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■ Abstract Completing the primary genomic sequence of Arabidopsis thaliana was
a major milestone, being the first plant genome and only the third high-quality finished
eukaryotic genome sequence. Understanding how the genome sequence comprehen-
sively encodes developmental programs and environmental responses is the next major
challenge for all plant genome projects. This requires fully characterizing the genes,
the regulatory sequences, and their functions. We discuss several functional genomics
approaches to decode the linear sequence of the reference plant Arabidopsis thaliana,
including full-length cDNA collections, microarrays, natural variation, knockout col-
lections, and comparative sequence analysis. Genomics provides the essential tools to
speed the work of the traditional molecular geneticist and is now a scientific discipline
in its own right.

INTRODUCTION

The sequence is finished, we’re done, and some now say, “Great, thank you very
much, let’s go back to doing interesting biology.” But what do these strings of
As, Ts, Cs, and Gs tell us? What are the words, sentences, paragraphs, chapters,
and—most importantly—what are the messages in them? Others, such as Eric
Lander, say, “I bought the book, but I can’t read it.” Clearly, much work remains
to arrive at a comprehensive understanding of these completed genomes. So, the
sequencing finish line abuts a new starting gate called functional genomics. If
genome projects stopped after completion of the primary sequences, our goals to
extract the meaning of these genome reference books, including the plant genome,
would be only partially realized. To understand the complex instructions con-
tained in raw sequence information of the plant genome, large-scale functional
genomics projects are required. Arabidopsis is a supermodel genetic organism
that is ideally suited and will serve as a reference for plant biology. Progress to-
ward a complete understanding of gene regulatory networks shared among many
plants is important for improving cultivated species and for understanding plant
evolution.
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The first wave of plant genomics was the era of single-gene sequencing, Restric-
tion Fragment Length Polymorphism (RFLP)markers, low-density dot blot types
of arrays (or northerns), and a one-gene, one-phenotype mentality. The second
wave consisted of whole-genome sequencing, single nucleotide polymorphism
(SNP) markers, and medium-density arrays with the continued goal of finding
the genes that correspond to specific phenotypes. In the current third wave, we
witness the comparative whole-genome sequencing from multiple related species
that is merging with extremely high-density genotyping (such resequencing of
individuals). Whole-genome arrays (WGAs) can monitor genome-wide transcrip-
tion, alternative splicing, DNA binding, and epigenetic state. And slowly the third
wave of genomics is giving rise to a new philosophy that the genome is dynamic
and responds globally to developmental programs and environmental signals. We
expect a network of genes to control complex phenotypes and look further into
how these genes and genomes have evolved.

The annotation of the raw sequence shows that our current understanding of its
function is continually improving. The high quality of the Arabidopsis thaliana
annotation will strengthen broad comparisons involving proteome content, tran-
scriptional patterns, and epigenetic state, with others plants and more distantly
related model organisms. In this review, we discuss the initial findings of the Ara-
bidopsis genome sequence and how, in the recent years following its completion,
empirical annotation projects have dramatically improved the gene models. First,
expressed sequence tags (ESTs), and full-length cDNAs are required to deter-
mine precise gene models. Collections of all open reading frames (ORFs) enable
genome-wide biochemical studies. Developing high-density arrays to probe the
entire genomic landscape enables the generation of a transcriptome atlas (135),
new gene discovery (64, 157), identification of alternative splicing (27, 60), as well
as DNA binding site analysis (21, 55, 112), DNA methylation profiles (84, 142),
and natural polymorphism studies (14, 149). Knockout collections allow high-
throughput reverse genetics studies and comprehensive forward genetic studies of
the entire gene compendium (5, 126). Comparative genomics aims to identify func-
tion elements because they are more likely to be conserved through time while
neutral mutations accumulate. Conserved regulatory regions, noncoding genes,
and protein coding genes become evident when multiple genome sequences are
aligned (29, 66, 131). Ultimately, to understand genome evolution, and processes
leading to speciation, we must compare related genome sequences.

THE ARABIDOPSIS GENOME SEQUENCE

The sequence of the first plant genome was completed in December 2000, and
it was the third complete genome of a higher eukaryote (140), after Drosophila
melanogaster (1, 92) and Caenorhabditis elegans (30). Technically, the original
Drosophila release was a high-quality draft and was finished after Arabidopsis (22).
The following (unless indicated) summarizes aspects of a comprehensive article on
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the Arabidopsis genome sequence (140). Details and references to original work
can be found therein.

The Arabidopsis sequence represented 115 million base pairs (Mb) of euchro-
matin out of the estimated 125-Mb total. It was completed by the traditional bacte-
rial artificial chromosome (BAC) by a BAC-based approach from a minimal tiling
path of overlapping large insert clones. The sequence covered all ten chromosome
arms, including parts of the centromeres. A major finding revealed by the five
chromosome sequences was evidence for genome-wide duplication followed by
gene loss and major translocations. Tandem duplications are also extensive. Over-
all, only one of three genes does not have a close family member. The Arabidopsis
gene repertoire of 11,000–15,000 gene families is comparable in number to other
sequenced organisms, highlighting the similarity of life’s instructions that stem
from our common single-celled ancestors. The total number of Arabidopsis genes
was initially estimated at 25,490 and later revised to 30,700 (version 5 annotation).
When the human genome was published (73, 144), what seemed remarkable was
that Arabidopsis, the simplest plant genome, had a similar number of genes to
humans! Or less remarkable was that the human genome had a similar number
of genes to plants, depending on your perspective. The actual number of genes in
any genome seems to be a contentious issue for some reason beyond bookkeeping.
Certainly the number of genes does not reflect the complexity of the organism, as
tempting as that initially seemed. Plants often contain many more genes than ani-
mals (mainly due to polyploidy or large-scale duplication). More likely, organism
complexity is related to the levels of molecular interactions and regulatory circuitry
using a similar genetic parts list. As new computation and empirical methods find
more and more genes, and as the definition of a gene expands to include noncoding
genes, we are not becoming more complex, even though our understanding is.

So what is unique about plants, as inferred from the first plant genome se-
quence? The Arabidopsis genome contains an amazing array of genes encoding
enzymes involved in primary and secondary metabolism. These enzymes are the
equipment of the plant chemical factories to build all required metabolic molecules
and to generate an arsenal of specialized compounds. Because plants are sessile,
they cannot move to avoid biotic attack or abiotic stress, or to find mating partners.
Thus, they depend heavily on chemical signals. One example is the large gene fam-
ily of cytochrome p450s, with more than 300 members involved in small molecule
biosynthesis and detoxification (100). Arabidopsis also has a large number of tran-
scription factors (∼1500), many of which are in families unique to plants, such as
the AP2/EREBP, RAV, NAC, ARF, and AUX/IAA families. Plants seem to lack
many of the transcription factors families found in animals, such as nuclear steroid
receptors. Arabidopsis has nearly 1000 serine/threonine kinases and more than 600
are receptor-like ser/thr kinases (91), but no receptor-like tyrosine kinases were
found. Bacterial-like histidine kinases are also present. Some have been recruited
as ethylene receptors or as red light photoreceptors, the phytochromes. Although
showing sequence homology with histidine kinases, the plant phytochromes and
several of the ethylene receptors have evolved ser/thr kinase activity (156, 159).
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Plants have the extraordinary ability to photosynthesize, and hundreds of genes
have been identified that are likely involved in light harvesting, chlorophyll biosyn-
thesis, CO2 fixation, or are a part of the two core energy-generating photosystems.
Light also regulates development, in a process termed photomorphogenesis (94).
The genome contains, in addition to the red light–absorbing phytochromes, blue
light–absorbing cryptochrome, and phototropin photoreceptors, as well as hun-
dreds of putative downstream light-signaling proteins (20). We know the function
of only a few dozen light-signaling proteins.

