between insects and

plants is that plants can detect and react to chemical signals from neighboring

plants. Chemical signals from a plant damaged by insect herbivores alert neighbors

to prime their defenses so as to respond more strongly to subsequent attack than if

they had not been forewarned. Thus, corn seedlings previously exposed to “green

leaf” volatiles from damaged corn seedlings emitted at least twice the quantity of

volatile terpenes when attacked by caterpillars as seedlings that had not been

exposed to the “alarm” signals256. This ability of plants to prime their defenses to

respond more strongly when attacked, but only if  attacked, has since been reported

in other plant species.

In 2003, I accepted the Ralph O. Mumma endowed chair in chemical ecology,

in the Department of Entomology at The Pennsylvania State University, where my

students and I are continuing to investigate the chemical ecology of plant-insect

interactions. In 2006, I became the director of  the Center for Chemical Ecology at

Penn State. This center promotes the collaboration of 24 faculty and their students

from seven departments and two colleges across the university in interdisciplinary

investigations of the chemical ecology of numerous biological systems.

LIST OF PUBLICATIONS

1. Minyard, J. P., Tumlinson, J. H., Hedin, P. A., and Thompson, A. C. Constituents

of the cotton bud. Terpene hydrocarbons. J. Agr. Food Chem. 13:599-602.

1965.

2. Minyard, J. P., Tumlinson, J. H., Thompson, A. C., and Hedin, P. A. Constituents

of  the cotton bud. Sesquiterpene hydrocarbons. J. Agr. Food Chem.

14:332-336. 1966.

3. Minyard, J. P., Tumlinson, J. H., Thompson, A. C., and Hedin, P. A. Constituents

of the cotton bud. The carbonyl compounds. J. Agr. Food Chem. 15:517-524.

1967.

4. Tumlinson, J. H., Minyard, J. P., Hedin, P. A., and Thompson, A. C. Reaction

chromatography. I. Gas-liquid/thin-layer chromatographic derivatization

technique for the identification of carbonyl compounds. J. Chromatogr.

29:80-87. 1967.

5. Minyard, J. P., Tumlinson, J. H., Thompson, A. C., and Hedin, P. A. II.

Gas-liquid/thin-layer chromatographic derivatization technique for the

identification of alcohols. J. Chromatogr. 29:88-93. 1967.

6. Tumlinson, J. H., Hardee, D. D., Minyard, J. P., Thompson, A. C., Gast, R. T.,

and Hedin, P. A. Boll weevil sex attractant: Isolation studies. J. Econ. Entomol.

61:470-474. 1968.

7. Cross, W. H., Hardee, D. D., Nichols, F., Mitchell, H. C., Mitchell, E. B.,

Huddleston, P. M., and Tumlinson, J. H. Attraction of female boll weevils to
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traps baited with males or extracts of males. J. Econ. Entomol. 62:154-161.

1969.

8. Tumlinson, J. H. Isolation, identification, and partial synthesis of boll weevil

sex attractant. A dissertation submitted to the faculty of Mississippi State

University in partial fulfillment of the requirements for the Degree of Doctor

of Philosophy in the Department of Chemistry. 1969.

9. Tumlinson, J. H., Hardee, D. D., Gueldner, R. C., Thompson, A. C.,

Hedin, P. A., and Minyard, J. P. Sex pheromones produced by the male boll

weevil: Isolation, identification, and synthesis. Science 166:1010-1012. 1969.

10. Tumlinson, J. H., Gueldner, R. C., Hardee, D. D., Thompson, A. C.,

Hedin, P. A., and Minyard, J. P. The boll weevil sex attractant. pp. 41-59. In

Morton, B. (Ed.) Chemicals Controlling Insect Behavior, Academic Press, New

York. 1970. (Book Chapter)

11. Tumlinson, J. H., Gueldner, R. C., Hardee, D. D., Thompson, A. C.,

Hedin, P. A., and Minyard, J. P. Identification and synthesis of  the

four compounds comprising the boll weevil sex attractant. J. Org. Chem.

36:2616-2621. 1971.

12. Brady, U. E., Tumlinson, J. H., Brownlee, R. G., and Silverstein, R. M. Sex

stimulant and attractant in the Indian meal moth and in the almond moth.

Science 171:802-804. 1971.

13. Tumlinson, J. H., Silverstein, R. M., Moser, J. C., Brownlee, R. G., and

Ruth, J. M. Identification of the trail pheromone of a leaf-cutting ant, Atta

texana. Nature 234:348-349. 1971.

14. Hardee, D. D., McKibben, G. H., Gueldner, R. C., Mitchell, E. B., Tumlinson,

J. H., and Cross, W. H. Boll weevils in nature respond to grandlure, a synthetic

pheromone. J. Econ. Entomol. 65:97-100. 1972.

15. Tumlinson, J. H., Moser, J. C., Silverstein, R. M., Brownlee, R. G., and

Ruth, J. M. A volatile trail pheromone of the leaf-cutting ant, Atta texana.

J. Insect Physiol. 18:809-814. 1972.

16. Tumlinson, J. H., Mitchell, E. R., Browner, S. M., Mayer, M. S., Green, N.,

Hines, R., and Lindquist, D. A. Cis-7-Dodecen-1-ol, a potent inhibitor of the

cabbage looper sex pheromone. Environ. Entomol. 1(3):354-358. 1972.

17. Tumlinson, J. H., Mitchell, E. R., Browner, S. M., and Lindquist, D. A.

A sex pheromone for the soybean looper. Environ. Entomol. 1(4):466-468.

1972.

18. Mitchell, E. R. and Tumlinson, J. H. An attractant for males of  Spodoptera

dolichos (Lepidoptera: Noctuidae). Ann. Entomol. Soc. Am. 66(4):917-918.

1973.

19. Sower, L. L., Vick, K. W., and Tumlinson, J. H. (Z,E )-9,12- Tetradecadien-1-

ol: A chemical released by female Plodia interpunctella that inhibits the

sex pheromone response of  male Cadra cautella. Environ. Entomol.

3(1):120-122. 1974.
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20. Yonce, C. E., Tumlinson, J. H., Gentry, C. R., and Mitchell, E. R. Extraction

and field bioassay of the sex pheromone of the lesser peachtree borer. Environ.

Entomol. 3(3):569-570. 1974.

21. Tumlinson, J. H., Yonce, C. E., Doolittle, R. E., Heath, R. R., Gentry, C. R., and

Mitchell, E. R. Sex pheromones and reproductive isolation of  the lesser

peachtree borer and the peachtree borer. Science 185:614-616. 1974.

22. Tumlinson, J. H., Heath, R. R., and Doolittle, R. E. Application of chemical

ionization mass spectrometry of epoxides to the determination of olefin

position in aliphatic chains. Anal. Chem. 46:1309-1312. 1974.

23. Hendricks, D. E. and Tumlinson, J. H. A field cage bioassay system for testing

candidate sex pheromones of the tobacco budworm. Ann. Entomol. Soc. Am.

67(4):547-552. 1974.

24. Mitchell, E. R., Tumlinson, J. H., Copeland, W. W., Hines, R. W., and Brennan,

M. M. Tobacco budworm: Production, collection, and use of  natural

pheromone in field traps. Environ. Entomol. 3(4):711-713. 1974.

25. McLaughlin, J. R., Mitchell, E. R., Chambers, D. L., and Tumlinson, J. H.

Perception of Z-7-dodecen-1-ol and modification of the sex pheromone

response of male loopers. Environ. Entomol. 3(4):677-680. 1974.

26. Gueldner, R. C., Tumlinson, J. H., III, Hardee, D. D., Hedin, P. A.,

Thompson, A. C., and Minyard, J. P. Boll Weevil Sex Attractant. U. S. Patent

Office #3,813,443, May 28, 1974. (Patent)

27. Tumlinson, J. H., III, Mitchell, E. R., Browner, S. M., Mayer, M. S., Green, N.,

Hines, R. W., and Lindquist, D. A. Method for Disrupting Pheromone

Communication with Cis-7-Dodecen-1-ol. United States Patent #3,832, 461,
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pheromone synthesis by Heliothis moths, pp. 332-343. In Whitaker, J. R. and

Sonnet, P. E. (Eds.) Biocatalysis in Agricultural Biotechnology, Am. Chem.

Soc. 1989. (Book Chapter)
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158. Turlings, T. C. J., Scheepmaker, J. W. A., Vet, L. E. M., Tumlinson, J. H., and

Lewis, W. J. How contact foraging experiences affect the preferences for
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176. Christensen, T. A., Itagaki, H., Teal, P. E. A., Jasensky, R. D., Tumlinson, J. H.
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Source: From Science Vol. 250, No. 4985, pp. 1251-1253 (1990). Reprinted with permission from

AAAS.
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the active site of ODCase must provide two
features: a low dielectric interior to allow for
pKa tuning so that the catalytic proton trans-
fer to O-4 can occur, and a perfectly placed
lysine to effect that proton transfer to O-4,
concerted with decarboxylation.
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An Elicitor of Plant Volatiles from Beet
Armyworm Oral Secretion

H. T. Alborn, T. C. J. Turlings,* T. H. Jones, G. Stenhagen,
J. H. Loughrin,† J. H. Tumlinson‡

The compound N-(17-hydroxylinolenoyl)-L-glutamine (named here volicitin) was isolated
from oral secretions of beet armyworm caterpillars. When applied to damaged leaves of
corn seedlings, volicitin induces the seedlings to emit volatile compounds that attract
parasitic wasps, natural enemies of the caterpillars. Mechanical damage of the leaves,
without application of this compound, did not trigger release of the same blend of
volatiles. Volicitin is a key component in a chain of chemical signals and biochemical
processes that regulate tritrophic interactions among plants, insect herbivores, and
natural enemies of the herbivores.

The intriguing defensive reaction of plants,
whereby plant volatiles induced by insect
herbivore injury attract natural enemies of
the herbivores, is triggered when a substance
in the oral secretion of the insect herbi-
vores contacts damaged plant tissue. We
have isolated, identified, and synthesized

N-(17-hydroxylinolenoyl)-L-glutamine (Fig.
1), which we have named volicitin, from the
oral secretion of beet armyworm (BAW)
(Spodoptera exigua Hübner) caterpillars. Syn-
thesized and natural volicitin induce corn
(Zea mays L.) seedlings to release the same
blend of volatile terpenoids and indole re-
leased when they are damaged by caterpillar
feeding (1). This blend of volatile com-
pounds attracts females of the parasitic wasp
Cotesia marginiventris, natural enemies of
BAW caterpillars, to the damaged corn
plants (2).

The similarity of the structure of the in-
sect-produced elicitor with the structures of
the precursors of eicosanoids and prostaglan-
dins involved in signaling in insects and other
animals (3) and the components of the octa-
decanoid signaling pathway in plants (Fig. 1)
(4) indicates a link between these two sys-
tems. The octadecanoid pathway is involved

in induction of biosynthesis and release of
volatiles in response to insect herbivore feed-
ing (5, 6).

We collected oral secretions (about 5 �l
per caterpillar) by squeezing third to fifth
instar BAW caterpillars that had been fed on
corn seedlings, causing them to regurgitate
(1). Biological activity was determined by col-
lection and capillary gas chromatographic
(GC) analysis (7) of volatiles from corn seed-
lings treated with oral secretion or subsequent
fractions thereof (8).

The crude oral secretion was acidified,
centrifuged, and filtered to remove proteins
and solids (9). When the filtered oral secre-
tion was fractionated on a reversed phase
solid-phase extraction cartridge (9), the total
activity of the original crude secretion eluted
from the reversed phase cartridge with 50%
CH3CN in H2O, indicating a molecule of
medium polarity.

We further purified the active material
from solid-phase extraction by a series of re-
versed-phase high-performance liquid chro-
matography (rpHPLC) fractionations using
three sets of conditions (10). Only one active
component, detected by monitoring ultravio-
let (UV) absorption at 200 nm and with no
absorption above 220 nm, eluted from the
final column, and its biological activity was
equivalent to that of the original crude oral
secretion. The active material was extracted
into CH2Cl2 from an acidified (pH 3) aque-
ous solution but not from an aqueous solution
at pH 8 (11). All biological activity could be
extracted from the organic phase back into
pH 8 buffer, indicating lipid character and an
acidic functional group. A CH2Cl2 solution of
the active material was also fractionated on a
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normal-phase diol column (12). The active
component eluted from this column with
MeOH (Me designates methyl). Rechro-
matography of the active component on the

final rpHPLC column indicated it was greater
than 99% pure.

Purified active compound was applied to
artificially damaged leaves of intact corn

seedlings (2). The volatiles released were
the same as those induced by treatment
with BAW oral secretion. Application of
only buffer resulted in the release of signif-
icantly smaller quantities and different pro-
portions of volatiles (Fig. 2).

The active compound was identified by
mass and infrared spectroscopy and by
chemical transformations. Fast atom bom-
bardment mass spectrometry (FAB-MS)
analysis (13) indicated the presence of
only one compound with diagnostic peaks
at mass-to-charge ratio (m/z) 423.280 (M
� H)� in the positive ion mode and at m/z
421.2733 (M � H)� in the negative ion
mode. The addition of sodium chloride to
the FAB matrix resulted in reduced inten-
sity of the m/z 423.280 and the appearance
of m/z 445.2628 (MH � Na)�. Thus, the
active compound is a weak acid with a
molecular weight of 422.274 daltons for
the neutral molecule in acid form, and its
elemental composition is C23H38N2O5
(422.278 daltons).

Daughter ions of the sodium salt, m/z 445,
obtained by FAB-MS/MS (13), included a
dominant ion at m/z 427 (445 � 18), whereas
daughter ions of m/z 423 gave a strong peak at
m/z 405 (423 � 18), both indicating a loss of
H2O. The lower mass region showed a char-
acteristic pattern of peaks at m/z 147, 130,
129, 101, 84, 67, and 56, which is most con-

Fig. 1. Structure of volicitin. (A) The biosynthetic pathway leading to jasmonic acid in plants and (B) the
biosynthetic pathways leading to prostaglandins and leukotrienes in animals.

Fig. 2 (left). Average amount (nanograms per 2 hours) (n � 4) of volatiles
collected from three intact Ioana corn seedlings that had been artificially
damaged and treated with (A) 15 �l of BAW oral secretion per seedling on the
damage sites, (B) 15 �l of oral secretion equivalents of pure natural volicitin,
(C) 15 �l of buffer (8), or (D) undamaged control plants. At 9:00 p.m. a 1-cm2

area of the second leaf of three-leaf seedlings was scratched with a clean
razor blade and the test solution immediately rubbed over the damaged site.

The next morning at 9:00 a.m. the seedlings were cut off above the root, and
volatiles were collected and analyzed as described (7, 8). Bars with the same
retention time in each graph represent the following compounds: 1, hexenyl
acetate; 2, linalool; 3, (E)-4,8-dimethyl-1,3,7-nonatriene; 4, indole; 5,
�-trans-bergamotene; 6, (E)-�-farnesene; 7, (E)-nerolidol; 8, (3E,7E)-4,8,12-
trimethyl-1,3,7,11-tridecatetraene. Fig. 3 (right). Synthesis scheme for
volicitin.
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sistent with the electron impact (EI) mass
spectrum of glutamine (14). Subtraction of
glutamine, linked by an ester or amide bond,
gave C18H30O3 as the elemental composition
of the second part of the molecule, which is
consistent with a hydroxy C18 acid with three
double bonds.

When the active sample was lyophilized
and treated with MeOH and acetic anhydride
(15), GC/MS analysis (16) of the product
revealed two prominent peaks. Chemical ion-
ization (CI)/MS analysis of the first of these
peaks with a retention time of 21.05 min
revealed a prominent (M � 1)� ion at m/z
144, and EI/MS analysis revealed a molecular
ion at m/z 143 and diagnostic ions at m/z 84
(base peak), 56, and 41, identifying it as the
methyl ester of pyroglutamate, which con-
firmed the presence of glutamine. The CI
mass spectrum of the second peak (retention
time of 27.55 min) contained a very weak m/z
309 (M � 1)� ion and a predominant ion at
m/z 291 due to loss of H2O (M � 1 � 18)�.
Loss of MeOH gave an ion at m/z 277 (M �
1 � 32)�, and the loss of both H2O and
MeOH gave an ion at m/z 259 (M � 1 � 18
� 32)�. The EI spectrum of the same peak
showed no molecular ion but a strong peak at
m/z 290 due to the loss of H2O (M � 18)�,
and a fragmentation pattern of ions charac-
teristic of a straight-chain unsaturated hydro-
carbon. These results were consistent with the
methyl ester of a hydroxy acid. A smaller peak
in the chromatogram had retention character-
istics (retention time of 26.09 min) and a
mass spectrum consistent with the acetate of
the same hydroxy acid methyl ester (17).

Fourier transform infrared analysis (18) of
the hydroxy acid methyl ester peak from GC
produced a spectrum with a weak absorption
at 3646 cm�1, indicating an alcohol, and
absorption bands at 3019, 2935, and 2865
cm�1, typical of an unbranched, nonconju-
gated unsaturated hydrocarbon chain. The ab-
sence of absorption bands in the 2000 to 2500
cm�1 and the 960 to 980 cm�1 regions elim-
inated the possibility of an acetylene or trans

double bond, respectively. The intensity of
the 3019 cm�1 peak indicated three cis dou-
ble bonds. Absorption at 1758 cm�1 con-
firmed the presence of a methyl ester.

Partial reduction (19) of the methyl ester
of the C18 hydroxy acid resulted in a mixture
of mono- and di-unsaturated products as iden-
tified by GC/MS. Subsequent ozonolysis (20)
of this mixture and GC/MS analysis produced
three diagnostic GC peaks with (M � 1)�

ions at m/z 187, 229, and 271, corresponding
to H(CO)(CH2)n(CO)OCH3 with n � 7, 10,
and 13, respectively. Methyl linolenate treat-
ed in the same way gave identical products.
Thus, the olefinic bonds in the chain are
located on carbons 9, 12, and 15, and the
alcohol group is on either the 17th or 18th
carbon.

The methyl ester was saturated by treat-
ment with PdO/H2 overnight (21). GC/MS
(EI) analysis of the product showed an m/z
299 (M � 15)� ion and m/z 270/271 (M �
44/M � 43)� ions, indicative of �-cleavage of
a secondary alcohol on C17. EI mass spectra
of a pyrrolidide derivative (21) of the saturat-
ed product produced diagnostic ions at m/z
309 (M � 44)� and m/z 338 (M � 15)�,
confirming the C17 location of the hydroxyl
group.

Only an amide bond between glutamine
and the acid moiety of the hydroxy acid would
be consistent with the results of all analyses.
Thus, the active compound isolated from the
oral secretion of BAW larvae is N-(17-hy-
droxylinolenoyl) glutamine, which we name
volicitin.

Racemic 17-hydroxylinolenic acid was
synthesized (Fig. 3) (22) and coupled with D-
and L-glutamine (23). The crude synthetic
conjugates purified on HPLC showed reten-
tion characteristics identical to the natural
product. FAB-MS/MS and GC/MS analyses
showed the synthetic and natural products to
be identical.

Volicitin synthesized with D- or L-glu-
tamine contained about 15% of the oppos-
ing form (24), indicating racemization dur-

ing the step in which the fatty acid was
coupled to glutamine. However, the active
natural compound consisted exclusively of
the L-glutamine form. Enantiomerically
pure D- and L-glutamine forms of synthetic
volicitin were collected from a chiral col-
umn (24) for bioassay.

The concentration of natural volicitin
was estimated by HPLC detector response
to be about 20 pmol per microliter of BAW
oral secretion. Bioactivity of the L-glu-
tamine form of the synthetic volicitin was
equivalent to that of oral secretion (Fig. 4).
The D-glutamine form was not active (Fig.
4). Racemic 17-hydroxylinolenic acid, D-
glutamine, and L- glutamine at 300 and 900
pmol per excised corn seedling showed no
activity. Thus, the biologically active com-
pound is N-(17-hydroxylinolenoyl)-L-glu-
tamine. At this time the configuration
about the asymmetric 17th carbon in the
fatty acid chain remains unknown.

In plants, the synthesis and release of vol-
atile compounds appear to be induced by jas-
monic acid, which is produced from linolenic
acid by the octadecanoid signaling pathway
(6). Jasmonates also stimulate other physio-
logical and defensive processes in plants (4, 6,
25), and the amino acid conjugates of jas-
monic acid are involved in physiological and
developmental processes in many plants (6,
26). Therefore, the presence of an elicitor that
is an octadecatrienoate conjugated to an ami-
no acid suggests that the elicitor molecule is
involved with the octadecanoid pathway in
the herbivore-damaged plants.

This elicitor activity is not diet-related and
thus does not originate from the plants (1),
although the fatty acid moiety is probably
derived from linolenic acid obtained from the
diet. The oral secretion of insects fed an arti-
ficial diet or filter paper is as active as that
from insects fed on plants (1). Volicitin is also
related in structure to eicosapentaenoic and
arachidonic acids from the fungus Phytoph-
thora infestans that elicit the production of
fungitoxic sesquiterpenes in potato (27).

The octadecanoid signaling pathway in
plants is similar in many ways to the eico-
sanoid pathways in animals that produce pros-
taglandins and leukotrienes (4, 25). In insects
eicosanoids may mediate cellular responses to
bacterial infections as well as regulate other
physiological functions (3).

Both corn and cotton respond to BAW
damage and to the oral secretions of BAW
applied to damaged leaves by producing and
releasing terpenoids and indole (1, 2, 28–30).
Although some compounds, such as indole,
ocimene, and farnesene, are released by both
plants, others are unique to each plant. Both
plants respond systemically to BAW oral se-
cretion by releasing induced volatiles from
undamaged leaves of injured plants (29, 31).
In cotton the induced volatile compounds are

Fig. 4. Relative release of volatiles
collected for 2 hours from three
LG11 corn seedlings that had been
treated with 10, 30, 100, 300, or
1000 pmol per plant of the D-glu-
tamine (D-Synthetic) or the L-glu-
tamine (L-Synthetic) forms of volic-
itin in 500 �l of buffer (8), or with
buffer only. The combined amount
in nanograms of caryophyllene,
�-trans-bergamotene, (E)-�-far-
nesene, (E)-nerolidol, and (3E,7E)-
4,8,12-trimethyl-1,3,7,11-trideca-
tetraene was used to calculate the
release relative to that of seedlings
treated with 15 �l of BAW oral se-
cretion, which is equivalent to �300 pmol of natural volicitin. The error bars represent standard error (n �
5). Data points topped by the same letter do not differ significantly [Tukey test, P � 0.05 (33)].
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known to be synthesized de novo (30).
Volicitin accounts for the total activity of

BAW oral secretion, and boiling the secre-
tion for 30 min did not diminish its activity;
thus, there is no evidence for enzymatic ac-
tivity in eliciting volatiles in this case. In
contrast, a �-glucosidase in the saliva of
Pieris brassicae caterpillars elicits the release
of volatile compounds from cabbage leaves
(32). The sequence of events between the
introduction of �-glucosidase and the emis-
sion of volatiles is unknown (5), but the
simple release of a terpenoid or other volatile
compound from a glycoside by the direct
action of such an enzyme from the attacking
herbivore obviously occurs by a different
mechanism than the induction of de novo
biosynthesis by a small molecule like volic-
itin. Also, it cannot account for the delayed
release of herbivore-induced volatiles (28) or
the systemic release of induced volatiles (29,
31). Thus, different plant species may use
different mechanisms to produce and release
volatiles and may respond to different elici-
tors. Whether closely related insect species,
particularly those that feed on the same types
of host plants, produce volatile elicitors with
the same or very similar structures remains
unknown.
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A Tonic Hyperpolarization Underlying Contrast
Adaptation in Cat Visual Cortex

Matteo Carandini* and David Ferster

The firing rate responses of neurons in the primary visual cortex grow with stimulus
contrast, the variation in the luminance of an image relative to the mean luminance. These
responses, however, are reduced after a cell is exposed for prolonged periods to
high-contrast visual stimuli. This phenomenon, known as contrast adaptation, occurs in
the cortex and is not present at earlier stages of visual processing. To investigate the
cellular mechanisms underlying cortical adaptation, intracellular recordings were per-
formed in the visual cortex of cats, and the effects of prolonged visual stimulation were
studied. Surprisingly, contrast adaptation barely affected the stimulus-driven modula-
tions in the membrane potential of cortical cells. Moreover, it did not produce sizable
changes in membrane resistance. The major effect of adaptation, evident both in the
presence and in the absence of a visual stimulus, was a tonic hyperpolarization. Ad-
aptation affects a class of synaptic inputs, most likely excitatory in nature, that exert a
tonic influence on cortical cells.

Adaptation is a fundamental sensory pro-
cess that allows neurons to respond with high
sensitivity to a wide range of sensory inputs.
One aspect of sensory stimuli to which neu-
rons in the visual cortex adapt is contrast
(1–4): Adaptation to high contrasts increases
the threshold contrast required to evoke a
given response, whereas adaptation to low
contrasts decreases that threshold (3). Adap-
tation therefore acts as a gain control mech-
anism that maximizes the sensitivity of corti-
cal cells to the average contrast of their most
recent stimuli (4, 5). Recent theories suggest
that adaptation may have an even broader
role in enhancing the coding efficiency of the
cerebral cortex (6).

Previous studies of contrast adaptation
in the visual cortex were based on extracel-
lular measurements of spike responses. Al-
though these measurements indicate what a
cell communicates to the rest of the brain,
they do not provide many clues to the
cellular mechanisms underlying adaptation.

To investigate these mechanisms, we made
intracellular recordings from 27 neurons of
the cat primary visual cortex (7).

Intracellular records for a cortical simple
cell are shown in Fig. 1. In our sample of 15
simple cells, the spike responses to drifting
gratings and their dependence on contrast
were consistent with those observed in ex-
tracellular experiments: (i) The cells’ firing
rates (Fig. 1A) were strongly modulated by
the passage of each cycle of the stimulus
grating (8). (ii) The amplitude of this mod-
ulation, as measured by the first harmonic
(F1) component of the response at the stim-
ulus temporal frequency, grew with con-
trast. (iii) In all cells, the relation between
stimulus contrast and the F1 component of
the firing rate (Fig. 1E, solid circles) was
well fit by a hyperbolic ratio (9),

R(c) � Rmaxcn/(	n � cn) (1)

where c is stimulus contrast, R is the cell’s
response, and Rmax, 	, and n are free
parameters.

The fluctuations in membrane potential
evoked by drifting gratings were nearly si-
nusoidal at all contrasts (Fig. 1C, thick
traces). Increasing contrast had a dual effect

on the responses: It increased the amplitude
of the stimulus-modulated (F1) component
of the response, and it increased the mean
level around which the modulation oc-
curred (the DC component) (10). The de-
pendence of both the F1 and DC compo-
nents on contrast was also well fit by a
hyperbolic ratio, except for a decrease at the
highest contrasts observed in most of our
cells (Fig. 1, D and F, solid circles).

The responses described so far were ob-
tained while the cell was adapted to low con-
trasts, that is, while the seven test stimuli (1,
2, 4, 8, 16, 32, and 64% contrast) were inter-
leaved with exposure to 1.5% contrast adapt-
ing stimuli. To change the cell’s adaptation
state, we alternated these low-adaptation
measurements of contrast response with high-
adaptation measurements in which the same
seven test stimuli were interleaved with expo-
sure to 47% contrast adapting stimuli (3, 11).
Consistent with previous reports (1–4), adap-
tation reduced the spike responses (Fig. 1B).
In particular, it shifted the contrast response
curve to the right (3, 4) (Fig. 1E, open cir-
cles); adaptation thus decreased the sensitiv-
ity of the cell by half, so that obtaining a given
response amplitude required twice the stimu-
lus contrast.

The effect of adaptation on the membrane
potential responses can be seen by comparing
the thick and thin traces (1.5% and 47%
contrast, respectively) in Fig. 1C. Surprising-
ly, the changes observed in the F1 component
of the spike responses were not mirrored by
changes in the size of the sinusoidal mem-
brane potential modulation. Indeed, there was
neither a rightward nor a downward shift in
the contrast response curve derived from the
F1 component of the membrane potential
(Fig. 1D). The main effect of adaptation on
the membrane potential was to shift the mem-
brane potential down by as much as 15 mV
(Fig. 1C, thin traces). This hyperpolarization
was reflected in a downward shift of the con-
trast response curve constructed from the DC
component of the membrane potential (Fig.
1F, open circles). Because of the lack of ad-
aptation effects on the F1 component of the
membrane potential, this downward shift

*Present address: Center for Neural Science, New York
University, 4 Washington Place, New York, NY 10003,
USA.
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Concerted biosynthesis of an insect elicitor of plant volatiles

P. W. PARÉ, H. T. ALBORN, AND J. H. TUMLINSON*
U.S. Department of Agriculture–Agricultural Research Services, Center for Medical Agricultural and Veterinary Entomology, 1700 Southwest 23rd Drive,
Gainesville, FL 32608

Contributed by J. H. Tumlinson, September 25, 1998

ABSTRACT A variety of agricultural plant species, in-
cluding corn, respond to insect herbivore damage by releasing
large quantities of volatile compounds and, as a result, become
highly attractive to parasitic wasps that attack the herbivores.
An elicitor of plant volatiles, N-(17-hydroxylinolenoyl)-L-
glutamine, named volicitin and isolated from beet armyworm
caterpillars, is a key component in plant recognition of
damage from insect herbivory. Chemical analysis of the oral
secretion from beet armyworms that have fed on 13C-labeled
corn seedlings established that the fatty acid portion of
volicitin is plant derived whereas the 17-hydroxylation reac-
tion and the conjugation with glutamine are carried out by the
caterpillar by using glutamine of insect origin. Ironically,
these insect-catalyzed chemical modifications to linolenic acid
are critical for the biological activity that triggers the release
of plant volatiles, which in turn attract natural enemies of the
caterpillar.

