
SPECIAL NEWS REPORT: WORLD FOOD PROSPECTS 

Reseeding the Green Revolution 
High-yieldingvarieties of wheat, rice, and maize helped double world grain production.A repeat 

performance is now needed, and that will require a new commitment to agricultural research 

Searing images of Ethiopian children with 
bloated bellies and flies clmgtng to their faces 
spurred the world in 1984 to combat that 
nation's devastatingfamine.Topublicize their 
plight,whichwas exacmbted by the country's 
ragingcivilwar, UNESOOfilmedactressesLiv 
Ullman and the late Audrev He~burntour-
ing camps full ofstarving &&. pop icons 
Michaellacksonand Lionel Richie raisedmil-
lionsfot ;he causebygatheringU.S.musicians 
to sing "We Are the World." In the United 
Kingdom, rock star Bob Geldof launched a 
similarcam-, called Band Aid. Hi arrival 
inAddisAbabawi& aplaneload of foodsealed 
Ethiopia's reputation asthe epitomeof a coun-
try incapableoffeedingitself. 

Thingshavechanged.Thecivilwar ended 
in 1991.'and since then Ethimia has almost 
doubled its production of graik. Last year it 
exportedabout2 0 0 mtonsofgraintoneigh-
boringKenya,which was hard hit by drought. 
"Even ~ m l ein Africa can't believe that 
~ th iopkis~rponingfood--doyouhave 
anv idea what a chanee that is?" asks P 

is that population growth hasn't stopped, so 
the Green Revolutionhas to happen allover 
again," says agriculturaleconomist Lester R. 
Brown, president of Worldwatch Institute, 
an environmentaladvocacygroup in Wash-
ington, D.C. "And that won't be easy." 

By the year 2030, the United Nations 
predicts, today's world population of 5.9 bil-
lion will likely jump to 7.1 billion. The im-
pact of 1.2 billion additional mouths will 
be compounded by affluence, which drives 
up consumptionof meat, requiringhigh vol-
umes of grain for animal feed. "So you're not 
just increasing the load on what lend we 
have, you're multiplying it," saysWilliam C. 
Paddock,aretired Iowa StateUniversity p k  
pathologist who has written about potential 
food shortfallssince the 1960s. 

The surge in demand will occur even as 
evidence suggeststhat the Green Revolution 
is petering out. In recent years grain yields 
havestoppedrising asfast,andplantscientists 

~ d b e lPeace prize-& plant ge-
neticistNorman BorlaugofCUIIMYT, 
the Mexican cemds-mearchcenter. 

Borlaug was a captainofthe Green 
Revolution--the potent combination 
of higher-yielding grain varieties, 
greatly increased use of chemical fer-
tilizer, and the techniques to demon-
strate their use to Door farmers-that 
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whether the world can pro-
duce enough wheat, maize, 
rice, and potatoes (dbdcwlse, 
tiom top left in ~~J&IQ@)to 
preventfuture tragedieslike 
Ethiopia's 1984 famine. 

enabled much ofL Asia and Latin 
Americatoachieve&cultural self-suf- s~eareeets 

tific effort- kind of agricultural"pemn-on-
the-Moonproject," saysKennethG. Cassman, 
a crop physiologist at Nebraska StateUniver-
sity, Lincoln, who s p e c h  in rice. 

To feed the world, Cassman and other re-
searcherssay, scientistswill have tobringmod-
em dculturalmethods to areaswhere thev 
are n i t  now used, as Borlaug and others aL 
trying to do in Africa. At the same time, they 
will have to squeeze more productivity from 
every piece of arable land where the Green 

ficiency in the 1960s"and1970s.While Rlca, Peddy L 
acknowledging that many Ethiopians 
still go hungry because ofpoverty and 
poor food distributionnetworks,hesays 
the nation's tmnammd shows that 
Green Revolution ideas can help Af-
rica feed itself inthe 1990s."IfAfricanpolitical 
leaders put agriculturehigh on their order of 
priorities, rather than militaryhardware, and if 
foreignassistanceprogramsarereasonablywell 
funded. we could see some reallv dramatic im-
provements in the next 5 to 6years." 

