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REVIEW
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Plant Functional Genomics

Nucleotide sequencing of the Arabidopsis genome is nearing completion,
sequencing of the rice genome has begun, and large amounts of expressed
sequence tag information are being obtained for many other plants. There
are many opportunities to use this wealth of sequence information to
accelerate progress toward a comprehensive understanding of the genetic
mechanisms that control plant growth and development and responses to

the environment.

The recent completion of the genome se-
quences of a number of bacterial species and
several eukaryotes (/) has demonstrated the
feasibility and utility of sequencing large ge-
nomes. Most biologists now envision the day
when the complete genome sequence of their
favorite organisms, or a proxy thereof, will be
available in powerful electronic databases.
Access to this information, and new tools that
exploit it, will profoundly alter the ways we
select and approach questions in biology.
This, in turn, will directly affect the applica-
tion of genetic methods for improving eco-
nomically important species. Although future
developments in a rapidly emerging field are
difficult to predict, we believe many of the
major developments in genomics that will
influence basic research in plant biology and
plant improvement during the next decade
can be anticipated. Some of these possibili-
ties are summarized here as well as in recent
articles (2, 3).

A DNA Sequence Transect

One of the first eukaryotic organisms that
will be completely sequenced is the small
mustard species Arabidopsis thaliana (4)
(Fig. 1). During the past decade, Arabidopsis
has emerged as one of the most widely used
model organisms for studying the biology of
higher plants. As a member of the mustard
family, it is closely related to many food
plants such as canola, cabbage, cauliflower,
broccoli, turnip, rutabaga, kale, brussels
sprouts, kohlrabi, and radish. It was chosen
for sequencing because it has a highly com-
pact genome of about 130 Mb with little
interspersed repetitive DNA. Six research
groups in Japan, Europe, and the United
States are collaborating on the sequencing.
About 59% of the genome sequence is cur-
rently available in public databases and a
large proportion of the genes are also repre-
sented by partial cDNA sequences (4, 5). It is
currently anticipated that the complete ge-
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nome sequence of Arabidopsis will be avail-
able by the end of the year 2000.

Because Arabidopsis is only distantly re-
lated to the cereal crops that provide the bulk
of the world’s food supply, the genome of
rice will also be sequenced during the next
decade (6). Rice was chosen because, in ad-
dition to its importance as a food source for
about one-quarter of the human population, it
has one of the most compact genomes among
the cereals. It contains about 3.5 times as
much DNA as Arabidopsis but only about
20% as much DNA as maize and about 3% as
much DNA as wheat (7). However, the ge-
nome organization of the cereals appears to
be very highly conserved; rice, wheat, maize,
sorghum, millet, and other cereals exhibit a
high degree of synteny (8). The differences in
genome size are primarily due to amplifica-
tion of interspersed repetitive sequences (9);
there is no evidence that angiosperms with
large amounts of DNA per cell have substan-
tially greater numbers of functional genes than
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angiosperms with relatively small amounts of
DNA. Because of extensive synteny among the
cereal genomes, knowledge of gene order and
organization in rice may be used to isolate and
characterize the corresponding genes in other
cereals (8, 10). Thus, for instance, if a genetic
locus where a useful trait is encoded is mapped
between a pair of closely linked molecular
markers in wheat, it may be possible to iden-
tify candidate genes for the rice ortholog by
analyzing the rice genome sequence located
between the rice orthologs of the molecular
markers.

The sequences of Arabidopsis and rice
will provide two foci from which the genome
contents of other higher plants can be extrap-
olated. It appears likely that, as the costs of
DNA sequencing continue to decrease, addi-
tional plant genomes may eventually be se-
quenced. However, during the next decade
additional complete plant genome sequences
probably will not be publicly available be-
cause of the high cost of sequencing the
whole genome of any of the major crops. For
instance, the cost of sequencing the maize
genome is expected to be about the same as
the cost of sequencing the human genome.
However, extensive partial cDNA sequence
information will be publicly available for
most of the genes from many important plant
species (/7). There are currently more than
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Fig. 1. Status of the Arabidopsis genome sequencing project. The five chromosomes are represented by
rectangles; length is approximately to scale. Green regions represent annotated sequences available in
GenBank; yellow represents regions completed and largely available in various databases; orange
indicates regions that are currently being sequenced; gray indicates regions in preparation for sequenc-
ing. From the Arabidopsis database AtDB (http://genome-www3.stanford.edu/cgi-bin/AtDB/Schrom)

with permission.
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127,000 expressed sequence tag (EST) se-
quences from 19 plant species in public da-
tabases and the number is expected to grow
rapidly during the next several years. These
sequences will provide isomorphisms be-
tween the model genomes and other species,
forming a kind of transect through genome
diversity in higher plants that is anchored in
comprehensive knowledge of the two repre-
sentative species. Thus, as genes associated
with functions or traits in one plant are
cloned, it usually will be possible to identify
the orthologs responsible for the trait in other
plant species by a database search or by using
the sequence information to clone the corre-
sponding gene from the species of interest.

