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The Plant Revolution 

T 
he initial phase of a revolution in agriculture has already occurred. Large areas of genet- 
ically modified (GM) crops of soybeans, corn, cotton, and canola have been successll- 
ly grown in the Western Hemqhere. In the United States in 1999, of the total of 72 mil- 
lion acres (29 million hectares) planted with saybeam, half were planted with GM 
herbicide-resistant seeds. When herbicide-res- seeds were used, weeds were easily 
conmlled, less tillage needed, and soil erosion was minimized. Worldwide in 1999, 

about 28 million hectares of transgenic plants are being grown. Some experts predict that this area will 
be tripled in the next 5 years. 

During this early phase of the plant revolution, the benefits of plant engineering have been largely 
confimed to farmers. Curren*, U.S. companies that are active in lram@c plant resear& will spend 
far more money on R&D than' they will receive as their share of pmi?~ts h m  madifid seeds, sales of 
which will amount to only $1.5 billion. -tly most of the agrichemical companies, including 
those in Europe, envision a far more lucrative future when the plant ~ o l u t i o n  matures W e r .  One 
possibility is the $500'bSion market for foods in the United States There is inamsing evidence that 
transgenic5 can procfuce M*er food Another opporhmi& is to use plants as chemical h r i e s .  The 
next najor phase of the plant revolution will emphasize the engineering of desirable traits in plants; 
traits that are red ly  apparent to the consumer. 

This issue of Science includes a samphng of the evohrlng status of the plant revolution and exam- 
ples of the many opporhmities Eor important research that genetic macation promises. Mazur et al. 
(p. 372) portmy some of the achievements of staff at the DuPont Co. in 
modifying output traits in plants. For about 15 years, DuPont scientists aud 
engineershavebeenetlgagedio~effortstocon~lthekindsofchem- 
icalsproducedbypW.Thq!hruve~suecesspndhavebeen~to 
channel plant metabolism into prwhhg W f e  and pbarm- 
cmtical and nutmmutical prodwts. The selection of supeiior strains a d  the 
conventional breeding of sajlbeans b e  led to lines with miwed levels of 
antinutritional oligosaccharides, stachyose, raffi ise,  and gaktose. Modi- 

fication of the genome of saybeans to produce 
desirable fats is leading to healthier foods and to 

in-d chemicals. The corn011 mi- 
eties of soybean seeds contain mainly polyunsat- 
urated fatty @ds that decompose when heated. 
In order to shiewe more stability and a higher 
me&g pint, industrkl hydmgenation has been 
med,itltlroughitcreateSunheaWytransfa#y 
&ds. A deshbb objective therefore was to de- 
velop soybean seeds that mainly produce the 
m o n m  fatty acid oleic acid Mazur et 
d. report raising the relative level of this sub- - ~ i n s e e d s f i . o m 2 5 % t o 8 5 % . L a r g e ~ o f  

GE 3 7 0  t h e s e s t m i a S ~ f s c . i y b e a o s ~ n O ~ ~ ~ -  
tion. Another effort that succedd was to use 

soybean piants to produce vernolic acid and rieinoleic acid, derivatives of 
oleic acid that are used as hardeners in paints and plastics. The necessary 
genes were derived &om Vernonia apd castor bean seeds and were trans- 
ferred into the saybean genomes. 

The authors also tkscribe a m&od for haeasing the energy contknt of 
corn, much of which is devoted bo Bnimal feed Varieties developed at the 
University of Illinois had high oil content but poor agromrmic characteris- 
tics. To deal with this problew the TopCross grain w o n  system was 
developed. A male, fertile, high-oil corn variety is interplanted at low den- 
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sity with a male, sterile elite hybnd The sys- 
tem has been used successfully on hundreds 
of thousands of acres. 

An important facet of the DuPont devel- 
opment process is functionality assessment 
to measure end-use attributes, thus increas- 
ing the likelihood that value-added traits 
will be found and used in multiple prod- 
ucts. Such tests demonstrated that flour and 
oil from high-oleate soybeans have im- 
proved heat and shelf-life stability in foods. 
The same high-oleic oil is useful as an in- 
dustrial lubricant. 

DellaPenna (p. 375) portrays some of the 
needs for and e-tal approaches to at- 
taining healthier levels of micronutrients in 
foods. Most people in the developed wun- 
tries have more than adequate supplies of 
macronutrient carbohydrates, proteins, and 
fats. Essential mimnutrients, including 17 
minerals and 15 vitamins, are also readily 
available in quantities ~IXcient to alleviate 
diseases of deficiency. However, in de- 
veloping countries large numbers of 
people exist on simple diets that are 
poor somes of macronutrients and of ' 
many mimnutrients. The food of over 
800 million people does not contain suf: 
ficient macronutrients, and micronutri- 
ent deficiencies are even more preva- 
lent. A deplorable fact is that 250 mil- 
lion children are at risk for vitamin A 
deficiency. A A of this vitamin leads 
to learning disabilities, and each year 
500,000 children suffer irreversible 
blindness from vitamin A deficiency. 