But Borlaug-like many agricultural re-
searchers-is less optimisticabout the pros-
pects for rapidly boosting crop yields in the 
rest of theworld. The Green Revolution has 
already transformed agriculture in most of 
Asia, Europe, and the Americas, with enor-
mous impacton human well-being.Globally 
speaking, a child is less likely to be malnour-
ished today than ever before. "The problem 
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agree that they are ficing physical limits as 
theytrytocoax plantstoproduce evermoreof 
their weight in grain. Suppliesof fresh water 
are growing scarce. Soil quality is deteriorat-
ing. There is little unplanted arable land left 
to exploit. 'We're running out of gas at the 
time we most need it," Paddock says. 
Wihumankind ultimately be abletofeed 

itself? Intenriews with plant breeders, crop 
physiologists, and botanicalgeneticists in Af-
rica, Asia, Europe,andNorth America suggest 
that theanswerisyes. Lifecanbesustained,and 
at a relativelyhealthy level. But,they caution, 
it can happen only if the world engages in a 
gigantic, multiyear, multibilliondollar scien-

Revolutionhasalready takenplaceby+lop 
ing ?ugh-precision famung" techniques that 
optimize every step fromseed to harvest. 

Unfortunately,there is littleevidencethat 
society-or science-will embracethisheroic 
task in time. 'The stakesare huge," Cassman 
saw. "but when vou look at it in terms of the, , 

global agenda of science, most people aren't 
even aware of it. People are more concerned 
about the impact of an asteroid." Wqldwide 
funding for agricultural science is flagging, 
and several major mearch institutions are 
laying off staff. As a a l t ,  Cassman says, "I 
think that science could feed the world, but 
I'm quitewomed that it won't be allowedto." 

VOL.277 22AUGUST 1997 www.sciencemag.org 
-



Defusing a bwnb became tapbevy and W over, ruining the tween 1950 and 1990, almclst triphg grain 
EcologistPaulEhrlich,authorof Tk Po@- crop. So the researchers sought out wheat harvessduring that period. 
tion BoPnb, forecast in 1969 b t  within a snains with J m r ,  stouterstab, scmxhg i Recently, though, the rate of increasehas 
decade, JapanmuId starve and a horde of the entire US'Department of Agkukure 'slowed. Since the harvest of 1989-1990, 
f d e d  ChinmeA d  invadeRussia. "Mast (USIIA)wheat dection before leami& of yieldshaverisen byjust O.S%per 
of the people who,are go@ to die in thi some "dwarf"'ties inJapan. &ceptfor its result, cereal stockpiles pi-d 
greatestcataclysmin thehistoryofmanhave six, however, the Japanese wheat million tons in 1992 to an esti-
already been born," he w d .  promising. 1s g ~ o d u ~ dd l e  grain, was 1million tons in 1997-"well be-

Backthen, d i n gtotheU.N. Food and &m sterile,andwas sowrsceptible todisease necessary to safeguard 
A g r h l d  QgatxWion (FAO),56%of the that the first year's experimental crop was according tothe May/ 
humanlacelived innationswithaverageper- wholly lost to tlook" repart. And ce-
capita f a d  suppliesof2200 cabries per day Barlaug'steatn lopihgcountrieshave 
or less, a level btqdy emx& m get by. & - without the 

- t h e r e w a s a n u n ~ e d b o n u s : T h e d w ~  
- genes ultimately had synergistic&Q on 

I 

atid 

logicall*i& 
%mqnist.ist.%-"" a h v i e  

I 

Gamp&nforrice.'The slow 
the Rodr&iler l?oundaMaad the Mexican h e r a t i d  Rice %sear& Institute (MU), good"-an indicationof succes,not h 
M i n i s a y o f ~ e u ~ ~ a ~ t o~ i n L a s ~ ~ ~ ~ , c h p J ~ 
b d  ~~wheat varieties that re- t h e M & m m b p M w + e  .SpFsaaQIRglhatWWWM 
s isdstem~)8t ,afmpthat&enplagued dkase-resistanta&nscdofces;Mfe~~8ing ToBariagg,worryingabouttheGreenRevo-
Latin~canagricultureThepl~grsmset t h ~ w l t h W ~ e s t o p r e v l e r a s I x d g i n g .I u t i m s l ~ i s l m ~ t h F e c o g n i z -
u p t w o l a b s ~ d b y 1 O ~ o f l a t i t u d eM ~ B o r ~ s ~ ~ t h eirtg~ithaJne~erbfullyagaWkosonae 
and 2603metetsinaltitude. Bys h u l ~ e o u s l ~1 - W  Center for Maize and ,What  ohthewrcstd"spmpoorest area ep&dy Ma. 
testingwheat strains in both m b ,Ehe pro- Improvement, but h w f l  by itq Spa~lsh Tobe A f f i c a i s a n ~ l ~ ~ $case--
gram developed high-yielding, rust-mistant acronym,CihWYT-d the neafwhat much'ofits mil is e+, ni-n-ysd 
hybrids that were insensitivetp climsttic v k - amins forPakistan and India.Largelyb an$lachginorganicmatter.Wi&&ient 
ables such as tempe.ram andday leagth. ofthe in-on ohhybrid wheat and rice, waert fd izat im a d d  ovetrome many of 