Several studies have shown the active role of herbivore-
damaged plants in the attraction of insect predators and
parasitoids. Volatile plant compounds released in response to
insect feeding serve as a chemical signal for herbivore natural
enemies (for a review, see refs. 1 and 2). Recent work suggests
that this as well as other plant defense responses are triggered
by an active component or components associated with the
feeding herbivore that allows the plant to differentiate be-
tween general wounding and damage caused by chewing
insects. In cotton, induced volatiles that are synthesized in
response to wounding are released in greater quantities as a
result of caterpillar feeding than with mechanical damage
alone (3), and, in tobacco, higher concentrations of the
defense-signaling molecule jasmonic acid result from herbi-
vore damage by hornworm caterpillars than from mechanical
damage designed to mimic herbivory (4). At the transcriptional
level, potato mRNAs involved in plant defense accumulate
more rapidly with insect-derived elicitor(s) in contact with the
damaged leaves than with mechanical damage alone (5).

Thus far, two elicitors of plant volatiles have been identified
and reported from chewing insects. Dicke’s group has identi-
fied a �-glucosidase, present in the regurgitant of Pieris
brassicae caterpillars that triggers the same emissions of vola-
tiles in cabbage plants as larvae that feed on the plant (6).
Because enzyme activity in the regurgitant is retained when
caterpillars are fed on �-glucosidase free diet, enzyme activity
does not appear to be plant derived. Volicitin, N-(17-
hydroxylinolenoyl)-L-glutamine, identified from the oral se-
cretion of beet armyworm caterpillars, induces corn seedlings
to synthesize and release volatile chemical signals (7) that
attract parasitic wasps. (ref. 8; for review, see refs. 9 and 10).
Volicitin has not been found in plant tissues, although the
structure of the molecule suggests that it may interact with the
octadecanoid signaling pathway in plants (7). The collection of

volatiles from plants fed on by different herbivores suggests
that each insect species may produce its own signature mole-
cule(s) that allows plants to differentiate among herbivorous
attackers (11, 12). The current study was undertaken to
determine the biogenetic origin of volicitin. By feeding beet
armyworms corn seedlings labeled with 13CO2, we obtained
chemical evidence that the caterpillars acquire linolenic acid
[an essential fatty acid in the diet of Lepidoptera (13)] from
plants and that the insects subsequently hydroxylate and
conjugate the fatty acid with glutamine. Thus, the modification
by the insect of linolenic acid of plant origin provides a distinct
chemical cue that allows a plant to differentiate between
herbivore damage and other types of wounding that trigger the
octadecanoid defense signaling pathway.

MATERIALS AND METHODS

Plant Growth and Labeling Conditions. Corn seeds, Zea
mays L., variety LG11 sweet corn, were given 4 days to
germinate under a moist paper towel in the dark. To reduce the
amount of stored 12C-labeled carbon available for the growing
seedling, seeds were trimmed by using a razor blade to remove

60–70% of the endosperm without cutting into the germi-
nated seedling. Nine excised seedlings were planted in steril-
ized Metromix 300 potting soil (Scotts-Sierra Horticulture,
Marysville, OH). The pot was placed in a 48- � 16-cm
(diameter) glass growth chamber, and synthetic premixed air
(Cambridge Isotope Laboratories, Cambridge, MA and Airco,
Riverton, NJ), which contained 1,800 �M�liter CO2 (13C
99%), 20.7% oxygen, and a balance of nitrogen was introduced
by flushing the chamber at 500 ml min�1 for 10 min and then
reducing to a flow of 50 ml min�1. Synthetic air passed up over
the potted plants contained within the volatile collection
apparatus and out one of eight ports from the glass lid through
a plastic tube into a water bubbler. One metal halide and two
400-W high-pressure sodium lamps positioned 10 cm above the
chamber provided a 16-h light�8-h dark photoperiod; an
air-cooled glass panel directly below the lights insulated the
plants from the lamp heat source.

Collection of Plant Volatiles. Corn seedling leaves were
damaged with a stainless steel wire, fed through one of the top
ports of the growth chamber to scrape the leaves against the
glass chamber. Plant volatiles then were collected from 1,200–
1,500 h by drawing synthetic 13C-labeled air (100 ml min�1)
through Super-Q adsorbent traps (Alltech Associates). Com-
pounds were eluted from the adsorbent filters with 150 �l of
dichloromethane; 1-�l aliquots were analyzed by capillary GC
on a 50-m � 0.25-mm (i.d.) fused silica column with a
0.25-�m-thick bonded methyl silicone stationary phase (Qua-
drex, New Haven, CT). The column was held at 60°C for 5 min
and then was increased 5°C per min to 225°C and was held at
that temperature for 30 min. Helium was used as a carrier gas
at a linear flow velocity of 18 cm sec�1. To determine the
amount of 13C incorporated into each compound, samples
were analyzed by a Finnigan-MAT ITS40 (ion trap) mass
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spectrometer (Finnigan-MAT, San Jose, CA) in the chemical-
ionization mode, with isobutane as the reagent gas. Injections
were made via a septum-equipped programmable injector held
at 40°C for 0.25 min, then programmed at 170°C min�1 to
270°C onto a 30-m � 0.25-mm (i.d.) fused silica column with
0.25-�m-thick bonded 5% phenyl methyl silicone (DB-5MS; J
& W Scientific, Folsom, CA) held at 40°C for 5 min, then
programmed at 5°C min�1 to 260°C; He carrier gas linear flow
velocity was 19 cm sec�1. Source temperature was adjusted to
120 � 20°C to optimize the molecular ion abundance. Selected
mass ions were quantified via computer software analysis. The
fraction of each compound that incorporated 13C was com-
puted on a molecule basis (14).

Plant Chemical Analysis. Lipid and amino acid analysis was
based on procedures of Harborne (15). For lipid extraction,
frozen plant tissue (0.1 g) was homogenized with chilled
isopropanol (5 ml) and was extracted with diethyl ether (5 ml);
the supernatant fractions, after centrifugation, were combined
and concentrated to dryness. For methanolysis, 2 ml MeOH:
HCl (3:1) was added to the extract and was heated for 30 min
at 100°C. Hydrolyzed lipids were diluted with H2O (5 ml), were
extracted with CH2Cl2 (2 � 4 ml), and were rinsed with
saturated NaHCO3 (2 � 4 ml). A concentrated extract was
redissolved in a minimum amount of Hex:EtOAc (5:1) and was
applied to a 6-ml activated silica gel solid-phase extraction
cartridge that was eluted with the same solvent. Fractions
containing oleic, linoleic, and linolenic methyl esters initially
were identified by comigration with standards on silica gel
TLC plates (Merck). Glutamine and glutamic acid were ex-
tracted from frozen tissue (0.1 g) with 65% EtOH (5 ml); the
supernatant, after centrifugation, was concentrated to dryness

and was redissolved in H2O (400 �l), and the supernatant, after
centrifugation, was collected. The aqueous extract was con-
centrated to dryness and derivatized with 300 �l MeOH:Ac2O
(5:1) by heating for 10 min at 100°C (16). Identification of plant
fatty acids, glutamine, and glutamic acid methyl esters were
confirmed by comparison with methylated synthetic standards
by GC-MS analysis following the same procedures as the
analysis of plant volatiles except that samples were injected
onto a polar capillary column (OV351, 25-m � 0.25-mm i.d.,
Quadrex, New Haven, CT), which was held at 60°C for 5 min
and then was increased 5°C per min to 230°C and held at that
temperature for 30 min.

Caterpillar Regurgitant Collection and Analysis. Beet ar-
myworms were reared on an artificial pinto bean diet following
the method of King and Leppla (17). Insects were transferred
to feed on corn seedlings at least 48 h before labeling exper-
iments. Regurgitation was induced by holding fourth instar
beet armyworm caterpillars with forceps and gently pinching
behind the head with a second pair (18). The oral secretion
from five larvae was collected, 5 �l of an aqueous N-
palmitoleoyl-L-glutamine solution (1 �g �l�1) was added as an
internal standard, and the mixture was centrifuged. The su-
pernatant was fractioned by HPLC [LDC 4100 pump with
SM5000 diode array UV detector (LDC Analytical, Rivera
Beach, FL)] monitoring wavelength 200 nm on a reversed-
phase column (C18 ODS-AQ S-5 200 Å, 250 mm long, 4.6-mm
i.d., YMC, Kyoto). Components were eluted (1 ml min�1) with
a solvent gradient of 40 to 100% CH3CN, containing 0.8%
glacial acetic acid, in H2O, containing 0.4% glacial acetic acid,
over 10 min and then were held at 100% CH3CN, still

FIG. 1. HPLC profile of volicitin (A) and other fatty acid derivatives detected in the oral secretions of beet armyworms at a wavelength of 200
nm. Compounds and approximate retention times include: (A) N-(17-hydroxylinolenoyl)-L-glutamine, 7.5 min; (a) N-(17-hydroxylinoleoyl)-L-
glutamine, 8.0 min; (B) 17-hydroxy linolenic acid, 11.1 min; (C) N-linolenoyl-L-glutamine, 11.9 min; (b) 17-hydroxy linoleic acid, 12 min; (IS)
N-palmitoleoyl-L-glutamine (internal standard), 12.3 min; (c) N-linoleoyl-L-glutamine, 12.6 min; (D) linolenic acid, 15.2 min; (d) linoleic acid, 16.2
min; (E) unknown, 16.6 min; (d�) oleic acid, 17.1 min; and (F) impurity, 17.8 min.

13972 Plant Biology: Paré et al. Proc. Natl. Acad. Sci. USA 95 (1998)
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containing 0.8% acetic acid, for 10 min. Fractions were
methylated with MeOH and Ac2O as noted above (10).

Unlabeled Linolenic Acid Applications. Linolenic acid (Sig-
ma) in EtOH (1:9) was diluted to a 1% acid solution with H2O.
The solution was applied to labeled corn seedling with an
atomize sprayer to cover the corn leaves with a thin mist of
unlabeled acid.

RESULTS

To assess rate of synthesis and the source of the chemical
components used by beet armyworm (Spodoptera exigua Hüb-
ner) to assemble volicitin, caterpillars were fed on corn
seedlings that were labeled uniformly with 13C. Plants were
labeled isotopically by growing seedlings in a closed container

into which synthetic premixed air that contained 1,800 �M�
liter 13CO2 flowed continuously. As a preliminary experiment
to estimate the degree of incorporation of 13C into the fatty
acids of the plant, leaves were damaged mechanically and the
hexenals and hexenols, released as a result of lipoxygenase
activity, were collected and analyzed by GC-MS (19). These
analyses indicated that linolenic acid in 9-day-old seedlings had
incorporated substantial levels of 13C [e.g., 84% enrichment of
(Z)-3-hexenol]. Seedlings grown for 12 days in an enclosed
glass chamber to ensure a high level of 13C labeling were used
to feed beet armyworm larvae. Subsequent to the feeding
experiment (see below), the remaining portions of the leaves
of each plant were extracted and analyzed to determine the

FIG. 2. Chemical ionization mass spectra of methylated linolenic
acid from: beet armyworms (BAW) fed on unlabeled corn seedlings
for 48 h (A), extracted corn seedlings grown for 12 days with 13CO2
enrichment (B), and beet armyworms fed on unlabeled corn plants and
then fed for 6 h on 13C-labeled corn seedlings (C).

FIG. 3. Chemical ionization mass spectra of methyl 17-
hydroxylinolenate prepared by transesterification of volicitin from oral
secretion of caterpillars fed 6 h on unlabeled corn seedlings (A), 6 h
on 13C-labeled corn seedlings (B), and 12 h on 13C-labeled seedlings
with unlabeled linolenic acid added to the leaves after 6 h (C). The 291
ion resulted from loss of water from the molecular ion (M � 1 � 18)�.

Plant Biology: Paré et al. Proc. Natl. Acad. Sci. USA 95 (1998) 13973
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percentage of incorporation of the label in linolenic acid and
glutamine.

Early fourth instar beet armyworms fed on an artificial diet
were transferred to unlabeled corn plants for a minimum of
48 h before being placed on the labeled corn seedlings, to
ensure that the ratio of fatty acids in the oral secretions was
based on plant constituents and not our rearing diet. Oral
secretion was collected by gently squeezing caterpillars after
they had fed on labeled seedlings for 6 h, causing them to
regurgitate. The oral secretion supernatant from the caterpil-
lars was injected, without further purification, onto a reverse
phase HPLC column and was eluted with an acetonitrile-water
gradient. Peaks eluting from this column (Fig. 1) were col-
lected, lyophilized, and treated with methanol and acetic

anhydride, and the derivatized products were analyzed by
GC-MS. Analysis of compounds purified from oral secretions
of insects fed on unlabeled and labeled seedlings revealed the
consistent presence of nine compounds (Fig. 1). In addition to
volicitin, beet armyworm oral secretions contained free 17-
hydroxylinolenic acid, N-linolenoyl-L-glutamine and free lin-
olenic acid and an analogous series of compounds with a
linoleic acid (two double bond) backbone. These compounds
have been identified by chemical ionization–MS and fast atom
bombardment–MS, and their structures were confirmed by
comparisons with synthetic standards (H.T.A., T. H. Jones,
G. S. Stenhagen, and J.H.T., unpublished work).

The mass spectral data for the methyl ester of linolenic acid
(Fig. 2) as well as the fatty acid portions from the other beet
armyworm components demonstrated extensive incorporation
of 13C. There are two distinct peak aggregations at m�z 293 and
m�z 305 in the spectra of the methyl ester of free linolenic acid
from the 13C-labeled corn seedlings and from the caterpillars
that have fed on 13C-labeled corn seedlings. The m�z 293 ion
(M�1)� represents linolenic acid molecules devoid of 13C
whereas m�z 311 (M�19)� corresponds to linolenic acid in
which all carbon is 13C-labeled. The fraction of the fatty acid
portion of each compound that incorporated 13C on a molec-
ular basis with 6 h of feeding on the labeled corn seedlings is
as follows: N-(17-hydroxylinolenoyl)-L-glutamine, 63%; N-(17-
hydroxylinoleoyl)-:L-glutamine, 52%; 17-hydroxylinolenic
acid, 61%; N-linolenoyl-L-glutamine, 83%; N-linoleoyl-L-
glutamine, 51%; linolenic acid, 80%; and linoleic acid, 57%. In
fact, within 6 h, the acids in beet armyworm oral secretions
contained a level of 13C-labeling comparable to what is found
in the labeled seedlings. For the fatty acids analyzed from the
caterpillars, as well as the labeled corn seedlings that they fed
on, the pattern of 13C incorporation followed a gaussian
distribution with m�z 305 representing slightly more than half
of the carbon atoms containing the 13C label. This indicates
that the fatty acid portion of volicitin and the other conjugated
compounds in the insect oral secretion are obtained directly
from the plant.

To determine whether the beet armyworm hydroxylates the
fatty acid portion of volicitin or whether the entire 17-
hydroxylinolenic acid molecule is plant-derived, a pulse–chase
experiment was conducted. Caterpillars that had fed on 13C-
labeled corn for 6 h so that the linolenic acid moiety of volicitin
was 13C-labeled (Fig. 3B) were moved to 13C-labeled seedlings
that had been sprayed with unlabeled linolenic acid and were
allowed to feed for an additional 6 h. The marked decrease of
13C in the methyl 17-hydroxylinolenoate derived from volicitin
(Fig. 3C) and free linolenic acid, both collected from the beet
armyworm, indicates that hydroxylation of the relatively large
amount of free unlabeled linolenic acid sprayed onto the plant
leaves is done by the beet armyworm. The linolenic and linoleic
acid components from caterpillars that had fed on unsprayed
13C-labeled seedlings for the same total time of 12 h main-
tained high 13C incorporation levels. To ensure that the
decrease in 13C incorporation with application of unlabeled
linolenic acid was a specific response for linolenic acid deriv-
atives, linoleic acid was collected from caterpillars that had fed
on sprayed seedlings and was found to sustain the high level of
13C labeling. The 17-hydroxylinolenic acid methyl ester and the
17-hydroxylinoleic acid methyl ester were not detected in
derivatized plant extracts, although these compounds were
identified when plant tissue was spiked with the corresponding
synthetic acid before extraction and methylation.

In contrast to the fatty acid portion of volicitin, which rapidly
incorporated 13C and showed a similar mass spectral labeling
pattern as the linolenic acid from the plant (Fig. 2B), the
glutamine incorporated little 13C relative to the glutamine
from the plant (Fig. 4), indicating that the plant was not
catalyzing the coupling of glutamine to the fatty acids. It also
appears that labeled glutamine from the plant ingested by the

FIG. 4. Chemical ionization mass spectra of methyl pyroglutamate
(the product of glutamine methylation) from extracted corn seedlings
that were grown for 12 days with 13CO2 enrichment (A), volicitin from
caterpillars that fed on unlabeled corn seedlings for 48 h (B), and
volicitin from beet armyworms that fed on unlabeled corn plants and
then fed 6 h on 13C-labeled corn seedlings (C).

13974 Plant Biology: Paré et al. Proc. Natl. Acad. Sci. USA 95 (1998)
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insect was diluted with an unlabeled insect source of glutamine
before coupling to form the volicitin molecule. This could be
caused by either a large glutamine pool present in the cater-
pillar’s oral secretions or a physically separate glutamine
source. Because the plants are 13C-labeled from the time that
photosynthesis begins, the possibility that unlabeled glutamine
is derived from an isolated source separate from current
photosynthate and apart from the major pool of plant glu-
tamine is unlikely.

These biochemical data demonstrate that the plant supplies
linolenic acid, which is required for growth and development
of beet armyworms, and also provides this fatty acyl chain for
the synthesis of volicitin, the modified elicitor of plant volatiles
that is central to signaling between plants and natural enemies
of the caterpillars that attack them. It is not clear why the
caterpillar (or gut symbionts in the caterpillar) adds L-
glutamine and the hydroxy group to linolenic acid or whether
volicitin plays a role in the metabolism of the herbivore. It is
also not clear how volicitin interacts on a biochemical level to
induce synthesis of plant volatiles; however, we do know that
volicitin provides a rapid, clear, and reliable signal for initia-
tion of synthesis and release of volatile compounds. Thus the
plant and the herbivore are inexorably linked through a
signaling molecule of dual origin and effect.
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Plant Biology: Paré et al. Proc. Natl. Acad. Sci. USA 95 (1998) 13975

40_2008 Tumlinson.p65 06-Mar-09, 7:51 PM1070



James H. Tumlinson 1071

Update on Plant-Insect Interactions

Plant Volatiles as a Defense against Insect Herbivores
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Agricultural Research Services, Gainesville, Florida 32608

Leaves normally release small quantities of volatile
chemicals, but when a plant is damaged by herbivorous
insects, many more volatiles are released. The chemical
identity of the volatile compounds varies with the plant
species and with the herbivorous insect species. These
volatiles attract both parasitic and predatory insects that
are natural enemies of the herbivores. They may also in-
duce defense responses in neighboring plants. Such chem-
icals, which function in communication between and
among species, as well as those that serve as messengers
between members of the same species, are called semio-
chemicals (from the Greek “semeion,” a mark or signal)
(Law and Regnier, 1971).

Semiochemicals emitted from a diverse group of plants
and insects mediate key processes in the behavior of spe-
cific insects. Volatile phytochemicals can serve as airborne
semiochemicals, promoting or deterring interactions be-
tween plants and insect herbivores. For example, wheat
seedlings without herbivore damage attract aphids,
whereas odors released from wheat seedlings with a high
density of aphids repel other aphids (Quiroz et al., 1997). For
swallowtail butterflies, volatiles from host plants enhance
the effect of contact stimulants, increasing landing rates and
oviposition relative to non-host plants (Feeny et al., 1989).

In addition to the bouquet of compounds that render
leaves attractive or disagreeable to herbivores, volatile ter-
penoids and other compounds emitted from leaves in re-
sponse to insect damage allow insect parasitoids (such as
parasitic wasps) and predators to distinguish between in-
fested and noninfested plants, and thus aid in locating
hosts or prey (Fig. 1). These phytodistress signals, which
result in an active interaction between herbivore-damaged
plants and a third trophic level, have been described for
several agro-ecosystems. Examples include lima bean and
apple plants, which produce volatiles that attract predatory
mites when damaged by spider mites (Takabayashi and
Dicke, 1996), and corn and cotton plants, which release
volatiles that attract hymenopterous parasitoids that attack
larvae of several Lepidoptera species (Tumlinson et al.,

1993). In the latter case, a parasitoid female injects her eggs
when she stings, and the eggs hatch into wasp larvae inside
the caterpillar. Once the caterpillar has been stung, its
reproductive cycle is terminated and a new generation of
wasps is produced.

In all plants reported thus far, there are notable similar-
ities in the structure of the volatile compounds that are
emitted from insect-damaged leaves and from leaves distal
to the site of damage. The structural uniformity in the
chemical emissions from different plants with insect feed-
ing suggests the activation of a common set of biosynthetic
pathways shared by a wide range of plant families, and
that the products are detectable to a broad spectrum of
insect parasitoids and predators (Fig. 2). The ability of
host-seeking insects to recognize and respond to such
chemical cues and differentiate them from background
odors indicates that insect-damaged plants emit volatile
chemicals that are clearly distinguishable from those re-
leased in response to other types of damage or those re-
leased from undamaged plants. The plant’s ability to dif-
ferentiate between herbivore damage and a general wound
response suggests the presence of elicitors associated with
insect feeding that are absent from other types of leaf
damage.

PLANTS RESPOND TO INSECT FEEDING DAMAGE
BY RELEASING GREATER AMOUNTS OF A VARIETY

OF VOLATILES

An undamaged plant maintains a baseline level of vola-
tile metabolites that are released from the surface of the leaf
and/or from accumulated storage sites in the leaf. These
constitutive chemical reserves, which often include mono-
terpenes, sesquiterpenes, and aromatics, accumulate to
high levels in specialized glands or trichomes (Paré and
Tumlinson, 1997a). In addition, green-leaf odors consisting
of a blend of saturated and unsaturated six-carbon alco-
hols, aldehydes, and esters are produced by autolytic oxi-
dative breakdown of membrane lipids and are released
when leaves are mechanically damaged. This pattern of
constitutive compounds has been analyzed in the field for
perennials, including beech (Tollsten and Müller, 1996) and
ash (Markovic et al., 1996) trees, as well as under green-
house conditions for many herbaceous annuals, including
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brussels sprouts (Mattiacci et al., 1994) and cucumber (Tak-
abayashi et al., 1994).

Plants respond to insect feeding damage by releasing a
variety of volatiles from the damaged site, and the profile
of the volatiles emitted is markedly different from those of
undamaged or mechanically damaged plants. In cotton,

breakage of leaf glands causes stored terpenes to be re-
leased in much higher levels, and the emissions of lipoxy-
genase pathway green-leaf volatiles are also increased.
While the release of these metabolites correlates closely
with leaf damage from insect feeding (Loughrin et al.,
1994), a subset of terpenes, the nitrogen-containing com-

Figure 1. Schematic representation indicating an increase of volatile compounds released by plants in response to insect
feeding triggered by an interaction of elicitors such as volicitin in the oral secretions of insect herbivores with damaged plant
tissue. Volatile semiochemicals are then used by natural enemies of herbivores such as parasitoid wasps to locate their hosts.
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pound indole, and hexenyl acetate are also released in
much higher levels with insect feeding, but in a diurnal cycle
that is decoupled from short-term insect damage. These
compounds, linalool and (E)-�-ocimene (monoterpenes),
(E,E)-�-farnesene and (E)-�-farnesene (sesquiterpenes), non-
atriene and tridecatetraene (homoterpenes), and indole and
(Z)-3-hexenyl acetate, have an emissions profile more simi-
lar to the light cycle, with low emissions at night and high
levels during the periods of maximal photosynthesis.

Chemical labeling studies have established that the com-
pounds released in much greater quantities during the day
and specifically in response to insect damage are synthe-
sized de novo and are not stored in the plant (Paré and
Tumlinson, 1997b). These induced compounds rapidly in-
corporate a high level of label when plants damaged by
feeding caterpillars are held in volatile collection chambers
under an atmosphere containing 13C-CO2. The high incor-
poration of 13C detected by mass spectral analysis, and the
rapid turnover of this label in experiments where short
pulses of 13C-CO2 were used indicate that its production is
tightly coupled with photosynthesis. A consistent, several-
hour delay between when insect feeding begins and emis-
sion of the induced volatiles supports the hypothesis that a
series of biochemical reactions, including gene expression,
protein assembly, and/or enzyme induction, is required
for the synthesis and release of these compounds.

RELEASE OF VOLATILES FROM UNDAMAGED LEAVES
OF A DAMAGED PLANT INDICATES A

SYSTEMIC SIGNAL

In addition to the release of volatiles at the site of herbi-
vore feeding, analysis of volatile emissions from unharmed
leaves of insect-damaged plants has established that there
is a systemic response. In both corn (Turlings and Tumlin-
son, 1992) and cotton (Röse et al., 1996), leaves distal to the
site of herbivore feeding showed an increase in the release
of volatiles. The chemical blend of volatiles from undam-
aged cotton leaves differs from the volatiles collected from
the entire plant. The products of the lipoxygenase pathway,
including the hexenals and hexenols, which are released
from freshly cut or damaged tissue, are not detected in the
systemically released volatiles, with the exception of (Z)-3-
hexenyl acetate. One explanation is that these six-carbon
compounds can only be released from undamaged leaf
tissue when they are converted to the acetate form (Paré
and Tumlinson, 1998).

The activation of the lipoxygenase pathway in undam-
aged leaves suggests a mechanism analogous to that pro-
posed by Farmer and Ryan (1992), wherein a mobile signal
such as systemin can transmit information from the dam-
aged site to distal leaves, triggering the lipoxygenase path-
way and resulting in a cascade of signals activating several

Figure 2. Biosynthetic pathways leading to the release of plant volatiles. Indole, a product of the shikimic acid pathway, is
formed from indole-3-glycerol-P either as an intermediate in Trp biosynthesis or by a Trp-independent pathway leading to
a family of nitrogen-containing defense compounds (e.g. 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one) (Frey et al.,
1997). Sesquiterpenes are synthesized via the isopentenyl pyrophosphate (IPP) intermediate following the classical meva-
lonate pathway, whereas monoterpenes and diterpenes are synthesized via an alternative IPP pathway with glyceraldehyde-
3-P and pyruvate identified as the direct precursors of IPP (Lichtenthaler et al., 1997). The mevalonate pathway is localized
in the cytosol and reactions for the non-mevalonate pathway are localized in plastids. The homoterpene (E)-4,8-dimethyl-
1,3,7-nonatriene and (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene are derived from their 15 and 20 carbon precursors,
farnesyl- and geranylgeranyl-pyrophosphate, respectively, by a series of enzymatic steps with the overall loss of four carbon
units (Donath and Boland, 1994). The green-leaf volatiles are derived from linolenic acid via a 13-hydroperoxylinolenic acid
intermediate (Blee, 1998). This oxidized linolenic acid, instead of losing water and committing the molecule down the
defense signaling jasmonic acid pathway, is cleaved to form two fragments of 12 and six carbon units (Fig. 3). The variety
of green-leaf volatiles are formed from this second pathway by multiple rearrangement steps of the six-carbon (Z)-3-hexenal.
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defense responses in plants. Some of the monoterpenes and
sesquiterpenes, as well as indole and isomeric hexenyl
butyrates and 2-methyl butyrates, are also only released
from damaged leaves (Röse et al., 1996). The induced ter-
penoids that are synthesized de novo in cotton leaves in
response to herbivore damage are also released systemi-
cally from undamaged leaves of a caterpillar-damaged
plant. Chemical labeling experiments established that the
systemic volatiles are synthesized at the site of release,
suggesting that a mobile chemical messenger is trans-
ported from the damage location to distal, undamaged
leaves to trigger synthesis and volatile release (Paré and
Tumlinson, 1998).

Chemical labeling experiments using herbivore-
damaged plants in combination with an analysis of the
volatiles released has only been reported for cotton. How-
ever, since many of the compounds emitted from corn
during the day have also been shown to be induced in
cotton, and the quantities released increase with increased
light intensity, it can be speculated that these volatiles are
also synthesized de novo in corn plants. It is interesting
that similar compounds are emitted in response to insect
herbivore damage in several agricultural species, including
cucumber, apple, lima bean, corn, and cotton (see Table I).
Both among individual plants of the same species and
between different plant species, whether the blend of vol-
atile compounds is induced through a common signaling
pathway or if their emissions are triggered by different
signaling mechanisms is not yet known.