Other unique gene functions of plants and yeast are creating electrochemical
gradients using mainly proton-type ATPases, whereas C. elegans and Drosophila
use mainly sodium-type ATPases. Thus, transport is usually coupled with pro-
tons rather than sodium ions. In addition, compared to animals, water channels
(aquaporins) are highly overrepresented in the Arabidopsis genome. There are
also cellular differences between plants and animals at the genome level. No genes
encode intermediate filaments in Arabidopsis, whereas actin and α and β tubulin
are present. The plant cell wall surely is unique, and homologues of animal cy-
toskeleton anchorage proteins (which link with the extracellular matrix) have not
been seen in the Arabidopsis genome. Plants also seem to have a different reper-
toire of small G-protein-signaling molecules. Different mechanisms are used to
protect plants and animals against their biotic environment. No major histoincom-
patibility complex genes or antibody-like genes were identified in plants; however,
plant-specific nucleotide binding site leucine rich repeat (NBS-LRR)-type disease
resistance (R) genes are abundant and can be grouped into subfamilies (89). The
149 R genes are present at several loci throughout the Arabidopsis genome and
occur as singletons or in highly polymorphic clusters.

The sequence of the first plant genome reveled extensive horizontal transfer
of genes from an ancestral cyanobacterium-like endosymbiont to the plant cell
nucleus. New studies show that up to 18% of all plant genes originated from this
engulfment, which resulted in the chloroplast (86). Mitochondrial genes have also
been transferred to the nucleus. Strikingly, a large translocation of 620 kb brought
several duplicated and rearranged copies of the mitochondrial genome near the
centromere on Chromosome 2 (134). Compared to Drosophila, C. elegans, and
yeast, there are about 150 protein families that are unique to Arabidopsis.

EXPRESSED SEQUENCES

Most of the analysis in this landmark genome sequence paper was based on com-
putational gene predictions (140). Empirical knowledge of which regions in the
genome truly encode genes was limited. In Arabidopsis, when more than 10,000
full-length cDNA sequences became available, 32% of the predicted gene models
were incorrect (157). Gene prediction algorithms rely on comparison with known
proteins, or long ORFs and consensus splice acceptor sites, or both. Compari-
son with known proteins is biased toward finding more of what is already known,
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whereas gene discovery based on ORF models are biased for the parameters speci-
fied in the model. Therefore, small proteins or noncoding genes with nontraditional
splice acceptor sites are often missed. A study of seven gene prediction programs
showed bias in several aspects, including missed exons, wrong exons, and mis-
prediction of exon boundaries, with error rates between 8% and 32% (116). Each
program had more or less bias in different aspects, but multiple prediction methods
can help (127). Empirical gene annotation removes this bias but relies on capturing
an RNA that corresponds to the gene. Then a “correct” gene model can be identified
and may lead to the discovery of new gene families. Similarly, ESTs often reveal
transcription from “intergenic” regions and may not contain ORFs. These would
not be identified as genes by gene prediction programs alone. The “correct” gene
model, as determined by expression data, is only one of many that are possible from
a given transcription unit; however, it exists, whereas predicted gene models may
not. Alternative splicing, including alternative start and stop sites, are often found
when enough sequence data are available. Usually, the number of alternative forms
identified is related to the amount of expressed sequence that is available for a given
organism rather than to the specifics of that organism (see Figure 3 for the number
of ESTs from different organisms). Basically, the more you look, the more you
find. For example, EST data are abundant compared to full-length cDNA sequence
data, and alternative start and stop signals seem to be the common form of alter-
native splicing. When multiple copies of full-length cDNAs are available, internal
alternative splicing is also found (163). Thus, an important complement to raw ge-
nomic sequence is a large collection of expressed sequences. EST collections and
multiple clones of full-length cDNAs are very useful for empirical gene annotation.

Large collections of full-length cDNA have been sequenced in Arabidopsis
(157), rice (67), C. elegans (110), Drosophila (130), mouse (19), and human (133).
Version 4.0, and now version 5, of the Arabidopsis annotation are substantial
improvements because they consider much of the full-length cDNA sequence
data, many more ESTs, and homology to sequence from Brassica oleracea (154).
Generally, the deeper the expressed sequence coverage is the more accurate the
genome annotation will be. However, at some stage, depending on a particular cost-
benefit analysis, continued sequencing is futile. Sequencing of expressed libraries
eventually tops out and the number of new genes, or splice forms, found per
additional read becomes too costly. In Arabidopsis, 7447 predicted genes are still
hypothetical and have no evidence of expression from sequenced clones (157).
Alternative methods (discussed below) are needed to confirm these and identify
those not predicted.

Plant Gene Collection

A comprehensive catalogue of ORF clones is a valuable functional genomics
tool and an important goal in several model organisms (19, 110, 130, 133, 157).
For Arabidopsis, there is currently a collection of >11,000 full-length ORFs
(http://signal.salk.edu), which are cloned into a recombination-based universal
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plasmid vector (81, 157). These clones can be ordered from public stock cen-
ters and used for many purposes, including protein-protein interactions, protein
expression, or in vivo experiments such as cell culture or in planta transforma-
tion. Vectors to overexpress fusion proteins containing epitope tags or fluorescent
proteins are compatible with cDNAs cloned into recombination cassettes. Other
uses of ORF collections include the systematic production of global two-hybrid
interaction maps (43, 57, 143) or the construction of protein arrays that can test for
protein interactions and small molecule binding (164). Another way to use full-
length cDNA collections is activity screening. In a recent example, approximately
20,000 mouse cDNAs were tested for their ability to activate a reporter gene in
high-throughput transfection assays (23).

WHOLE-GENOME ARRAYS ARE UNIVERSAL
ANNOTATION TOOLS

One important use of a high-quality finished genome sequence is to construct
whole-genome arrays (WGAs). WGAs are oligonucleotide arrays (or chips) that
span or tile the entire genome sequence. The only limitations are the number
of features (unique oligonucleotides) and the cost of the arrays. Current arrays
contain a maximum of 1.3 million features and cost approximately $400. Robust
statistical analysis methods are crucial to glean meaningful data from millions
of data points. Fortunately, methods are being developed at rapid pace, such as
http://www.bioconductor.org (56) and http://www.dchip.org (77). WGAs can cap-
ture the complete repertoire of a particular RNA sample and are used for gene
discovery and characterization of known genes. Because WGAs are designed from
full genome sequences they are not biased for previously known or predicted tran-
scribed regions. Therefore, they have many uses beyond standard gene expressions.
Soon it will be possible for a single array to contain features that cover nearly ev-
ery base of the Arabidopsis genome. Arabidopsis is ideally suited for this type of
universal array due to the high gene density (∼4.5 kb/gene) and small genome
size (125 Mb). As discussed below, results from several experiments measuring de
novo RNA expression and DNA polymorphisms or binding can being integrated
on a single platform. Thus, an Arabidopsis WGA is an ideal tool to provide broad
genome annotation (Figure 1).