Thenewvarietiesproducedsomuchgaiq says USDA, f.iinnersdthe worM taised these defkkndes. But arid Africa dot^ not 
infact,that t h e y u l w - t h a tisis,the plants grain yield$by an average of 2.1% a year be- have the water. "it's more difficult t h w  in 
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Saving Sorghum by Foiling the Wicked Witchweed 
Civi l  war, genocide, corruption, and political incompetence 
have conspired to keep entire regions of Africa on the brink of 
famine, earning it the sad reputation as the hungry continent. But 
even if these dreadful socioeconomic problems were alleviated, 
African agriculture would still suffer from a host of more tradi-
tional problems-insects, birds, and plant diseases. Indeed, one of 
the greatest sources of crop losses in Africa is not war or corrup-
tion, but three species of the parasitic plant Striga hermonthica. 

Commonly known as witchweed, Striga feeds on the roots of 
cereals and legumes in much of Africa and South Asia. Estimates 
of croD losses caused bv StriPa ranee from 15% to 40% of Africa's 

species. Within a few years Striga was wiping out millet, too. 
In the past, African farmers shifted their planting from one 

plot to another, rotating crops with long fallow periods between. 
"If a problem came up with Striga,"Ejeta says, "they had the luxury 
of leaving the field alone for a few years." With populations rising, 
farmersnow often stay put, cropping the same land-ideal condi-
tions for Striga. 

Having left his native Ethiopia in 1974 just before a military 
coup deposed Emperor Haile Selassie, Ejeta finished his doctor-
ate in the United States and then went to the Sudan office of the 
International C r o ~ sResearch Institute for the Semi-Arid Trov-

, U " 

total cereal harvest; ISAT), an agricultural think tank headquartered in 
cropseveryyear. Gebis Hyderabad, India. At ICRISAT, he developed Hageen 
Ejeta, an agronomist a 2 Dura-1, the first commercial sorghum hybrid in sub-
PurdueUniversity,say Saharan Africa, and introduced it to Sudanese farmers. 
Striga-which attacI Although the new variety was drought-tolerant and 
maize, sorghum, and yielded as much as 150% more than traditional varie-
millet, Africa's three ties, it was plagued by witchweed. When Ejeta came to 
most important cere- Purdue in 1984, he was determined to do something 
als-has long been about this parasite. 
the "strongest bio- Believing the interactions among parasite, host, and 
logical constraint to environment are too complex to control in field condi-

: crop production" in tions, Ejetadecidedto unravel the basic biology of Striga. 
the continent. He teamed up with Butler, a biochemist, hoping that 

i All effortsto control understanding the specific biochemical signals between 
what Ejeta calls "this host and parasite would allow farmersto disrupt them. In 

' 
scourge" he Crop killer. A Striga-infestedsorghum field in 1992, Bupe Siame, a Zambian graduate student work-
and his Purdue C O ~ -Ethiopia, which has started to use resistant seeds, ing with Ejeta and Butler, identified the exudate-
league, the late Larry sorgolactone-that activated germination of Strigaseeds 

i Butler, developed the first Striga-resistantsorghum. Introduced in in sorghum, maize, and millet. 
1995,the new varietiesarenow grown in suchdesperatelypoor places Dale Hess, another Purdue graduate student, meanwhile de-

8 as Chad, Mali, Niger, Rwanda, and the Sudan. According to Marco veloped a simple agar assay that separated sorghum genotypes on 
Quifiones,an  agronomist in AddisAbaba,Ethiopia,the Ejeta-Butler the basis of their ability to germinate Striga. He spread Striga seeds 
sorghumwas so successfulthat it spread throughout Sudan despite a evenly over a petri dish and placed a growing sorghum seed in the 

i civil war. Farmers in neighboring Ethiopia wanted Striga-resistant center. By measuring at intervals the distance of the furthest 
sorghumbadly enough to smuggle the seedsacross the hostileborder. germinated Striga seed from the sorghum, the researchers deter-
"They are growingsorghumin areasthat were abandonedto Smigafor mined the host's level of sorgolactone. 