THE SYNTHESIS OF VOLATILES HAS A HIGH
METABOLIC COST

Terpenes are an important source of olefinic compounds
involved in the formation of phytotoxic products. For ex-
ample, in conifers (Buchbauer et al., 1994) and broadleaf
tree species (Monson and Fall, 1989), an array of terpene
hydrocarbons are released from plants during times of
photosynthesis. These naturally produced isoprenoids are
known to form photooxidants and ozone in combination
with nitrogen oxides. As a result, increased amounts of
terpenes can act as pollutants, increasing the stress to the
plant. The metabolic cost of these phytochemical emissions
can also be high. In particular, terpenoids are more expen-
sive to manufacture per gram than most other primary and
secondary metabolites due to the need for extensive chem-
ical reduction (Gershenzon, 1994). Defensive compound

production costs in terms of reproductive success can de-
pend on the level of herbivory. When herbivore levels are
low, chemically induced wild-type tobacco plants produce
fewer seeds than their noninduced counterparts. With in-
termediate herbivory, chemically induced plants experi-
ence less feeding on the foliage and have a higher fitness
level than noninduced, insect-damaged control plants
(Baldwin, 1998; Mitchell-Olds et al., 1998). It appears that
volatiles need to be judiciously synthesized and safely
stored, as increased synthesis can be costly and potentially
toxic to the plant. However, decreases in terpene accumu-
lation may make an individual plant more vulnerable to
insect pest attacks or temperature stress.

With or without insect feeding, plants usually release a
variety of terpenes during periods of high temperature.
Although the biological function of terpene production is
not fully understood, one proposed explanation for these
emissions is that it is a strategy for responding to high
temperatures (Mlot, 1995). It has been suggested that fat-
soluble hydrocarbons dissolve into the thylakoid mem-
brane and keep the chloroplast from degrading when tem-
peratures exceed the plant’s biological optimum. These
hydrocarbons evaporate as the temperature rises, so that
terpene volatilization cools the chloroplasts. However,
since the evaporative cooling of terpenes is relatively small
compared with a solvent such as water, this explanation is
not universally accepted.

VOLATILES FROM INSECT-DAMAGED PLANTS
ATTRACT NATURAL ENEMIES OF THE HERBIVORES

The task for a female parasitoid to locate lepidopteran
caterpillar hosts would most often be unproductive if she
were simply to rely on visual cues. Unlike insect pollina-
tors seeking out well-marked flower targets, parasitoids
are searching for small herbivores that are often well cam-
ouflaged and mostly inhabit the undersides of leaves.
Therefore, the chances of parasitoids finding hosts by ran-
dom searching are remote. Both McCall et al. (1993) and
Steinberg et al. (1993) have shown by wind tunnel flights
and GC analysis the weak allure and low abundance that
herbivore odors alone provide for parasitoids. In contrast,
the chemicals released from herbivore-damaged plants ap-
pear to contain critical chemical information that draws
parasitoids to air streams spiked with these plant odors in
the laboratory and to damaged plants placed among a
group of undamaged neighbors in the field.

Table I. Diverse plant species with shared volatile terpenes released in response to herbivory

Plant
(E)-�-

Ocimene
Linalool

(E)-4,8-Dimethyl-
1,3,7-Nonatriene

(E,E)-�-
Farnesene

(E)-�-
Farnesene

(E,E)-4,8,12-
Trimethyl-1,3,7,11-

Tridecatetraene
Reference

Cucumber � � � � Takabayashi et al. (1994)
Apple � � � � Takabayashi et al. (1991)
Lima bean � � � � � Takabayashi et al. (1994)
Cotton � � � � � � Paré and Tumlinson (1997a)
Corn � � � � � � Turlings et al. (1990)
Tobacco � � � � De Moraes et al. (1998)
Potato � � � � Bolter et al. (1997)
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To examine whether systemically released chemicals
alone provide sufficient chemical cues to attract parasitic
wasps, herbivore-damaged leaves were removed immedi-
ately before flight tests. Wind tunnel experiments showed
that systemically released components were detectable at
levels sufficient to direct parasitoids to their hosts (Corte-
sero et al., 1997). In cotton and tobacco field trials using
female wasps (Cardiochiles nigriceps), the ratio of landings
on host (tobacco budworm) damaged versus undamaged
plants was high: approximately 95% to 5%, respectively, in
systemic or whole-plant volatile emissions (De Moraes et
al., 1998). Interestingly, this specialist parasitic wasp, using
chemical cues released by the plant, can distinguish plants
infested by her host Heliothis virescens from those infested
by Helicoverpa zea, a closely related, non-host herbivore
species. In tobacco, cotton, and maize, each plant produces
a herbivore-specific blend of volatile components in re-
sponse to a particular herbivore species feeding on the
leaves, and these differences are observable by GC chemi-
cal analyses and detectable by parasitic wasps.

PARASITIC WASPS LEARN CHEMICAL CUES
ASSOCIATED WITH HOSTS

Although the volatile compounds released by insect her-
bivore damage are similar among the several plant species
studied thus far, the specific blends are quite distinct,
varying in both the number of compounds and the actual
structures produced. Thus, the task of finding a host is
more complicated for the parasitoid when the host feeds on
several different plant species. The wasps have overcome
this obstacle by developing the ability to learn chemical
cues associated with the presence of a host (Lewis and
Tumlinson, 1988). The chemicals to which a female wasp is
exposed during interactions with her host familiarize her
with particular host location cues. A successful host expe-
rience increases the wasp’s responsiveness to host-
associated chemicals. For example, an oviposition experi-
ence on the plant-host complex significantly increases the
oriented flight and landing responses of females of the
aphid parasitoid Aphidius ervi relative to those that aren’t
allowed to sting but that are exposed to undamaged or
host-damaged plants (Du et al., 1997). This underscores the
importance of the oviposition experience in combination
with host-damaged plant cues. Interestingly, female wasps
can also learn volatile odors associated with food sources
and use them to locate necessary food (Lewis and Takasu,
1990).

ENVIRONMENTAL CONDITIONS MODULATE
VOLATILE EMISSIONS

Differences in the amount of volatiles released by indi-
vidual plants can vary with environmental conditions that
influence the plant’s physiology. Several species, including
corn, cotton, and lima bean, respond to reduced light (due
to either lower light intensity or shorter daylength) with a
decline in the release of herbivore-induced volatiles. Based
on studies with lima bean, water stress also seems to di-
rectly affect volatile release (Takabayashi et al., 1994). With

less water available for the plant, elevated levels of vola-
tiles are released from infested individuals relative to non-
water-stressed controls. Correlating this with insect pref-
erence showed that predatory mites selected plants that
were infested and water-stressed over those that were in-
fested but not water-stressed (Takabayashi et al., 1994). The
addition of high levels of mineral and/or organic nitrogen
fertilizers significantly decreased the constitutive volatiles
extracted from celery (Van Wassenhove et al., 1990). With
volatile analysis and flight studies for plants under differ-
ent nutritional conditions, the role of these volatiles in
attracting wasps to their herbivore hosts may be more
clearly assigned.

ENZYMES AND ELICITORS FROM INSECT HERBIVORES
TRIGGER VOLATILE RELEASE

Key to the emissions of plant signals for the foraging
success of parasitoids are substances in the oral secretion of
herbivores. Recent work suggests that volatile emissions
and other plant defense responses are potentiated by a
component or components associated with the feeding her-
bivore that allows the plant to differentiate between gen-
eral wounding and damage due to chewing insects. In
cotton, induced volatiles that are synthesized in response
to wounding are released in greater quantities as a result of
caterpillar feeding than as a result of mechanical damage
alone (Paré and Tumlinson, 1997a). In tobacco, higher con-
centrations of the defense-signaling molecule jasmonic acid
result from herbivore damage by hornworm caterpillars
than from mechanical damage designed to mimic her-
bivory (McCloud and Baldwin, 1998). At the transcrip-
tional level, potato mRNAs involved in plant defense ac-
cumulate more rapidly with insect-derived elicitor(s) in
contact with the damaged leaves than with mechanical
damage alone (Korth and Dixon, 1997).

Thus far, two oral secretion products from chewing in-
sects have been identified that augment the release of plant
volatiles. A �-glucosidase present in the regurgitant of
Pieris brassicae caterpillars triggers the same emissions of
volatiles in cabbage plants as induced by feeding caterpil-
lars (Mattiacci et al., 1995). Since enzyme activity in the
regurgitant is retained when caterpillars are fed a
�-glucosidase-free diet, enzyme activity does not appear to
be plant derived. Presumably, the enzyme acts to cleave
sugars coupled to organic compounds that then become
more volatile and are released. In contrast, a low-Mr fatty
acid derivative, N-(17-hydroxylinolenoyl)-l-Gln (volicitin),
has been identified from the oral secretions of beet army-
worm caterpillars and induces corn seedlings to release
volatile chemical signals (Alborn et al., 1997).

Analysis of volicitin from beet armyworms fed 13C-
labeled corn seedlings demonstrated that the caterpillar
synthesizes this elicitor by adding a hydroxyl group and
Gln to linolenic acid obtained directly from the plant on
which the caterpillar feeds (Paré et al., 1998). Thus, al-
though the precursor of volicitin is obtained from plants,
the bioactive product has only been found in the caterpil-
lar. This strongly suggests that these molecules play an
important yet still unknown role in metabolism or some
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other process critical to the life of the herbivorous insects.
Although it is known that the plant provides linolenic acid,
which is essential for most lepidopteran larvae (Stanley-
Samuelson, 1994), it is seemingly detrimental to the insect
to chemically convert this fatty acid into an elicitor that
triggers plant defense. The full implications of this are not
yet understood.

It has been suggested that jasmonic acid, which is pro-
duced from linolenic acid by the octadecanoid signaling
pathway (see Fig. 3), is a key regulatory component in the
transduction sequence that triggers synthesis and release of
volatile compounds by plants (Krumm et al., 1995). Jas-
monates also stimulate other physiological and defensive
processes in plants (Farmer and Ryan, 1992), and the amino
acid conjugates of jasmonic acid are involved in physiolog-
ical and developmental processes in many plants (Kramell
et al., 1995). Therefore, the structure of volicitin, an octa-
decatrienoate conjugated to an amino acid, suggests that
the elicitor molecule interacts with the octadecanoid path-
way in herbivore-damaged plants.

THE MECHANISMS THAT REGULATE THE SYNTHESIS
AND RELEASE OF PLANT VOLATILES ARE

POORLY UNDERSTOOD

There is still much to learn about the chemical interac-
tions between plants and insect herbivores that lead to the
synthesis and release of volatiles by the plants. Only one
herbivore-specific volatile elicitor, volicitin, has been iden-
tified, but we know from preliminary investigations of the
chemistry and activity of oral secretions of other insect
herbivores that other compounds, some analogous in struc-
ture to volicitin, are also active. Furthermore, damage of a
plant by different herbivore species can induce the release
of volatile blends with different proportions of constitu-
ents. Thus, distinct responses are induced by elicitors of
different structures from different herbivore species. How-

ever, we don’t know the biochemical mechanisms by which
these elicitors trigger biosynthesis and release of plant
volatiles. Do they interact with the octadecanoid signaling
pathway, and if so, how? Do they regulate the release of
linolenic acid, the production of jasmonic acid, or the acti-
vation of the oxidative burst, all of which are associated
with the wounding of plant tissue? Also, we have no
knowledge of the mechanism leading to the systemic re-
lease of volatiles. Does the original, herbivore-produced
elicitor serve as a mobile messenger, triggering whole-
plant volatile synthesis? Or are secondary messengers em-
ployed to transmit the signal to sites distal to the site of
damage? Furthermore, why do herbivores produce com-
pounds that activate plant chemical defenses? What func-
tion, if any, do these compounds serve in herbivore metab-
olism or defense?

The answers to these and similar questions should lead
to the development of more effective methods for the bio-
logical control of insect pests with natural enemies. It may
also lead to the development of new plant varieties with
enhanced chemical defenses or to methods of “inoculating”
plants with elicitors to increase their resistance to insect
pests.

Received May 20, 1999; accepted June 16, 1999.
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;/%,� ��1 7' ��1� H ��F1 � � ��> ��" �#&� �*�%"�" ��%�$�&��"
+#���& �#�&� �� %�$�&��" +#���&�
N����&� ��� +��$������ �$*+ �����,��� $�� ��%�$�&��" +#���& �%,��

�����%*�7#) 7� �E+#�%��" 7) *%&��# ���& �&&��%���" �%�� +#���
"���,�1 �� ��+����" ��� 7���*%����# �&&�)& �&%�, &)�����%� *�#��%#�
7#��"&� 6)�����%� 7#��"& �$ ��� ��G�� *�#��%#� ���+���"& ���� ����
+��"���" %� &%,�%0���� ������& ��" ��%���" 7) ��� +#���& "��%�,
��� "�� +��%�" ���� $����#���" �� ��77�� &�+����1� �� ��#��&�
*�#��%#�& %� �++��E%����#) ��� &��� +��+���%��& ��" ������& �&
��#��&�" 7) ���7%*���9"���,�" +#���&� I� 7���*%����# �&&�)&1
*+ �����,��� "����&�����" � &%,�%0���� +��$������ ;��1� H �C�1

� � ��> $�� ��������" ��7���� +#���& �*�� ���&� �%�� &�+��
��#��&%�, ��� &)�����%� 7#��"& ;/%,� �N1 7>� I� ������# ��%�#&1 ���
��&+��&� �� +#���& �%�� &�+�� �����%�%�, ��#) &�#*��� ;��E���> ��&
&���%&�%��##) %�"%&�%�,�%&��7#� ;��1� H ����1 � � �K> $��� ���� ��
��������" +#���& ;/%,� �N1 �>� ���&1 $���#� *+ �����,��� ��� �7#� ��
%"���%$) %�$�&��" +#���& �� ��� 7�&%& �$ ����%��# ���& ���&%&�%�, �$
*�#��%#� ���+���"& ��%���" 7) ��� +#���& �� �%,���
6��� �$ ��� *�#��%#�& %� ��� ��������# *�#��%#� +��0#� ���� �#&�

+��&��� %� ��� "%����# +��0#�� ����*��1 �����& ���� ��#��&�" ��#) ��
�%,��� �� "�����%�� ��� %�+������� �$ *�#��%#�& +��"���" �� �%,��1
��#��%*� �� ���&� +��"���" "��%�, ��� "�)1 �� ��+����" ��� 7���*9
%����# �&&�)& �&%�, ��� "%����# 7#��"&� �#����,� ���&� "�)�%��
*�#��%#�& +��"���" �*�%"���� 7���*%��� ;/%,� �N1 �' ��1� H KK1 � �
��>1 ���) ���� &%,�%0����#) #�&& ��+�##��� ���� ��� ��������#
*�#��%#�& ;/%,� �N1 7>1 %�"%���%�, ���� ��� ����& ��� &+��%0��##)
��+�##�" 7) ��� �%,��9�%�� *�#��%#� 7#��"&� �� $������ �E��%�� ���
�E���� �� ��%�� ��� ��+�##���� �$ ��� �%,��9�%�� *�#��%#�& %& "�� ��
��� +��&���� �$ ���+���"& +��"���" �E�#�&%*�#) �� �%,��1 ���
�E+��%���� ��& ��+����" �&%�, � &)�����%� 7#��" �����%�%�, ��#)
���&� ���+���"&� ��� +��&���� �$ ���&� �E�#�&%*�#) ��������#
���+���"& �#��� ��& &�$0�%��� �� �E+#�%� ��� ���� ��+�##����
�$$��� ;/%,� �N1 "' ��1� H ��K1 � � ��>�
I� %& ��## �&��7#%&��" ���� %�"���" +#��� *�#��%#�& $����%�� �&

&%,��#& 7������ +#���& ��" ��� ������# ����%�& �$ %�&��� ���7%*���&�
��� "%&��*��) ���� ��� ���7%*���& ����&�#*�& �E+#�%� ��� %�$����9
�%�� +��&��� %� �%,��9�%�� *�#��%#� 7#��"& �� �*�%" �*%+�&%�%�� ��
+��*%��&#) "���,�" +#���& ��*��#& � ��� "%���&%�� �$ ����%��##)

0

20

40

60

80

100

Ti
m

e 
sp

en
t 

(%
)

0

20

40

60

80

100

O
vi

p
os

iti
on

 (%
)

0

20

40

60

80

100

Undamaged plants

a

B

Undamaged plantsDamaged + undamaged
plants

Damaged + undamaged
plants

0

20

40

60

80

100

O
vi

p
os

iti
on

 (%
)

O
vi

p
os

iti
on

 (%
)

Undamaged plants Hexane Undamaged plants Night-time blend

0

20

40

60

80

100

O
vi

p
os

iti
on

 (%
)

0

20

40

60

80

100

O
vi

p
os

iti
on

 (%
)

Undamaged plants Daytime blend Undamaged plants Exclusive night-time
compounds

c d

ba

b
A

��
��� � #������ �� ������ ��	�� 	� ���	 ����	����� �� "��	���� 2�
�	 �������� ��

	���� ��	�� �� �������	� ������� 	� 	������ ���	�� 3 �� ���� �� 	�� ��
�� ���

�����
�� ���	�  ,! ���� ����� 3 	�� �	��� ����� 	�� ���	� 	��	 ��� ��� ����	�� ��

	� 	�������	�� �� �������	� ������ ���� �������� 4����� ���� ������� ���� 	�� ���	�

������ ��	�� ���� �	�������� �� 5�� ��	 �� 	��� ����
 �� ���� �� �������	�� ���	 �

���� ���� �� 	�� ��
�� �� ��� ��	 �� �

� �������	�� � ���� ���� �� 	�� ��
��

�� 3������	�� ��������� �� �� �������	� ������� ��� 	������ ���	� 	��	 ��� ��� 	���	��

��	� ��	��	�� ����� 3 �� ���� �� 	�� ��
� ��� �����
�� ���	�  ,! ���� ����� � 	��

�	��� ���� 	�� ���	� ���� 	���	��  ��	��	�� ����� � ������ ���	�! ������ ���
 ����

�����
�� �� �	���	�� ���	�� �� 1����	  ��%��! ���� �� ��	���� �� � ��	����

���� �������� 	� �����
�� ���	�� �� � ������ ���� �������� 	� �����
�� ���	��

	� � ���� ��	���
 �������� �������� �%��������� �	 �
�	 �������� 	� �����
��

���	��

© 2001 Macmillan Magazines Ltd

40_2008 Tumlinson.p65 06-Mar-09, 7:51 PM1079



1080 Wolf Prize in Agriculture

������� �� ���	��

������ � �	
 �� � �� ����� �� � �������������� 
�

��"%���" +#���B%�&��� %�������%��& ��" ��%&�& � ���7�� �$ %&&��&�
��� 0���&& �"*����,�& �� ���7%*���& �$ �*�%"%�, �*%+�&%�%�� ��
%�"���" +#���& ��� �7*%��&1 �& &��� +#���& ��� #% �#) �� ��&� ��� ��#)
#��*�� ���� ��+��&��� +�����%�# ���+��%���& $�� ��� ����A& �$$&+�%�,
7�� �#&� +�����%�##) � +�+�#��%�� �$ ������# ����%�& ��������" 7) ���
*�#��%#� 7#��"��� �����*��1 ��� �&&��%���" %�"���%�� �$ "%����
"�$���� ������%&�& ����& ���� %�$�&��" +#���& ��� #% �#) �� �����%�
����%��# ��E%�& ��" �� 7� �$ #���� ����%�%���# *�#�� ���� ��%�$�&��"
+#���&��1�C� I� %& #�&& �#��� ������� +#���& 7���0� &%,�%0����#) $��� ���
��#��&� �$ ��������# *�#��%#�& �� ������� &��� ��#��&� %& ����#) �
+�)&%�#�,%��# 7)9+��"��� �&&��%���" �%�� "%����# *�#��%#� +��"��9
�%��� ��� +������%�� ��G�)�" 7) ��"���,�" +#���& ���� ��&%"� ����
%�"���" +#���& %& %�����&�%�,1 7�� %� %& ��� �����%� ������� ��%&
+��������� ���#" ��*� 7��� &%,�%0���� %� ��� ����&���# ��*%���9
���� �� ��+��&���& ��#) �� �$$��� �$ �%,�9"��&%�) �,�%��#����#
��#�%*��%��� I$ +#���& "� 7���0� $��� �"*���%&%�, ���%� &����& ��
���7%*���&1 %� ��%&�& ��� 8��&�%�� �$ ������� ���7%*���9%�"���"
&%,��#& 0�&� �*�#*�" �& +���&%��%" ����������& �� �& ���7%*��� ��+�#9
#���&' �#������%*�#)1 ��� "��# $����%��& �$ ���7%*���9%�"���" +#���
&%,��#& ��) ��*� �*�#*�" &%��#������&#)�
��� ����,�%�%�� ���� +#��� *�#��%#� &%,��#&1 #��,  ���� �� 7�

%�+������ %� ��� ��"%��%�� �$ +#���B+���&%��%" %�������%��&1 �#&�
����&�%� %�$�����%�� �� ���7%*���& �E+��"& ��� *%�� �$ ��%���+�%�
&)&���& ��" %& &%,�%0���� �%�� ��,��" �� ��� ��"��&���"%�, �$ ���
&�#���%*� +��&&���& ,�*���%�, ��� �*�#��%�� �$ &��� &%,��#&� �� ���
�������#) �E+#��%�, ������� ����& ��� %����+��� ��� ���7%*���9
&+��%0� %�$�����%�� ���� ���&� &%,��#& ���*�) �� +���&%��%"&�C ��
������ �&� ���&� &%,��#& ��#) �& ,�����#%O�" %�"%�����& �$ %�&���
$��"%�,� I$ ����& ��� %����+��� ��� �%,���9��"�� %�$�����%�� ���9
���� �$ ���&� &%,��#&1 ���� ���) ��) 7� �� %�, &�+�%&�%����" ���%��&
7�&�" �� ��� #% �#) +��&���� �$ +���%��#�� #��*�# ���+��%���& ��"
+����+& �*�� �$ +���%��#�� +��"����& ��" +���&%��%"&� �

�����	
�������� ���������� ��	 ������

�## �E+��%����& ���� ���"����" %� �� %�&���9$��� ,�������&� ;���+������� ��� � ��>� ���
��%�"9%�&��� #��*�� �$ �%���� *+ �����,���� *+ /�� �� 	+ ���$� ���� �##���" �� $��"
����%����&#) �� ��� #��*�& �$ �� �%,��9��� 9�#"1 ,�������&�9,���� ��7���� +#���
;0�,�$���� $�1�,.% &���%� (C�.> ���#�&�" %� � *�#��%#� ��##���%�� ����7����1 7�,%��%�, ���
�%,�� 7�$��� ��##���%�� ��������"�

P#��� *�#��%#�& ���� ��##����" ��9� � "�) %� �9� %����*�#& 7) +�##%�, � # �$ ��� �%� +�&&%�,
�*�� ��� +#��� ;K #�%���> �����,� 6�+�� : �"&��7��� ;�K�,> ���+& �� ��� 7�&� �$ ���
*�#��%#�9��##���%�� ����7��' ��� ����%�"�� �$ ��� �%� *����" ��� �$ ��� 7����� �$ ���
&)&������ ���+& ���� �%�&�" �%�� �K�# ����)#��� ��#��%"�1 � �, �$ �9������ ��" ���)#
������� ���� �""�" �& %������# &���"��"&1 ��" &��+#�& ���� ���#)&�" 7) ,�& ��������,9
��+�) ��" ��&& &+���������)�C ;�#������ %�+��� ��" ����%��# %��%O��%�� �%�� %&�7�����
���,��� ,�&>� ��#��%#� ���+���"& ���� %"���%0�" 7) ���+��%&�� �$ ��������,��+�%�
������%�� �%��& ��" ��&& &+����� �%�� ���&� �$ �������%�##) �*�%#�7#� &���"��"& ���#)&�"
�� ��� &��� %�&�������&� :����%0���%�� ��& 7�&�" �� +�� ���� ;M��� %��%O��%��
"�������> ��#��%*� �� ���� �$ %������# &���"��"&�

�*���,� *�#��%#� ��#��&�" 7) +#���& $��� ��< �� �C<1 K � �$��� %�%�%�# "���,�<
;�, ���1 &�"�>< ;�>9�9��E���# ;����C1 �C�.>' ;->9C9��E��9�9�# ;.���1 ��D>' ;�>9�9
��%���� ;KK���.1 FD��F�>' %�"�#� ;����.F1 �K�C>' �9���)�+�)##��� ;F�D��DD1 D�C��>'
�9����#��� ;����DD1 �C�D>' ;���>9�9$����&��� ;�����D1 �K��D�>1 ��%"���%0�" &�&8�%9
���+��� ;���D��K1�.K�DK>�

�*���,� *�#��%#� ��#��&�" 7) +#���& $��� ��< �� ��<1 KD � �$��� %�%�%�# "���,�<
;�, ���1 &�"�>< ;�>9�9��E���# ;�DD���1 C.�FD>' ;->9C9��E��9�9�# ;F���F1 �.���>' ;->9C9
��E��)# ������� ;�DF���1 �F���>' ;�>9�9��%���� ;�.���.QC���C�>' ;->9C9��E��)# %&�7�9
�)���� ;��C�D�1 �C�F.>' ;->9C9��E��)# 7��)���� ;�DD�DK1 ����.F> %�"�#� ;����.F1 �K�C>' ;->9
C9��E��)# �%,#��� ;�C�D�DF1 ��D�F.>1 �9���)�+�)##��� ;��K��DD1 ��C��.>' �9����#���
;DC��D1 CK��F>' ;���>9�9$����&��� ;DDD�DD1 �K���D>1 ��%"���%0�" &�&8�%���+��� ;�.�K�1
����>�

����������� ���

���#*� �%,��9��� 9�#"1 +����"1 ,�������&�9,���� ��7���� +#���& ���� +#���" %� �
&������" ��,� ;� � � � C�> �%�� &%E +#���& �� ���� &%"� �$ ��� ��,� ;D �� 7������ +#���&>�
	� ��� &%"� ��#) ��"���,�" +#���& ���� �&�"1 �� ��� ����� &%"� ��� �$ ��� +#���& ��" 7���
$�" �� 7) � #�7������)9�����" ��%�"9%�&��� *+ �����,��� ;��� #��*�� +�� #��$> $�� �D ��

��*�� ���� ����*�" $��� +#���& 7�$��� ���� ��#��&�� ����� ����" *+ �����,��� $���#�&
;�D $���#�& +�� ���������> ���� ��#��&�" %� ��� ������# &����� �$ ��� ��,� �� "�& � ��
������� $�� � +�&&%7#� "%����%���# +��$������ 7) ��� ����&1 ��� ��,�& ���� �&�" &� %� ���
��� "���,�" +#���& ���� �� ��� ����� ��" ��" %� ��� ����� ���) ���� �� ��� &���� ��" �$
��� ��,�� ��� ����&A 7���*%��� ��& *%&��##) �7&��*�" $�� ��� ���� ;$��� �++��E%����#)

��< �� �<> ��" ��� �%�� ;�%��> &+��� 7) ����& �� ���� &%"� �$ ��� ��,� ��&
�����"�"� �,, ���7��& +�� +#��� �� ���� &%"� �$ ��� ��,� ���� ������" �� .< ��� ��E�
����%�,� 6%�%#�� +����"���& ���� �&�" $�� �&&�)& ���&��%�, �*%+�&%�%�� ��" 7���*%���
�$ $���#� ����& %� ��&+��&� �� +#���& �%�� �� �"G����� �� &)�����%� 7#��"&1 7�� %� ��%&
��&� +#���& �� 7��� &%"�& �$ ��� ��,�& ���� ��"���,�"� /�� ���&� ���������&1 +��& �$
��"���,�" +#���& �%�� *�#��%#�9��#��&%�, ��77�� &�+�� �� ���"�� &�%� & ;����� +��
+#���> ��+#���" ��� "���,�" +#���&� �� �*�#����" ��� ��&+��&� �$ ����& �� �����
&)�����%� *�#��%#� 7#��"& ;��������# *�#��%#�&1 �E�#�&%*�#) ��������# *�#��%#�&1 ��" "%����#
*�#��%#�&>� ��77�� &�+�� �%����� ��� &)�����%� 7#��" ���� +#���" �� ��� ������# &%"� ��
������#%O� ��) *%&��# +��$������� ���� 7%��&&�) ��& ���"����" �� ����� "�)& ;���
��+��%�%��& ����> �� ������� $�� "�)9��9"�) *��%��%��� P��$������ 7������ ���
��"���,�" ��" "���,�" +#���& 7) ��� ���7%*���& ��& &�7G����" �� ���#)&%& �$ *��%����
;�� ���9&%�� &8���� ���� ����&$�����%�� �$ ��� +�������,� "��� ��& �&�"' 6�6 I�&�%����1
���)1 ����� ����#%��>�

��������� ����	

6)�����%� 7#��"& ���� $����#���" �����"%�, �� � �����" "�*�#�+�" �� +��"%�� ��� ��#��&�
���%� �$ *�#��%#� ���+���"& $��� ��77�� &�+����1�� ��#��#��%��& �$ +��"%���" ��#��&� ���%�&
��� 7�&�" �� ��#��%*� *�+��� +��&&���&�� �$ ��� ���+�����& ��" ��� ��%,%��# ������&
��#��&�" %� ��� ������# 7#��"� N#��"& ���� "%&&�#*�" %� ��E��� ��" �C�# �$ � 7#��"
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Airborne signals prime plants against insect
herbivore attack
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Center for Medical, Agricultural, and Veterinary Entomology, U.S. Department of Agriculture Agricultural Research Service, 1700 SW 23rd Drive,
Gainesville, FL 32608

Contributed by James H. Tumlinson, December 4, 2003

Green leafy volatiles (GLV), six-carbon aldehydes, alcohols, and
esters commonly emitted by plants in response to mechanical
damage or herbivory, induced intact undamaged corn seedlings to
rapidly produce jasmonic acid (JA) and emit sesquiterpenes. More
importantly, corn seedlings previously exposed to GLV from neigh-
boring plants produced significantly more JA and volatile sesquit-
erpenes when mechanically damaged and induced with caterpillar
regurgitant than seedlings not exposed to GLV. The use of pure
synthetic chemicals revealed that (Z)-3-hexenal, (Z)-3-hexen-1-ol,
and (Z)-3-hexenyl acetate have nearly identical priming activity.
Caterpillar-induced nocturnal volatiles, which are enriched in GLV,
also exhibited a strong priming effect, inducing production of
larger amounts of JA and release of greater quantities of volatile
organic compounds after caterpillar regurgitant application. In
contrast, GLV priming did not affect JA production induced by
mechanical wounding alone. Thus, GLV specifically prime neigh-
boring plants against impending herbivory by enhancing inducible
chemical defense responses triggered during attack and may play
a key role in plant–plant signaling and plant–insect interactions.