Gene Discovery and Gene Model Confirmation

In all organisms, new approaches are required to identify clones and confirm the
remaining genes that are expressed at low levels and/or that are tissue specific. One
approach aims to simply confirm expression of hypothetical genes via reverse tran-
scription polymerase chain reaction (RT-PCR) from various cDNA populations and
then to extend them via 5′ and 3′ rapid amplification of cDNA ends(155). This one-
by-one approach is time-consuming and is biased for sequences initially detected
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by the gene prediction algorithms. Long oligos can be designed to fit potential ex-
ons and can be probed for evidence of expression (129), but this is also limited to
predicted exons. Arrays designed with PCR fragments spanning all unique regions
of the chromosome have also been used (114). This study identified twofold more
transcription on human chromosome 22 than expected based on ESTs or gene
prediction algorithms. Another approach is to use high-density oligonucleotide
tiling arrays that cover genomic DNA (entire chromosomes or the whole genome)
with 25 base pair oligonucleotide features (25-mers) chosen in an unbiased way
with regard to the potentially expressed sequences (64, 157). When cDNA pop-
ulations are labeled and hybridized to these arrays it is possible to detect novel
expression throughout the entire genomic region. Thus, this method can detect
novel expression signatures and may be sensitive to genes expressed at low levels
(claimed 1:100,000 to 1:200,000 sensitivity). Kapranov et al. (64) used tiling ar-
rays designed against human chromosome 21 and 22. They predicted up to tenfold
more expression than previously observed by cDNA sequencing or gene prediction.
WGAs have also been used to determine expression patterns in the malaria parasite
Plasmodium falciparum (75), although in this case the analysis was limited only
to predicted genes. Here arrays that contain features for both DNA strands spaced
at approximately 150-bp intervals were used to profile nine stages of the parasite
in both the mosquito and human hosts. In Arabidopsis, Yamada et al. (157) pro-
filed four tissues using WGA sets that cover both strands of the entire Arabidopsis
genome at 25-bp resolution. This high-resolution hybridization information was
used to correct computational gene models, determine novel 5′ and 3′ untrans-
lated exons, identify many new intergenic and antisense transcripts, and identify
new genes located in the centromere. Because WGAs can monitor genome-wide
expression on both DNA strands, they are ideal tools to investigate the emerging
regulatory mechanism of antisense transcription. Until now, antisense transcription
from cDNA sequencing was seen only on a limited basis (69, 128, 139).

Gene models predicted from hybridization signals can be used to direct PCR
primer synthesis. Transcription units can then be amplified by RT-PCR and the
ORFs can be introduced into recombination-based cloning vectors. This way, one
can confirm expression signatures on arrays, annotate their precise gene models,
and capture ORF clones. New genes that escape gene prediction can also be cap-
tured in this way. The sensitivity of the arrays can be further increased by simply
performing more replicates, through improved statistical models that account for
innate hybridization differences among 25-mers, and by improved labeling and/or
RNA subtraction techniques to capture rare messages. The use of whole-genome
tiling arrays allows many tissues and treatments to be screened, increasing the
chances to identify the rare transcripts. One WGA hybridization experiment may
be comparable to deep EST sequencing (100,000 transcripts). Techniques to cap-
ture nonpolyadenylated RNA promise to reveal important atypical transcripts such
as small RNAs or perhaps micro RNA precursors. However, mini-exons or ma-
ture micro or other small RNAs (<25 bp) will likely be missed using the array
hybridization technique alone. Tiling arrays with features at higher densities (such
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as every five bases) will provide better sensitivity and resolution to determine
intron/exon boundaries more precisely.

Transcriptome Atlas

As more tissues and developmental stages are profiled a gene expression atlas can
be created that describes the expression pattern of every gene in the genome. Such
an atlas is a tremendously useful tool to the biologist interested in the expres-
sion profile of his/her favorite gene. An atlas can be queried for genes that fit a
particular expression profile. Knowledge of the timing and expression pattern of
genes allows potential networks to be created. The biological function of unknown
genes in such a network can be inferred under the assumption that genes expressed
similarly will be involved in a similar process. The larger the collection of sam-
ples, and the number of independent biological replicates for each sample in a
gene expression atlas, the more useful and reliable it will be (162). Using a single
comprehensive/universal array allows many groups to contribute data to expand
the atlas. Commercially available high-density arrays are highly reproducible, a
requirement for building to a unified transcriptome atlas.

One example is the publicly available gene expression atlas for mouse and hu-
man, which contains 91 samples run in duplicate (135). In Arabidopsis, an initial
attempt to create a gene expression atlas utilized spotted PCR products on arrays
containing 11,900 clones (152). Various groups contributed RNA samples that were
hybridized to 534 arrays at the Arabidopsis Functional Genomics Consortium. Due
to quality issues, only 397 arrays and 5698 spots could be analyzed. Raw data,
various analysis scripts, and viewers are available (http://www.arabidopsis.org).
Difficulties with background effects, spatial artifacts, normalization, and plate bias
were found in these arrays and attempts were made to correct this (34). Another
major problem was that biological replicates were not always included; sometimes
only technical replicates were included. Without biological replicates the differ-
ences may not be reproducible and may merely reflect the normal variation inherent
in biological systems. Overall, the utility of this initial Arabidopsis gene atlas may
be limited; however, lessons learned can guide the construction of a future tran-
scriptome atlas. A new Arabidopsis gene expression atlas has recently been created
(AtGenExpress, ftp://arabidopsis.org/Microarrays/Datasets/AtGenExpress). This
atlas was made on a high-density oligonucleotide array with 22,000 genes. It con-
tains greater the 101 different developmental stages and/or genotypes, all collected
in a single lab, with three biological replicates each (D. Weigel, M. Schmid, and
J. Lohmann, unpublished data).

Alternative Splicing

WGAs should also be an effective tool for identifying alternative splicing. Mix-
tures of alternatively spliced messages could be detected on WGAs if exons were
expressed at different levels within a single sample. There is sure to be detectable
alternative splicing across tissues or developmental stages. In this case exons can
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be tested directly for different expression levels once differences in overall gene
expression are considered. The effect of a genetic mutation on alternative splic-
ing can be observed when mutant and wild-type samples are compared. This is
especially useful for analyzing potential splicing factor mutants (27). Further-
more, WGAs contain probes to previously unidentified exons because they scan
entire genomic sequence. The RNA samples in which the new transcript forms
are detected can then be used as templates for RT-PCR amplification and se-
quencing. Alternatively spliced clones can be captured in the same manner as
new transcription units (see above). A recent study elegantly used exon junc-
tion arrays to detect alternative splicing in 74% of multiexonic genes in humans
(60).

A few studies have looked at alternative splicing in Arabidopsis by analyzing
ESTs and cDNA sequence (48, 165). New algorithms took advantage of recently
released expressed sequence and could identify more than 1000 alternative splice
forms as well as correct many of the gene models. Further improvements in analy-
sis methods may help, but ultimately they are limited by the amount of expressed
sequence data. We need new methods to identify alternative splicing that search a
broader collection of samples. WGAs can both discover new and assay known
alternative splicing from many diverse tissues, treatments, and developmental
stages.

Chromatin Immunoprecipitation

Identifying the transcribed parts of the genome is another step toward understand-
ing the genome’s function.A greater level of understanding of the genome comes
from knowledge of the sequences that function as DNA binding sites for vari-
ous structural and regulatory proteins. Chromatin immunoprecipitation (ChIP) is
a popular method to isolate DNA that is bound to a transcription factor or DNA
binding protein of interest. Cross-linked DNA protein complexes are isolated from
plant tissue and sonicated to shear the DNA to approximately 500-bp fragments.
Using an antibody that is specific to a certain transcription factor, or to a fused
epitope tag, the protein chromatin complex can be immunoprecipitated (IP). Then,
cross-linking is reversed and generally PCR is used to detect whether a potential
target sequence has been pulled down, providing in vivo evidence of a protein-
DNA interaction that is either direct or indirect. When the ChIP product is labeled
and hybridized to arrays (so-called ChIP chip), one can determine the genome-
wide binding sites for a given transcription factor (sometimes also referred to as
location analysis). It is important to consider the appropriate control for ChIP chip
experiments, specifically one that controls the nonspecific binding of a particular
antibody. One approach is to use a mutant that does not contain the epitope. Here
nonspecific binding is pulled down in both the wild-type and mutant control using
the same antibody. It is likely that even moderately specific antibodies can be used
because only the difference in binding patterns along the genome between mutant
and wild type are of interest. In this case a potential drawback is that secondary
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effects caused by the mutation will also be identified. To get around the protein of
interest is fused to an epitope-tag. Here the control is a line expressing only the
epitope tag. Because approximately 500 bp of DNA that flank the DNA binding
site is pulled down, it should be relatively easy to detect on WGAs that have probes
every 25 bp or less. However, with this ∼500-bp resolution it is then difficult to
identify the specific binding sequence that interacts with contact residues of the
DNA binding protein. This often requires in vitro methods such as affinity selection
(97) or gel shift assays. Hybridizing labeled proteins to short oligonucleotide ar-
rays, which can be made double stranded, could serve as a high-throughput method
of affinity selection and could be complementary to in vivo ChIP chip. WGAs are
potentially suited for this purpose because they may contain the sequence of the
actual binding site.