Extensive partial cDNA sequence informa- 
tion will become available for a majority of 
the genes of many plant species. As genes 
become associated with functions or traits in 
one plant, it will usually be possible to use a 
database search to identi@ orthologs respon- 
sible for the trait in other plant species. 

One of the most important experimental 
approaches for discovering the function of 

discovery of the mechanisms of hybrid vigor. 
The authors speculate that hybnds will exbib 
it substantial diffeimces in the expression of 
clusters of functionally related genes and that 
different hybnds will have different patterns 
of expressioa If this proves to be the case, it 
may be possible to progress toward more pre- 
dictive development of heterotic hybrids. 

The provocative suggestion that . . - 

C 
clusters of genes might be transferred 
between plant species opens a new set 
of opportunities. For instance, the trans- 

' fer of dozens of seed storage protein 
. genes may be desirable in order to tailor 
the amino acid content of seeds. 

Serageldin (p. 387) argues that the 
developed countries should more vigor- 
ously address the'needs of poor people 
in the less developed countries (LDCs). 
Improvements in food supplies, rural 
health, rural roads, education, and cred- 
it institutions are d e d .  A world pop- 

. . ulation increase of about 86 million Der 
year is occurring, mamly in the pookst 
countries. Future growth of food supplies 
there will have to come from existing land. 
Serageldin mentions the possibility of har- 
nessing the genetic revolution to benefit the 

I 
poor of the LDCs. However, he lists a host 
of ill effects that could arise in LDCs from 
successful genetic manipulation of crops by 
U.S. companies. He ends with suggestions 
for ameliorating some of the conflicts be- 
tween north and south over patents and pro- 
prietary i n f o d o n .  - Gaskell et al. (D. 384) emlare the 

stances. hiany ofthese phytochemicals have 
effectsmhumanhealth.Someappeartobe 
associated with lower morbidity in adult life. 
The exact chemical cmpunds are largely 
unknown, but groups of che&cals, including 
glucosinolates and p-ens, have beell 
identifled as b e i i  helprl. As more data be- 
come available concerning desirable micro- 
nutrients, the goal of in- their content 
infoodswillbecomeampe~Genesfbr 
synthesizing these substances will be identi- 
fied and incorporated in the various food 
crops. DehPenna mentions his own recent 
success in increasing the expression of vita- 
min E ninefold in Ambidopsis seed oil. 

The Somervilles (p. 380) provide their 
estimate of future developments in plant bi- 
ology. T h e  describe how new experimental 
tools and bioinformatics will greatly acceler- 
ate the acquisition of knowledge about the 
function of all plant genes. Soon the 
genomes of Ambidopsis and rice will be 
completely sequenced. The genomes of 
wheat, maize, sorghum, millet, and other ce- 
reals can be deciphered on the basis of their 
similarity to the rice genome because of ex- 
tensive synteny among the cereal genomes. 

A  worLd of Par-. Terraced hiltsides in Nepal 
(top), fields and hedgerows in England (center), 
and a U.S. corn and dairy farm (bottom). 

genes is DNA microarrays. From them, ex- 
tensive databases of quantitative information 

be obtained about the degree to which 
genes respond to pathogens, pests, drought, 
cold, salt, growth regulators, herbicides, and 
other agrichemicals. These databases of gene 
expression will provide novel insights into 
the genes that control complex responses, 
and they will also create an opportunity to 
assign functional information to genes of 
otherwise unknown function. 

One of the major advances could be the 

- States. Much of their -data is based on 
s m e y s  conduc&d in late 19% and 
1997, although their results are appar- 
ently still valid today. The authors cite 
many intmesting reasons for the fear and 
anlagonism toward GM foods in Eu- 
rape. One is a lack of faith in official 
lqylatory bodies. Other 0 ~ 0 1 1 s  3 
were deemed more tnstworthy; only 4% 
of those surveyed chose their govern- 3 
ments as reliable sources of GM infor- 2 
mation. In conttast, in the United States 

the U.S. Department of Agriculture and the 2 
Food and Drug Admhistmtion were regarded ! 
as highly believable. g 

The plant revolution is proceeding. It is $ 
being propelled by the skillful application 
of enormous resources of brains, money, g 
and technology. Soon much healthier foods 3 
will be available in the United States and 4 
some other countries. The revolution has 8 
brought with it global social and economic P 
tensions that may persist. In the longer 
term, plants will provide useful renewable 
answers to the inevitable depletion of & 
petroleum and its products. g 
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