P lant defenses against herbivorous insects include both chem-
ical and physical mechanisms that directly affect the perfor-

mance of the herbivores (1). Additionally, a countermeasure
against damaging insect herbivores that may be even more
effective is the release of volatile organic compounds (VOC),
consisting mainly of products of the shikimic acid-pathway, fatty
acid-derived products and terpenes, which attract parasitoids
and predators, natural enemies of the actively feeding arthro-
pods (2, 3). Herbivore-induced VOC have also been shown to
decrease oviposition rates and increase egg predation on the
emitting plant in nature (4, 5). Although insect-induced VOC
can serve direct and indirect defense functions, neighboring (or
receiver) plants may also perceive and respond to these signals.
Pathogen infection of plants often leads to the release of methyl
salicylate (6), which serves as a potential signal for the induction
of defense-related genes in neighboring plants. Also, after
wounding and herbivore damage some plants emit methyl jas-
monate (MeJA), which has been shown to effectively turn on
defense genes (7). However, not all plants release MeJA, calling
into question its role as a general volatile defense signal. Green
leafy volatiles (GLV) consist mainly of degradation products
derived from C18 fatty acids (linolenic and linoleic acid), which,
after being transformed to a hydroperoxide by a lipoxygenase,
are cleaved into C12 and C6 components by hydroperoxide lyase
(HPL). Depending on the C18-substrate, HPL produces either
(Z)-3-hexenal [(Z)-3-HAL)] or hexanal (8). Further processing
by alcohol dehydrogenase, acetylation, and isomerization leads
to the production of the remaining C6-components, like (Z)-3-
hexenol [(Z)-3-HOL)], (Z)-3-hexenyl acetate [(Z)-3-HAC], and
the respective E-isomers. The C12-component is processed to
traumatin, which has long been hypothesized to play an impor-
tant role in the wound response of plants (9). GLV are typically
released locally by plants immediately after wounding or herbi-
vore damage (8) but can also be induced and released system-
ically (10). Previous studies indicated that GLV induce certain
defense-related genes (11–13). However, although plants treated

with (E)-2-hexenal released significantly greater quantities of
VOC than control plants, they released significantly less than
plants treated with MeJA or damaged by insect herbivores (13).
Also, in other studies, treatment of plants with six-carbon
aldehydes induced less than the complete set of defense-related
genes and resulted in a moderate plant response relative to
MeJA at both the physiological and molecular levels (11, 12).
Two important questions arose from these findings: Which
signaling pathways are involved, and is the immediate but rather
moderate activation of plant defense responses the main func-
tion of this signaling? To answer these questions, we have started
a comprehensive investigation of the effects of naturally released
GLV on neighboring plants. We used GLV from wounded plant
tissue, caterpillar-induced night-time volatiles enriched in GLV,
and pure C6 compounds to examine their effects on intact corn
plants. We discovered not only that GLV stimulate transient
jasmonic acid (JA) biosynthesis and VOC release in corn, but
also that exposure to GLV primed corn plant defenses to
respond more strongly against subsequent attack by herbivorous
insects by increasing JA biosynthesis and VOC release.

Materials and Methods
Plant and Insect Material. Corn (Zea mays cv. Delprim) was grown
as reported (14). Beet armyworm (BAW, Spodoptera exigua)
eggs were obtained from W. J. Lewis (Insect Biology and
Population Management Research Laboratory, U.S. Depart-
ment of Agriculture, Agricultural Research Service, Tifton, GA)
and reared on an artificial diet based on pinto beans (15). Late
first and early second instar larvae were selected for the induc-
tion of nocturnal volatiles.

Preparation of Crude Regurgitant Elicitor (CRE) from Larvae of BAW.
BAW were transferred to feed on corn seedlings at least 48 h
before collection of regurgitant. Regurgitation was induced by
holding fourth instar BAW caterpillars with forceps and gently
pinching behind the head with a second pair. The regurgitant
from 40–50 caterpillars was collected, boiled for 5 min to
inactivate degrading enzymes (16), centrifuged to remove cell
debris and denatured proteins, and the supernatant diluted 1:1
in buffer (50 mM sodium phosphate, pH 8) before use (referred
to as CRE).

Chemicals. (Z)-3-HAL (50% in triacetin), (Z)-3-HOL (98%
pure), cis jasmone (85% pure), methyl salicylate, and MeJA were
purchased from Sigma–Aldrich. (Z)-3-HAC was made from
(Z)-3-HOL by acetylation with acetyl chloride and purity esti-
mated by GC and GC�MS analysis (95% pure). Dihydro MeJA
(Bedoukian Research, Danbury, CT) was converted to dihydro

Abbreviations: JA, jasmonic acid; SA, salicylic acid; GLV, green leafy volatiles; CIV, caterpil-
lar-induced volatiles; VOC, volatile organic compounds; (Z)-3-HAL, (Z)-3-hexenal; (Z)-3-
HOL, (Z)-3-hexenol; (Z)-3-HAC, (Z)-3-hexenyl acetate; MeJA, methyl jasmonate; CRE, crude
regurgitant elicitor; FW, fresh weight.

*Present address: Department of Entomology, Pennsylvania State University, Pesticide
Research Laboratory, University Park, PA 16802.
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JA (DhJA) by alkaline hydrolysis. [2H6]salicylic acid (SA) was
purchased from CDN Isotopes (Pointe-Claire, QC, Canada). All
solvents used were analytical grade.

Plant Treatments. Two different sets of experiments were con-
ducted, one to measure the direct effect of GLV on JA, SA, and
VOC production in plants, and the second to determine the
effect of GLV treatment on subsequent plant response to
wounding and treatment with caterpillar regurgitant. To mea-
sure the short-term production of JA and SA, intact corn plants
(receiver plants) were exposed to various volatiles in 6-l Plexiglas
cylinders. After 0, 30, 60, and 180 min, the intact receiver plants
were removed from the chamber and the leaves frozen in liquid
nitrogen for further analysis. For short-term exposure to GLV
vapors, 2 g of cut-leaf material from 2- to 3-wk-old corn plants
was placed on a small dish and added to the chamber with the
receiver corn plant. Control plants were held in the chambers for
equal periods of time in ambient air. For induction with synthetic
compounds, 20 �g of (Z)-3-HAL, (Z)-3-HOL, (Z)-3-HAC, or
cis jasmone (17) (dissolved in dichloromethane, 1 �g��l), was
pipetted onto a cotton ball in the Plexiglas cylinder. Controls
consisted of a plant in a chamber with 20 �l of pure dichlo-
romethane or 20 �g of triacetin in dichloromethane [for treat-
ments with (Z)-3-HAL)] on a cotton ball. For short-term
exposure to caterpillar-induced volatiles (CIV) emitted from
neighboring infested plants, 2-wk-old intact corn plants held in
200-ml glass tubes were infested with 20–25 BAW caterpillars
(late first to early second instar) in the morning. After 5 h, each
glass tube with a caterpillar-infested corn plant (source plant)
was connected by Teflon tubing (i.d. 5 mm) to a 6-liter Plexiglas
cylinder containing an intact receiver plant. A vacuum was
attached to each Plexiglas cylinder, and fresh charcoal-purified
air was pulled at �200 ml�min over the infested plant and then
through the Plexiglas cylinder to allow the entrained nocturnal
volatiles to flow over the intact plants. As a control, uninfested
corn seedlings were used as source plants.

A second control was performed by using CRE-induced corn
plants as a source for VOC. Plants were induced through
application of 5 �l of CRE on one wounded site on each leaf
(three leaves total) and then transferred to the 200-ml (vol) glass
tubes. After 5 h, the tubes were connected to the 6-l Plexiglas
cylinders with the receiver plants as described above for CIV.

For overnight exposure to GLV, cut corn leaf material was
added to the 200-ml glass cylinder, and GLV was drawn over the
receiver plants in 6-liter cylinders at 200 ml�min, as described
above. In the controls, the 200-ml cylinders were empty. For
induction with synthetic compounds, 20 �g of (Z)-3-HAL,
(Z)-3-HOL, or (Z)-3-HAC (dissolved in dichloromethane, 1
�g��l) was pipetted onto a cotton ball in the Plexiglas cylinder.
For controls, 20 �l of dichloromethane was added to the cotton
ball. Corn plants were exposed to CIV overnight (15 h) in the
same manner described for short-term exposure to CIV (see
above).

For induction with CRE, intact corn plants were exposed to
GLV, CIV, or the respective synthetic chemical overnight, as
described above. After 15 h, plants were removed from Plexiglas
cylinders. An area of �2 � 10 mm on the third leaf of each plant
was scratched with a razor blade and 5 �l of CRE from BAW
immediately added to the wounded site. For controls, buffer only
was added to the wounded site. Plants were harvested 0, 30, 60,
and 180 min after application of CRE, and JA and SA quantified
(see below). In a separate experiment, VOC were collected from
plants exposed to GLV, CIV, and synthetic compounds over-
night and then treated with CRE (see below).

To estimate the amount of each compound in the volatiles to
which the corn plants were exposed (Table 1), a Super Q
filter-trap (Alltech Associates) was connected to the down-
stream side of the Plexiglas cylinders containing the treated

plants, and air was drawn through the trap at 200 ml�min for
various periods of time, depending on the experiment. VOC
were eluted from the trap with dichloromethane, nonyl acetate
added as an internal standard, and samples were analyzed by GC
and GC�MS (3). The identity of each compound was confirmed
by comparison of retention times and mass spectra with those of
authentic chemicals, and quantities were determined by com-
parison of peak areas with peak area of internal standard. The
average amounts of GLV released from the cut-leaf material and
after caterpillar damage are shown in Table 1.

Quantification of JA and SA. Extraction and quantification were
performed as described (18, 19). In brief, plant tissues were
frozen in liquid N2, and �100 mg of each sample was transferred
to 2-ml screw-cap FastPrep tubes (Qbiogene, Carlsbad, CA)
containing 1 g of Zirmil beads (1.1 mm; SEPR Ceramic Beads
and Powders, Mountainside, NJ). Dihydro JA and [2H6]SA (100
ng) were added to the 2-ml tubes before sample addition. The
samples were mixed with 300 �l of 1-propanol�H2O�HCl
(2:1:0.002) and shaken for 30 s in a FastPrep FP 120 tissue
homogenizer (Qbiogene). Dichloromethane (1 ml) was added to
each sample, reshaken for 10 s in the homogenizer, and centri-
fuged at 11,300 � g for 30 s. The bottom dichloromethane�1-
propanol layer was then transferred to a 4-ml glass screw-cap
vial, with care taken to avoid transfer of the upper aqueous layer.
The organic phase was evaporated by a constant airstream and
100 �l of diethyl ether�methanol (9:1, vol�vol) added. Carbox-
ylic acids were converted into methyl esters by the addition of 2
�l of a 2.0 M solution of trimethylsilyldiazomethane in hexane.
The vials were then capped, vortexed, and allowed to sit at room
temperature for 30 min. Excess trimethylsilyldiazomethane was
then destroyed by adding an equivalent molar amount of acetic
acid to each sample.

Volatile metabolites were separated from the complex mixture
by vapor-phase extraction as described in ref. 19. The trapped
volatiles were then eluted with 150 �l of dichloromethane and
analyzed by chemical ionization-GC�MS (19).

Analysis of Released VOC. Plants exposed to GLV, CIV, and pure
synthetic compounds overnight (15 h) were transferred to 200-ml
glass cylinders and VOC collected for 1 h without further
treatment. In a second experiment, intact corn plants were
exposed overnight as described above. After 15 h, plants were
removed from the Plexiglas incubation chamber and induced
with CRE as described above. Plants were subsequently trans-
ferred to the 200-ml glass cylinder, and VOC were collected for
1-h periods beginning 30 min after induction. Between sequen-
tial volatile collections from the same plant, there was a 30-min
delay, during which the plant was watered. Volatiles were
collected by pulling purified air at 200 ml�min over the plants
and through Super Q filter traps. Analysis of the trapped VOC
was performed as described in ref. 3. The amounts of linalool,

Table 1. Amount of GLV (in ng) released by source plants
upstream from receiver plants during periods of treatment

CIV GLV Control

30 min Z-3-HAL 356 � 95 4,872 � 633 ND
Z-3-HOL 108 � 53 2,736 � 546 ND
Z-3-HAC 595 � 569 3,720 � 1,052 ND

Overnight Z-3-HAL 2,177 � 470 653 � 339 44 � 37
Z-3-HOL 1,210 � 128 3,137 � 245 44 � 30
Z-3-HAC 3,540 � 833 4,102 � 663 207 � 184

Data are from caterpillar-infested corn plants (CIV), cut leaf material (GLV),
and control plants during the 30-min and overnight incubation period. Data
represent mean � SD (n � 4). ND, not detected.

1782 � www.pnas.org�cgi�doi�10.1073�pnas.0308037100 Engelberth et al.
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4,8-dimethylnona-1,3,7-triene, �-caryophyllene, bergamotene,
and �-farnesene emitted by the plants during the volatile col-
lection period were measured and summed to obtain an estimate
of total volatiles.

Statistical Analysis. At least three replicates of all experiments
were conducted. Data were analyzed for significance with t test
(P � 0.05). Treatments were compared to appropriate controls.

Results
GLV Induce JA Production and Volatile Emission. When we exposed
intact hydroponically grown corn seedlings to wound-induced
GLV by adding cut-leaf material to the incubation chamber, JA
was induced transiently, reaching a maximum [52 ng�g fresh
weight (FW)] 30 min after exposure (Fig. 1A). This initial burst
of JA declined rapidly and reached the baseline levels of
untreated control plants after 2–3 h (9 ng�g FW; control 8 ng�g
FW). The analysis of the released GLV revealed that predom-
inantly the (Z)-3-isomers were released after wounding and
caterpillar infestation. When individual seedlings in incubation
chambers were exposed to the vapors of (Z)-3-HAL, (Z)-3-

HOL, (Z)-3-HAC, or cis jasmone, evaporated from cotton balls
in concentrations comparable to those released by cut-leaf
material, all C6 compounds tested induced JA in comparable
amounts (45–56 ng�g FW JA, compared to 4 ng�g FW in the
control plants; Fig. 1B). Higher concentrations of synthetic
compounds did not elevate the amount of induced JA signifi-
cantly above this level but maintained it over a longer period
(Fig. 1A). Synthetic compounds were still active at concentra-
tions as low as 3 nM in the gas phase, inducing 15–20 ng�g FW
of JA compared to 5 ng�g FW in control plants. Levels of
endogenous JA did not change in control plants and plants
treated with cis jasmone (17) (Fig. 1B). SA was not affected by
treatment with GLV.

In a second experiment, nocturnal VOCs from plants infested
with BAW, consisting predominantly of (Z)-3-HAL, (Z)-3-
HOL, and (Z)-3-HAC, were used as a source of naturally
released GLV. Importantly, plants exposed to these CIV also
exhibited an increase of JA after 30 min (38 ng�g FW; Fig. 1B),
although these plants received less GLV compared to those
plants exposed to cut-leaf material (Table 1). SA was again not
affected by this treatment, even with longer treatments of 8 h
(data not shown). To examine the relevance of GLV further,
CRE-induced volatiles (CREV), which contain only trace
amounts of GLV, were used to induce plants. CREV failed to
induce JA in receiver plants (Fig. 1B).

After overnight treatment of corn plants with either GLV or
pure C6 compounds, we observed the induction of small but
significant amounts of VOC compared to control plants (Fig.
1C). Overnight exposure of corn plants to CIV also resulted
in a slight stimulation of volatile release by receiver plants
(Fig. 1C).

GLV Pretreatment Enhances JA Production and Volatile Emission in
Response to Treatment with Caterpillar Regurgitant. To test the
priming hypothesis, corn plants were pretreated with either
wound-induced GLV, CIV, or synthetic C6 compounds over-
night (15 h), as described above. Then, CRE was applied to the
plants the next day as a mimic of actual caterpillar feeding. We
measured CRE-induced JA and the release of induced VOC as
indicators of the induction of defense responses. After overnight
exposure to GLV, CIV, and synthetic C6 compounds, the resting
levels of JA in these plants were the same as in the control plants
(8 ng�g FW). Thirty minutes after induction with CRE, the level
of endogenous JA rose in control plants to 96 ng�g FW, whereas
in GLV-pretreated plants, 190 ng�g FW were found (Fig. 2 A and
B). The level of JA in GLV-pretreated plants remained higher
over a period of 3 h but followed the same trend as JA in
CRE-induced control plants (Fig. 2A). The same effect was
observed for pretreatment with pure C6 compounds and CIV
(Fig. 2B). Surprisingly, wound-induced JA was not affected by
previous exposure of corn plants to GLV (Fig. 2C).

The consequences of GLV pretreatment were further dem-
onstrated by their effect on the release of VOC induced by
application of CRE. Corn plants exposed overnight to GLV,
CIV, and pure C6 compounds released VOC without further
treatment. However, this effect was significantly enhanced by
induction with CRE. The GLV-pretreated plants released �4 �g
of total VOC 4–6 h postinduction compared to 2.5 �g from
nonprimed control plants (Fig. 3A). The same effect was ob-
served for pretreatment with CIV (Fig. 3B) and pure C6
compounds (Fig. 3C). GLV-pretreated plants reached the max-
imum release rate of unprimed plants earlier and exhibited a
higher absolute release rate

Discussion
Our results clearly demonstrate a specific function for GLV in
priming the defenses of corn plants against herbivorous insects.
Both JA production, which is important to direct and indirect

Fig. 1. Effects of GLV, CIV, and pure C6 compounds on JA production and the
release of volatiles in intact corn plants. Error bars represent SD (n � 4). Data
were analyzed for significance with t test (*, P � 0.05; **, P � 0.01). (A)
Induction of JA in corn seedlings by GLV and 20 �g or 1 mg of (Z)-3-HAC in a
6-liter Plexiglas container. Corn plants were incubated for 0, 30, 60, and 180
min. Controls were treated the same way, except that no volatile compounds
were added to the incubation chambers. �, control; ‚, GLV-treated; �, �20
�g of (Z)-3-HAC; �, 1 mg of (Z)-3-HAC. Twenty micrograms of (Z)-3-HAC
corresponds to 30 nM maximum concentration in the gas phase, and 1 mg
corresponds to 1.66 �M maximum concentration in the gas phase. Data points
are connected by smoothed lines. (B) Black bars indicate levels of JA in intact
corn plants after 30-min exposure to volatiles from synthetic compounds
(Z)-3-HAL, (Z)-3-HOL, (Z)-3-HAC, or cis jasmone (20 �g each). White bars
indicate JA levels in corn plants after 30-min exposure to CIV, crude regurgi-
tant elicitor-induced volatiles (CREV), and control. Intact uninfested corn
plants were used as a source of volatiles in the controls. (C) Induction of VOC
after overnight exposure to GLV, synthetic C6 compounds, CIV, or controls, as
described above. The amounts of linalool, 4,8-dimethylnona-1,3,7-triene,
�-caryophyllene, bergamotene, and �-farnesene emitted by the plants during
the volatile collection period were measured and summed to obtain total
volatiles.

Engelberth et al. PNAS � February 10, 2004 � vol. 101 � no. 6 � 1783
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defenses, and VOC release in response to simulated herbivore
attack were significantly enhanced in plants previously exposed
to GLV. Furthermore, only elicitor-induced JA was affected,
whereas wound-induced production of JA remained unchanged.

GLV are important components of the VOC blends released
by plants as a defense against attacking insect herbivores (2, 3).
Moreover, unlike the induced emission of VOC like terpenes,
indole, and methyl salicylate, which may not be released for
hours after the beginning of herbivore damage, GLV are re-
leased almost immediately after wounding and the onset of
herbivory and are considered typical wound signals (8).

GLV have been described as inducers of defense-related
processes in various plant species; however, the signaling mech-
anisms involved were not clearly defined (11–13, 20). Further-
more, gene expression analysis indicated that a subset of de-
fense-related genes was induced after exposure to GLV, all of
which were related to JA action. JA, also first considered to be
a typical wound signal (7), plays an important role in the
activation of defensive functions in plants (7, 21, 22). The specific
attribute of exogenous GLV to induce JA in corn plants, as
shown herein, was the first indication of a possible mechanism
linking this highly volatile wound signal to defense responses.
The induction of subsets of defense-related genes (11, 12) might
reflect the relatively low and transient induction of JA after
exposure to GLV (compare Figs. 1A and 2A).

C6 compounds are known to induce the release of VOC in
tomato plants exposed to physiological concentrations (13), but
the response of these plants was lower compared to those
exposed to MeJA or actual insect herbivory. This coincides well
with our own findings. Corn plants exposed to GLV, CIV, or

pure C6 compounds also released significant amounts of VOC
compared to control plants. Comparing the total amounts of
released VOC after exposure to GLV with that induced by
application of CRE revealed that application of CRE induced
four to six times more VOC, although only one leaf was
damaged.

GLV may also mediate direct defense against insect pests.
Aphids feeding on potato plants depleted in HPL activity (23)
exhibited a 2-fold increase in fecundity compared to those
feeding on wild-type plants. Interestingly, in this example, the
plants did not show any phenotypic differences compared to
wild-type plants with regard to wound-induced gene expression,
further indicating a specific function of GLV in defense-related
processes rather than in the wound response. Together with our
own results, these examples demonstrate the capability of GLV
to affect plant defense responses against various threats in
different plant species. However, it is obvious that all these
responses are moderate compared to those after actual insect
herbivore damage and would provide only a very low level of
protection against attack by herbivorous insects. This led to the
question of whether the capability of GLV to induce JA and thus
JA-responsive defense-related genes is the primary function of
these compounds, or whether the rather modest induction of
defense-related processes primes the receiver plants against
pending attack.

Cost�benefit analyses demonstrate that maintaining a high
level of defense without being actually threatened negatively
affects plant performance (24, 25) and would make such a

Fig. 2. Effects of pretreatment with GLV and pure chemicals on subsequent
CRE- or wound-induced JA. Error bars represent SD (n � 4). Data for induction
of JA by application of CRE (with or without previous exposure to GLV) were
analyzed for significance with t test (*, P � 0.05; **, P � 0.01). (A) Induction of
JA after application of CRE to GLV-pretreated intact corn plants. �, GLV plus
CRE; �, control plus CRE; ‚, control. Data points are connected by smoothed
lines. (B) Effects of overnight exposure to synthetic chemicals on CRE-induced
JA in intact corn plants. JA was quantified from leaf tissue 30 min after
application of CRE. (C) Effects of GLV, CIV, and pure C6 compounds on
wound-induced JA. Corn plants were exposed to synthetic C6 compounds,
GLV, CIV, and the respective control for 15 h. One leaf then was wounded with
a razor blade, and JA was quantified after 30 min.

Fig. 3. Effects of pretreatment with GLV, pure chemicals, and CIV on
subsequent CRE-induced volatiles. Error bars represent SD (n � 4). Data were
analyzed for significance with t test (*, P � 0.05; **, P � 0.01). After induction
with CRE, volatiles were collected during the period of maximum release rate
(4–5 h after induction). Note that experiments were done with different
batches of plants and CRE and at different times of the year. (A) Induction of
volatiles by CRE in corn seedlings after overnight exposure to GLV. �, GLV plus
CRE; �, control plus CRE. Data points are connected by smoothed lines. (B)
Induction of volatiles by CRE in corn seedlings after overnight exposure to CIV.
�, CIV plus CRE; �, control plus CRE. Data points are connected by smoothed
lines. (C) Induction of volatiles by CRE in corn seedlings after overnight
exposure to pure C6 compounds.

1784 � www.pnas.org�cgi�doi�10.1073�pnas.0308037100 Engelberth et al.
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mechanism beneficial only under conditions with a high prob-
ability of attack. However, priming by GLV provides a different
way of responding to the threat of insect herbivory. Defense-
related processes are turned on but incompletely compared to
actual herbivore damage (11, 12). More importantly, the plant
prepares, by a yet-unknown mechanism, to respond more in-
tensely when it is subsequently attacked, as demonstrated herein
for the induction of JA and release of VOC. In this way, the plant
avoids great biochemical investments, which would affect the
general physiology significantly unless actually attacked (24, 25).

A further, equally important aspect of priming is the specificity
of the signaling process. As mentioned previously, GLV induce
a subset of defense-related genes (11, 12) or cause the release of
VOC (13), all processes related to JA. However, in addition to
the induction of defense responses, JA is involved in various
developmental processes and responses to other environmental
factors in plants (21, 22). This raises the question of which JA
signaling processes are induced by GLV. In corn, there are at
least three different ways of inducing JA, all related to wounding
but different in their regulation. GLV induces JA transiently;
wounding also results in JA production; application of CRE on
wounded sites combines the wound response and an elicitor
response, resulting in higher amounts of induced JA. Priming
with GLV specifically promoted only the CRE-induced JA
production, whereas wound-induced JA or JA induced by a
second application of GLV after 15 h (data not shown) was not
affected. Furthermore, SA was never affected by any of the
treatments with GLV, giving further proof for the specificity of
the GLV signal in insect herbivore defense response.

The induction and release of VOC by plants as a response to
insect herbivore damage have been demonstrated to be an
effective defense strategy. Recruiting parasites and predators of
the herbivore (2, 3) as well as repelling female moths, thereby
avoiding egg deposition (4), helps the plant to reduce damage.

Additionally, parasitization of attacking insect herbivores in-
creased seed production in mature corn plants (26), demonstrat-
ing clearly the fitness benefits of this defense measure. It is
obvious that the effectiveness of this strategy strongly depends
on the timely release of a strong VOC signal. Priming corn plants
with GLV results in a faster and more intense release of these
VOC when induced with CRE and could give them a competitive
advantage over nonprimed plants.

Our results demonstrate that GLV induce defense responses
in neighboring plants via induction of JA followed by the release
of low levels of typical herbivore-induced VOC. Furthermore, a
specific priming of corn plants against subsequent insect herbi-
vore attack is initialized, allowing them to respond more rapidly
by enhanced JA production and an increased release of VOC
(26, 27). The principle of priming plants against pathogen
infections by chemicals that mimic endogenous defense-related
signaling compounds is well established (28). A comparable
mechanism has not been shown to date for priming against insect
herbivore attack.

A further indication for the specificity of this signaling is the
inactivity of other VOC in this system. However, other classes of
VOC have been demonstrated to be interplant defense signals in
other plant species (11, 29–31). The mechanism of priming may
benefit receiver plants by reducing investment in defenses until
the onset of actual herbivory. Thus, the effect of GLV is
far-reaching and influences both directly and indirectly the
entire tritrophic complex of plants, insect herbivores, and natural
enemies of the herbivores. Future research is now directed
toward the underlying molecular mechanism of this process in
plants.

We thank the two reviewers for helpful advice that significantly improved
the manuscript. This work was supported in part by a grant from the
Defense Advanced Research Project Agency.
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A previously unidentified class of compounds has been isolated
from the regurgitant of the grasshopper species Schistocerca
americana. These compounds (named here ‘‘caeliferins’’) are com-
posed of saturated and monounsaturated sulfated �-hydroxy fatty
acids in which the �-carbon is functionalized with either a sulfated
hydroxyl or a carboxyl conjugated to glycine via an amide bond.
The regurgitant contains a series of these compounds with fatty
acid chains of 15–20 carbons and in varying proportions. Of these,
the 16-carbon analogs are predominant and are also most active in
inducing release of volatile organic compounds when applied to
damaged leaves of corn seedlings. Caeliferins are nonlepidopteran
elicitors identified in insect herbivores. This adds a category of
insect herbivore-produced elicitors of plant responses, providing
further evidence of the ability of plants to detect and respond to
a broad range of insect herbivore-produced compounds.