Currently, arrays designed with genomic PCR products are used for ChIP chip
in yeast (54, 112) and in humans (55, 87, 147, 148). In yeast, a comprehensive
study was performed to identify genome-wide binding sites for nine cell cycle
components. Between 30 and 290 sites were identified for each factor from arrays
designed to yeast intergenic regions, many of which show cross-binding and can
be ordered into a transcription factor binding site network (54). Other studies are
performed with different arrays that may not cover all genomic regions, making
comparisons across experiments difficult. Human chromosome 21 and 22 tiling
arrays were used to identify binding sites for Sp1, cMyc, and p53. These sites
resided within coding regions and 3′ and 5′ regions and co-localized with noncoding
RNAs (21). So, WGAs are also the preferred tool for ChIP chip studies, providing
consistency among arrays, comprehensive genome coverage, and multiple probes
for each potential binding region.

An extension of ChIP chip, to determine RNA binding protein specificity, was
recently reported (41a). Here epitope tags were added to five yeast RNA binding
proteins. The immunoprecipitated RNA was labeled and hybridized to DNA ar-
rays. Each RNA binding protein showed remarkable specificity to the subcellular
location of the RNAs they bound. WGAs can also be used effectively for this
purpose.

Methylome

Characterizing the chromosome-wide epigenetic state is also an important step
in the functional annotation of the linear DNA sequence. Because Arabidopsis
was the first methylated genome to be sequenced (140), it is an ideal model sys-
tem for epigenetic studies (113). Cytosine methylation is often associated with
repressed chromatin state including, but not limited to, heterochromatic telomeres
and centromeres (58, 84). In addition, histone modification is also important in
both global and local regulation of gene expression (32). In plants, methylation on
histone lysine 9 and 3 can modify gene expression (113). The well-known histone
modification, acetylation, is linked with DNA methylation as DNA methylases are
found in histone deactylase complexes (137).
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Can the states of DNA methylation and chromatin modification be surveyed on
the genome-wide level? There are two popular methods for assaying DNA methy-
lation. Southern blots analysis of DNA digested with methyl-sensitive or -insensit-
ive enzymes can reveal different-sized fragments, indicating methylation. In a more
direct approach, bisulfite treatment converts cytosine to uracil but methyl cytosine
is protected. Subsequent PCR amplification, cloning, and sequencing can show
which sites were methylated as cytosine residues remain in the sequence. Se-
quencing multiple clones can indicate the proportion of methylation at a particular
base. Potentially, both methods could be used with WGAs to survey global methy-
lation patterns. For example, WGAs could be hybridized with labeled DNA that
has been digested with either a methyl-sensitive or -insensitive four-base cutter
restriction enzyme. A significant increase in hybridization signal on array features
from the methylation-sensitive treatment would indicate methylation. In this case,
the number of sites surveyed is limited to the bases recognized by the enzyme. La-
beling and strong hybridization of genomic DNA to oligonucleotide features after
bisulfite treatment indicates heavy methylation if most cytosines in a 25-mer are
protected from treatment. Other approaches for genome-wide chromatin analysis
involve ChIP chip. Specific antibodies are available to modified histones with ei-
ther acetylation or methylation on various lysine residues. ChIP chip studies using
these antibodies should complement methylome analysis via differential enzyme
digestion or bisulfite treatment to highlight the interplay between histone and DNA
methylation (61).

In a recent study that profiled genome-wide methylation patterns, another ap-
proach was taken, using sucrose gradient sizing and labeling of small fragments of
DNA that had been digested with a methyl-sensitive restriction enzyme. The prod-
ucts were then hybridized to an array that contained 384 PCR fragments across the
genome (142). When compared to a methylation-deficient mutant cmt3, Tompa
et al. determined that transposons were preferentially methylated by CMT3. An-
other study showed strand-specific methylation at the centromere but not at rDNA
loci, both of which are heterochromatic (84). This analysis was done using bisul-
fite treatment and strand-specific PCR. The PCR reactions were sequenced in
20 cases or treated with methylation-sensitive restriction enzymes that had cyto-
sine in the recognition site. The amount of product digested indicated the relative
amount of methylation. Methyl cytosine antibodies were also used to precipitate
methylated strands of denatured DNA. Here strand-specific PCR was used to de-
termine which strand was methylated, and it provided consistent results relative to
the strand-specific PCR after bisulfite treatment. Finally, to access genome-wide
strand-specific methylation bias, nick transcription was used. The reaction prod-
ucts were hybridized to arrays made from 255 overlapping BACs on Arabidopsis
chromosome 2 and 43 BACs on chromosome 4. The centromeres, but not the
rDNA regions, again showed strand-specific bias in methylation. Methods such as
these could be applied to whole-genome tiling arrays to comprehensively survey
the methylome at high resolution in both wild-type and various DNA methylation
mutants (18).
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DNA Polymorphism

A further characterization of the raw genomic sequence aims to reveal the com-
prehensive pattern of DNA polymorphisms within a species. The natural variation
in Arabidopsis is abundant in neutral DNA markers and also in those that cause
phenotypic changes (6). Initial studies focused on single loci. Now several studies
survey genome-wide polymorphisms. Schmid et al. sequenced more than 10,000
ESTs from libraries of six different A. thaliana accessions and more than 600
sequenced tagged sites from 12 accessions. They identified 8051 potential SNPs
and 637 indel polymorphisms (124). Cereon Genomics performed a two-times
shotgun coverage of the Landsberg erecta accession that found more than 50,000
potential polymorphisms (59). Magnus Nordborg has been funded to sequence
1500, ∼500-bp fragments from 96 accessions. Currently, more than 900 frag-
ments have been analyzed, and more than 15,000 polymorphisms have been iden-
tified (Magnus Nordborg, personal communication; http://walnut.usc.edu). Array
hybridization can also be used to identify single-feature polymorphisms (SFPs).
SFPs are identified when a particular 25-mer feature has a significantly differ-
ent hybridization signal between at least two accessions (14, 149, 150). Recently,
we demonstrated that 4% of features could easily be called SFPs between two
accessions. We have made more than 19,000 SFPs available from 14 accessions
using commercially available arrays (J.O. Borevitz & J.R. Ecker, unpublished
data; http://naturalvariation.org/sfp). These SFPs fare well when compared with
the available sequence data, revealing low false positive rates and moderate false
negative rates (14; J.O. Borevitz & J.R. Ecker, unpublished data). Using WGAs
to identify hybridization polymorphisms is analogous to a rough resequencing of
the entire accession, allowing the identification of hundreds of thousands of SFPs
in a single experiment.