Flowering Plants Contain the
Same Genes

Although flowering plants have evolved dur-
ing the past 150 million years or so and
therefore might be expected to be very simi-
lar at the genetic level, substantial develop-
mental and metabolic diversity exists. Under-
standing the basis for this diversity is a key to
understanding how to effect rational im-
provements in the productivity and utility of
crop species. Knowledge of the genetic basis
for .intraspecies variation in specific traits
should be useful for selecting or creating
useful variation within a species.

The availability of extensive EST infor-
mation for many species, in conjunction
with the complete sequences of rice and
Arabidopsis, will allow unambiguous in-
sight into the question of how similar the
genomes of higher plants are. When the
Arabidopsis and rice sequences are com-
plete, it will be possible to directly compare
all the EST and other available sequences
from various plants with the genomic se-
quences from the model genomes. Our pre-
liminary analysis of available sequences
suggests that most gene products from
higher plants exhibit adequate sequence
similarity to deduced amino acid sequences
of other plant genes to permit assignment
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of probable gene function, if it is known, in
any higher plant. This is illustrated by a
comparison of sequence identity of a ran-
dom sample of putatively orthologous rice
and Arabidopsis proteins (Fig. 2). Because
of the relatively recent radiation of the
angiosperms, we consider it likely that
there will be very few protein-encoding
angiosperm genes that do not have or-
thologs or paralogs in Arabidopsis or rice.
Therefore, understanding the genetic basis
for diversity may devolve to identifying the
relevant differences in the control of ex-
pression or the function of essentially the
same set of genes. Indeed, it has been
hypothesized that the developmental diver-
sity of higher plants may be largely due to
changes in the cis-regulatory sequences of
transcriptional regulators (/2).

A major challenge to understanding the
genetic basis of interspecies diversity is
that, in at least some cases, minor changes
in the structure or expression of a gene may
lead to major changes in phenotype. This
was recently illustrated for the genes that
control modifications of fatty acids in
plants (/3). Higher plants collectively pro-
duce more than 200 fatty acids, which ac-
cumulate as storage oils in seeds. These
fatty acids differ primarily because of the
presence of double bonds, hydroxyls, ep-
oxy groups, triple bonds, or secondary
modifications of these functional groups at
various carbons along the fatty acyl chains.
It has recently become apparent that these
functional groups are produced by a family
of closely related fatty acyl desaturase-like
enzymes (/4). The observation that as few

~ as four amino acid substitutions can con-

vert a desaturase to a hydroxylase illus-
trates how new chemical constituents can
accumulate without the evolution of an ob-
viously distinct enzyme (/3). Large gene
families have also been observed for cyto-
chrome P450s, enzymes involved in poly-
saccharide biosynthesis, disease-related genes,
transcription factors, protein kinases, and phos-

Fig. 2. Sequence identity of Arabi- 25
dopsis and rice proteins. Percent
sequence identity over the full
length of the proteins was calcu-
lated for 64 randomly selected
proteins for which the probable
function was known and for which
full-length or near-full-length se-
quences were available. To avoid
comparing members of large mul-
tigene families, we did not include
a protein in the comparison if se-
quences were available for more
than two apparently related pro-
teins from either of the species.
Because it is uncertain whether

Frequency

Percent identity

other, more closely related proteins are encoded in the unsequenced regions of the Arabidopsis or rice
genome, this analysis underestimates the degree of identity between the sequences of Arabidopsis and

rice proteins.
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phatases to name a few. Thus, a major chal-
lenge associated with exploiting the explosion
of genome information will be in deducing
rules that can predict the precise function of
members of gene families.