r years," Quiiiones says. "The change is enormous." Using this technique, Hess and Ejeta discovered that one 
From a biological perspective, Striga is a fascinating problem. sorghum line, SRN-39, had a recessive gene that limited 

Once established, witchweed is almost impossible to eradicate- sorgolactone production. "The ability to produce this chemical 
the United States has spent millions in an attempt to contain a compound was under simple Mendelian control," Ejeta says. "So 
single small outbreak in the Carolinas. Each plant produces we were able to extract the gene through conventional plant 

/ 40,000 to 100,000 seeds, although production of half a million breeding and put it into eight varieties of cultivated sorghum." 
seedshas been observed.The seeds,smaller than grainsof sand, lie Field testing took place in Niger, Sudan, and Mali. (Field studies1 dormant in the soil for as long as 20 years, germinating only when of Striga are usually performed in Africa, for fear of letting witch-

! stimulated by a specific chemical exudate given off by the root of weed escape into new territory.) In the United States, Ejeta and 
the host plant. After germination, a second.host exudate triggers Butler mapped the gene on the molecular linkage map for sor-
the development of a root-like organ called a haustorium, which ghum, the first step in cloning the Striga-resistance gene and 
the parasite uses to penetrate the host and siphon away nutrients. transferring it to other crops. 
Dozens of plants can attack the same host, stunting or killing it. By 1999, Ejeta believes, some 200,000 farms should be 
Although Smiga eventually grows into an 80-cm plant with bright growing Striga-resistant sorghum in 12 African countries. "We 
pink or red flowers, it wreaks most harm while still invisibly were lucky," he says. "Usually varieties perform well in one 
underground. "Beforefarmersknow they have the parasite in their environment but fail in others. Ours seem to be doing well 
farms," Ejeta says, "the damage has been done." throughout arid Africa." 

S. h o n t h i c a  and S. asiatica parasitize cereals; S. gesneroldes The success was marred by Butler's unexpected death after 

had been wiped out by 

1040 SCIENCE VOL. 277 22 AUGUST 1997 www.sciencemag.org 



every way," says Nebraska's Cassnan. harvest-. "And that's withfertilizer lev- Haag says. "If you figured in paying the 
Still, Borlaug believes that Africa has els typically less than halfofwhat they are in tramportation costs, which are fairly high 

been "unjustlyneglected."Indeed, the Inter- theUnited States, ...with many farmersstill due to the poor infkstmcture, and the high 
national Crops Research Institute for the not having access to improved varieties of interest rates, it probably would have cost 
Semi-AridTropics(ICRISAT),inH y d d ,  maize arid sorghum, andno impmved variet- nearly$200/ttorakethegrainproduced inthe 
Indii-the equivalentof IRRI andCIIvlMYT ies of teff [a traditional Ethiopian grain] yet Northtothe South." 
forAfricanstapleslikesorghumand millet- available." Quiffanes believes further in- In Haag's view, such woes demonstrate 
was not founded until 1972, more than a creases will acctlrash e n  a d q ~new inno- that the successof the AfricanGreenRevo-

,vations such aspaa&&-te&tant lution will depend on investment in infra-

Isaghum (see sidebartp 1040). structure.But, he says, agencies like the In-
R& in Aries empha- ternational Monetary Fund are demanding 

k t size,however,thatthemtinent's that African governments "follow a very
& social and economic&lem re- tight, austere public-financing policy, so
$ main a majotobaecLtodevelop- dmels no money.' At the same time, for-
p mat,SG2000~efusestowotkin eign aid is being cut back, especially from 
lij countries without stable gov- U.S.sources.SaysHaag: 'Years ago, to start'emments, which bars it from the Green Revolution there was a lot ot 'many nations. It didn't begin op- external assistance. Now there's almost 

erations in Mo-bique, for in- none and peoplestandback saying'Africa is 
stance,until the 1995-1996 sm- hopeless.' Well, Africa is not hopeless. You 