If required, resequencing arrays can be used to determine the precise single
nucleotide or deletion polymorphisms (24). In this case oligonucleotide arrays
are designed as single base-pair tiles of both strands and include all three possible
mismatches. Resequencing arrays interrogate 25 bp of sequence with 200 different
oligos (25 bp × 4 bases × 2 strands). Currently they also require loci to be amplified
specifically from long-range PCR products or from appropriate BAC or cosmid
clones. A huge project used such arrays to resequence 22 Mb of human chro-
mosome 21 from twenty unique chromosomes (104). Recently, these arrays were
used to sequence the corresponding chimpanzee chromosome, revealing many
insertion/deletion polymorphisms as well as SNPs (38). Perlegen has completely
resequenced many human individuals across their entire genome with this method.
Not all sequences (i.e., simple repeats and poor hybridizing sequences) can be read
by hybridization, but as array density increases large regions of sequence can be
read on single arrays (currently ∼150 kb). This accuracy is costly compared to
SFP genotyping: 200-fold in arrays and individual clone/product amplification. A
single Arabidopsis WGA could identify very dense SFPs across the entire 120 Mb
using whole-genome labeling methods.
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Comparative Genome Hybridization

Comparative genome hybridization (CGH) has been used to detect deletions often
in cancer cell lines. This is done by labeling DNA from different samples and hy-
bridizing it to cDNA arrays (106) or to arrays of BAC clones that cover the entire
genome (105). Using this approach, very large deletions and duplications have been
identified. Oligonucleotide arrays have been used for the same purpose in micro-
organisms (65, 119) and recently in humans (13a). Naturally occurring gene-size
insertion/deletion polymorphisms can easily be identified on high-density oligonu-
cleotide arrays (14). Hundreds of deletions are found between any two Arabidopsis
accessions that suggest candidate genes for causes of natural variation. Not sur-
prisingly, many natural deletions are in genes that encode transposons (14). In a
similar manner we determined the precise location of fast neutron-induced deletion
mutations (J.O. Borevitz & J.R. Ecker, unpublished results). Thus, an additional
use of whole-genome tiling arrays is high-resolution array CGH. Figure 2 shows
how several experiments performed on a single WGA platform can be integrated
to provide detailed functional annotation along the genome.

NATURAL VARIATION

New technologies are generating high-density polymorphism data that will be
useful in identifying functional changes in candidate genes (9) and for haplotype
analysis (11, 98, 108). Once polymorphism data is available across the genome
it serves as background for genome-wide examination of the patterns of natural
selection. Regions showing relatively high levels of polymorphism may be under-
going rapid evolution, whereas regions that lack variation may have undergone a
recent selective sweep. When testing for selection the patterns of variation at can-
didate loci are compared against the genome-wide distribution, thus controlling
for effects such as population expansion/contraction or recent migrations which
should affect the entire genome in similar ways.

Several diversity estimates can be calculated genome wide. The Fst statistic
measures between versus within population levels of diversity and has been calcu-
lated on 26,530 human SNPs that define the genome-wide distribution (2). When
compared with coalescent simulations, 174 candidate genes showed significant
evidence of being under selection, including the CFTR gene, which is associated
with cystic fibrosis (115), and PPARG, which is associated with type 2 diabetes
(7).

In addition to linkage disequilibrium studies in outbred populations, high-
density polymorphism data can be used for mapping quantitative traits in pedigrees
or in crosses between inbred lines. QTL studies with saturating molecular mark-
ers in mapping populations can more precisely define the interval of large-effect
causative loci. However, abundant markers cannot overcome the need for recom-
bination events to break up genetic intervals; this requires large sample sizes.
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When complex traits have low heritability, replicate measures must be performed
on many lines. One method to increase the number of lines without additional
cost involves pooled genotyping or bulk segregant analysis (26, 90). We used
bulk segregant mapping with high-density array genotyping to localize several
Mendelian traits (14; J.O. Borevitz & J.R. Ecker, unpublished data) and moderate
effect quantitative traits. For quantitative traits, selective genotyping is performed
on pools of lines with extreme phenotypes, a method we call eXtreme Array Map-
ping (XAM) (152a). Because chip genotyping can identify tens to hundreds of
thousands of SFPs it may also be useful in fine-mapping strategies where markers
become limiting. Here recombinant genotypes are identified prior to pooling.

GENOME-WIDE KNOCKOUT COLLECTIONS

Several types of experiments can be performed when a saturating loss of function
collection is available. For mapping studies, knockout lines can be ordered for all
candidate genes in an interval, and multiple alleles are often available for each
candidate gene. In addition, a knockout mutant can provide a crucial second allele
when only a single EMS allele is available. Here observation of similar phenotypes
in both alleles provides confirmation that the correct gene was identified. The null
background is suitable for transgenic studies that investigate altered expression
patterns or test altered proteins. Often redundancy can confound genetic studies
by masking phenotypes. This problem can be dealt with by creating double, triple,
or greater knockout mutations among multiple gene family members (5).

Functional genomics screens aim to identify all the genes contributing to a
phenotype of interest. They can be performed quantitatively across the entire col-
lection to ask how many genes affect a given process. This approach was taken
in yeast using knockout collections (42, 132, 151). Forward genetic screens have
also been performed in C. elegans (37, 63, 107) and Drosophila cell lines (28, 82)
with RNAi knockdown approaches. Quantitative fitness data across all yeast genes
globally revealed the extent of genetic redundancy due to gene duplication (47).

Several projects in Arabidopsis have created a near saturating collection of
sequence-indexed knockout mutations. Alonso and colleagues have recovered
flanking sequences for 145,417 insertion events that can be mapped to the genome
(5). They reside in 21,858 known genes (including 500 bp of promoter), which
have at least one insertion. Furthermore, more than 17,000 genes have two or
more insertions. The T-DNA Express database (http://signal.salk.edu) provides
a user-friendly tool to quickly identify insertion mutations for a gene of inter-
est and has been widely used (more than 1.6 million hits since September 2001;
H. Chen & J.R. Ecker, unpublished data). The many insertion mutations that do not
currently map to known genes, i.e., those which lie within the intergenic “dark mat-
ter,” may later prove useful to identify functions for new genes. These insertions
may disrupt noncoding genes, such as miRNA precursors or important regulatory
regions.
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A comprehensive analysis of the pattern of these insertions across the genome
revealed hot and cold spots, including clear under-representation in all five cen-
tromeres and bias toward promoter regions. All of the Salk T-DNA insertion muta-
tions are freely available in public stock centers and do not require material transfer
agreements. Analyzing segregation data for these and others lines could provide a
rough estimate of the fitness consequences of the insertion if it differs widely from
the expected 1:2:1 ratio. A collection of homozygous knockout lines in all of the
predicted genes would allow for high-throughput functional screens, as has been
performed in yeast, C. elegans, and Drosophila. We feel this is a high priority for
the Arabidopsis community. Comprehensive phenotypic data from this deletion
set will prove an essential part of functional genome characterization.

Several other studies have also created sequence-indexed collections of knock-
out mutations. Syngenta Inc. (126), a French program (INRA/Genoplante) (120),
a German project (GABI-Kat) (79), the Japanese group in RIKEN (72a), the John
Innes Center in the United Kingdom (141a), Cold Spring Harbor Laboratory
(http://genetrap.cshl.org/), and the Wisconsin group (http://www.hort.wisc.edu/
krysan/DS-Lox/) have all generated flanking insertion sequences. As of April
2004, there are more than 330,000 flanking sequences that can be mapped to the
genome that hit >90% of the currently known genes. Mutant plants from some
of these projects may require specific agreements; however, nearly all sequences
can be searched on our web site (http://signal.salk.edu). Most of these collections
have been made in the Columbia accession, where mutations in several genes can
be combined without regard to background effect. That said, screening knockout
alleles created in different backgrounds may reveal phenotypes modified by back-
ground effect. A complementary approach involves screening gain-of-function
mutations, so called activation tagged lines (146) that can be easily created or
ordered from stock centers.

COMPARATIVE GENOMICS

As genomics tools are developed in the reference plant Arabidopsis thaliana,
sequence from other plants is becoming available. Arabidopsis will continue to
be the genetic workhorse, where the initial function of most plant genes will be
characterized. How can genomic sequence from other plants be used to improve the
Arabidopsis annotation? Comparative genomics promises to identify the functional
elements in a genome based on the assumption that these elements are preferentially
conserved through evolutionary time (for more information, see the article in
this issue on comparative genomics by Webb Miller: Comparative Genomics).
According to the neutral model, sites will mutate at random. Changes that are even
mildly negative should be eliminated by selection. Thus, over time, sequences
not under selective pressure to remain the same will diverge due to drift. Protein
coding regions tend to be conserved as most substitutions are deleterious; however,
synonymous sites are often free to vary. Regulatory regions and noncoding genes

A
nn

u.
 R

ev
. G

en
om

. H
um

an
. G

en
et

. 2
00

4.
5:

44
3-

47
7.