One promising avenue, termed phylo-
genomics, exploits the use of evolutionary
information to facilitate assignment of gene
function (/5). The approach is based on the
idea that functional predictions can be greatly
improved by focusing on how genes became
similar in sequence during evolution instead
of focusing on the sequence similarity itself.
Because the power of the analysis increases
in proportion to the number of sequences that
are available, this method should become
more useful as the database of plant sequenc-
es expands.

Assigning Function to Genes

One of the major efficiencies that has
emerged from plant genome research to
date is that about 54% of higher plant genes
can be assigned some degree of function by
comparing them with the sequences of
genes of known function (/6) (Fig. 3). In
effect, a universal biology has coalesced
from the common language of gene and
protein sequences. Unfortunately, knowing
the general function frequently does not
provide an insight into the specific role in
the organism. For instance, on the basis of
sequence analysis, about 13% of Arabidop-
sis genes are inferred to be involved in
transcription or signal transduction (/6).
However, knowing that a gene encodes a
kinase or transcription factor does not pro-
vide any useful information about what pro-
cesses are controlled by these genes. Thus,
completion of the genome sequences of Ara-
bidopsis and rice will be followed by a sec-
ond phase of large-scale functional genomics
in which all of the 20,000 to 25,000 genes
that make up the basic angiosperm genome
will be assigned function on the basis of
experimental evidence. Considering that the
combined efforts of the plant biology com-

Secondary metabolism
Protein related*
Signal U'ansduction_ -

Disease/Defense
Transcription

Unknown

Fig. 3. Functional classification of predicted
genes in a 1.9-Mb region of the Arabidopsis
genome. Protein related refers to gene products
involved in synthesis, degradation, modifica-
tion, storage, and targeting of proteins and in
intracellular trafficking. Analysis was based on
389 predicted or known genes. From (76).
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munity have resulted in direct functional
analysis of only about 1000 genes to date (5),
this may seem like a tall order. However, it
appears likely that the efficiency gained by
“reverse genetics” will fundamentally change
this equation. Large collections of insertion
mutants are available for Arabidopsis, maize,
petunia, and snapdragon, and collections of
insertion mutants will probably be created in
several other species including rice. These
collections can be screened for an insertional
inactivation of any gene by using the poly-
merase chain reaction (PCR) primed with
oligonucleotides based on the sequences of
the target gene and the insertional mutagen
(3, 17). The presence of an insertion in the
target gene is indicated by the presence of a
PCR product. By multiplexing DNA sam-
ples, hundreds of thousands of lines can be
screened and the corresponding mutant plants
can be identified with relatively small effort.
In addition, several groups are embarking
on sequencing the genomic DNA flanking a
large number of insertions so that an insertion
in virtually any gene can be identified by a
computer search (2, 18). Analysis of the phe-
notype and other properties of the corre-
sponding mutant will frequently provide an
insight into the function of the gene.

A major limitation to the analysis of gene
function by mutation is that a high degree of
gene duplication is apparent in Arabidopsis
(16) and is, therefore, probably a common
feature of plant genomes. Because many of
the gene duplications in Arabidopsis are very
tightly linked, it usually will not be feasible
to produce double mutants by genetic recom-
bination. A possible solution may be to use
homologous recombination to eliminate tan-
dem genes simultaneously by gene replace-
ment (/9). Alternatively, a method for pro-
ducing point mutations by using RNA-DNA
hybrids may be useful (20). By targeting
mutagenic sequences that introduce stop co-
dons to regions that are conserved among all
duplicates it may be possible to generate all
combinations of null mutations in all mem-
bers of a multigene family from one experi-
ment. Although these methods are amenable
to a gene-by-gene approach, they are not well
suited to a high throughput approach because
of low efficiency or because of the necessity
of regenerating plants from single cultured
cells. Because of the ease with which large
numbers of transgenic Arabidopsis plants can
be generated by infecting flowers with
Agrobacterium tumefaciens containing an in-
sertional mutagen (2/), a method of gene
silencing based on producing double-strand-
ed RNA from bidirectional transcription of
genes in transgenic plants may be broadly
useful for high-throughput gene inactivation
(22). This method could, in principle, be de-
signed to use promoters that are expressed in
only a few cell types or at a particular devel-
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dpmental stage or in response to an external
stimulus. This could significantly obviate
problems associated with the lethality of
some mutations. Although the mechanism is
not yet understood, it bears some resem-
blance to double-stranded RNA-mediated
gene silencing in nematodes (23).

