
their talent and their genius. All of that, 
however, requires liberating the mind 
from the tyranny of intolerance, bigotry, 
and fear, and opening the doors to free in- 
quiry, tolerance, and imagination. 

With centers of excellence in the devel- 
oping world, there can be real partnerships 
between North and South. The promise of 
science can be fulfilled to make the new 
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century one free of hunger and of absolute 
poverty, accurately described as a condi- 
tion beneath any definition of human de- 
cency. All of that, however, requires our 
joint commitment as scientists to work for 
the benefit of the entire human family, not 
just the privileged minority who are lucky 
enough to live in the most advanced indus- 
trial societies. These tasks are enormous. 
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But the longest journey starts with a single 
step. So let us start. If not us, who? If not 
now, when? 
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"m he most precious things are not jade 
and pearls but the five grains." The 
five grains referred to in this Chinese 

saying are most likely to be rice, wheat, 
millet, sorghum, and maize (1). These ce- 
real grains account for up to 60% of the 
calories consumed by people in the devel- 
oping world (2). We could also apply this 
saying to the valuable genetic information 
that cereals contain-especially rice. With 
a genome significantly smaller than those 
of other cereals, rice is an excellent model 
for genetic and molecular studies (3). The 
publication of draft genome sequences of 
two major subspecies of rice (indica and 
japonica) on pages 79 and 92 of this issue 
(4, 5), provides a rich resource for under- 
standing the biological processes of plants 
and promises to positively impact cereal 
crop production. 

If the world's population continues to 
grow as predicted for the next 20 years, 
global cereal yield must increase 80% 
over the 1990 average to feed these addi- 
tional people (6). Compounding the prob- 
lem is that areas of productive farmland 
continue to be lost through urbanization 
and degradation of existing agricultural 
soils (7). Although achieving food security 
will require a multitude of social and eco- 
nomic solutions, the new knowledge de- 
rived from genomics research will make 
an important contribution. The challenge 
ahead for the plant research community is 
to design efficient ways to tap into the 
wealth of rice genome sequence informa- 
tion to address production constraints in 
an environmentally sustainable manner. 

Taxonomically, all cereals belong to one 
of the two major groups of flowering 
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plants: the monocotyledonous plants 
(monocots). Completed in 2000, the 
genome sequence of the weed Ara- 
bidopsis thaliana provided our first 
complete view of the genome of a 
dicotyledonous plant (8). With the 
availability of the rice genome se- 
quence, we can now directly com- 
pare the genome of a monocot to 
that of a dicot and to genomes of 
other sequenced organisms. A sig- 
nificant observation is that over 80% 
of Arabidopsis 
genes have close 
counterparts (ho- 
mologs) in rice 
whereas only 50% 
of rice genes have 
homologs in Ara- 
bidopsis, suggest- 
ing that all rice 
genes are essentially a super- 
set of Arabidopsis genes (4). 
Furthermore, at a significant 
level of similarity, 85% of 
proteins examined in cereals 
have a related protein in rice 
(3). This observation poses 
some interesting questions re- 
garding what the additional 
rice genes do. Assuming func- 
tional conservation, the exten- 
sive DNA sequence similarity 
between rice and other cereals 
will provide a short cut to the 
isolation of genes of agro- 
nomic importance in cereals 
as well as in other crop species. 
Thus, genomewide analyses \w I 
affirm that rice is indeed a 
model species for cereal research with 
practical applications in both monocots 
and dicots (see the Perspective by Bennet- 
zen on page 60). 

Comparative genomic analysis enables 
biologists to assign a tentative function to 
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a gene according to what that gene does in 
another species. For instance, the rice 
genome sequence reveals a network of 
genes encoding phosphate transporters, 
first identified in yeast, that are likely to 
be important for uptake of this macronu- 
trient from soils (5). Genes controlling dis- 
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analysis (8-10). This 
information facilitates 
the formulation of 
clearly defined hy- 
potheses regarding 
which genes govern 
specific biochemical 
and metabolic path- 
ways. Experiments 
can then be designed 

to determine whether the gene 
of interest has the predicted 
contribution to that pathway. 

For example, the pres- 
ence of candidate se- 
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ed for correlation with o 
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should lead to a detectable alteration in re- ? 
sistance to disease, thus confirming the 
original prediction. Large collections of u 
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mutant lines of rice and Arabidop- 
sis are available for such studies 
(12-16). Sequence-based databas- 
es are rapidly becoming available 
for several of these collections 
such that seed stocks carrying an 
overexpressed or mutated gene 
can easily be identified by an - 
electronic search with sequences ,', 

corresponding to the gene. Such ^ - 
sequence-guided hypothesis test- Rice 
ing may well be the engine for fu- seqi 
ture biological discoveries. 