 D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 P
U

R
D

U
E

 U
N

IV
E

R
SI

T
Y

 L
IB

R
A

R
Y

 o
n 

08
/3

1/
05

. F
or

 p
er

so
na

l u
se

 o
nl

y.



18 Aug 2004 4:57 AR AR223-GG05-16.tex AR223-GG05-16.sgm LaTeX2e(2002/01/18) P1: IKH

458 BOREVITZ � ECKER

also tend to be conserved but are more difficult to identify. Although conservation
within coding regions is well defined, regulatory regions do not follow known
rules and thus are more difficult to model. The evolutionary distance between
the species is important to consider as this determines the expected number of
changes. For distantly related species it is likely that every base will have mutated
at some time in the past. In this case, aligning intergenic DNA sequence is difficult
and alignments are made in coding regions to the potential protein translations.
Important functional domains in proteins can be identified by conservation, and
tests exist to determine which sites are under selection (158). Positive Darwinian
selection can also be identified from comparisons between closely related species
or from variation between populations. Here an increase in amino acid substitutions
is seen relative to synonymous changes.

Comparative genomics in plants is still in its infancy. Below we discuss methods
to improve genome annotation using comparative techniques that are based on
evolutionary models. We then discuss a broad evolutionary comparative study in
mammals about the CTFR locus and recent genome-wide comparative analysis in
yeast as an example for future studies in plants.

Ka/Ks Test to Identify Conserved Exons

DNA sequences that code for protein show different patterns of variation from
noncoding regions. A simple evolutionary test, the Ka/Ks test, can be used to
confirm exons by looking at the frequency of substitutions at sites that change
amino acids (nonsynonymous) relative to the frequency of substitutions at silent
sites that do not alter amino acids (synonymous). This test works because most
amino acid changes result in a loss of protein function and are removed by purifying
natural selection. Thus, a protein often has an excess of synonymous substitutions
and the Ka/Ks ratio is around 0.065 (95). Here Ka here is the proportion of bases
that result in amino acid changes out of the total possible sites that could result
in amino acid change. Similarly, Ks is scaled by the total number of possible
synonymous changes in the sequence. Thus, noncoding regions often show the
neutral expectation, where Ka/Ks = 1. Advanced Ka/Ks tests also consider GC
content, differences in transition/transversion rates, and codon bias (46).

For coding region identification, two orthologous sequences should be at an
ideal evolutionary distance such that there has been enough time for changes to
occur. The larger the number of total base substitutions, the greater the statistical
power of the Ka/Ks test. However, when divergence is too high, sequence align-
ment may be difficult and sites may have mutated more than once, violating the
assumptions of standard Ka/Ks test. The Ka/Ks test was applied on a limited scale
to mouse and human gene comparisons that had an average DNA identify of 86.5%
(95). Later the test was used for whole-genome comparisons of 12,845 putative
human mouse orthologs (145).

How well does the Ka/Ks test perform? To reject the neutral model and identify
a true exon the Ka/Ks test should be significantly less than 1. In the original
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comparison (95), 1244 exons were known. The Ka/Ks test identified 90.5% of
them, revealing that the test has good sensitivity. As expected, the test performed
best for longer exons. It also performed best when the sequences were between
10% and 15% diverged, thus illustrating the appropriate evolutionary range for
calling exons when using Ka/Ks (95). How often is an exon called that is not
an exon, i.e. what is the false positive rate? Simulations of random sequences at
different exon lengths and divergence rates showed the false positive rate to be
between 1%–5%, with longer exons and moderate divergence performing best.
Multiple sequences provide more data and make this test extremely powerful even
for short exons. Exons not under purifying selection such as pseudogenes will be
missed by Ka/Ks tests. Loci under rapid evolution may have Ka/Ks ratios greater
than 1 if amino acid substitutions are more prevalent than expected across the entire
exon. Finally, the Ka/Ks test should be used in combination with other prediction
methods to precisely call intron/exon boundaries.

Mammalian Comparative Study

We review two large-scale comparative studies in mammals and yeast to high-
light the power of comparative genomics as examples that can soon be applied
in plants. A major comparative analysis was recently reported covering 1.8 Mb
of contiguous human sequence (across seven genes including the cystic fibrosis
gene CTFR) from 13 vertebrates: human, chimp, baboon, cat, dog, cow, pig, rat,
mouse, chicken, takifugu, tetraodon, and zebra fish (141). A substantial number
of conserved noncoding regions (CNRs) were identified. Many of these could not
have been found using pair-wise comparisons. This study illustrates the utility of
examining a range of sequence distances for comparative analysis and emphasizes
that the total branch length of the species tree is a good measure of the ability to
find conserved sequences. As long as the sequences can be aligned, the longer the
branch length the more power to identify conserved regions because more substi-
tutions have occurred. In this study, human-fish genome alignments were mainly
to coding regions, whereas human-chimp alignments were nearly identical and
provided little information toward finding conserved regions. The human-chicken
comparison was the most informative pair and allowed identification of 40% of
the total conserved regions (identified from 13 vertebrate comparisons); however,
sequence from multiple species is an important feature in obtaining the alignment.
The genome sequences of human (73, 144), mouse (145), rat (42a), fugu (10),
and low-pass sequence from dog (68) are now available. Currently, mammalian
genomics is poised for broad scale comparative analysis that will improve anno-
tation of all genomes. Evolutionary approaches offer a framework in which to
consider multiple genomes and integrate multiple data sources.

Genome-Wide Yeast Comparative Analysis

In 2003 we saw the first genome-wide comparative studies where the entire genome
sequence could be aligned from several species. Two papers reported the sequences
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of either three additional Saccharomyces genomes at six- to seven-times shotgun
coverage (66) or five additional genomes at two- to three-times coverage (29).
Both papers improved the S. cerevisiae reference annotation with revised esti-
mates of gene number and identification of many likely pseudogenes that were
misannotated as genes. In addition to genes, phylogenetic footprinting was used to
predict regulatory regions. These included known elements and many novel ones.
Variation in gene expression can be explained by combinations of the identified
regulatory regions. The Ka/Ks test was applied genome wide to the yeast data,
yielding an average of 0.11. Rapidly evolving genes that showed an excess of
amino acid changes had Ka/Ks values above 0.69 (across the entire gene) and in-
cluded genes involved in stress response and sporulation (66). Thus, genome-wide
Ka/Ks tests can also be used to screen for genes under positive selection because
the genome-wide distribution is known.

In general, sequence conservation was high throughout the coding regions, an
advantage of Saccharomyces as coding regions make up 70% of the genome. In-
deed this conservation was used to align the mostly syntenic genomes. There are
trade-offs when choosing the evolutionary distance between species for compar-
ative studies. One would like to have as many substitutions as possible so that
conservation is not the result of chance. The more genomes in the comparison
the more diversity and the lower the probability of chance conservation, but this
comes at a greater cost. In yeast where coding regions are extensive and genes are
compact, alignments can be made but divergence is also high enough that varia-
tion at most sites has been sampled. This signal-to-noise ratio becomes a problem
for large-genome organisms and for organisms with low gene density because
alignments cannot be anchored by the coding regions (66). In this case, the only
solution is to sequence many closely related individuals so that ample variation
can be captured and alignments can still be made.