For many applications, particularly in spe-
cies other than Arabidopsis where production
of tens of thousands of transformants is slow
and time-consuming, virus-induced gene si-
lencing may be the most facile method for
suppressing gene function (24). This method
exploits the fact that some or all plants have
a surveillance system that can specifically
recognize viral nucleic acids and mount a
sequence-specific suppression of viral RNA
accumulation. By inoculating plants with a
recombinant virus containing part of a plant
gene, it is possible to rapidly silence the
endogenous plant gene (29).

It is expected that application of these and
related methods will lead to the assignment of
some degree of gene function to all genes in
the basic angiosperm genome within the next
decade. In addition, parallel studies of the
function of genes in other, nonplant, organ-
isms will contribute a great deal to under-
standing gene function. This comprehensive
approach to understanding gene function will
greatly facilitate the creation of plant im-
provements that are based on knowledge of
the entire system instead of on a gene-by-
gene basis.

Impact of Gene Chips and Microarrays

One of the most important experimental
approaches for discovering the function of
genes promises to be gene chips and mi-
croarrays. In principle, DNA sequences
representing all the genes in an organism
can be placed on miniature solid supports
and used as hybridization substrates to
quantitate the expression of all the genes
represented in a complex mRNA sample
(26). Thus, we may expect to have exten-
sive databases of quantitative information
about the degree to which each gene re-
sponds to pathogens, pests, drought, cold,
salt, photoperiod, and other environmental
variation. Similarly, we will have extensive
information about which genes respond to
changes in developmental processes such
as germination and flowering. In addition,
we will soon know which genes respond to
the phytohormones, growth regulators,
safeners, herbicides, and related agrichemi-
cals. Perhaps less obviously, we may ex-
pect to have similar information for many
mutants or natural accessions that differ in
some way that cannot be readily assigned to
genetic variation by other criteria. Knowl-
edge of which genes exhibit changes in
expression of a mutant of interest will be
useful for formulating hypotheses about the
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roles of the gene affected by the mutation
27).

These databases of gene expression infor-
mation will provide insights into the “path-
ways” of genes that control complex responses
and will be a first step toward an ecology of the
genome in which the genome is viewed as a
whole and the relationships of gene products to
each other will be considered from at least one
perspective (relative level of expression). Per-
haps the types of models that ecologists current-
ly use for understanding the interactions in eco-
systems will prove useful (28). Indeed, because
microarrays can be made for any organism for
which complementary DNAs can be isolated it
seems likely that ecological applications will be
found. It is not necessary to know the sequence
of the genes on a DNA microarray before-
hand—this can be determined after the arrays
have been used to identify genes that may be of
interest by some criterion.

The accumulation of DNA microarray or
gene chip data from many different experi-
ments will create a potentially very powerful
opportunity to assign functional information to
genes of otherwise unknown function. The con-
ceptual basis of the approach is that genes that
contribute to the same biological process will
exhibit similar patterns of expression. Thus, by
clustering genes based on the similarity of their
relative levels of expression in response to di-
verse stimuli or developmental or environmen-
tal conditions, it should be possible to assign
hypothetical functions to many genes based on
the known function of other genes in the cluster
(29). Work with plant microarrays is just begin-
ning but there is every reason to believe that this
approach will soon be a standard component of
the repertoire of plant biologists (30). The prin-
cipal challenge, at present, is to develop meth-
ods for databasing and interrogating the mas-
sive amounts of data that result from this type
of experiment.

One of the most important advances in plant
improvement was the discovery of hybrid vigor
and the exploitation of this phenomenon in
modern breeding programs. In spite of exten-
sive speculation about the mechanistic basis for
hybrid vigor, it is poorly understood (317). It will
be very interesting to compare whole genome
microarrays of inbred parental lines with the
heterotic hybrids. We speculate that the hybrids
will exhibit significant differences in the ex-
pression of clusters of functionally related
genes and that different hybrids will have dif-
ferent patterns of expression. If this proves to be
the case, it may be possible to progress toward
more predictive development of heterotic hy-
brids by breeding for certain patterns of gene
expression. It may also provide a much needed
linkage between the breeding of different
plants—that is, if it is found that variation in the
expression of certain pathways or processes is
associated with enhanced yield or quality in one
species, this may provide testable targets for
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rational improvement in other species.