American grasshopper � insect herbivory � regurgitant � caeliferin

Insect herbivory provokes direct defenses that impair herbivore
performance and induces plants to release volatile organic

compounds (VOC) that attract natural enemies of the herbi-
vores (1, 2). The composition of insect-induced VOC varies with
different species and even different varieties of plants (3, 4).
They are composed of components synthesized by several dif-
ferent biosynthetic pathways, including the lipoxygenase, shiki-
mate, and isoprenoid pathways (5). Induced VOC may be stored
in glands, as in cotton, and be released by herbivore damage to
the glands (5, 6). However, many plants, such as corn, release
VOC soon after herbivore-induced de novo biosynthesis. For
some plants, such as lima beans, mechanical damage is sufficient
to induce the release of substantial quantities of VOC (7, 8). In
most described cases, plants damaged by insect herbivores or
treated with regurgitant release greater quantities and/or dif-
ferent proportions of VOC than plants receiving only mechan-
ical damage (5, 9–17). Furthermore, specialist parasitoids can
distinguish volatiles induced by host larvae from volatiles in-
duced by nonhost larvae (18, 19). Thus, herbivore-produced
substances play a critical role in induction of plant defenses and
herbivore-specific volatile emissions.

The first identified nonenzymatic insect herbivore-produced
elicitor of plant volatiles was volicitin, N-(17-hydroxylinolenoyl)-
L-glutamine, isolated from the regurgitant of beet armyworm,
(20, 21). Subsequently, other analogous fatty acid–amino acid
conjugates have been identified from regurgitant of larvae of
several species of Lepidoptera (22–24). This class of elicitors
typically consists of linolenic, linoleic, and oleic acids obtained
from the diet or plant on which the larvae feed (25) or from their
17-hydroxy analogs conjugated with glutamine or glutamic acid.
Thus far, volicitin, N-linolenoyl-L-glutamine, and N-linolenoyl-
L-glutamate have been demonstrated to have significant activity
in inducing plants to produce and release VOC (21, 22). How-
ever, not all plants respond to these elicitors (8, 26). For example,

cow pea releases VOC when fed on by fall armyworm larvae, but
not when treated with fatty acid–amino acid elicitors. This
phenomenon led to the identification of a previously unidenti-
fied type of peptide elicitor in fall armyworm regurgitant,
derived by proteolysis from the chloroplastic ATP synthase of
the plant on which the herbivore feeds (26). Thus, Spodoptera
larvae produce at least two different types of elicitors, both
derived in part from the plant, that share similar activity, i.e.,
induced release of volatiles, but on different host plants of the
herbivores. Salivary enzymes of insect herbivores also may
influence plant defense responses (27). Therefore, complex
interactions between herbivore-produced enzymes and elicitors
are likely responsible for the specificity in the blend of VOC
released by plants attacked by Lepidoptera herbivores.

Corn seedlings fed on by the grasshopper Schistocerca Amer-
icana or treated with its regurgitant were previously found to
release VOC similar to that induced by caterpillar feeding or
regurgitant treatment (28). Here we describe the isolation,
identification, and synthesis of a previously unidentified class of
sulfated fatty acids found in regurgitant of S. americana and their
biological activity as elicitors of induced VOC in corn seedlings.

Results
Corn seedlings treated with 5 �l of S. americana regurgitant in
an excised plant bioassay emitted amounts of VOC equivalent to
emissions by seedlings treated with 100 pmol of volicitin or
seedlings exposed to grasshopper feeding for 2 h the previous
day. The VOC were composed of indole, monoterpenes, ses-
quiterpenes, and their 11- and 16-carbon homologs. However, no
N-acyl fatty acid-type elicitors could be detected in the grass-
hopper regurgitant by HPLC or liquid chromatography (LC)/MS
methods developed for analyses of Lepidoptera larvae regurgi-
tant (21) (data not shown).

No loss of regurgitant activity was found after protein pre-
cipitation. Activity was measured as the combined amount of
four induced terpenoids relative to the amount induced by crude
regurgitant. The most active regurgitant fraction eluted from a

Author contributions: H.T.A., J.H.T., E.A.S., and P.E.A.T. designed research; H.T.A., T.V.H.,
T.H.J., and D.C.B. performed research; H.T.A., T.H.J., D.C.B., and E.A.S. contributed new
reagents/analytic tools; H.T.A. analyzed data; and H.T.A., J.H.T., and P.E.A.T. wrote the
paper.

The authors declare no conflict of interest.

Abbreviations: amu, atomic mass unit; CI, chemical ionization; EI, electron impact; LC, liquid
chromatography; MW, molecular weight; VOC, volatile organic compounds.

†To whom correspondence may be addressed. E-mail: hans.alborn@ars.usda.gov or
jht2@psu.edu.

‡Present address: Department of Pharmaceutical Chemistry, University of Oslo, N-0316
Oslo, Norway.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0705947104/DC1.

© 2007 by The National Academy of Sciences of the USA

12976–12981 � PNAS � August 7, 2007 � vol. 104 � no. 32 www.pnas.org�cgi�doi�10.1073�pnas.0705947104

Copyright (2007) National Academy of Sciences, USA.

40_2008 Tumlinson.p65 06-Mar-09, 7:51 PM1087



1088 Wolf Prize in Agriculture

reverse-phase (C18) solid-phase extraction column with 50%
acetonitrile in water (water fraction, 4.6 � 1.4%; 50% acetoni-
trile, 101.8 � 20.3%, 100% acetonitrile, 15.1 � 5.4%; n � 8).
Further fractionation of the 50% acetonitrile solid-phase eluant
by reverse-phase C18 HPLC with an acidic mobile phase (Fig. 1A)
resulted in partial activity in the 13- to 14-min fraction and strong
activity in the 15- to 17-min fractions (Fig. 1B). No obvious peaks
corresponding to the activity could be seen in the UV trace at
200 nm or at higher wavelengths. The main active fraction (15–17
min) was further separated on the same column by using neutral
buffer and a modified gradient. This fraction now separated into
two active fractions (Fig. 1C), designated AF1 (13–14 min) and
AF2 (15–16 min). Reanalyzing AF1 on HPLC showed a peak
with what appeared to be a very low response factor at 200-nm
or lower wavelengths, whereas AF2 produced no detectable UV
response at any wavelength.

The isolated compounds were analyzed using negative and
positive ion electrospray LC/MS. In negative ion mode, both AF1
and AF2 gave very strong M-1 ions at m/z 445 and 447,
respectively (Fig. 2). They also gave strong double-charged ions
at m/z 222 and 223 (M-2)/2. Repeated daughter ion analyses [see
Analysis 1 in supporting information (SI) Text and Fig. 5] showed
that both compounds readily lost two 80 atomic mass units
(amu)-neutral fragments to give stable ions at m/z 285 and 287,
respectively. In positive ion mode, both compounds showed
three prominent ions 17 mass units apart (Fig. 2), indicating
ammonium salts of three acidic sites and confirming molecular
weights of 446 amu and 448 amu.

Chemical ionization GC/MS analyses (Analysis 2 in SI Text and
SI Fig. 6) of methanolysed AF1 gave (M � 1)� ions at m/z 301

and m/z 303 for AF2. This finding suggested methyl esters of the
same fragments as the (M-1)� ions at m/z 285 and 287 in the
LC/MS analyses (and the loss of two 80-amu groups during
methanolysis). An indicative fragmentation pattern in the elec-
tron impact (EI) spectra was the loss of �59, �18, and �18 amu
at m/z 241, 223, and 205, respectively, for AF1 (Analysis 3 in SI
Text and SI Fig. 7) and 243, 225, and 207, respectively, for AF2,
which indicated two alcohols and a carboxylic acid methylester
with the first alcohol in the position � to the acid. Cleavage � to
the COOCH3 gave the characteristic M-59 fragment. The strong
M-30 ion for AF2 at m/z 272 (and a weaker ion at m/z 270 for
AF1) indicated a long-range proton transfer to the carbonyl
followed by the loss of CH2O. Consequently, the second alcohol
was located on the �-carbon. On the basis of this information and
NMR analyses of intact AF1 and AF2, these compounds ap-
peared to be 2,16-dihydroxy C16 fatty acids with the addition of
two unknown 80-amu groups. The only difference between the
two compounds was the presence of a double bond in AF1,
explaining its weak UV absorption. To test the one double-bond
hypothesis, the AF1 methyl ester was subjected to hydrogena-
tion, which, as expected, gave a GC/MS peak identical to that of
the AF2 methyl ester. The presence of two alcohols was con-
firmed by acetylation that resulted in the expected increase in
molecular weight of 2 � 42 amu for both compounds (Analysis
2 in SI Text and SI Fig. 6). Finally, the presence of only one
carboxylic acid was confirmed by ethanolysis and chemical
ionization (CI) GC/MS analyses that, for both compounds, gave
an ethyl ester with M � 1 ions 14 amu higher than for the
corresponding methyl esters.

CI GC/MS analyses of ozonized acetylated AF1-methyl ester
gave 10-acetoxydecanal with an M � 1 ion at m/z 215 and a
compound with an M � 1 ion at m/z 203 containing a 6-carbon
chain with aldehyde and carboxyl methyl ester functions on the

Fig. 1. HPLC separation and bioassay results of collected fractions. (A)
Chromatographic trace (using 200-nm UV detection and pH 4.5 solvent) and
1-ml fraction collection of protein-precipitated and solid-phase extraction
(SPE)-purified S. Americana regurgitant. (B) Bioassay results (n � 20) of
combined fractions showing strong activity in the 15- to 17-min region and
some activity in the 13- to 14-min fraction. (C) Bioassay result (n � 12) of the
combined fractions 15–17 min from B after repeated HPLC. Separation was
achieved using a neutral (pH 7) solvent and a slow gradient. The active 13- to
14-min fraction was assigned active fraction 1 (AF1) and the 15- to 16-min
fraction was assigned AF2. The excised plant assay was used for all bioassays,
and the induced volatile release was normalized and analyzed statistically (P �
0.01) as described in Methods.

Fig. 2. Electro-spray LC/MS total negative ion trace of assigned active
fraction 1 (AF1) (A) and AF2 (B) (in Fig. 1C). Negative ion analyses gave a strong
(M-1)� ion at m/z 445 (MW 446 amu) for AF1 and (M-1)� ion at m/z 447 (MW
448 amu) for AF2. Both compounds gave strong double-charged ions (M-2)2�

at m/z 222 and m/z 223, respectively. Positive ion analyses gave three charac-
teristic ions at MZ 464, 481, and 498 for AF1 and at MZ 466, 483, and 499 for
AF2, indicating compounds with a MW of 446 and 448 amu containing three
acidic sites forming ammonium salts by the solvent buffer.

Alborn et al. PNAS � August 7, 2007 � vol. 104 � no. 32 � 12977
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opposite ends of the chain and an acetoxy � to the methyl ester.
Consequently, the double bond was located between carbon 6
and 7 in the 16-carbon chain.

The AF1 methyl ester was also analyzed by GC/FTIR. Two
weak absorptions at 3,643 and 3,568 cm�1 for AF1 confirmed two
nonidentical alcohols. Furthermore, absorption at 959 cm�1

indicated the presence of a trans double bond. NMR analysis of
the original intact AF1 (not subjected to methanolysis) gave 1H
at � � 4.45 ppm (broad), indicative of a proton on an alcohol-
substituted carbon � to a carboxylic acid, and 2H at � � 3.92
ppm, suggesting two protons on an alcohol-substituted �-carbon.
Two protons at � � 5.42 and 5.36 ppm, J15 Hz, indicated a trans
double bond for AF1. However, comparison with spectra of
commercial �-hydroxy and �-hydroxy palmitic acid indicated the
�- and �-protons did not have chemical shifts identical to the
comparable protons of AF1 and AF2, confirming that the two
substituents on AF1 could not be simple alcohols. Furthermore,
the NMR analyses did not indicate the presence of any other
organic structure than a di-O(H) substituted C16 fatty acid.
There was also no indication of phosphate. However, sulfate
esters would explain the consecutive loss of 80 amu in LC/MS
analyses [loss of two SO3; molecular weight (MW), 80 amu] as
well as the presence of three acidic sites (two sulfates, one
carboxylic acid) and the water solubility of the natural products.
The most likely candidates for AF1 and AF2 were therefore
2,16-disulfooxy-E6-hexadecenoic acid and 2,16-disulfooxyhexa-
decanoic acid shown in Fig. 3, which we named caeliferin A16:1
and caeliferin A16:0, respectively.

Both proposed (racemic forms of) dihydroxy acids were
synthesized and transformed to disulfate esters (Analysis 4 in SI
Text and SI Fig. 8). The synthetic versions of caeliferin A16:1 and
A16:0 were analyzed by HPLC, LC/MS, NMR, and, after
derivatizing, EI and CI GC/MS and shown to be identical to the
natural products. Synthetic and natural products were purified
on HPLC and bioassayed (n � 16) at their respective regurgitant
concentration (4 nmol/�l for A16:0 and 100 pmol/�l for A16:1)
by using the intact plant assay, which is a better mimic of natural
damage than the excised plant assay (29). It also required less
material per bioassay [0.5-�l regurgitant equivalents (MRE) per
seedling]. The bioassay showed none of the treatments to be
significantly different from the crude regurgitant treatment.

Natural and synthetic caeliferin A16:1 gave a relative response
of 82 � 14% versus 87 � 14%, and caeliferin A 16:0 gave 86 �
17% and 100 � 19%, respectively. However, all treatments were
significantly different (P � 0.01) from the buffer control with a
relative response of 23 � 2%. Although it appears chirality is not
critical for the biological activity, this will still be addressed in an
improved synthesis. Preliminary data indicated that the activity
is reduced as the number of sulfates on synthetic caeliferin A16:0
is reduced. However, this could also have been the result of a
diminishing solubility in water.

The initial bioassays during isolation and purification indi-
cated that there might be related, but less-active compounds
present in the regurgitant (Fig. 1). This was confirmed by LC/MS
analyses of the supernatant after precipitation of protein from
crude regurgitant (Fig. 4A). Both C17 and C18 (as well as traces
of C15, C19, and C20) versions of caeliferin A16:0 were found, with
C17 predominant over C18, although there appeared to be only
the C16 version of caeliferin A16:1 at detectable amounts. There
was also a set of related but different analogs. Of those, peak 4
in Fig. 4A, with a molecular weight of 439 amu, was the most
likely compound responsible for the weak activity in fraction
13–14 in Fig. 1B. Sequential daughter ion analyses of this peak
revealed only one sulfate to be present. GC/MS analyses of the
methyl ester gave a MW of 330 amu, whereas the ethyl ester gave
a MW of 358 amu (330 � 2 � 14), indicating a diethyl ester. The
acetylated dimethyl ester had a MW of 372 amu (330 � 42),
showing the addition of one acetate as expected. EI spectra of
the dimethyl ester gave a clear M-59 ion at m/z 271 (M-
COOCH3). Thus, peak 4 appeared to be �-sulfooxy hexade-
canedioic acid with a calculated molecular weight of 382 amu.
However, that is 57 mass units less than the MW given by the
LC/MS analyses and indicated the presence of nitrogen. Com-
pound 4 was therefore subjected to a mild methyl ester/acetate
procedure especially suitable for compounds containing amino
acids (20, 30). GC/MS analysis with on-column injection of the

Fig. 3. The structures of caeliferin A16:1, and A16:0 and caeliferin B16:1 and
B16:0. The H-NMR chemical shifts were obtained for isolated natural com-
pounds dissolved in D2O. Caeliferin A16:1 � (E)-2,16 disulfooxy-6-hexadecenoic
acid; caeliferin A16:0 � 2,16 disulfooxyhexadecanoic acid; caeliferin B16:1 �
N-[(E)-15-sulfooxy,15-carboxy-10-pentadecenoyl] glycine; and caeliferin
B16:0 � N-(15-sulfooxy,15-carboxy pentadecanoyl) glycine.

Fig. 4. Negative ion LC/MS separation and bioassay results of collected
fractions. (A) Total ion trace of regurgitant from laboratory-reared S. Amer-
icana. The numbers indicate fractions that were collected for intact plant
bioassays. Fraction 2, caeliferin B16:1; fraction 4, caeliferin B16:0; fraction 7,
caeliferin A16:1; fraction 9, caeliferin A16:0; fraction 10, caeliferin A17:0; and
fraction 11, caeliferin A18:0. (B) Normalized result of intact seedling bioassay
at natural relative concentrations (0.5-�l regurgitant equivalents), n � 12. (C)
Bioassay of selected fractions with all of the concentrations adjusted to that
of caeliferin A16:1 (100 pmol in 0.5-�l regurgitant equivalents). Different
letters indicate significant differences (P � 0.01).

12978 � www.pnas.org�cgi�doi�10.1073�pnas.0705947104 Alborn et al.

40_2008 Tumlinson.p65 06-Mar-09, 7:51 PM1089



1090 Wolf Prize in Agriculture

product resulted in three peaks; the mono-acetylated dimethyl
ester of the complete compound (minus the sulfate) with a MW
of 429, the acetylated methyl ester seen before with a MW of 372
and finally the acetylated methyl ester of glycine (MW 131),
giving the final structure of caeliferin B16:0 in Fig. 3. Also,
homologs with C17 and C18 fatty acid chains (with traces of C15
and C19) were found in analogy with caeliferin A16:0. There
were also traces of an unsaturated version of caeliferin B16:0
(peak 1–3 in Fig. 4A), consequently named caeliferin B16:1 (Fig.
3). Proton NMR analysis of fraction 4 showed the same single
proton at a substituted carbon � to a carboxylic acid (� � 4.45
ppm) (broad) but, as expected, with no indication that an
alcohol-substituted �-carbon was present. However, the two
protons at � � 2.14 ppm confirmed the amide, and finally a
singlet with 2 protons at � � 3.62 ppm confirmed the presence
of glycine.

LC/MS made it possible to collect and bioassay the identified
caeliferins and several of the related peaks in Fig. 4A. However,
the LC/MS trace could not be used for quantitative estimates due
to different response factors for caeliferin A and B. Therefore
the absolute amount of the collected compounds in each fraction
was established by derivatization and GC analysis. In the first
intact plant bioassay, we used the same regurgitant equivalents
(0.5 �l) for each fraction tested, maintaining their natural
relative concentrations (as in Fig. 1). The results (Fig. 4B) were
also very comparable to the earlier results. Caeliferin A16:1 is
naturally only a minor component (�200 pmol/�l) compared
with caeliferin A16:0 (�4 nmol/�l) and B16:0 (�500 pmol/�l).
In a second assay (Fig. 4C) we bioassayed the major compounds
at the same concentration (100 pmol per seedling). In this
experiment caeliferin A16:1 was significantly more active than
any other component, including caeliferin A16:0. The latter was
now approximately as active as its C17 and C18 analogs and
caeliferin B16:0.

Discussion
We report a new class of insect herbivore-produced plant volatile
elicitors with strikingly different chemical structures than those
previously described. Yet, the basic moiety of these structures is
a fatty acid, such as the fatty acid–amino acid conjugates of the
Lepidopteran elicitors, although the most active, as well as the
most abundant, compounds from S. americana have 16- rather
than 18-carbon chains. Preliminary analyses of regurgitant col-
lected from several other species of Orthoptera indicates that the
caeliferins may be present in most, if not all grasshoppers,
members of the suborder Caelifera, but not in crickets or
katydids in suborder Ensifera. This was the basis for naming
these new compounds caeliferins. Interestingly, regurgitant of at
least some crickets (31) and katydids (unpublished data) contain
fatty acid amides, although we have not been able to find even
traces of these in grasshopper regurgitant.

In the Lepidoptera, the fatty acid moiety of the elicitors is
derived from the diet on which the larvae feed (25), and variation
in proportions of dietary fatty acids results in similar changes in
proportions of the corresponding elicitors (32). The composition
of the regurgitant of laboratory-reared S. americana is very
consistent and does not change with diet or maturing of the
insect (data not shown). However, regurgitant from field-
collected insects can contain up to 5-fold more of caeliferin
A16:1, as well as more of the glycine-containing caeliferin B16:1
and B16:0 than laboratory-reared insects. Furthermore, the
regurgitant composition in wild grasshoppers will change into
laboratory-reared proportions within a week of caging in the
laboratory, independent of what diet the insects are fed.
Whether this is diet-related or due to other factors, such as
crowding, is not yet known. The origin, or precursors of the S.
americana elicitors is not known. On the basis of the natural
preference for even carbon chain lengths, we would have ex-

pected C16 and C18 to dominate over C17 and, if the origin was
plant lipids, then we would expect more C18 than C16 and also
double bonds to be cis. However, in S. americana regurgitant, the
relative abundance of caeliferin A16:0, A17:0, and A18:0 is
�30:5:1, and the double bond in caeliferin A16:1 is trans. We
have not found hydroxylation at any but the 2 and 16 positions.
The 2-hydroxylation might explain the unusual lengths in carbon
chains as the first step in a one-carbon chain-shortening se-
quence. Furthermore, the �-hydroxyl might be the result of
enzymatic reduction of an amide precursor (caeliferin B). How-
ever, that still leaves us with a unique and unknown precursor.
It appears that all caeliferins in all species investigated are totally
sulfated in the pH 5 regurgitant, whereas alkaline or stronger
acid conditions result in partially or completely desulfated
compounds.

The range of biological activity and function of caeliferins in
grasshoppers is not fully understood. Sulfated compounds, for
example, glycosaminoglycans, and proteins, have been found in
insect ovaries, eggs, and fat bodies (33–35). The hydrophilic
sulfate groups make caeliferins especially useful in bridging
lipids and water, and as such they may function in digestion.
Additionally, they may also be an important part of chemical
defense, because grasshoppers regurgitate copious amounts of
frothy secretions as a defense against attack. Indeed, investiga-
tions (36–38) have shown that both compounds from host plants
and insect produced water-soluble components of the regurgi-
tant have deterrent activity (36). Although the deterrent effect
of caeliferins remains to be tested, it is probable that the
emulsifying properties are important in aiding the water-based
regurgitant to carry lipophillic toxic compounds.

It has been well demonstrated that induced plant volatiles play
a role in attracting natural enemies of Lepidopteran herbivores,
but there is no behavioral evidence that we are aware of that
indicates this occurs for grasshoppers. Jasmonic acid signaling is
a key player in induced plant response to wounding and feeding
damage. Recently it has been shown that a sulfotransferase in
Arabidopsis thaliana inactivates 12-hydroxyjasmonate by trans-
forming it to its corresponding sulfate (39). Caeliferins might
interact with this system, but at this stage we don’t know the full
range of activity of caeliferins on plants and signal cascades.

It has been reported that S. americana avoids diet with added
monoterpenoids (40). We know, from electroantennogram ex-
periments, that S. americana detects most of the volatile com-
pounds released by induced corn seedlings. It is therefore likely
that, under natural conditions, the solitary S. americana will stop
feeding on and even avoid induced plants. Thus, the plants will
directly benefit from the release of VOC in response to grass-
hopper feeding and caeliferins. Most of the time the American
grasshopper lives a solitary life, but occasionally they transform
into a gregarious stage, for example, when crowded. At that
stage, plant volatiles could aid in aggregation. Caging will
transform wild, solitary, nymphal as well as adult S. americana
from solitary to gregarious stage, with the typical change in
coloration occurring within a few days. This has so far made it
difficult to study changes in behavior, including their response to
induced plant volatiles. This physical change occurs in parallel
with the change in caeliferin composition, mentioned earlier.

S. americana feeds on a broad range of plants (41). There is
now evidence for dramatic variation in the response, or lack of
response, to volicitin- and inceptin-types of elicitors from Lep-
idopteran larvae among plant species (26). It is an intriguing
possibility that analogs of caeliferin A and B have different levels
of activity on the wide variety of host plants of S. americana or
even on different varieties of the same species of plants.

Induced release of volatiles is just one of many levels of
defense against phytophagous insects, and it would be surprising
if the known elicitors do not also trigger nonvolatile defenses. An
investigation of the activity of these elicitors on several plant
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species in inducing volatile emission, as well as increased levels
of jasmonic acid and other plant hormones. The discovery of
caeliferins provides new biological tools and directions to ex-
plore the physiological ecology and interactions of insects and
plants.

Materials and Methods
Insect Rearing. S. americana were either obtained from a colony
maintained at the Department of Entomology and Nematology
at the University of Florida or field-collected in Gainesville, FL.
The insects were fed lettuce, wheat, or corn leaves and kept in
cages in a temperature-controlled greenhouse (25°C during the
day/20°C during the night) with natural light, supported by a
mixture of high-pressure sodium and metal halide lamps (400W
Lucalox; GE, Piscataway, NJ) to provide 14 h of day/10 h of
night. To facilitate reproduction and egg laying, cups with moist
vermiculite were kept in the cages.

Plants. All plants were grown in 1-gallon containers (Miracle
Grow no. 92695 potting soil fertilized with 1 teaspoon of
Osmocote 14-14-14; Scotts-Sierra Horticulture, Marysville,
OH). Feed corn variety Delprim (Delley Seeds and Plants,
Delley, Switzerland) was planted 10 seeds per pot and main-
tained on a 12-h dark and 12-h light cycle. One week after
germination, the number of seedlings per pot were either
reduced to six of uniform size for the cut stem bioassay or
transferred to hydroponic chambers (18). The light intensity was
305 �mol�m�2�S�1 of photosynthetically active radiation sup-
plied by a mixture of high-pressure sodium and metal halide
lamps (400W GE Lucalox) at the top of the plant canopy with
day/night temperatures at 25°C/20°C, respectively. The relative
humidity ranged from 60% to 70%. For both bioassays, 10- to
12-day-old seedlings that contained three to four leaves were
used for treatments and volatile collections.

Plant Bioassay. For both bioassays, plants were treated �2 h into
the scotophase and incubated for �16–17 h on the same
day/night schedule under which they were grown but with
reduced daytime light (2,000 lux) before volatile collection.

Excised Plant. At the time of treatment, the corn seedlings were
cut off near the base of the stem with a razor blade, and the cut
end was immediately immersed in 600 �l of 50 mM Na2HPO4
buffer (pH 8) (control) or a test solution in 600 �l of the same
buffer, contained in a 1.5-ml vial. Five-microliter regurgitant
equivalents (MRE) of the crude regurgitant or subsequent
fractions thereof were used to treat each seedling in all bioassays.
After incubation, the stem of each plant was recut, wrapped in
wet cotton, and placed in a glass volatile collection chamber, and
volatiles were collected as described below.

Intact Plant. At the time of treatment the two oldest leaves of
individual plants each received two superficial damage sites by
scratching the surface (2 mm � 10 mm) with a razor blade
approximately equidistant between the base and tip of the leaf
(29). Immediately after damage, 5 �l of the same buffer solution
as above containing 0.5-�l regurgitant equivalents (MRE) was
applied evenly to the four damage sites. The plants remained in
their hydroponic solution during incubation and then were
removed from their container, their roots were gently wrapped
in soft tissue and dipped in hydroponic solution, the seedlings
were placed in the volatile collection chambers, and volatiles
were collected as described below.

Volatile Collections. Volatile chambers (30 cm long � 4 cm i.d.)
were placed under the same type and intensity of light as used
in rearing and volatiles, were collected on Super Q 80/100
(catalog no. 2735; Alltech Associates, Deerfield, IL) as described

in refs. 22 and 28, and were analyzed by gas chromatography
(Analysis 5 in SI Text and SI Fig. 9). Volatiles were collected for
2 h for the cut-stem assays and for 1 h for the intact-plant assays.
The response by the plant to each test sample was measured as
the combined amount of four induced terpenoids: E-�-
caryophyllene, E-�-bergamotene, �-humulene, and E-�-
farnesene. Although several more volatile components are
released by Delprim cultivar in response to insect herbivory (5),
these four components show the strongest induced response. All
bioassays also included positive controls (0.5 or 5 �l of crude
regurgitant, depending on bioassay) and a negative control
(buffer only). All samples were replicated three to four times
within each bioassay and each bioassay was repeated three to
four times (giving a minimum total of n � 9 per treatment). To
reduce the variation in response between bioassays, a correlation
factor was calculated for each bioassay to give the mean release
of induced volatiles for the regurgitant treatments a response of
100. The correlation factor was then used for all samples within
that bioassay. Data were analyzed using a Tukey pairwise
multiple comparison test.

Collection and Initial Fractionation of Regurgitant. Regurgitant was
collected from both wild and laboratory-reared nymphs and
adults as described earlier for Lepidoptera caterpillars (22). The
regurgitant was diluted 50:50 with acetonitrile, centrifuged at
16,000 � g for 15 min to remove precipitated proteins, and then
filtered through 0.45- and 0.22-�m sterilizing membranes. The
supernatant was concentrated to original volume by a gentle
stream of N2 and stored at �70°C until used. A C18 solid-phase
extraction column (mega bond elute; Waters, Milford, MA) was
activated by eluting with 40 ml of acetonitrile and then with 40
ml of water. Two milliliters of concentrated supernatant was
added to the top of the column and separated into three fractions
by eluting with 20 ml of water, followed by 20 ml of 50:50
water:acetonitrile and then by 20 ml of acetonitrile with gravity
flow. Each fraction was concentrated to the original volume
before bioassaying.