In practice, plant improvement yi- 
will continue to rely largely upon - 
the accumulation of genes with 
moderate effects. Once the func- \ 
tion of a gene is verified, new ' 
plant varieties can be developed by 
introduction of the gene through l; Idenl 
traditional breeding in combina- '^g 
tion with marker-assisted selection 
or direct engineering of the gene 
into rice or other grains (see the o geno 
figure). There are also opportuni- densit 
ties to achieve major changes in chips ca 
gene expression through manipu- nation v 
lation of plant transcription fac- multiprc 
tors. The cold/salinity/drought tol- proteins 
erance and accelerated generation be verifi 
time achieved by controlling gene ful varia 
expression of the Arabidopsis with im| 
CBF1/DREB1 and LEAFY tran- 
scription factor proteins, respectively, are 
good examples (17-20). There are about 
1300 proteins in rice and 1700 in Arabidop- 
sis with similarity to known classes of tran- 
scription factors that could be targeted for 
this approach (5, 8). Understanding how 
transcription factors regulate gene expres- 
sion in plants offers exciting possibilities 
for engineering control of seemingly com- 
plex biological processes. 

Finally, knowing the sequence of spe- 
cific genes will allow us to tap into the 
natural genetic variation of crop species. 
In rice, there are over 100,000 accessions 
of traditional rice varieties and wild 
species (together referred to as germplasm) 
collected from a broad range of geo-cli- 
mates and held in trust in the International 
Rice Research Institute Genebank (see the 
Perspective by Cantrell and Reeves on 
page 53). These rice seeds serve as a pool 
of "natural variants" with the advantage 
that some of these variants (alleles) have 
already been "tested" through years of nat- 

x ural or artificial selection under different 
? environmental conditions (21). To date, 
| this wealth of information has remained 
o largely untapped owing to the difficulty of 
g identifying agronomically important 
I genes. Now, if a gene has been proven to 
: contribute to a trait of agronomic impor- 

s tance, alleles of this gene can be examined 

Whole-genome expression analysis: 
tify all proteins expressed under select conditions in variety of interest and determine interactions 

ng crops using genomic information. The rice genome sequence provides a starting point for dis- 
the contribution of individual genes to a particular cellular function. This process requires integration 
mewide analytical tools, genetic resources, and biological knowledge of the traits of interest. High- 
arrays of oligonucleotides corresponding to all of the predicted genes can be constructed. Such DNA 
n be used to identify genes expressed at a particular point in time, the transcriptome (24). In combi- 
vith mass spectrometry, sequence information can be used to systematically identify components of 
otein complexes (the proteome) and localize them to cellular compartments (25, 26). The function of 
; encoded by candidate genes identified by these approaches or by comparative genome analyses can 
ed by reverse genetics. Comparison of multiple alleles can provide information on agronomically use- 
ints. Finally, this information can be used to introduce the gene of interest (or engineered variants 
proved characteristics) into cultivated plant lines through breeding or genetic engineering. 

from multiple varieties for their relative 
usefulness. For this purpose, the highly 
accurate genome sequence (<1/10,000 
error) being generated by the Interna- 
tional Rice Genome Sequencing Project 
(IRGSP) will be invaluable (22). The con- 
vergence of the different versions of the 
genome sequence by the end of 2002 will 
yield great insights into the relation be- 
tween sequence diversity and functional 
diversity in a wide variety of germplasm, 
the foundation on which agricultural pro- 
ductivity depends. 

The availability of the rice genome se- 
quence will now permit identification of 
the function of every rice gene. Once such 
a catalog is complete, a greater challenge 
will be to analyze the behavior of the en- 
coded proteins in particular contexts and 
to determine their interactions with rele- 
vant cellular machinery to "generate func- 
tion at a higher level" (23). For example, 
why do genes encoding C4 enzymes in 
rice (a C3 plant) behave differently from 
their counterparts in photosynthetically 
more efficient plants such as maize and 
sorghum? Is it due to differences in the 
control of gene expression, compartmen- 
talization of the proteins, or interactions 
with other cellular components? Answers 
to these and other questions are now with- 
in our reach. Applying the information to 

food production will require creative inte- 
grated approaches using diverse germplasm, 
traditional breeding, modem technologies, 
and future knowledge from comparative 
genomics. 
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