ISSO I W O  iS8O IssQ 2000 2010 2020 sea,ayear& the endofa& give the farmers here a chance and they 
Wd&mans?VloMWiWs B msaysWorkl Bank and tmscivilm. BaYedinthecapital respond magnificently." 
FA0pmdbfhsaknrthtwwyields.? + A  ,'- .- areoverly optimistic. c i t y o f M i p l t 0 , t h e b h ~  

a %<:$-@--.+ +e lectd 40 l-ha fmm frw demon- O;ou$ng pains
aecade after its fellows. -even when strationplots,halfnear theborder withZimba- If Afric;anations make the necmary invest-
research was done, Borhug says, the world bwe, half in the far North. It provided each ments in agricul-d Borlaug,b r  ane,L 
made "no major effortEO move the technol- farm with 100 kilogram of fertilizer ad dis- confident that they eventually will-the 
ogy to fanners' fields." ease-resistant white maize seed. Hawestsfiom region'spoorsoilsandlackofwaterstillmake it 

Dismayed by the slow progress, the late the region near theZ i b w e  border usually &y that,evenwiththeGreenRevolution, 
Ryoichi Sasalcawa, a Japanese industrialist- avetaged lessthan1t/ha,&to Wayne A$icawilleverproduceenoughmplusfOodto 
philanthropist, askedBrxMin 1986to come Haeg,the SG2000representative in Maputo. helpmeetthe growingplanetwideneed, That 
out of retirement and bringthe-* Revo- With just ehis little bit off& andbetter task*saw T&eshi Horie, an agronomist at 
lution to Afiica. With Borw d fonner seed," he says,@theiryieldswere over3 tjha." KyotoUnivdty, tcquiw regions that have 
President Jimmy Carter on bawd, In theNorth, though, the d t s  were less better sods, water, and climate. "To feed the 
created Sasakawa Gtobat 2000 (SG2000), beneficial, butnot becausetfieimprovedseed 'world*we wii l  have to take areas that have. 
hoping to do in Atiica what theR&&er and fertilizer failed to p r o d d  farms ah& increased yields greatly-Japan, Cali-
Foundationdid in LatinAmerica 40yearsbe- averaged4.7 *. Thenoltdremfarmezswere f- Europe-and make them repeat it a 
fore. Today, Borlaug says,SG2aX) has set up unable to take a d v q eof the surplwThe s d time," saysHorie. '?t will be a big job." 
between 350,000ad 400,060 demmrstrtion cash-snappedMozambicm$o~emmentdiddt Just how big a job will depend in part on 
plots where Green Revolution approaches fulfill its protnise to buy excess production how fastdemandforgrainsis likely to grow-
ate comparedto uaditional, currentpractices. for about $1201~W m ,  ,a topic of considerable 
"What thishas shown is thatyou canalways thepoor conditionof local E debate. In 1994,,Lester 
atleastdoubletheyields--andfkquentlytriple roads prevend h e r s  3 Brown of Worldwatch 
them-and in some casesquadruple them by fromtransportingthekp+ B caused an internationalup-
the application of the best package of tech- duce. The northem area mar by predicting that 
nology that you can put @ex," he says, ended up a& in mi&& E W s .& @te 
"Very simple steps can have a dramatic im- with stockpiles rotting$ .' for grain would set df a 
pact." Afticansrarelyusecommercialf e - d k ,  the price fell to a mlasus worldwide economiccon-
for example, and the first h&-yield sorghum $401~ &ion. Brownaxgueddrat 
w a s d y b m u g h t t o t h e m ~ t i n 1 9 9 1 .  hitsouthern ChinaislosingatabkM -

A recent, d-ic wccesa storyhas been whichpaid $ and exhausting its -water 
Ethiiia, saysMarw Quiiiones, an SG2000 maize from supply, while explosive 
agronomist in AddisAbabaUntil 1991, t& "It madee~onomlcseme, economic groanh 80d a 
ruling milirary cabal favored heavy induscrp shift in consumpeion -from 
over fanning. Partly-beam6 of urgings by rice and wheat to meat will 
Carter-who helped canvince the prime . chive up its demand for 
minister to view SG2000 demonstration grain. Brown f-t that 
plots in 1994-the new government has +Chinawould have to im-
emphasized agriculture, lending money. £m port "nmisivequantitiesnof 
improved seed and fertilizer to the country's rice,wheat,aidmaize.This 
millions of small private farms, demand would " W e r  unprec-