HPLC Purification. The active 50% acetonitrile-water fraction was
further fractionated by HPLC under acidic conditions (AS3500
Autosampler, Constametric 4100 Pump, and Spectromonitor
3200 variable wavelength detector; Thermo Separation Prod-
ucts, Riviera Beach, FL), while monitoring UV absorption at 220
nm. With the temperature maintained at 60°C, a C18 reverse-
phase column (ODS-AMQ, S-5 �m, 200 A, 250 � 4.6 mm i.d.;
YMC, Kyoto, Japan) was eluted with a solvent gradient (1.0
ml/min) of 10–70% acetonitrile in water for 20 min followed by
70% acetonitrile for 10 min., with both solvents containing 1 mM
NH4Ac:AcOH buffer, pH 4.5 [acetic acid (Aldrich, Milwaukee,
WI), acetonitrile UV (B & J Brand High Purity Solvent,
Muskegon, MI), and water (Milli-Q UV Plus System; Millipore,
Bedford, MA)]. Combined fractions from several repeated
separations were evaporated under vacuum to near dryness and
desalted on activated C18 solid-phase extraction columns (SPE
C18; J.T. Baker, Phillipsburg, NJ) that were rinsed with 2 ml of
water, followed by 2 ml of 50% acetonitrile in water. The latter
fraction was reduced to dryness and redissolved in bioassay
buffer (50 mM phosphate buffer, pH 8) before bioassaying.

The most active fractions from the first HPLC separation were
combined and further fractionated by a modified solvent gradi-
ent and neutral conditions by using the same column and system
as above with UV absorption monitored at 210 nm. The column
was eluted with a solvent gradient (1.0 ml/min) of 15–60%
acetonitrile in water in 20 min followed by 60% acetonitrile for
10 min, with both solvents containing 5 mM NH4Ac buffer, pH
7.0. Two-minute fractions were collected and desalted as de-
scribed above before bioassaying.

12980 � www.pnas.org�cgi�doi�10.1073�pnas.0705947104 Alborn et al.
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LC/MS Conditions. A Thermo Finnigan LCQ Deca XP Max was
used with electro spray ionization (sheet gas, 30 arbitrary units;
sweep gas, 5 arbitrary units; spray voltage, 5.00 kV; capillary
temperature 275°C; and capillary voltage, 3.0 V). The Thermo
Separations spectra HPLC system consisted of a quaternary
pump P4000, autosampler AS 3000, and diode array detector
UV6000. The tertiary solvents consisted of (i) methanol with
0.05% formic acid, (ii) water with 10 mM ammonium formate,
and (iii) 90% acetonitrile/10% water with 10 mM ammonium
formate. With the column temperature maintained at 60°C and
a solvent flow of 1.0 ml/min, the C18 column (ODS-AMQ, S-5
�m, 200 A, 250 � 4.6 mm i.d.; YMC) was eluted with a solvent
composition starting with 4:90:6 (i:ii:iii) for 1 min, followed by a
gradient to 4:50:30 in 13 min and a fast ramping to 4:0:96 in 2 min
and was then kept at that composition for 5 min. UV absorption
was monitored at 190–400 nm, and the solvent flow between the
UV detector and MS electro spray interface was split 9:1 with a
low-volume micro needle valve splitter P450 (Upchurch Scien-
tific, Oak Harbor, WA) making it possible to obtain spectra of
eluted compounds and simultaneously collect 90% of the in-
jected material for bioassaying.

GC/MS Conditions. Derivatized samples were analyzed by GC/MS
(6,890/5,973 GC/MS; Agilent, Palo Alto, CA) in both EI and
isobutane CI mode. Samples were injected in the splitless mode
at 220°C or with cold on-column. The methyl silicone column,
(HP1, 30 m � 0.25 mm i.d. � 0.1-�m film thickness; Agilent) was
kept at 40°C for 1 min and was then temperature programmed
at 10°C/min to 260°C. The He carrier gas flow rate was 30 cm/sec
(constant flow), and the transfer line temperature was 250°C.
The ion source temperature was 220°C in EI mode and 250°C in
CI mode.

Derivatizations for GC/MS. For methanolysis and ethanolysis 10 �l
of regurgitant supernatant after protein precipitation, or the

same amount of regurgitant equivalents of HPLC fraction, was
added to a vial and evaporated to dryness with N2. Two hundred
microliters of dry methanol/HCl (10:1) or ethanol/HCl was
added, and the sealed vial was heated to 100°C for 30 min. The
mixture was allowed to cool to room temperature, 500 �l of
methylene chloride was added, and the solution was extracted
twice with 500 �l of water. The organic phase was evaporated to
dryness with N2, and 500 �l of fresh methylene chloride was
added for GC/MS analyses.

For acetylation, 20 �l of acetyl chloride was added to the above
solution, which then was heated to 90°C for 30 min. The solution
was then extracted three times with water before GC/MS
analyses.

HPLC fractions derivatized for GC/MS analyses (acetylated
methanolysis products) were ozonized as described in refs. 20
and 42 and analyzed by GC/MS by using on-column injection.

Double bonds were reduced by gently drying methylene
chloride solutions of acetylated methylesters of pure HPLC
fractions with N2 and redissolving in ethyl acetate. A few grains
of Pd on carbon were added, H2 was gently bubbled through the
solution for 1 h, and the solution analyzed on GC/MS.

NMR Analyses. 1H NMR spectra were obtained with Varian (Palo
Alto, CA) Unity 600 and Bruker (Billerica, MA) Avance 500
instruments by using a Wilmad (Buena, NY) 520 1A microbore
tube. Samples were dissolved in D2O, and 1H NMR chemical
shifts are reported with respect to internal tetramethylsilane.
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comprehensive coverage of  this subject. The incumbent also authored the

introductory and co-authored the summary and conclusion chapters.

- Selected to serve on a National Academy of Science delegation of Biological

Control Specialists to visit and exchange Biological Control Technology with the

People’s Republic of China, 1982.

SELECTED INVITATIONAL PRESENTATIONS FROM RECENT YEARS:

“Foraging for Host and Food Resources: Comparisons, Contrasts, and Interacting

Influences,” in a Symposium on “Critical Issues In Host Selection Behavior,”

International Congress of Entomology, Florence, Italy, August, 1997. (Invitational).
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“Understanding an Fostering Natural Enemies as a Component of  the

Agroecosystem,” XVII Congress of Entomology, Rio de Janeiro, Brazil, August, 1998.

(Invitational)

Invited to serve as a Discussant in a Novartis Foundation Symposium on

“Insect-Plant Interactions and Induced Plant Defense,” London, United Kingdom,

October, 1998.

“Sustainable Farm Systems Applied to Your Community,” 14th Annual

Sustainable Agriculture Conference, Carolina Farm Stewardship Association,

Highpoint, North Carolina, November, 1999. (Keynote Address).

“Building Sustainable Communities and Schools,” Future Farms 2000

Conference: New Ideas for Family Farms and Rural Communities,” Kerr Center

for Sustainable Agriculture, Oklahoma City, Oklahoma, February, 2000. (Keynote

Address).

“Sustainable Pest Management: Building It In As A Part Of The System,”

(Keynote Address), and “Agriculture As A Part Of Ecologically-Based Communities,”

(After Dinner Address), Georgia Organics Association Annual Meeting, Fort Valley,

Georgia, March, 2000.

“Mechanisms of Detection of Chemical Signals by Parasitic Wasps,” Controlled

Biological And Biomimetic Systems and Tissue Based Biosensors Meeting 2000,

San Antonio, TX, Sponsored by DARPA/DOD, April, 2000. (Invitational).

“Achieving Ecologically-Based Communities,” as part of a symposium on

“Economic Development Should Mean More Than Just Making Money,”

(Invitational) National Community Service Conference 2000. Orlando, FL, June,

2000.

 “The Role of Extrafloral Nectar in The Tritrophic Interactions of Plants,

Herbivores, and Parasitoids,” in a symposium on “The Effect of Plant-Derived Food

Supplements on Tri-Trophic Interactions,” (Invitational), XXI International Congress

of Entomology, Iguassu Falls, Brazil, August, 2000.

“Fostering Ecologically-Based Agriculture as A Component of  Sustainable

Communities,” (Invitational Seminar), Embrapa National Center of Agrobiology

Research and Federal Rual University of Rio De Janeiro at Seropedica, Seropedica,

Brazil, August, 2000.

“A Whole-System Approach to Pest Management,” and “Using Ecological

Principles to Help Develop Sustainable Human Communities,” (Invitational

Seminars), University of Vermont, Burlington, Vermont, October, 2000.

“Sustainable Management of  Insect Pests: Building it into the System,”

Symposium on Integrated Agricultural Systems, (Invitational), 2000 Annual Meeting

of the American Society of Agronomy/Crop Science Society of America/Soil Science

society of America, Minneapolis, MN, November, 2000.

“Whole-System vs. Reactive Approaches: What’s the Big Deal,” (Keynote

Presentation) Workshop on “A Systems Approach to Pest Management in Fresh
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Market Vegetables,” Sponsored by Northeast Region SARE, Simsbury, CT, December,

2000.

“Ecosystem Component Interactions” and “Human Communities as Living

Dynamic Systems,” (Invitational) Conference on Systems In Agriculture and Land

Management, Sponsored by Holistic Resource Management of Texas, Inc. and Texas

Agricultural Extensions Service, Fort Worth, TX March, 2001.

“From Biological Control to Sustainable Agriculture and Rural Communities,”

Georgia Entomological Society Annual Meeting (Invited presentation in connection

with election as a Fellow of the Georgia Entomological Society), April, 2001.

“Ecologically-Based Agriculture and Rural Communities” (Invitational),

Professional Consultation on “Economy, Ecology, and Community – Building a

Win-Win Agriculture” Sponsored by Leopold Center for Sustainable Agriculture,

Ames, IA, July, 2001.

“Ecologically-Based Communities: From School House to Farm House,” (Keynote

Address), “Integrated Pest Management – Row crop practices that foster the natural

strengths of  our agro-ecosystems,” (Invitational), 13th Annual Southern Sustainable

Agricultural Working Group, Chattanooga, TN, January, 2002.

“Biological Control as a Component of Sustainable Agriculture,” (Invitational)

Virginia Biological Farming Conference, Front Royal VA, February, 2002.

“An Overview of Whole Systems Pest Management,” (Invitational) in symposium

on “Putting Whole System Pest Management into Practice,” 4th IPM Work

Conference, Indianapolis, IN, April, 2003.

Series of  lectures on “Insect Parasitoids and Sustainable Agriculture,”

(Invitational) Kyushu University, University of Kyoto, and Saga University, Japan,

November, 2003.

“Intrinsic-Based Education as Derived from Ecological Models,” (Invitational)

Faculty of Education and Instituted of Ecological Economics, University of Vermont,

Burlington, VT, October, 2004.

KEY EXTENSION, ADMINISTRATIVE AND OUTREACH ACTIVITIES INCLUDE:

- Served as a collaborator with the International Communication Agency in their

preparation of an exhibit on “U. S. Advances in Control of Crop Insect Pests,”

Peking, China, 1979.

- Appointed and served on the SEA-USDA Southern Region Advisory Committee

on Biological Control and Pilot Testing, 1973-80.

- Appointed as an ARS key scientist on the Maize Work Team for Exchange of

Biological Agents Between the USSR and USA, 1977-81.

- Assigned as leader of  behavioral manipulation component of a multi-location

pilot test on use of  Trichogramma for control of  Heliothis on cotton,

1979-1982.
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- Served as Chair of the Advisory Committee on Integrated Pest Management to

the Tall Timbers Research Foundation, 1979-1985.

- At the request and under the joint sponsorship of the Intersociety Consortium of

Plant Protection, Tall Timbers Research Foundation and Winrock International,

co-organized a forum (Federal and State administrators and scientists) to explore

various plans and alternative ways of coordinating national efforts on biological

control. A plan was proposed by which USDA-SEA, professional societies, and

private foundations could work jointly to develop a national research program

on biological control. Morrilton, AR, 1980.

- Assigned (along with J. H. Tumlinson) by Office of International Cooperative

Development to visit The Netherlands and France, including organizing a

multinational workshop in France to develop a U.S.-French-Dutch cooperative

research program on Semiochemicals and Biological Control, 1984.

- At the request of  the Organizational Committee of  International Vedalia

Symposium on Biological Control (centennial celebration of Biological Control),

organized and moderated a workshop on “The Role of  Behavior and

Semiochemicals in the Interaction Between Natural Enemies and Their Hosts or

Prey,” Riverside, CA, 1989.

- Appointed by the Area Director, South Atlantic Area, USDA-ARS to serve as

agency representative and facilitator in the ARS Regional Vision Development

Conferences held at Beltsville, MD and Atlanta, GA, June and July, 1995, as part

of the Agency’s in-depth strategic planning effort.

- Appointed by the National Research Council/National Academy of Sciences,

Board on Agriculture to serve on a Panel charged with reviewing and developing

a comprehensive report on the status, barriers, and opportunities of biological/

natural control of  pests, 1993-1995. The committee’s report, “Ecologically Based

Pest Management: New Solutions for a New Century,” was published and released

in April, 1996.

- At the invitation of  Sustainable Agricultural Network: The National Outreach

Arm of  the USDA Sustainable Agricultural Research and Education (SARE)

program, served on a task force to develop a brochure, “A Whole-Farm Approach

to Managing Pests: Naturalize Your Farming System,” (Bulletin, 5/2000) for

which the incumbent’s work (# 151) served as a guiding basis. He is currently

working with them on similar follow-up literature. He also frequently serves on

the review panel for the SARE, Southern Region to evaluate proposals for their

grants. 1998-2004.

- Advised a study group of Defense Sciences Research Council on discoveries in

‘search and find’ aspects of tritrophic interactions and applications of this

knowledge to technology for identification of buried targets, Herndon, VA, October,

1997, San Diego, CA, August, 1998, Arlington, VA, April, 1999. A $25 million

program by DARPA-DOD on Controlled Biological Systems, including a
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$4.3 million project by incumbent in cooperation with scientists at Gainesville,

FL and Ames, IA on use of parasitic wasps as chemical detectors was guided by

these and related discussions.

- At the request of  USDA Council on Sustainable Development along with

Communities In Schools, Inc., participated in a planning workshop to develop

programmatic and funding strategies to better foster sustainable economic

development and educational outreach activities for rural communities,

Washington, DC, September, 1999.

- Invited to serve on a panel member at a Workshop on Bt Crop Resistance

Management, sponsored by EPA and USDA to determine current and future

issues on refuge design and deployment, education and compliance, and

monitoring and remedial action as related to management of resistance to Bt

toxins in transgenic plants and to develop plans for future guidelines and policies

on these matters, Memphis, TN, August, 1999.

- Led an interdisciplinary/multi-agency team of scientists (involving soil and water,

plant pathology, horticulture, entomology, including scientists, extension

specialists, agricultural consultants, NRCS representatives, Georgia Cotton

Commission, and grower representatives) to launch a project on a total systems

approach for sustainable cotton production directly in cooperation with the

producers in Georgia and the Southeast in the interest of natural resource

conservation and sustained economic competitiveness, 1998-2002.

- At the request of American Farmland Trust participated as an advisor/discussant

in a series of meetings with partners stakeholders, including USDA, EPA, and

farmers/producers to discuss programs to advance community-wide/whole

systems agriculture, Memphis, TN, August, 1999; Bartowe/Douglas, GA, March,

2000; Washington, DC, April, 2000.

- Invited to serve as a Professional Consultation Discussant on “Economy, Ecology,

and Community – Building a Win-Win Agriculture,” as part of a panel sponsored

by Leopold Center for Sustainable Agriculture, Ames, IA, to develop their future

objective and plans, July, 2001.

- Invited and sponsored by the Japan Society for Promotion of Science to visit,

lecture, and advise faculty and students for 14 days at Kyushu University,

University of Kyoto, Saga University, and other institutions to strengthen programs

on insect parasitoids and sustainable agriculture at these institutions, November

2003.

PROFESSIONAL ORGANIZATIONS AND LEADERSHIP ACTIVITIES:

Dr. Lewis’s has an extension record in service activities involving membership and

activities in numerous professional and honor societies including the Entomological

Society of America, International Society of Chemical Ecology, Georgia Entomological

Society, International Working Group on Entomophagous Insects, American
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Association for the Advancement of  Science, etc. His services have consisted of

numerous Office roles, organizing many symposia/conferences, editorial duties,

and a range of professional board activities. Specific examples include:

- Member, Resolutions Committee, Georgia Entomological Society, 1970.

- Member, Paper Evaluation Committee, Georgia Entomological Society, 1970.

- Member, Program Committee, Tifton Sigma Xi Club, 1972-74.

- Member, Committee to Select Future Site, Georgia Entomological Society Meeting,

1975.

- Designated, under the auspices of the Biological Control and Behavioral Sections,

to organize and co-moderate, along with Dr. K. S. Hagen, a conference on

kairomones and Natural Enemy Behavior at XV International Congress of

Entomology, 1976.

- Member of the Biological Control Subcommittee and selected as Group Leader

for Behavioral Manipulation of Entomophagous Arthropods: Technical Committee,

Regional Research Project S-59, 1973-85.

- Assigned, under auspices of Section C (together with Dr. Richard L. Jones and

Donald A. Nordlund), to organize a symposium on “Recent Advances in Biological

Control Technology: Interactions of Entomophages and Semiochemicals,” National

Meeting of the Entomological Society of America, Houston, TX, 1978.

- Member of Committee for Section VI: Biological Component of Plant Protection

for IX International Congress of Plant Protection, Washington, DC, and was

organizer and moderator of  a Congress Symposium on a Behavioral Chemicals:

Role and Employment in Plant Protection,” 1979.

- Appointed to chair a Task Force Committee to prepare a report on “The Status

and Potential Use of Behavioral Chemicals in Pest Management” for the FAO/

UNEP Panel of Experts on Integrated Pest Control, 1979.

- Member, Program Committee, Georgia Entomological Society, 1980-81.

- President, Southeastern Biological Control Working Group, 1981-82.

- Member, Examining Board (Biological Control Specialty Area), American Registry

of Professional Entomologists, 1985-91.

- Secretary, Subsection Ca, Entomological Society of America, 1985.

- Vice-Chair, Subsection Ca, Entomological Society of America, 1986.

- Chair, Subsection Ca, Entomological Society of America, 1987.

- Member, Special Committee on Professional Affairs/Membership Services,

American Registry of Professional Entomologists, 1986-87.

- Member, Awards Committee, Southeastern Branch, Entomological Society of

America, 1987-88.

- Requested and appointed by Academic Press to organize, launch, and serve,

along with Drs. R. Charudatton (University of Florida), Harry Kaya (University

of California, Davis), and Charlie Rogers (ARS, Tifton) as Charter Editor of a

new Journal, “Biological Control: Theory and Application,” the first such journal
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dedicated to the subject of biological control. The journal has been highly

successful and is established as major forum for the discipline. He served as

Editor, 1989-1998 and on Editorial Board 1998-2005.

- Nominations Committee for Nomination of Officers, Georgia Entomological

Society, 1998.

SUMMARY STATEMENT OF PROFESSIONAL ACCOMPLISHMENTS

AND ACTIVITIES

Dr. W. Joe Lewis grew up as a sharecropper’s son in south Mississippi. He began

his career as a Research Entomologist at Mississippi Agricultural Experiment Station,

Mississippi State, MS in 1965. Upon completing his B.S. degree in 1964, he

continued his graduate studies and received a M.S. in 1965 and Ph.D. in 1968 in

Entomology from Mississippi State University. From 1967 until his retirement in

2006, he was a research entomologist in the USDA, ARS, Crop Protection and

Management Research Unit, Tifton, GA. – with joint faculty appointments with the

University of Georgia and University of Florida. He is Vice-Mayor of the City of

Tifton, a role he has served for over ten years with twelve years as an elected

member to the City Council – and recently was elected, unapposed, for a new

4-year term. He is married (Wife, Beth) with two children (Son, Alan Lewis and

Daughter, Joanne DeLoach) and four grandchildren.

Dr. Lewis is recognized worldwide for major crosscutting impact on the

fundamental science of pest management, and on sustainable agriculture and

community development practices through research unraveling how ecosystems

work. The models for his studies have been behavioral and chemical interactions

between plants and insects, but the applications of his findings are of broad

significance. This is evidenced by over 200 refereed scientific publications and

book chapters, including four papers in prestigious journals of Nature and Science,

and three in Proceedings of the National Academy of Sciences, and invitational

paper in Scientific American. His work has been highlighted extensively in the

popular press, including CNN Science and Technology, BBC/ Discovery Channel,

Business Week, Kiplinger Agricultural Letter, New York Times, Organic Gardening,

Intervoice, National Public Radio and BBC Wildlife, Fortune Magazine, Atlanta

Magazine, and NBC Today Show. Radio Netherlands produced and broadcast,

internationally, a half  hour documentary, Rural Renaissance, based on Dr. Lewis’

ecologically-based rural community studies.

In addition to his recent selection by the Wolf Foundation of Israel for the

world renown “Wolf Prize in Agriculture,” his numerous honors, awards, and

achievements include the prestigious Founder’s Memorial Lecturer Award by the

Entomological Society of  America; Honorary Visiting Professor, University of

California, Berkeley; the E. T. York Distinguished Lecturer, Auburn University; the
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C. P. Alexander Distinguished Lecturer, University of Massachusetts; Appointed by

Academic Press as Charter Editor of  the International Journal Biological Control:

Theory and Applications; named U.S. Department of  Agriculture-Agriculture

Research Service Outstanding Scientist of the Year; received Special Congressional

Recognition for Outstanding Achievement, Service and Public Distinction; decorated

internationally by the Jean-Marie Delwart Foundation Award and Prize (conferred

in Brussels, in conjunction with the Royal Academy of Sciences of  Belgium); an

Invitational Fellowship for Research by the Japan Society for Promotion of  Science

for a series of lectures in Japan; and by nomination for Israel’s Wolf Foundation

Prize in Agriculture. In 2005, Dr. Lewis was appointed to Supergrade rank by the

Secretary of Agriculture. Also, he has been awarded numerous major grants,

including $4.3 million from the Department of Defense to explore the potential

utility of trained insects as biological detectors for monitoring for various materials

of medical, agricultural, security, and food safety concerns.

Dr. Lewis receives extensive requests for presentations, including numerous

keynote addresses. His extensive international influence on scientists and students

is evidenced by a continual string of those who have come from worldwide to

work in his lab under his guidance and training, including from the countries of

Australia, Brazil, Benin, France, Germany, the Netherlands, Japan, Poland, Sweden,

Switzerland and from throughout the U.S.

Dr. Lewis has been very active in a wide range of civic activities. In addition to

his role as Vice-Mayor and City Council member for Tifton, he serves as a member

of the Downtown Development Authority and is very active in Historic Preservation

and Downtown redevelopment. He helped develop and serves as a member of the

Service Delivery Coordinating committee between the City of Tifton and Tift County

through which an extensive set of joint services have been planned and implemented

via inter-local governmental agreements. Prior to being elected to the Tifton City

Council, he served as a member of the Greater Tifton/Tift County Planning and

Zoning Commission for eight years, as Chair for four years. For over twenty years

he served as a member and Chair of the Tift County Board of Elections. He has

been active in numerous other aspects of community service, including serving as

the Tift County representative to the Regional Board on Mental Health, Mental

Retardation and Substance Abuse, charged by the State of Georgia with planning

and funding services for these needs in a 10-County area. He and his wife are

currently very active in approaches for improving education and workforce quality.

DESCRIPTION OF SCIENTIFIC ACHIEVEMENTS

(Key Research Accomplishments and Impact)

A. Elucidated the involvement and vital role of  chemical cues (kairomones) in

host finding activities of parasitoids and cooperated with Dr. R. L. Jones and

others to isolate and identify key kairomones for Microplitis croceipes and
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Trichogramma evanescens. (1970-73). Impact: Prior insect behavioral chemical

research focused predominantly on intraspecific roles of  sex pheromones, while

the importance and identity of chemical cues in host finding by beneficial

insects were unknown. These findings helped spur a major expansion in the

scope of research on odorant mediated behavior to one based on a broader

appreciation of semiochemicals as an array of cues that mediate inter- and

intraspecific interactions among plants, herbivores, and entomophages.

(Publications: #16, #17, and #20)

B. In cooperation with Drs. R. L. Jones, H. R. Gross, and others discovered that

kairomones (which, in the case of Trichogramma, was the sex pheromone of

the host moth) as extracts or synthetics can be used to manipulate and

enhance the searching efficacy of released or natural parasitoids in field plot

situations (1975-79). Impact: The use of  kairomones as a management tool to

augment field releases of parasitoids by altering their behavior was unexplored.

This research introduced an entirely new concept for use of parasitoids as pest

control agents, which had not been previously considered, perhaps because of

the long standing assumption of  random search by parasitoids. These findings

together with the expanded view of the role of semiochemicals sparked, on an

international scale, major new research on semiochemicals/natural enemies as

documented in a book edited by Dr. Lewis and his colleagues, “Semiochemicals:

Their Role in Pest Control” — John Wiley & Sons (1981), the first comprehensive

coverage of this subject. (Publications: #23, #32, and #36)

C. With Post-Doctorates, students, and colleagues developed a flight tunnel system

effective for studying in-flight responses of Microplitis croceipes and other

parasitoids to airborne odors, determined primary sources of host plant and

host odors eliciting the responses and influence of various preflight experiences

on the response, and analyzed the behavioral sequence involved in the flights

(1985-88). Impact: Earlier studies by the incumbent had demonstrated the

importance of contact kairomones in host trails to the host finding behavior of

M. croceipes, whereas oriented responses to airborne odors, though strongly

implicated, had gone unexplored because of lack of techniques to study such

responses under controlled conditions. These breakthrough developments and

findings opened the way for systematic studies of parasitoid responses to airborne

odors and was a catalyst for major expansions in research on foraging behavior

of parasitoids. For example, following Dr. Lewis’ lead and based on training in

his laboratory, similar research projects were established at numerous other

locations, including the University of Massachusetts, University of  Maryland,

and at locations in The Netherlands, France, Japan, and Australia. Furthermore,

based on technology stemming from these techniques gained while working

in the incumbent’s laboratory, a Doctoral student, Lucas Noldus, launched

and is now Director and major owner of  Noldus Information Technology,
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Wageningen, The Netherlands, an enterprise that develops computer software

and instrumentation for recording and analyzing behavioral studies of animals,

humans and machines (currently marketed in 50 countries). (Publications: #82,

#87, an #96)

D. With Visiting Scientist F. Herard and other colleagues showed that parasitic

wasps reared from hosts fed on natural host plant material are significantly

more responsive to airborne odors from hosts feeding on host plants than are

parasitoids reared from artificial diet-fed hosts, and that differences in the

parasitoid responsiveness are due to host/diet associated chemical stimuli on

the surface of the parasitoid cocoons which are encountered at the time of

eclosion from the cocoon. Further, they showed that lab-reared parasitoids

given pre-release training with the natural stimuli, otherwise missing,

performed better in field plots than untrained parasitoids (1988-89). Impact:

This research identified the cause of important variations in behavioral quality

of lab-reared parasitoids and demonstrated how to correct the weaknesses by

supplying the vital stimuli in the diet of the hosts, on the surface of the parasitoid

cocoon, or on handling/release containers. The findings sparked subsequent

such studies at various other institutions, including scientists at Simon Fraser

University, Canada; Agricultural University, The Netherlands; and INRA, France.