EXPRESSED SEQUENCE TAGS

Several large EST projects have been completed or are under way for a vari-
ety of plant species (http://www.ncbi.nih.gov/genomes/PLANTS/PlantList.html,
http://www.ncbi.nlm.nih.gov/dbEST/dbEST summary.html) (Figure 3). As of April
2004 there were nearly 21 million ESTs in GenBank, with mouse (4.1 M) and hu-
man (5.5 M) representing at least one order of magnitude more than the rest of
the species. This representation bias may explain the preponderance of evidence
for alternative splicing in mouse and human. There are more than 20,000 ESTs
from 66 species, representing 28 from animal nodes and 29 from green plant
nodes. Figure 3 shows a rough phylogenetic distribution [made with NCBI Tax-
onomy Browser and WebPhylip (80)] of these species and the current number
of ESTs available for each (see below for three exceptions). The higher eudi-
cots (rosids and asterids) and monocots are heavily represented (109) because
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they are important crop species, whereas species are more evenly distributed
along the animal lineages (Figure 3). The recent generation of ESTs in moss
(96), pine (4), and cycads (17) has filled in a few of the more ancestral branches
of the plant lineage. The National Plant Genomics Initiative has called for ma-
jor funding to be allocated for EST sequencing from 50 important evolutionary
nodes throughout the green plant lineage (93). In addition, 5–10 tractable species
at important nodes should be developed, with fully functional genomics cap-
abilities, including mapping populations, markers, arrays, and potential genome
sequencing.

Orthologous Gene Comparisons

What can one do with this seemingly large and ever-growing collection of ex-
pressed sequences? There are several possibilities. For gene discovery, new se-
quences that may have important enzymatic or signaling properties will be identi-
fied. One example is in Medicago truncatula, where the nodule-specific cysteine-
rich gene family with more than 300 members was discovered. These genes
have not been identified in other plants species or any other legumes species,
which suggests that this gene family may be specific to intermediate nodule
legumes (88). As high-throughput methods become available, the longest non-
redundant EST clones can be screened for specific protein activates (23, 74).
Once considered junk sequences, noncoding transcripts, including functional and
regulatory RNAs or antisense transcripts (69, 101), can also be discovered from
species at different evolutionary distances. Sequence conservation suggests func-
tional importance for these nontraditional RNAs. Studies that aim to understand
the evolution of alternative splicing by determining the exon content of the an-
cestral sequence look very promising (70). Abundant sequence polymorphism
can be identified within species when confirmed by sequences from multiple
clones (71). When multiple libraries are made from different strains or from
closely related species, SNPs can be directly assigned. SNPs identified from li-
braries made from outbred strains, such as human, can later be typed to determine
haplotypes.

Comparative EST sequence analysis begins with the identification of related se-
quences within large databases. This must be done, often on translated nucleotides,
with fast search algorithms such as an all-against-all basic local alignment search
tool (BLAST). This is followed by clustering sequences with high scores coming
from within and between species. It is important to distinguish between orthologs
and recent paralogs or ancient paralogs (45). Orthologs are related by common
descent between species, whereas paralogs are related through gene duplication.
For example, α and β tubulin are ancient paralogs, whereas human α tubulin
is orthologus to mouse α tubulin. Both α tubulin orthologs maintain the same
function. Recent gene duplication results in both new paralogs being ortholo-
gous to a single sequence in another species. The new paralogs may be redundant
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in function or may quickly diverge perhaps through altered expression patterns.
Simple BLAST searches do not account for ancestry (paralogs versus orthologs)
and phylogenetic methods that do are very computationally intensive. Initially,
the clustersof orthologous groups (COGs) database (http://ncbi.nih.gov/COG/)
(138) and several initial genome-wide comparative studies (25, 117, 140) relied
on all-against-all BLAST searches. An important improvement came with the
INPARANOID algorithm (111), which can account for recent paralogs; how-
ever, INPARANOID is limited to pair-wise genome comparisons. Alternative ap-
proaches for genome-wide identification of eukaryotic gene orthologs (EGOs)
rely on triangular best matches (76). ESTs were first clustered to form contigs or
singletons within each of 28 species, after which each species was compared to
the others. EGOs are groups where reciprocal best BLAST matches were con-
fined to three species. Li et al. (78) developed the Orthologous Markov Cluster
algorithm (OrthoMCL), which identifies orthologous groups and accounts for re-
cent paralogs. Additionally, OrthoMCL can be applied to more than two species.
Recently, a genome-wide phylogenetic approach was developed (121). With this
method, gene family clusters are made from the fast all-against-all BLAST searches
when an identity threshold is applied. Parsimony trees are made from each clus-
ter that are either unconstrained, or constrained such that all sequences from the
same species form a single clade. Because recent paralogs fit well in the con-
strained tree, orthologus clusters are identified when the unconstrained tree is more
parsimonious.

What can be done once these clusters of putative orthologs are identified? Se-
quence alignments can identify regions of the protein that have been conserved and
will likely be functionally important. Analyzing nucleotide substitution rates can
reveal protein domains under selection via the relative rates test (158). Globally,
how are different protein families evolving? Are some under more selective pres-
sure than others, and do these belong to certain pathways? Are certain pathways
or gene ontologies evolving faster than others, and can we define lineages where
gene families or entire biochemical/signaling pathways have rapidly expanded?
Early genome sequence comparisons show expansion of transcription factors and
enzymes families in plants (see above). These expansions could be traced to spe-
cific lineages as more data becomes available. Lastly, the large amount of sequence
data can be concatenated to add power in phylogenetic studies that aim to better
estimate branch lengths or discriminate early divergences (deep branches) (121).
A complicating issue with EST sequence information is representation bias, i.e.,
choosing an ancient paralog for comparison when the correct ortholog has not
yet been identified. If possible, it will be important to develop methods that are
robust to this bias. Although representation bias is less of a problem for complete
genome comparative analysis, large-scale gene loss (perhaps following wide du-
plication) can remove true orthologs. This effect becomes more pronounced as
the evolutionary distance between the species being compared increases. Plants
may be especially prone to large-scale genome duplication and deletion because
polyploidization is common (44, 140, 160).
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THE NEXT PLANT GENOME SEQUENCES

Rice

In 2002, two groups released the second plant genome sequence, rice. A four-times
shotgun coverage of Oryza sativa ssp. indica (160) covered 361 Mb of the esti-
mated 466 Mb. Oryza sativa ssp. japonica was sequenced to five-times shotgun
coverage and resulted in 390 Mb of assembled sequence, including two bacterial
pathogens (44). Earlier, Monsanto had generated 259 Mb of japonica sequence
from 3391 BAC clones (12); however, this data was initially only available and
searchable to registered users. In japonica, 37,777 genes were predicted, 77% of
which had at least one internal paralog. This resulted in 15,000 distinct gene fami-
lies, a comparable number to other sequenced genomes. The synteny between rice
and other cereals was used to identify candidate genes for Quantitative Trait Loci
(QTL) mapped in other cereals (44). Although rice has one of the smallest genomes
of any grass, transposon sequences still make up about half of the genome. Trans-
posons comprise about 10% of the Arabidopsis genome (140) whereas transposons
comprise 80% or more of the genome in Maize (122). When Arabidopsis genes
were compared with rice, homologous sequences were identified for nearly all
the genes. An exception is that the TIR-NBS-LRR-type disease resistance gene
family is missing in rice (44). However, when predicted rice genes are compared
with Arabidopsis, almost half of the genes are unique to rice. This finding may
have more to do with the substantial proportion of the rice genes showing high
GC content (>0.65) (153, 160) than the actual absence of these genes in the Ara-
bidopsis genome. The GC content is higher in rice at the 5′ ends of genes, an effect
not seen in Arabidopsis. This GC gradient extends to the early introns as well and
effects codon bias and amino acid usage in rice and maize but not Arabidopsis
or tobacco (153). This has a compounding effect on gene prediction algorithms
as well as Ka/Ks tests. In both rice and Arabidopsis, most highly repetitive se-
quences (transposons) were found in intergenic regions, whereas in humans they
also accumulate in introns (160).