In contrast to microarrays, which are pro-
duced by directly spotting DNA on a matrix,
gene chips are produced by synthesizing oligo-
nucleotides on a solid support by photolithog-
raphy or other methods (32). This method has
the potential to produce arrays that contain sev-
eral hundred thousand oligonucleotides. Thus,
assuming further improvements of the technol-
ogy, it is possible to envision gene chips with
sufficient complexity to represent an entire
plant genome. Gene chips have been used to
measure the expression of all genes in the yeast
genome with minimal concern about cross hy-
bridization of structurally related genes (33). By
hybridizing yeast genomic DNA to such chips,
3714 single-nucleotide polymorphisms be-
tween two genotypes could be identified in a
single hybridization (34). Although the chips
are currently too costly for routine use in many
breeding programs, it seems likely that techni-
cal innovations and the efficiencies associated
with expanded use will drive the costs down.
The application of such chips or other oligonu-
cleotide array technologies to genotyping indi-
viduals in segregating populations will revolu-
tionize genetic mapping and marker-assisted
breeding.

Artificial Plant Chromosomes

As the genomics of Arabidopsis and rice
progress, one of the principal challenges will
be to develop the methods by which ad-
vanced knowledge about these organisms is
translated into useful insights about the hun-
dred or more plant species of economic im-
portance. At the single gene level, excellent
tools are being developed for comparing the
functions of plant genes. It is easy to produce
large numbers of stable transgenic plants of
Arabidopsis. Thus, to test the function of a
cloned gene from a higher plant, a facile
method is to determine whether it comple-
ments a mutation in the corresponding Ara-
bidopsis gene or in another host. Although
the results may sometimes be difficult to
interpret when the trait controlled by the gene
is highly divergent between the host and the
gene donor, this should be a broadly useful
method. It seems likely that, when the anal-
ysis of the rice genome is more fully devel-
oped, a comprehensive collection of rice mu-
tations may provide a similarly useful alter-
native host for analyzing gene function.

In addition to the gene-by-gene ap-
proach, it would be useful to transfer large
numbers of genes among plant species. For
instance, because of the large numbers of
genes that typically encode seed storage
proteins in plants, it may be necessary to
manipulate dozens of modified seed storage
protein genes in order to be able to tailor
the amino acid content of seeds. It may also
be useful to be able to simultaneously in-
troduce large numbers of genes in order to
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explore the genetic basis of complex traits.
In principle, it may be possible to identify
the genes for useful pathways or traits by
fragmenting a donor genome into large
pieces—say 50 gene segments—and then
introducing them into a recipient plant such
as Arabidopsis and testing for components
of the phenotype of interest. This will be
useful only if the presence of the intro-
duced gene confers a dominant or semi-
dominant phenotype such as the presence
of a new enzyme activity, an altered disease
reaction, or modification of a developmen-
tal process. By introducing 50 genes at a
time into Arabidopsis, only about 500
transgenic plants would need to be assayed
in order to explore the entire genome of a
typical diploid angiosperm at 1X coverage.

It seems likely that this type of analysis
will be accomplished by making plant arti-
ficial chromosome (PLAC) libraries of a
number of plant species with divergent
properties and small genomes. The centro-
meres in Arabidopsis have been mapped
(35) and current genome sequencing efforts
will soon extend through these regions,
facilitating identification and manipulation
of centromere-containing regions of chro-
mosomes. Although there is substantial un-
certainty about what factors other than
DNA sequence may be required to recon-
stitute a functional plant centromere, it may
be possible to develop new vectors that
contain both yeast and Arabidopsis centro-
meres. Because Arabidopsis telomeres are
very similar to those in yeast (36) it may be
possible to use a hybrid sequence of alter-
nating plant and yeast sequences that func-
tion in both types of organisms. Thus, it
may be possible to develop yeast artificial
chromosome-PLAC libraries of many
plants in yeast and then introduce them into
a suitable plant host to evaluate the pheno-
typic consequences. By providing a defined
chromosomal environment for cloned
genes, the use of PLACs may also enhance
our ability to reproducibly produce trans-
genic plants with defined levels of gene
expression.

Rational Plant Improvement

The implications of genomics with respect to
food, feed, and fiber production can be envi-
sioned on many fronts. At the most funda-
mental level, the advances in genomics will
greatly accelerate the acquisition of knowl-
edge and that, in turn, will directly affect
many aspects of the processes associated with
plant improvement. Knowledge of the func-
tion of all plant genes, in conjunction with
further development of tools for modifying
and interrogating genomes, will lead to de-
velopment of a robust genetic engineering
discipline in which rational changes can be
designed and modeled from first principles.
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