Beneficial insect producers and marketers are using these findings to design

ways to better insure quality organisms. The international impact of this and

related work by the incumbent are documented in “Proceedings of  the

International Symposium: Semiochemicals and Pest Control—Prospects for New

Applications”, J. Chem. Ecol., Nov., 1990. (Publications: #92, #93, and #105)

E. In cooperation with Dr. J. H. Tumlinson and students discovered that parasitoids

upon encountering host sites, can associatively learn olfactory and visual

cues, including novel cues, associated with the hosts and/or its feces by

linking the novel odors and visual cues (conditioned stimuli) with a nonvolatile

host-specific water soluble chemical (unconditioned stimuli) present in the

host or its feces, and subsequently use these cues to optimize their host

finding by selectively searching habitats and plant structures possessing these

cues (1988-90). Impact: Though previous studies had shown that prior

experience by parasitoids increased their response to certain natural odors and

visual stimuli, knowledge of this highly plastic ability to associatively learn and

exploit such a range of cues and the mechanism governing the learning was

lacking and largely unexpected. Discovery of this sophisticated ability to track

hosts among varying habitats represents a major breakthrough regarding foraging

strategies of parasitoids and demonstrates the necessity to consider the major

role of learning in biological control with beneficial insects. This finding sparked

major international interest and expansion of research by biological control

specialists and other scientists on the fundamental and applied significance of
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insect learning. The importance of these findings and their impact on the

science of learning in general are documented in recent books: “Insect Learning:

Ecological and Evolutionary Perspectives” (D. R. Papaj and A. C. Lewis Editors -

Chapman & Hall, 1993); “Chemical Ecology of Insects 2” (R. T. Carde and

W. J. Bell Editors - Chapman & Hall, 1995) including two and one key chapters,

respectively, by Dr. Lewis and his colleagues. Moreover, this accomplishment

specifically resulted in research on parasitoid learning and foraging behavior

being incorporated as part of  a major funding initiative in the Department of

Defense’s Controlled Biological Systems program targeted toward developing

novel detection and tracking technology. (Publications: #95, #101, #122, and

#135)

F. In cooperation with Dr. J. H. Tumlinson and students discovered that salivary

secretions from caterpillar hosts of Cotesia marginiventris induce host plants

to release terpenoid volatiles (apparently as a defense against the caterpillar)

which the searching parasitoids learn to exploit as a means of locating the

host caterpillars. Subsequently, they demonstrated with the Heliothis/

Helicoverpa complex and Cardiochiles nigriceps that these plant signals were

herbivore-specific and could be used selectively by parasitoids to discern sites

infested by host versus non-host herbivore species (1990-97). Impact: Though

previous workers had shown the attraction of parasitoids to plant odors and

suggested an active interaction between the herbivore-damaged plant and the

third trophic level, no specific herbivore-induced factor used by the foraging

parasitoid had been pinpointed. These breakthroughs demonstrate the closely

interwoven evolutionary relationships among different levels of the tritrophic

system and have opened exciting new possibilities for joint use of plant breeding/

engineering and entomophages for pest management and prevention. Extensive

interdisciplinary interest, fundamentally and applied, has been demonstrated

by researchers and commercial practitioners in these and related discoveries by

Dr. Lewis and co-workers as part of a wave of international interest in plant

signaling. This interest and impact of these findings are exemplified by an

invitation to chronicle these findings in Scientific American and by similar

initiatives subsequently spawned in the United Kingdom, The Netherlands,

Switzerland, and France. (Publications: #111, #141, and #157)

G. With Post-Doctorates and colleagues elucidated the important role of extra

floral nectar as an food for foraging parasitoids, showed that plants can

synchronize the elevated provision of  nectar and foraging signals with

herbivore damage, and that the parasitoids can separately learn and use

odors associated with competing host and food needs (1993-2000). Impact:

Little was previously known about the importance of adult food for parasitoids,

the role of plants in providing the food, nor how learning, hunger state and

previous feeding experiences influenced the parasitoid foraging behavior. These
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findings fill major gaps in understanding past failures and insuring future

reliability of biological control agents, and based on these reports similar research

has been initiated in the USA, Switzerland, France, and Japan. The sophisticated

foraging system of parasitoids demonstrated by Dr. Lewis and others is a central

premise for Dr. E. F. Knipling’s recent book “Principles of Insect Parasitism

Analyzed from New Perspectives: Practical Implications for Regulating Insect

Populations by Biological Means”. Furthermore, these findings in combination

with 5 & 6 above have received extensive popular press, including Business

Week, Kiplinger Agricultural Letter, Organic Gardening, New York Times, BBC

Wildlife, CNN Science and Technology, and documentaries by the discovery

channel. (Publications: #106, #140, 147, #155, and #158)

H. With Dr. J. H. Tumlinson and a team of associated cooperators, used cotton

production as a model example, to formulate and demonstrate, a fundamental

shift to a total system approach to sustainable pest management involving the

use of ecosystem management, crop attributes/multitrophic level interactions,

and minimal use of therapeutics — the basis for which is largely drawn from

the fundamental discoveries of Dr. Lewis and cooperators (1993-99). Impact:

Despite major efforts toward alternatives to conventional pesticides, pest

management science has continued by-and-large to regress to a continued array

of new therapeutic intervention tools and failed to make a mainstream shift to

understanding and redesigning cropping systems so that natural and renewable

strengths keep pests within acceptable bounds on a sustained basis. On-farm

work, was conducted directly with cotton growers, and showed a $60/acre

higher net annual profit along with major benefits of improved soil and water

health and reduced environmental contamination. These demonstrations

catalyzed rapid expansion of  the acreage under sustainable practices in Georgia

and other areas of  the region. For example, sustainable practices in Coffee

County, Georgia increased from 200 acres in the early 1990’s to over 30,000

acres. These concepts, approaches, and demonstrations are having major impact

on overall crop management philosophy and practices at consultant and grower

levels, research directions, and funding and policy decisions. For example, the

SARE agency has employed their seminal PNAS paper and associated work for

nationwide use as a standard in guiding constituents toward systems approaches,

major funding decisions and research directions by EPA, ARS, and other

institutions are being shaped by the work, and various institutions are using the

work as a key focus in educational/training programs. (Publications: #151,

#174, #149, #159, #165 and #175)

I. In cooperation with Dr. J. H. Tumlinson, Post-Doctorates and other colleagues,

and with major funding by the Department of  Defense, developed and

demonstrated methodology for training parasitic wasps to quickly learn

any chemical of interest in association with food or hosts and to display a
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distinct, reliable behavior when these chemicals are subsequently detected

(1999-2002). Impact: This finding and development opens immense prospects

for using insects and other invertebrates as biological sensors, in a similar

fashion as dogs, to detect and monitor for conditions/materials of concern in a

wide array of situations. The use of insects and related invertebrates has many

advantages over dogs for this purpose, including the fact that they can be

produced and trained much quicker and less costly. (Publications: #181, #185,

and #190)

TEACHING AND MENTORSHIP ACHIEVEMENTS

Dr. Lewis has taught and mentored a continuous string of young scientists from

throughout the world who are now leading major programs and initiatives of their

own as shown below:

Three Doctoral Graduate students conducted their research directly under

Dr. Lewis’ supervision in his laboratory: G. Morrison - Ph.D., 1985, University of

Georgia, Was selected outstanding graduate student by the Southwestern Branch

of ESA during his studies; F. Wäckers – Ph.D., Agricultural University, Wageningen,

The Netherlands (Currently Professor/Director, Centre for Sustainable Agriculture

Lancaster Environment Centre, Lancaster University, United Kingdom); C. De Moraes

- Ph.D., 1998, University of Georgia, (Supported by funds from Brazil); Selected as

the outstanding Ph.D. student of the Department of Entomology and for the College

of Agriculture and Environmental Sciences (E. Broadus Browne Award), Currently

on the faculty at Pennsylvania State University. Also, he has served on the committee

of five Doctoral and two Master’s Degree graduate students.

Twelve Post-Doctorates have conducted research studies in Dr. Lewis’ laboratory

under his guidance: M. Altieri, 1979-1980, Currently a Professor, University of

California, Berkeley; M. Keller, 1984-86, Currently an Associate Professor, University

of Adelaide, Australia, Waite Campus and Deputy Head of the School of Agriculture

Food and Wine; D. W. Whitman, 1986-1988, Currently Professor and Insect Curator,

Illinois State University; T. Mueller, 1987-1988, Currently an Entomologist, Collier

Enterprises, Immokalee, FL; W. Martin, 1988-1990; Currently an Entomologist

with Biosys, Gainesville, FL; W. Sheehan, 1990-1992, Currently employed with an

environmental consulting and waste management firm, Athens, GA; K. Takasu,

1990-1994, (Sponsored by Funds from Japan) Currently on the Faculty of

Agriculture, Kobe University, Kobe 657, Japan; J. Ruberson, 1992-1994, Currently

an Associate Professor, University of  Georgia, Tifton, GA; A. Cortesero, 1993-

1997, (Sponsored by funds from France) Currently on Faculty of University of

Renne, Renne, France; D. Olson, 1998-2000, Currently a Research Entomologist,

USDA-ARS, Tifton, GA; J. Tomberlin, 2001-2002, Currently on Faculty at Texas

A&M University; M. Tertuliano, 2000-Present.
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Fourteen Visiting Scientists have conducted visiting research assignments in

Dr. Lewis’ laboratory under his guidance: J. Dmoch - 1981, Professor, University

of Warsaw, Poland (Supported by funds from Poland); Y. Drost -1984-86, (OICD

funds) Visiting Scholar, Groningen University, The Netherlands, eighteen-month

visit; O. Zanen - 1985-86, Visiting Scholar (OICD funds), Groningen University,

The Netherlands, one-year visit; L. Noldus -1986, Visiting Scholar (OICD funds),

Agricultural University, Wageningen, The Netherlands, one-year visit, currently

Director and major owner of Noldus Information Technology, Wageningen, The

Netherlands, an enterprise that develops computer software and instrumentation

for recording and analyzing behavioral studies of animals, humans and machines

(currently marketed in 50 countries); F. Hérard -1985-86, Research Entomologist,

USDA-ARS, European Parasite Laboratory, Behoust, France, (supported by funds

from home laboratory), one-year visit; G. Prevost - 1986-1989, (OICD funds)

Visiting Scholar, University of Lyon, Lyon, France, two-year visit; W. van Giessen -

1988, (OICD funds) Visiting Scholar, Agricultural University, Wageningen, The

Netherlands, six-month visit; L. Vet -1988, (OICD funds) Professor, Agricultural

University, Wageningen, The Netherlands, six-week visit; Janet Strong-Gunderson,

1992, Visiting Scientist, Oak Ridge Associated Universities Laboratory, Oak Ridge,

TN, two-month visit; A. Demata, 1993, Visiting Scholar Agricultural University,

Wageningen, The Netherlands, six-month visit; O. Stapel, 1993-1997, Visiting

Scholar, Agricultural University, Wageningen, The Netherlands. two-year visit with

extension; T. Meiners, 1999, Visiting Scientist (DOD funds), Institut fuer Biologie,

Angewandte Zoologie/Oekologie der Tiere, Freie Universitaet Berlin Haderslebener,

Germany, six-month visit, C. Bonifay, 1999, Visiting Scientist (DOD funds),

Swiss Federal Institute of  Technology, Zurich, Switzerland three-month visit;

M. D’Alessandro, 2000, Visiting Scientist (DOD funds), Swiss Federal Institute of

Technology, Zurich, Switzerland, six-month visit.

Extension, Administrative, and Other Outreach Achievements:

In addition to his primary emphasis on research, Dr. Lewis has had major

involvement and impact in Extension and Administrative areas. On-farm

demonstrations and education by Dr. Lewis and cooperators catalyzed rapid

expansion of the acreage under sustainable practices in Georgia and other areas of

the region. For example, sustainable practices in Coffee County, Georgia increased

from 200 acres in the early 1990’s to over 30,000 acres. These concepts, approaches,

and demonstrations are having major impact on overall crop management

philosophy and practices at consultant and grower levels, research directions, and

funding and policy decisions. For example, the SARE agency has employed their

seminal PNAS paper and associated work for nationwide use as a standard in

guiding constituents toward systems approaches, major funding decisions and

research directions by EPA, ARS, and other institutions are being shaped by the
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work, and various institutions are using the work as a key focus in educational/

training programs.

Also, Dr. Lewis and cooperators formulated principles, derived from natural

ecosystems, for guiding sustainable human communities, including publishing a

benchmark publication (through the Kerr Center for Sustainable Agriculture and

Rural Communities) with an analysis of  how modern trends are eroding inherent

strengths in local communities and proposed fundamental redirections for achieving

ecologically-based human communities, and is working directly with local

governments, educational systems, business leaders, and advocacy organizations to

implement redirections toward sustainable communities. As Vice–Mayor, of his

hometown, Tifton, Georgia, he has led implementation of these principles in

successful “smart growth” land-use patterns, greenway development, historic

preservation, and local “self-sufficiency” in waste management and fiber optic/

digital technology. Tifton’s success is highly recognized at the State level and used

through the Georgia Municipal Association and Department of Community Affairs

as a model for wise strategies in sustainable community development (He was

presented Special Congressional recognition in May, 2000). More recently, with

the cooperation of  key education organizations, he is underway with the

development of pilot programs for schools in South Georgia to connect students

with ecological values and the importance of sustainable living practices. A Radio

Netherlands documentary, Rural Renaissance, broadcast internationally, recently

highlighted his work in Tifton. He is working in cooperation with the Kerr Center,

SARE-USDA, and other organizations to implement these sustainable practices on a

National and International basis.
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ABSTRACT A fundamental shift to a total system ap-
proach for crop protection is urgently needed to resolve
escalating economic and environmental consequences of com-
bating agricultural pests. Pest management strategies have
long been dominated by quests for ‘‘silver bullet’’ products to
control pest outbreaks. However, managing undesired vari-
ables in ecosystems is similar to that for other systems,
including the human body and social orders. Experience in
these fields substantiates the fact that therapeutic interven-
tions into any system are effective only for short term relief
because these externalities are soon ‘‘neutralized’’ by coun-
termoves within the system. Long term resolutions can be
achieved only by restructuring and managing these systems in
ways that maximize the array of ‘‘built-in’’ preventive
strengths, with therapeutic tactics serving strictly as backups
to these natural regulators. To date, we have failed to incor-
porate this basic principle into the mainstream of pest man-
agement science and continue to regress into a foot race with
nature. In this report, we establish why a total system ap-
proach is essential as the guiding premise of pest management
and provide arguments as to how earlier attempts for change
and current mainstream initiatives generally fail to follow this
principle. We then draw on emerging knowledge about mul-
titrophic level interactions and other specific findings about
management of ecosystems to propose a pivotal redirection of
pest management strategies that would honor this principle
and, thus, be sustainable. Finally, we discuss the potential
immense benefits of such a central shift in pest management
philosophy.

The therapeutic approach of killing pest organisms with toxic
chemicals has been the prevailing pest control strategy for over
50 years. Safety problems and ecological disruptions continue
to ensue (1), and there are renewed appeals for effective, safe,
and economically acceptable alternatives (2). Considerable
effort has been directed toward such alternatives, and new
technology has been implemented and is still emerging. How-
ever, the major trend has been toward the use of modern
chemistry and molecular biology to replace traditional pesti-
cides with less hazardous chemicals or nontoxic biologically
based products; but these means are still therapeutics. Thus,
the classic treadmill effect in pursuit of remediation of the
symptoms persists (2) while tolls due to pests grow higher by
some estimates. Crop losses due to arthropods, diseases, and
weeds, though disputed by some as a valid measure, have
increased on a world basis from 34.9% in 1965 (3) to 42.1% in
1988–1990 (4) despite the intensification of pest control.

In this report, we argue that the central weakness in how we
think about pest management as a component of agricultural
systems has not been addressed. We must go beyond replacing
toxic chemicals with more sophisticated, biologically based
agents and re-examine the entire paradigm around the ther-
apeutic approach, including how and why those therapeutics
are used. Truly satisfactory solutions to pest problems will
require a shift to understanding and promoting naturally
occurring biological agents and other inherent strengths as
components of total agricultural ecosystems and designing our
cropping systems so that these natural forces keep the pests
within acceptable bounds. Recent discoveries in multitrophic
interactions (5) together with renewed emphasis on broader
based ecosystem management (6) indicate powerful prospects
for this direction. Although we address the subject primarily
from a perspective of arthropod pests, similar cases can
generally be made for other pests [see Cook et al. (7) for
background information important to related views for other
pests].

Premise of a Revised Approach

The underlying principle of our position is that components of
agricultural ecosystems interact, and, through a set of feedback
loops, maintain ‘‘balance’’ within functional f luctuating
bounds. Furthermore, therapeutic interventions into these
systems are met by countermoves that ‘‘neutralize’’ their
effectiveness [see Flint and van den Bosch (8) and Cook and
Baker (9) for an elegant discussion of this point]. We are taught
this basic principle from our earliest training in ecology but
often overlook it in practice for various reasons, including our
tendency in science to divide things into specialized parts, i.e.,
to apply a reductionist approach. The basic principle for
managing undesired variables in agricultural systems is similar
to that for other systems, including the human body and social
systems. On the surface, it would seem that an optimal
corrective action for an undesired entity is to apply a direct
external counter force against it. However, there is a long
history of experiences in medicine and social science where
such interventionist actions never produce sustainable desired
effects. Rather, the attempted solution becomes the problem
[See Waltzlawick et al. (10) for a discussion of this subject with
coverage of underlying mathematical principles.] We find vivid
examples to this end in the problems of addiction as a
consequence of the use of drugs for treatment of pain or
mental distress and black market crime as a repercussion to the
use of prohibition as an intended solution for alcoholism. Thus,
as a matter of fundamental principle, application of external
corrective actions into a system can be effective only for short
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term relief. Long term, sustainable solutions must be achieved
through restructuring the system so that inherent forces that
function via feedback mechanisms such as density dependence
are added and�or function more effectively.

The foundation for pest management in agricultural systems
should be an understanding and shoring up of the full com-
posite of inherent plant defenses, plant mixtures, soil, natural
enemies, and other components of the system. These natural
‘‘built in’’ regulators are linked in a web of feedback loops and
are renewable and sustainable. The use of pesticides and other
‘‘treat-the-symptoms’’ approaches are unsustainable and
should be the last rather than the first line of defense. A pest
management strategy should always start with the question
‘‘Why is the pest a pest?’’ and should seek to address underlying
weaknesses in ecosystems and�or agronomic practice(s) that
have allowed organisms to reach pest status.

Attempts for Change: No Real Change

Throughout the debate on alternative methods for controlling
pests, various ideas have been expressed and new approaches
have emerged. Three subject areas, Biological Control, Inte-
grated Pest Management (IPM), and Biotechnology, have
achieved particular importance in our quest for better pest
control strategies.

Biological Control. Biological control has a long history of
use in pest management and has gained renewed interest
because of problems encountered with the use of pesticides.
The term ‘‘biological control’’ has been used, at times, in a
broad context to encompass a full spectrum of biological
organisms and biologically based products including phero-
mones, resistant plant varieties, and autocidal techniques such
as sterile insects. The historical and more prevalent use of this
term is restricted to use of natural enemies to manage popu-
lations of pest organisms.

Biological control has been spectacularly successful in many
instances, with a number of pest problems permanently resolved
by importation and successful establishment of natural enemies.
These importation successes have been limited largely to certain
types of ecosystems and�or pest situations such as introduced
pests in perennial ecosystems. On the other hand, this approach
has met with limited success for major pests of row crops or other
ephemeral systems. In these situations, the problem is often not
the lack of effective natural enemies but management practices
and a lack of concerted research on factors that determine the
success or failure of importation attempts in the specific agro-
ecosystem setting. Thus, importation programs, to date, are
largely a matter of trial and error based on experience of the
individual specialists involved.

Conservation of natural enemies received more attention as
part of a cultural management approach before the advent of
synthetic pesticides. Since that time, this realm of biological
control has been neglected. The term ‘‘conservation’’ tends to
limit one’s vision to a passive approach of acknowledging that
natural enemies are valuable and should be harmed no more
than necessary. It is important that we develop a more active
approach that seeks to understand natural enemies and how
they function as a part of the ecosystem and to promote their
effectiveness by use of habitat management (landscape ecol-
ogy) and other cultural management approaches.

Augmentation through propagation and release of natural
enemies is an area of biological control that has received much
attention in recent years. These efforts include research on in vitro
and in vivo mass rearing technology and on transport and release
methodology for area-wide population suppression and for field-
to-field therapeutic treatments. Although the development of this
technology is valuable, it is an extension of the treat-the-
symptoms paradigm. In principle, natural enemies used in these
methodologies are biopesticides, and the general approaches
differ from conventional pesticidal applications only in the kind

of products used. From this ‘‘product formulation’’ perspective
and from our existing infrastructure, the major emphasis in
augmentation schemes becomes focused on how to produce and
transport a large number of natural enemies at a low cost. Less
emphasis is placed on how natural enemies function and how we
can promote their natural effectiveness.

In keeping with the historical therapeutic-based attitude and
existing infrastructure, most concentrated efforts for biological
control appear to be directed toward the ‘‘rear and release’’
augmentation, followed by importation and thirdly by conserva-
tion. This order of priorities should be reversed. First, we need to
understand, promote, and maximize the effectiveness of indige-
nous populations of natural enemies. Then, based on the knowl-
edge and results of these actions, we should fill any key gaps by
importation. Finally, therapeutic propagation and releases should
be used as a backup to these programs when necessary.

IPM. Throughout our quest for alternative pest control
measures, the IPM concept has by far received the most
attention as a comprehensive pest management approach. IPM
has had a varied history, has been defined in many ways, and
has been implemented under an array of different connota-
tions. The term was first used as ‘‘integrated control’’ by
Bartlett (11) and was further elaborated on by Stern et al. (12)
in reference to the concept of integrating the use of biological
and other controls in complementary ways. The term was later
broadened to embrace coordinated use of all biological, cul-
tural, and artificial practices (13). Subsequently, under the
term ‘‘IPM,’’ various authors have advocated the principle of
incorporating the full array of pest management practices
together with production objectives into a total systems ap-
proach. See Flint and van den Bosch (8) for a comprehensive
and ecologically based discussion of this concept and the
potential benefits of its implementation.

The principles discussed by Flint and van den Bosch (8) are,
in our opinion, solid and on target. They make a thorough case
for a comprehensive long term pest management program
based on knowledge of an ecosystem that weighs economic,
environmental, and social consequences of interventions.
However, as translated into practice, IPM has been primarily
a monitoring program in which thresholds are established and
chemicals are used only on an as-needed basis. Much less
emphasis has been placed on understanding and promoting
inherent strengths within systems to limit pest populations
through use of approaches such as landscape ecology. In other
words, IPM programs have been operated with pesticide
management objectives rather than pest management objec-
tives. We hasten to add that their use has been of major benefit
and has greatly reduced the quantity of pesticides used.
Furthermore, activities remain underway to refocus IPM
toward the achievement of its full objectives (14, 15). However,
our point is that, again, the tendency has been to remain
centered on a monitor and treat-the-symptoms approach vs.
the more fundamental question of ‘‘Why is the pest a pest?’’

Biotechnology. Although biotechnology is not a pest man-
agement approach as such, we include it because it is receiving
major emphasis and is being geared to provide a wave of new
products for pest management. In fact, many seem to view
biotechnology as an innovative means for providing safe and
effective tools that will essentially resolve pest management
problems. Major technological advances in chemistry, bio-
chemistry, behavior, neurophysiology, molecular genetics, and
genetic engineering have resulted in an array of biorational
products and materials that are less toxic and hazardous to
humans and the environment than conventional pesticides.
These products include genetically engineered plants for stron-
ger resistance to pests, plants, and natural enemies with high
tolerance to pesticides and sophisticated formulations and
delivery methods for biopesticides, semiochemicals, and other
new tools. The biorational�biologically based materials pro-
vided are potentially valuable advancements that have an

12244 Perspective: Lewis et al. Proc. Natl. Acad. Sci. USA 94 (1997)
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appropriate place in modern pest management. However, the
strategy for development and use of these ‘‘high tech’’ tools has
been dominated by a continued search for ‘‘silver bullet’’
solutions that can be easily deployed in a prescription-like
manner to remediate pest outbreaks or to exclude the pest’s
presence. As spectacular and exciting as biotechnology is, its
breakthroughs have tended to delay our shift to long term,
ecologically based pest management because the rapid array of
new products provide a sense of security just as did synthetic
pesticides at the time of their discovery in the 1940s. Also,
industry focuses on using genetic manipulation and other tech-
niques to increase the virulence and host range of biopesticides
instead of designing them as complements to natural strengths.
Thereby, the manipulated pathogens and the crops engineered to
express toxins of pathogens are simply targeted as replacements
for synthetic pesticides and will become ineffective in the same
way that pesticides have. It will be unfortunate if these powerful
agents are wasted rather than integrated as key parts of sustain-
able pest management systems.

New Direction

The four major problems encountered with conventional
pesticides are toxic residues, pest resistance, secondary pests,
and pest resurgence. The latter three of these are fundamental
consequences of reliance on interventions that are both dis-
ruptive and of diminishing value because of countermoves of
the ecological system. Therefore, a mere switch to nontoxic
pesticides, such as microbials or inundative releases of natural
enemies, although helpful in reducing environmental contam-
ination and safety problems, still does not truly address the
ecologically based weakness of the conventional pest control
approach. Such tools used in this manner, whether chemical,
biological or physical, are extensions of the conventional
approach that leaves us in a confrontation with nature. Also,
this operational philosophy tends to promote the development
and adoption of the more disruptive products because, within
this paradigm, they work better than softer, less obtrusive
materials.

What, then, would represent a meaningful fundamental shift
in our pest management strategy? Furthermore, what should
be the components of such a strategy, and how can we
crystallize this strategy into programs that result in effective
and lasting pest management systems? Clearly, the central
foundation should be approaches that appreciate the interac-
tive webs in ecosystems and seek solutions with net benefits at

a total ecosystem level. Therefore, the approaches should
focus on harnessing inherent strengths within ecosystems and
be directed more toward bringing pest populations into ac-
ceptable bounds rather than toward eliminating them (Fig. 1).
These solutions would avoid undesirable short term and long
term ripple effects and would be sustainable. Moreover, for
adoption of such approaches, they must reasonably meet
production demands and be cost-competitive on the short
term. We suggest three lines along which approaches can be
developed: (i) ecosystems management; (ii) crop attributes and
multitrophic level interactions; and (iii) therapeutics with
minimal disruptions. However, with all of these approaches, it
is important to keep in mind the objective of balance vs. undue
selective pressure by any single tactic. Recent experiences with
insect pest management for cotton in the southeastern United
States will be used for key examples in the discussion.

Ecosystem Management. Understanding and managing an
ecosystem within which we farm is the foundation upon which
all the farming strategies, including pest management, should
be designed. This foundation has become the victim of reduc-
tionist approaches. Because of political and funding channels,
scientific teams typically are assembled around commodities
across geographical areas. Therefore, the informational base
relative to a particular crop as an interactive component of a
farming ecosystem is very limited. For example, cotton spe-
cialists focus their interactions toward other cotton specialists,
often within their own discipline, across the cotton belt.
However, both vegetable and cotton production are increasing
in the same area and sometimes on the same farms in the
southeastern United States. These crops share many of the
same pests and natural enemy fauna. Therefore, pest manage-
ment practices on one crop can directly or indirectly affect the
other. A redirection of pest management is needed to incor-
porate year-round soil, weed, cropping, water, and associated
practices at farm and community levels and to consider the
effects of these practices on the overall fauna, nutritional state,
and balance of local ecosystems (16).

Recent studies demonstrate that such a redirection would be
highly fruitful. For example, problems with soil erosion have
resulted in major thrusts in use of winter cover crops and
conservation tillage. Preliminary studies indicate that cover
crops also serve as a bridge�refugia to stabilize natural enemy�
pest balances and relay these balances into the crop season (17,
18). Crimson clover and other legumes, into which cotton can
be strip tilled in the Southeast, appear to be good winter and
spring reservoirs for predators and parasitoids of cotton pests

FIG. 1. Illustration of a shift to a total system approach to pest management through a greater use of inherent strengths based on a good
understanding of interactions within an ecosystem while using therapeutics as backups. The upside-down pyramid to the left reflects the unstable
conditions under heavy reliance on pesticides, and the upright pyramid to the right reflects sustainable qualities of a total system strategy.
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(19, 20). The green cloverworm in clover serves as a good
alternate winter and spring host for the parasitoid Cotesia
marginiventris that limits subsequent outbreaks of armyworms
and loopers in the cotton (21). Also, aphid, thrips, and
budworm�bollworm populations in clover appear to provide
reservoirs for establishing earlier balances between these pests
and their natural enemy guilds. On the other hand, when fields
are fallow during winter and spring, natural enemy buildups
cannot begin until a crop is available. Integrating appropriate
cover crops with conservation tillage can have a number of
agronomic benefits: reduced soil erosion, enhanced levels of
organic matter, improved soil drainage and moisture retention,
restoration of important nutrients, and weed control (20, 22, 23)
while restoring and strengthening natural pest control. Other
preventive measures including crop rotations, avoiding large scale
monocropping, leaving unsprayed strips, and planting field mar-
gins with appropriate year-round refugia for natural enemies will
contribute to prevention of pest outbreaks (24–26).

The growing of clover and�or encouragement of certain
weeds along field margins and other unplanted areas can also
provide important refugia for developing natural enemy�pest
balances during a cropping season. For example, two common
weeds in the southeast, f leabane and horsetail, are important
hosts for plant bugs and their natural enemies. In fact, they are
preferred over cotton by the insects, and data indicate that
these plants act as effective decoys to coax plant bugs away
from cotton (19). Serious infestations of plant bugs occur
primarily where cotton is planted ‘‘ditch bank to ditch bank,’’
along with clean cultivation apparently caused by exclusion of
such preferred alternate host plants.

Obviously landscape ecology practices exert a variety of
desired or undesired effects on cropping systems (27). Thus, it
is vital that we assemble appropriate teams to elucidate
interactions at the ecosystem level to establish the knowledge
base for ecologically based pest management systems.

Crop Attributes and Multitrophic Level Interactions. Con-
sideration of crop plants as active components of multitrophic
level interactions is crucial to a total systems approach to pest
management. We have known vaguely for a long time that
plant traits have important impacts on both herbivores and
their natural enemies. But, again, the reductionist approach
has caused us to manipulate plant traits in ways detrimental to
long term balance in the cropping systems.