As aresult,@iffones says,Ethiopiangrain &&~inwarldfoodprices,"b&6, 
productionwentfromlessthan6milliontons tippingthe world food balance "fromsurph 
in the 19941995harvest sesson to an &- m ~ t y n a n d ~ t o m a s s ~ r i a n  
mated 11.7 million in the 1996-1997 Most agricultural economists agree &I 
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Cashing in on Seed BanksvNovel Genes 

I I n  1970,an epidemicof Southern corn leaf blight ravaged farms r4us6: storehouses of rejected traits. But Tanksley's own work 

ever recorded for a single crop in a single year.Nothing seemed through seed banksfornovel genes6 years ago,eventually teamin, 
throughout North America, causing the biggest economic losses showshow usefulthesestorehousescanbe. Tanksleybegan huntiq-

China's appetitefor grainwill surge,but they 
believe-surprisingly-that the world can 
increase production fast enough to satisfy it, 
and with relative ease. World Bank analysts 
Donald 0.Mitchell and Merlinda D. Ingco, 
for example, predicted in a widely cited 1993 
study that future yields would "continue 
along the path of past growth." And 
Alexandratos's 1996 model for FA0 argues 
that eliminatingmalnutrition in the world's 
poorest nationsby 2010 "would certainlynot 
tax the capacity of the world." 

Agricultural scientists, although tending 
to dismiss Brown's scenario as overly apoca-
lyptic, are considerably less sanguine than 
the economists are. "The ones that predict 
higher yields forever, I keep asking them, 
'How are we going to do this!"' says Thomas 
R. Sinclair, an environmentalhorticulturist 
at the University of Florida-Gainesville's 
Agricultural Research Center. 

With his colleagues, Sinclair has been as-
sessingthe maximum potential yields of indi-
vidual wheat and maize plants-the harvest 
index, as it is known. ''To mow corn." he 

able to stop the fungusthat caused the blight-
- -

up with his-Cornell colGague ~ c ~ d u c han, 
until scientists discovered that a wild variety of Jiming Li and LongpingYuan of the NationalHy 
maize was resistant to it. By crossing the wild and brid Rice Research and Development Center, h 
cultivated maizes, researchers created resistant 'Hunan, China. Thiigroup now has bred rice tha 
varieties, saving thousands of farmers from ruin. may yield 20% to 40% more than conventiona 

The blight spread so rapidly because 70% of high-yieldingstrains-all by capturinggenesfron 
the maize in the United States had the same uncultivated rice varieties that themselves shob 
genetic susceptibility to the disease. This stark little obvious sign of being useful. 
evidence of the dangers of genetic uniformity led Using methods pioneered by Tanksley with to 
to an international effort to conserve crop diver- matoes, the researcherscrossed a weedy, unpromis-
sity. Today,collections hold more than 6 million ingwild Malaysianrice ( O r y ~rufipgm) with culti-
germ plasm samples, mostly seeds,coveringsome vated Asian rice (Orymsatiua), hoping that the 
100 crop species and their wild relatives. But as wild speciesmight have some unknown beneficial 
b e l l  University plant breeders StevenTanksley traits. Ofthe 300 test plants they bred by crossing 
and Susan McCouch contend in an article on these species, about 15% outyielded the culti-
page 1063of this issue, plant breeders have failed vatedstrain,afewby asmuch as 50%. At Comell, 
to exploit seed banks. Tanksley and McCouch genetically mapped the 

"The embarrassing, paradoxical fact is that mingt,, ~~~k~hold high-yielders and found two wild genes that 
we've made this major investment in bicdiversity untappedriches. seemed to be responsiblefor the increased yield. 
but--except for com blight-hardly ever used it," Such a finding,McCouch says, "flies in the face 
saysTanksley."Seedbanksaresupposed to be storehousesofimpor- of traditional breeding, where the best parents give the best chil-
tant genetic traits, but breeders pay practically no attention to dren. Here, Steve [Tanksley]was takingparents with poor pheno-
them." Ronald Phillips, chief scientist for the competitivegrants types and using them to improve yields in elite varieties." 
program at the U.S. Department of Agriculture, says the article AlthoughTanksley believesthat the hybrid rice will be useful, 
"provides a great serviceby alertingpeople to the value of hidden he is most pleased by the larger implicationsof the new method. 
genes in seedbanksand by pointingoutthenewer methodsfortheir Maintainingbut not using seed banks, he says, "was like having 
detection." this huge bank account in Switzerland, but nobody had given us 

In part, breedershave ignored seed banks because conventional the password, sowe couldn't tap into it. The genesthat passed the 
mg involves eliminatingall but the most desirable traits. As a muster of evolution for millions of years are sitting there, waitingW.ult, breeders tend to regard seed banks as botanical salons d e s  to be used. And now maybe we can start using them." 4 . M .  
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and roots, so there's got to be mass committed 
to what you don't harvest." The question is 
how small the nongrain proportion needs to 
be. "At the beginningof thiscentury,"he says, 
"many cropshad harvest indexes on the order 
of 0.25 of theirweight ingrain, and now many 
crops are approaching 0.5." Sinclair says the 
index can't rise much higher. "Maybe you 
could go up to 0.6 or 0.65," Sinclairsays, "but 
bevond that vou can't have a viable ~lant." 

Nor, he believes, can farmers keep dump-
ing ever-greater quantities of fertilizer on 
their fields. Maximum yields at IRRI experi-
mental stationsdeclined from 10 t/ha in the 
tropical dry season to 6 t/ha as overuse of 
fertilizer reduced the level of easily decom-
posable organic compounds in the soil, in 
turn reducing its nitrogen-supplying capac-
ity. With less ability to hold nitrogen, over-
fertilized soils let it wash into rivers and 
groundwater, polluting them. Partly for this 
reason, fertilizer use in Europe-where run-
off is a problem4eclined from 169kg/ha in 
1988to 116kg/ha in 1993,the latest year for 
which FA0 statistics are available. 

mean that researchers can no loneer easilv-
apply the old Green Revolution paradigm-
breed shorter plants with more grain per 
stalk, provide lots of fertilizer, and watch 
yields triple-to wheat, rice, and maize, the 
main cereal crops. "Producing higher yields 
will no longer be like unveilinga new model 
of a car." Nebraska's Cassman savs. "We 
won't be pulling off the sheet and there it is, 
a two-fold vield increase." 

An example is the "new plant type" rice 
under develo~mentat IRRI. Cultivated rice 
grows as a clump of almost 30 stemlike 
"panicles" that bear the flowersand grain. But 
only half the panicles produce grain, so 
Gurdev S. Khush, the principal plant breeder 
at IRRI's base in the Philippines, and co-
workersselectedforthose and thickenedtheir 
stems. IRRIscientistshope that the new plant 
type, which should be in field tests within 3 
years, will push the current 0.55 harvest index 
of rice to 0.6 or 0.65-a 10%to 20% increase, 
not the 200% to 300% increases of the ~as t .  

But even this modest rise may be unat-
tainable. Cassman and his collaborators re-

out, "you have to havi leaves, sialks, These fundamental physical constraints viewed the literatureon the new plant type 
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I , -- 
at the end of 1993. "We did not find a strong vantage if b d e m  crab muiaies with to the rescue. Although private money 

. scintific paper t r a i l , . M o n p u b W  data, l o n g m ~ - ~ h g ~ , h t r h e Y  willtsave funded 53% of dl agticulturzrl research in 
- that would justify or support the supposition to be presk'1.y & "Having a longer 1993, the last year for which data are avail- 
, that @ere's anuntapped 25% yield potential," gcain-fillw p m d  will depend on appkying able, the IFPRI rewschers calculate that 

he says. (For another approach to increasing the nitrogen at exactly the righttime d in just 12% of the money went to direct crop 
: the rke-harvest index, see sidebar, p. 1042.) exactly the right aqe&t,* he says. improvement. For self-pollinating crops like 

&' ' theharvesthdexwiilbe . wheat and rice, Pardey e x p k i ,  industry has 
~ d f ~ i e i n c o & i a v a r i e t y  M R i s q i a ~ a  m&le teampingits hvesrtne h new vari- 
afapgroach strainstbatbemetre- ' M ~ 3 t a f ~ ~ i m t s t k f o ~ o f f a t a s g ~ ) -  eties,becausef~onlypurchasetheseed 
sisc disease, s i c  or medie soils, or ductiam dqad m & U y  on a piqgk ,@- o m .  (Industry b mne intensted in corn, 
provide better nuaidon Ekdaug i s m y  able: invest me^ in~RiSd): " S c i ~ 4 ' ~ ~ s  which in the United States is mostly grown 
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