Recent discoveries of tritrophic level interactions among
plants, herbivores, and parasitoids�predators have demon-
strated how tightly interwoven these components are and
illustrate the importance of multitrophic perspectives for
effective and sustainable pest management strategies. Plants
have long been known to possess toxins and other chemicals
that serve to discourage herbivore feeding. The discipline of
host–plant resistance directed toward breeding plants resistant
to pest attack was developed around such knowledge and
contributed greatly to pest management. Recent studies also
show, however, that plants play an active and sophisticated role
in their defense against insect activities, and their defense
responses often are customized for certain, interactive, mul-
titrophic situations (5). For example, some plants respond to
insect herbivory by releasing volatile chemical cues that attract
predators and parasitoids that, in turn, attack the herbivores
(28–30). These volatiles are released only in response to
herbivore damage, not by mechanical damage similar to her-
bivory, and are released from the entire plant (31, 32). This
effect enables the natural enemy to distinguish infested plants
from uninfested neighbors. For example, cotton fed on by beet
armyworm larvae releases terpenoids that attract the parasi-
toid C. marginiventris. Furthermore, a certain naturalized
variety of cotton releases �10 times more of these chemicals
in response to the insect herbivore damage than do commercial
lines (33). By understanding the mechanisms governing such
important defense attributes, they can be restored to domestic

cultivars, and their incidental loss, while breeding for other
traits, can be prevented in the future.

Crop plants also provide vital food resources for certain key
natural enemies. Floral and extra floral nectaries, for example,
provide necessary food for foraging parasitoids. Extra floral
nectar increases the attraction, efficiency, and retention of the
key parasitoids C. marginiventris, Microplitis croceipes, and
Cardiochiles nigriceps, important to the control of armyworms
and bollworms�budworms in crops such as cotton (34, 35).
However, extra floral nectar also serves as food for certain
pests such as the adult moths of the caterpillar pests just
mentioned. Based on information regarding the role of the
extra floral nectar as food for moths, nectariless cotton
varieties were released a few years ago without regarding their
importance as a food for natural enemies of cotton pests. These
facts emphasize the need to broaden our base of information
upon which we design pest management strategies.

Also, there is a rapidly expanding body of knowledge about
similar signaling that enables injured plants to produce toxins
and antifeedants that are directed specifically toward herbi-
vores. For example, feeding activities of certain caterpillars on
the leaves of tomatoes and potatoes induce a systemic pro-
duction of protease inhibitors expressed throughout the plant
that interfere with the digestion process and feeding behavior
of insects (36).

Even greater than our limited knowledge of the mechanisms
regulating these important plant attributes is the void in our
knowledge of how factors like soil properties, nutrition, and�or
water stress affect their expression. Inadequate availability of
a key soil element for example could make a major difference
in the effectiveness of one or more of a plant’s interactions with
herbivores or natural enemies, thereby influencing a plant’s
vulnerability to herbivore damage in a major way. Greater
understanding of the factors that regulate these interactions in
cropping systems can allow us to deal with plant health at an
entirely different level.

There is a tendency within the traditional paradigm to use
toxins, attractants, or other plant attributes as products and to
intervene in ways that are out of harmony with natural system
interactions. For example, we identify, synthesize, and formu-
late herbivore toxins and natural enemy attractants as sprays
to kill herbivores and lure the natural enemies, respectively.
Also, we breed and engineer plants for constitutive expression
of traits in ways that maximize immediate deterrence of pests
or attraction of natural enemies without regard to pest density
or plant damage. Natural systems provide evidence that this is
not always an appropriate approach for plant defense. In the
case of the protease inhibitor in tomato and potato cited above,
these materials are constitutively expressed in the fruit but only
induced by damage in leaves (37). We suggest that this system
has been selected in nature because it is the most durable
strategy. A system of constitutive expression in fruit but only
inducible in leaves experiencing damage by feeding insects
provides maximum protection of the fruit. Leaves serve as a
decoy alternative for feeding by caterpillars but possess a
mechanism that limits feeding damage. This strategy also
provides host�prey resources that allow participation by a
plant’s parasitoid�predator allies. We must observe and con-
sider natural systems when developing strategies for novel
traits such as a gene for producing Bacillus thuringiensis (Bt)
toxin, i.e., plant engineering [see Gould (38) for an excellent
reference in this regard]. For example, cotton cultivars with a
full constitutive expression of Bt toxin have been introduced
commercially. This practice amounts to a continuous spraying
of an entire plant with the toxin, except the application is from
inside out. Various methods for resistance management, in-
cluding pest�natural enemy refugia and limiting acreage
planted with a cultivar, are being used. However, we urge more
concerted efforts toward breeding and engineering plants with
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traits such as tissue-specific and damage-induced chemical
defenses that work in harmony with natural systems.

Genetic engineering and other such technologies are pow-
erful tools of great value in pest management. But, if their
deployment is to be sustainable, they must be used in con-
junction with a solid appreciation of multitrophic interactions
and in ways that anticipate countermoves within the systems.
Otherwise, their effectiveness is prone to neutralization by
resistance in the same manner as with pesticides.

Therapeutics. Therapeutics have a valuable role in ecolog-
ically based pest management strategies, but they should be
viewed as backups rather than as primary lines of defense.
Also, therapeutics should be recognized as potentially disrup-
tive and used as unobtrusively as possible. The key principle is
that they should be geared toward bringing a pest organism
into acceptable bounds with as little ecological disruption as
possible. Synthetic products, natural products, and living or-
ganisms can be effective as therapeutics, and the fact that a
product is natural and�or nontoxic does not necessarily mean
it is less disruptive than synthetic products. The important
thing is to work as much in harmony as possible with the
system’s inherent defenses.

A wide array of therapeutic products are available, and more
are being developed with modern technology. A vast arsenal
of natural products identified from plants, insects, and micro-
organisms is being synthesized and formulated for use as
biopesticides. Semiochemicals such as sex pheromones and
natural enemy attractants can be used as baits and lures to
disrupt pest activity and promote natural enemy presence.
Pathogens, parasitoids, as reared in vivo or in vitro, are
available and are being touted as therapeutic tools. All of these
organisms and�or their by-products are important biofriendly
alternatives to toxic, broad spectrum, conventional pesticides.
Still, our primary pest management tactic should be maximi-
zation of built in pest reduction features of an ecosystem.
Therapeutic tools should be used as secondary backups.
Overreliance on them will return pest management strategies
to a treadmill situation (Fig. 1).

Another problem is the tendency to seek therapeutics that
give us the quickest effect. Sales of biological insecticides
amount to about $110 million annually, and Bt is the main
product ($90 million). Generally, microbial organisms work
slowly relative to synthetic pesticides. Therefore, industry has
as first priority formulation of microbials to obtain faster kill
and is less interested in long term pest reduction effects. Thus,
the role that microbials could play in orchard and forest pest
management, as well as in programs like control of grasshop-
pers in Sahelian, Africa, is neglected (39).

Retarded development of pests may be more desirable than
quick kill in certain situations. For example, Bt products are
considered unacceptable for controlling beet armyworms in
cotton because of their slow killing action. Yet, some studies
indicate that a slow kill may be more preferable when exam-
ined from a larger perspective. As indicated above, C. mar-
giniventris is a key parasitoid for managing the beet armyworm
and interventions should avoid disrupting this natural enemy.
Beet armyworm larvae intoxicated by sublethal dosages of
MVP (Mycogen, San Diego) (a Bt-derived biopesticide) ex-
perience retarded development and feeding and are subject to
higher parasitism than nontreated beet armyworm larvae (40).
In other words, an effective, nondisruptive way to manage a
moderate beet armyworm outbreak may be to retard its
development and damage while giving the parasitoids time to
work, thereby strengthening the parasitoids’ effect during
subsequent generations. A similar effect was reported earlier
for Bt and a parasitoid of gypsy moths (41). A quick kill may
provide more immediate results but destroys a resource for
parasitoids and limits their presence with subsequent genera-
tions of pests, thus leading to resurgence.

We must remember—our primary objective in pest man-
agement is not to eliminate a pest organism but to bring it into
acceptable bounds. The role of therapeutics is not to replace
natural systems. Rather, their role is to serve as complements
while the system is temporarily out of balance. From that
perspective, it is clear that interventions that interfere with the
restoration of balance are counterproductive. Waage (39)
suggests that biopesticides could form the ‘‘methadone of
IPM,’’ helping agroecosystems to recover from the habit of
calendar spraying while we are redesigning and nurturing them
to a more self-renewing capacity.

Potential Benefits

The benefits of a total system approach would be immense,
directly to farming and indirectly to society. The approach
takes into account impacts on our natural resources such as the
preservation of flora and fauna, quality and diversity of
landscape, and conservation of energy and nonrenewable
resources. Long term sociological benefits would also emerge
in areas of employment, public health, and well being of
persons associated with agriculture (42, 43).

In The Netherlands, prototypes of various multidisciplinary,
arable farming systems have been evaluated on a semi-
practical scale (44). In 1979, a national experimental farm for
the development and comparison of alternative farming sys-
tems was set up in Nagele (one of the ‘‘polders’’). The size of
the farm was 72 hectares (almost 300 acres). Among other
studies, integrated and conventional farming practices were
compared for seed potatoes, dry peas, carrots, onions, sugar
beets, and winter wheat. Crop protection and other manage-
ment practices with the integrated approach followed the basic
principles discussed herein.

Over a 15-year period, pesticide use on these integrated
farms was reduced over 90% (Fig. 2). They found that pesti-
cides, and fertilizers, can be decreased through implementa-
tion of alternative practices based on intensified knowledge of
the ecosystem. Artificial fertilizers are replaced by organic
manure and effective use of crop residues. Insect, weed, and
disease problems are reduced through natural control by the
enriched natural enemy fauna, the use of weed-competitive or
disease- and pest-resistant varieties (with an emphasis on
durable systems for resistance), reduction of nitrogen fertili-
zation, and judicious use of chemical pest control based on
careful population sampling and decision thresholds. Results
from these demonstration farms have been so encouraging that
implementation of integrated farming is being enforced by the

FIG. 2. Average use of pesticides (kilogram active ingredient�
hectare�year) in conventional and integrated farming demonstrations
in The Netherlands (1986–1990); after Wijnands and Kroonen–
Backbier (43). ha, hectare.
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Dutch Ministry of Agriculture to reduce environmental pol-
lution and to create a firmer basis for survival of agriculture in
the longer term.

Yields were somewhat lower on the demonstration farms but
were compensated for by cost reduction through lower pesti-
cide and fertilizer inputs. Thus, the net short term profits of the
demonstration farms were equal to those of the conventional
farms. We emphasize the short term economic aspect of
sustainable farming because immediate profitability figures,
along with the environmental concerns, are crucial to adoption
of the practices. However, the eventual consequences of
conventional farming are so severe, environmentally, socially,
and economically, that it is wise to initiate changes even under
situations in which short term economic benefits are marginal.
Bio-friendly agriculture and good economics, over the long
term, clearly go hand in hand.

CONCLUSION

Recent quests for effective, safe, and lasting pest management
programs have been targeted primarily toward development of
new and better products with which to replace conventional
toxic pesticides. We assert that the key weakness with our pest
management strategies is not so much the products we use but
our central operating philosophy. The use of therapeutic tools,
whether biological, chemical, or physical, as the primary means
of controlling pests rather than as occasional supplements to
natural regulators to bring them into acceptable bounds
violates fundamental unifying principles and cannot be sus-
tainable. We must turn more to developing farming practices
that are compatible with ecological systems and designing
cropping systems that naturally limit the elevation of an
organism to pest status. We historically have sold nature short,
both in its ability to neutralize the effectiveness of ecologically
unsound methods as well as its array of inherent strengths that
can be used to keep pest organisms within bounds. If we will
but understand and work more in harmony with nature’s
checks and balances we will be able to enjoy sustainable and
profitable pest management strategies, which are beneficial to
all participants in the ecosystem, including humans.

We are grateful to Karen Idoine and Drs. Charlie E. Rogers (now
deceased), G. T. Fincher, John Garcia, Bryan Beirne, Thomas Eisner,
R. James Cook, and Fred Gould for providing important advice and
suggestions throughout the drafting and revision of this paper.
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STING OPERATION

HOW A BUG EXPERT IN TIFTON TRAINS WASPS TO FIGHT IN

THE WAR ON TERROR

BY LUKE DITTRICH, ILLUSTRATION BY CELIA JOHNSON

One day, when Joe Lewis was 11 or 12 years old, he snatched one of his father’s

roosters and smeared it with smut from a wash pot until its neck feathers were

smudgy and dark. Joe’s grandfather had told him that roosters recognize one

another by the coloration of their neck feathers, so Joe had decided to find out

what would happen if  he messed with that coloration. This particular rooster was

the top cock in the local pecking order, the one all the other roosters habitually

deferred to in matters of food and females. When the boy returned the besmirched

bird to its flock, what happened next was so exciting that he repeated the process

many times in the weeks that followed.

“He’d go to take charge and take back his domain,” Joe remembers, “and all

these other roosters would go, ‘Who are you?’ That was one of my earliest scientific

studies. I could spend all day watching rooster fights!” Joe Lewis is now 62 years

old, and this is a story about one of his more recent scientific studies. This is also a

story about screaming plants, chocoholic wasps and why the Department of Defense

thinks educated insects might protect us from terrorists.

Joe grew up on 4.5 acres of cotton in South Mississippi, a place he now calls

“the back end of the world.” His father was a share cropper who did not know

how to read or write. The family lived close to the soil, as farmers say. A mule

pulled the plow. Geese cut the grass. Dogs helped the hunt. Joe plucked the fiber

from the bolls. Life on the cotton patch was a complex balance of chores and

processes partitioned between nature and man.

I. Joe has learned many things by studying bugs. Strangely enough, the bugs

that he studies have also learned many things from Joe.

The cotton had enemies. If  you had been there, in those fields, and you had knelt

in the dirt, and you had looked closely at the underbellies of the plants, the

enemies would have revealed themselves. You might, for example, have seen a

small caterpillar the color of faded parchment, cutting at a leaf with serrated jaws,

moving as slowly as a minute hand, ingesting healthy plant matter at one end and

ejecting useless brown waste out the other. If  you had watched long enough, the

enemies of the plant’s enemies would have revealed themselves too. A tiny wasp,

even smaller than the caterpillar, might have lit upon the worm’s back and impaled

it with its ovipositor.
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The two kinds of bugs, worms and wasps, had a common enemy as well. Every

afternoon, Joe’s father would tie a red handkerchief around his face, haul a sack

of dust out into the field and coat his crops with DDT and other poisons, tainting

wasp, worm and human alike. When Joe left the cotton patch, he went to Mississippi

State University. One of the first books he read there was Rachel Carson’s Silent

Spring, a popular environmentalist work that excoriated chemical pesticides like

those Joe’s father used. Carson recommended an alternative, something called

biological control, which, rather than killing your crop’s enemies with artificial

dust, would kill them with their own natural enemies. If  Joe’s father had employed

such methods, he might have, for example, dealt with his bollworm problem by

sprinkling his cotton plants with wasps, rather than DDT. The wasps would then

have done what they do naturally: lay voracious offspring in the bollworms’ bellies,

stunting their growth and shortening their lives. The concept was not new. Chinese

farmers purchased nests of mercenary ants to kill pests in their citrus groves as far

back as the third century, and such methods eventually spread around the world,

becoming ubiquitous by the 1800s. By the 20th century, however, the cheapness

and relative effectiveness of chemical pesticides had almost made biological control

obsolete. Joe found Carson’s ideas hugely appealing. He particularly liked the idea

that they might offer men like his father an alternative to the killing dust. As Joe

soon learned, however, biological control was a process as primitive and unrefined

as it was ancient. Humans, for all their complexity and smarts, knew very little

about effectively harnessing the swarms of insects that surrounded, outnumbered,

helped and hindered them. For example, everyone knew wasps killed bollworms,

but nobody knew how a tiny wasp could find a tiny bollworm in the middle of a

4.5-acre cotton patch. If  we could figure out what was guiding the wasps, maybe

we could exploit that knowledge to help the wasps hunt, making them stronger

allies. Until we learned such things, though, biological control methods were unlikely

to ever replace cheap and dirty chemicals.

So Joe decided to study bugs.

In his Tifton laboratory, Joe Lewis uses wasps’

natural attraction to scents and trains the bugs

to be drawn to certain odors - chocolate, for

instance, or explosives.
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II. When he was a boy, back in the back end of the world, he knew only a

little about the caterpillars he called bollworms and the tiny black wasps

that preyed on them. Now he knows a lot more.

Dr. Joe Lewis is a big man with a broad, handsome face, floppy grey hair and a sort

of exuberant politeness that probably serves him well in his role as vice mayor of

Tifton, a small city in South Georgia surrounded by thousands of acres of  cotton

and peanuts. Politics is a part-time thing for Joe. His main job is with the United

States Department of  Agriculture’s Agriculture Research Service, where he works

as a behavioral entomologist at the USDA’s Crop Protection and Management

Research Laboratory in Tifton. When he was a boy, back in the back end of  the

world, he knew only a little about the caterpillars he called bollworms and the tiny

black wasps that preyed on them. Now he knows a lot more. These days, he calls

the bollworms Helicoverpa zea and the wasps Microplitis croceipes, and he writes

papers about them with lofty titles like “Herbivore-Infested Plants Selectively Attract

Parasitoids.”

Today, when he describes a field of cotton, or a field of any other crop,

he sounds like he’s describing a single living organism. His descriptions are

anthropomorphic. The cotton plants are the body, the bollworms are a virus, the

wasps are white blood cells, and every part of  the field is reliant upon every other

part in an intricate and delicate balance. Joe has learned many things by studying

bugs. Strangely enough, the bugs that he studies have also learned many things

from Joe. Here is one thing Joe has learned by studying bugs: Plants scream.

When a bollworm slashes through the chlorophyllic flesh of a cotton plant, for

example, the plant pumps a combination of 12 chemical compounds out through

its pores.

Those chemicals are its scream, and only bugs hear it. If  a wasp who is hungry

for bollworms senses such a distress signal, it reacts, following the signal to its

source, attacking the worm, defending the plant. The screams are very specific.

The one just described might be translated into English as: “I am a cotton plant,

and a bollworm is eating me!” Had the cotton plant been attacked by an aphid, the

signal would have been different, and the wasp, who has no use for aphids, would

have ignored it. In that case, a passing aphid-starved ladybug might instead respond

to the plant’s scream and feast.

The most important thing Joe has learned from bugs is that bugs can learn

from Joe.

This was a surprise — not just to Joe but to the entire scientific community,

which had long thought bugs to be hard-wired creatures that basically did

everything by instinct. In the late 1980s, however, Joe and his former Mississippi

State University classmate and long-time USDA colleague, Dr. J.H. Tumlinson,

discovered that bugs, in fact, have quite malleable minds and are constantly learning

and adapting to their changing circumstances. For example, if  a female parasitic
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wasp encounters a bollworm on a stalk of corn, she will lay her egg in the worm

and, while doing so, her antennae will energetically sample the cornstalk. When

she flies off, the odors of the cornstalk and the satisfaction of egg-laying will be

newly linked in her mind. The next time she detects cornstalk odors, she will track

them to their source to see if  she can find another host.

This is called “associative learning.” It is exactly the same process that caused

dogs to salivate when Pavlov rang his tuning fork, and it is a process that, before

Joe came along, everyone thought was exclusive to mammals and other relatively

large-brained creatures.

When Joe learned that bugs learn, he published a paper in the scientific journal

Nature detailing his findings. The paper described a simple experiment in which

Joe demonstrated he could teach a wasp to love vanilla. He did this by exposing a

wasp to the smell of vanilla while it examined its naturally beloved bollworm

feces. After this exposure, the wasp would become a vanilla-hunting fiend, flying

straight toward the scent in a wind tunnel. To make sure this particular species of

wasp didn’t have some strange innate predisposition to vanilla, Joe repeated the

experiment using a different scent. Soon, his trained wasps were flying just as

fixedly toward the scent of chocolate.

Within the Department of Defense, there is something called the Defense

Advanced Research Projects Agency, or DARPA. It used to be known as ARPA,

which is why the Internet, which DARPA invented, used to be known as the ARPANET.

DARPA’s mission, in its own words, is to “prevent technological surprise from

harming our national security by sponsoring revolutionary, high-payoff research

that bridges the gap between fundamental discoveries and their military use.”

Many DARPA-developed technologies — stealth fighters and global positioning

satellites, for instance — have already changed the world. Many other technologies

still in development — performance-enhancing exoskeletons, cognition-enhancing

neural implants — will probably change the future. An important part of what

DARPA does consists of  keeping tabs on the latest breakthroughs in every scientific

field. If  DARPA hears of a new idea or theory that might have some sort of military

application, it approaches the scientists behind the idea.

That is why, in the summer of 1999, DARPA approached Joe Lewis and asked

whether he and his chocolate and vanilla-loving wasps would like to become

defense contractors.

Humans are very bright, but our senses are very dull. Thousands of species of

nonhuman creatures see better than us, hear better than us and detect smells

better than us. We have always recognized the superior sensitivity of certain animals,

and exploited it, utilizing these animals as what organizations like DARPA would

call “biological sensors.” Dogs are the most familiar example. The first domesticated

dogs were basically organic burglar alarms. They could be counted on to bark at

an intruder long before we could sense the stranger’s approach. Eventually, we
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employed dogs for more sophisticated detection work. Starting in the seventh century

A.D., we began training them to actively track other animals and humans. Starting

in the last century, we also trained them to sniff  out bombs, bongs and bodies.

Even with the recent invention of computerized “electronic noses” — devices

that cost about $10,000 and attempt to replicate biological olfactory systems in

silicon-dogs still possess the best readily available chemical-detecting technology

on the planet. Our most sophisticated electronic noses are only about a tenth as

sensitive as the nose of a trained canine. But although detection dogs are useful

and effective, they are also big and expensive. They require years of training,

experienced handlers and are impossible to use surreptitiously.

DARPA wanted Joe to investigate whether his trained wasps might, in essence,

be smaller, faster, cheaper bloodhounds.

When DARPA first approached him, Joe was a little skeptical. “We knew we

could train [wasps] to natural odors like vanilla and chocolate, but we didn’t know

whether we could train them to these totally unnatural things that had no part in

their natural history, like explosives and nerve gases.”

“But anyway, we said, ‘We’ll look into it.’”

“Do you want to smell it?”

Dr. Glen Rains, an agricultural engineer at the University of Georgia who has

worked closely with Dr. Lewis in his wasp-training work, holds up a little brown

bottle. The label indicates it comes from a chemical manufacturing company called

Aldrich and contains something called cadaverine. Cadaverine is just what you

might guess it is: a chemical compound released by human bodies when they

decay. Believe it or not, it hardly smells at all.

Cadaverine is one of the dozens of compounds that Joe has trained his wasps

to seek out. In fact, once he started on his DARPA work, Joe quickly discovered that

there doesn’t appear to be a single chemical compound that his wasps can’t learn

to love. Before long, he was churning out TNT-sniffing wasps, corpse-sniffing

wasps and, yes, nerve gas–sniffing wasps. Best of all, his wasps appeared to have

olfactory systems just as acutely sensitive as dogs and were able to detect quantities

of any given chemical compound in ratios as low as four parts to a billion.

Once he’d demonstrated that his wasps could, in fact, become bloodhounds,

Joe’s next problem was figuring out how to harness them.

The way DARPA saw things was a little simplistic, Joe says. He recalls that his

DARPA liaison wondered why they couldn’t just release a few thousand bomb-

sniffing wasps and follow them until they clouded around the head of, for example,

someone with explosives hidden under his clothes. “We said, ‘Well, wasps don’t do

that.’ The thing about parasitic insects is, if  you put them in a room, or any

unnatural environment, they’re distracted, and they’ll just fly to the light.”

What Joe needed was the wasp equivalent of a bloodhound’s leash —something

that would keep the insects under control and undistracted as they sniffed out

whatever it was they were trained to sniff  out.
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It doesn’t look like much.

For something that represents the culmination of more than a decade of science,

for the prototype of what is perhaps the first viable insect-based biosensor, for a

device that has the potential to detect four molecules of  a specific chemical in a

billion-molecule soup, the Wasp Hound looks, frankly, like a piece of junk.

It consists of a few bucks worth of white PVC plastic tubing, a $20 fan salvaged

from a computer, a $5 USB cable, a $1 light-emitting diode, an $80 Webcam and

some wires. The Wasp Hound’s slightly superhero name comes courtesy of

Dr. Rains, Joe’s colleague, who, apart from being an agricultural engineer, is also a

comic book fan with an office full of Spiderman memorabilia. One of Dr. Rains’

students, Samuel Utley, programmed most of the device’s software.

Here’s how the Wasp Hound works:

1. Insert five pre-trained wasps.

2. Attach the USB cable to a laptop running a proprietary program called “Visual

Cortex.”

3. Turn the Wasp Hound on and move it to the item or location you wish to test.

That’s it. If the wasps detect the chemical they have been trained to detect, they

will cease their aimless milling and cluster around a hole in the bottom of the

Wasp Hound. The hole is right above the fan, which sucks air inside. The computer

program analyzes the Web cam’s overhead view of the clustering wasps. When

they cluster thickly enough, it sets off an alarm, indicating the presence of the

chemical in question.

With properly trained wasps, the Wasp Hound can detect the merest whiff of

TNT in a pile of suitcases. A different batch of  wasps might pick up a smidgen of

cadaverine emanating from beneath a field of wildflowers. Other wasps might

notice a few molecules of aflatoxin, a dangerous toxin, in an otherwise robust crop

of peanuts.

The Wasp Hound is about as compact as the best currently existing electronic

nose, more effective and only about 2 percent as expensive. Dr. Rains sees a sweet

sort of back-tracking in the superiority of wasp-driven chemical sensors over

silicon-driven ones.

“With technology, you’re always trying to get away from the way things used to

be, but as we go further and further, we kind of start going back. Look at the

medical field: Lots of doctors are going back to using maggots to help clean wounds!

So you know, things kind of come back around. Nature’s had millions of years to

develop systems that are as efficient as possible.”

Will bugs soon be battling bad guys?

Maybe.

DARPA might choose to enlist Joe’s trained wasps in the war on terror. In the

field, Wasp Hound–like devices could feasibly sniff  out caches of explosives or

send out warnings at the first hint of  nerve gas. Now that DARPA has jump-started
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his research and gleaned what’s possible, Joe’s not even sure he’d know if the

government decided to pursue future military applications. “They might step in

again. We may or may not know. If  they want to do something more, they’d

probably want to classify it and do all of it in-house.”

In the meantime, Joe and Dr. Rains and their respective institutions, the USDA

and the University of Georgia, have applied for a patent on the Wasp Hound. They

don’t plan to produce and market a commercial version of  the device themselves

but, rather, would like an outside company to lease the patent and take over from

there. There are still problems to work out to make the technology practical. The

most pressing is how to go about mass-producing trained wasps. The current

training process is done one wasp at a time and takes about 20 minutes to get a

cartridge-filling quantity of five wasps ready to go. They also have to be retrained

every 48 hours or so until the end of their lives, which typically comes about 21

days after they’re born. Apart from the problem of mass producing these short-

lived worker wasps, there’s also the inevitable inertia that always attends the birth

of a completely new and unknown sort of product.

“We’re doing stuff in an area where there’s no industry that currently exists,”

Joe says. “It’s not like developing a new pesticide. There’s no infrastructure in

place that takes invertebrate organisms and uses them for devices for chemical

detection. There’s an incredible need in the whole area. But there’s a lack of

infrastructure.”

Joe would just as soon leave the birthing of a new industry and all the associated

headaches to someone else. He’d rather get back to doing what he does best:

learning about bugs. And now that he’s learned just about everything he can about

wasps and proven that they can, in theory at least, double for dogs, he’s decided to

try teaching a new bug some new tricks.

Usually when Joe’s father finished dusting the cotton plants with DDT, he’d go

back to the house and sprinkle a little pile of the poison on the kitchen windowsill

to keep mosquitoes at bay. DDT has since been banned, but as anyone who’s ever

seen a digital watch’s plastic casing melt after an application of a DEET-based

repellent knows, we still engage in potentially hazardous chemical warfare against

mosquitoes all the time. A lot of  people wish there were safer ways to fight them.

That’s why, today, if  you visit Joe’s laboratory, you’re more likely to find

mosquitoes flying around in his wind tunnel than wasps. Mosquitoes, Joe discovered

just last year, have malleable, trainable minds too, though you have to substitute

blood for bollworm feces when you’re teaching them. Joe envisions several mosquito-

devastating scenarios growing out of his work. For example, you could use bait

stations to train a small number of mosquitoes to be drawn to a certain scent, then

count on the insects’ natural “aggression” behavior —their tendency to follow one

another when in pursuit of food — to give other nearby mosquitoes a nose for the

same scent. By lacing these bait stations with chemicals that sterilize mosquitoes,

you could nip an entire community in the bud.
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Joe has just begun his work with mosquitoes, and he’s hesitant to divulge much

more about it, but the basic principles are the same as his work with wasps. “Once

you can find out what they’re doing and play games with them,” he explains,

“there are all sorts of ways you can intervene and alter them.”

A half-century ago, a boy from the back end of the world grabbed a rooster

and smeared its neck with smut. He had begun playing games with the creatures

he shared his cotton patch with. He hasn’t stopped yet.
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