Comparing the indica shotgun sequence with the public japonica sequence
revealed genome wide differences between the two subspecies. Approximately
16% of the genome cannot be aligned between these subspecies due to changes
in repetitive sequences! This further illustrates the rapid evolution in genome
size between the grasses, in part due to very active transposons. Within alignable
regions between the two genomes, nucleotide variation was around 0.5%. When
comparing different accessions within the same rice subspecies polymorphism
rates were a similar 0.5% (160), revealing the large amount of variation also seen
within putative subspecies.

Rice is now the second model plant. Transformation techniques are routine
(51), large collections of mapping populations are available (50) as are sequenced-
indexed collections of mutant lines (8) and wild accessions. Full-length cDNA
collections have been made and sequenced (67) and genomics tools such as
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high-density microarrays are being developed (3). As with Arabidopsis, whole-
genome rice tiling arrays will be important for further annotating the rice genome.
Rice and Arabidopsis are separated by ∼200 million years, thus they provide
a system to study the evolution of plant-signaling and developmental pathways.
Comparing flowering time pathways between the facultative long-day plant Ara-
bidopsis and the short-day plant rice has already revealed common molecular
components (31). Natural variation between rice subspecies has been important
in the discovery of the commonalities in the flowering time pathway (reviewed
in 15, 125). It is important that the rice genome is completely finished to the
quality of Arabidopsis (99), a goal expected to be reached by the end of 2004
(http://demeter.bio.bnl.gov/Shanghai summary.html).

Future Plant Genomes

What other plants are in the pipeline for complete genome sequencing? The Na-
tional Plant Genomics Initiative is giving top priority to the high-quality finish-
ing of rice and deep draft coverage of maize, Medicago truncatula (the model
legume), and tomato in their 2003–2008 outlook (93). In addition, the Initiative
will develop 5–10 organisms at different evolutionary nodes as genetic models with
full genomic tool kits. This will include extensive EST sequencing, microarrays,
BAC libraries, physical and high-density genetic maps, mapping populations, wild
accessions, and developing transformation techniques. Ultimately, as technology
improves and sequencing costs fall, the genomes of these new model genetic or-
ganisms could be sequenced; thus, the Initiative is giving priority to organisms
with relatively small genome sizes and minimal repetitive DNA content.

POPULUS The Populus genus contains 30 diploid species, including aspen, cot-
tonwood, and poplar, and represents the model tree with a genome size of ∼550
Mb (40 times smaller the pine). Recombinant lines and genetic maps are available.
QTL and breeding studies are widely performed and Populus is easily propagated
clonally (39). The Joint Genome Institute has essentially finished a deep draft
genome sequence of Populus trichocarpa (cottonwood). Ten-times shotgun cov-
erage, amounting to 5.8 Gb, is now available for download and BLAST searches
(http://genome.jgi-psf.org/poplar0/poplar0.info.html). Approximately 80,000
ESTs are also available in Populus that will aid in gene annotation (Figure 3).
Because Populus, along with Arabidopsis, is a member of the rosids, the compara-
tive genome analysis should reveal recent changes but overall the genomes should
be similar in makeup, much closer than Arabidopsis and rice.

MEDICAGO TRUNCATULA The model legume Medicago truncatula (estimated at
500 Mb), a close relative of alfalfa, is being sequenced in a multinational effort
spearheaded by the University of Minnesota, Oklahoma University, and TIGR.
The Nobel Foundation, the University of California, Davis, and centers in the UK,
France and Hungary are also contributing BAC sequence data. Currently ∼84 Mb
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of sequence data exists, mainly from hundreds of completed BAC clones, limited
shotgun genomic sequence, and BAC end sequences (http://www.genome.ou.edu/
medicago.html). The Medicago truncatula genome project is using a BAC by
BAC-based approach because of its highly repetitive nature and hopes to cover the
12 major euchromatin chromosome arms. More than 187,000 ESTs are currently
available to aid in genome annotation and functional studies (62). The full genome
sequence of the first legume will be the foundation for molecular genetics research,
which aims to understand the process of legume/Rhizobium symbiosis resulting in
the conversion of molecular nitrogen into usable organic forms.

MAIZE The maize genome is large (2500 Mb) and highly repetitive (80%). Strate-
gies to sequence the complete gene space rely on filtering away heavily methylated
DNA (99a) and normalization by copy number (148a, 161). With one million se-
quencing reads, an estimated two-times coverage of the gene space was obtained.
A five-times coverage of the gene space from filtered or normalized libraries,
together with low-pass BAC sequencing, should yield a useful working draft of
Maize (13, 84a). Furthermore, sequence generated from several inbred lines will
identify many polymorphisms. An alternative approach is to sequence off transpo-
son ends because there is a bias for the Mutator transposon to insert into gene-rich
areas. This approach relies on an engineered transposon called RescueMu, which
contains a bacterial plasmid. So far, 70,000 RescueMu flanking sequences have
been recovered, identifying many genes not present in EST collections (83).

TOMATO Lycopersicon esculentum (tomato) has been used as a model crop plant
for decades. Genetic studies have focused on fruit ripening (40) and disease re-
sistance (72, 85) as well as crop domestication (36). Large mutant collections
are available (http://zamir.sgn.cornell.edu/mutants/), as are high-resolution genetic
maps (41). Several mapping populations have been used for pioneering QTL stud-
ies (103). Introgression lines where segments from various related species have
been bred into the cultivated tomato background are widely used (33). The Lycop-
ersicon esculentum genome is ∼900 Mb and is a priority for genome sequencing
according to the National Plant Genomics Initiative. The Arizona Genome Institute
is making a BAC tiling path from more than 88,000 fingerprinted BACs. More than
150,000 Lycopersicon esculentum ESTs have been generated as well as more than
10,000 ESTs from related Lycopersicon species. The tomato genome sequence will
serve as a model for Solanaceae plants, which include commonly known potato,
tobacco, pepper, eggplant, petunia, and nightshade (http://www.sgn.cornell.edu/).

BRASSICA The Brassica genus contains many diverse developmental forms, in-
cluding cole crops (Brassica olearacea: cauliflower, cabbage, kohlrabi, broccoli,
brussels sprouts, and kale) and oil seed rape (Brassica napus). As a crucifer, it
is closely related to Arabidopsis and its sequencing may help with genome an-
notation, as discussed above (102). The multinational Brassica genome project
aims to cover the 500 Mb of the Brassica rapa ssp pekinensis (Chinese cabbage)
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genome by draft sequencing BAC clones and relying on synteny of Arabidop-
sis. Brassica rapa BAC libraries containing more than 100,000 clones will be
end sequenced and 1000 BAC seeds will be chosen for initial draft sequencing
(http://brassica.bbsrc.ac.uk/). In Brassica napus there are currently 37,000 ESTs.
In addition, a 0.2-times shotgun sequencing project of Brassica oleracea was com-
pleted by TIGR and Cold Spring Harbor, which covers >70% of the Arabidopsis
proteome (http://nucleus.cshl.org/genseq/comp genomics/).

Species for Development as Model Systems for
Ecology/Evolution Studies

MIMULUS Mimulus (monkey flower) has long been a model for studies of ecology
and evolution aimed at determining the genetic mechanisms of speciation. Pollina-
tor preference, floral morphology (16, 123), outcrossing rate (35), and altitude ac-
climation traits have been mapped as QTL. Several species have been studied, many
of which are cross-compatible. Genetic maps and several mapping populations are
available between different Mimulus species. The genome size, approximately
500 Mb, is similar to rice. Recently, NSF awarded $5 million to develop Mimulus
as a model ecological genetic organism (http://www.biology.duke.edu/mimulus/).
BAC libraries will be fingerprinted to create a physical map. High-density ge-
netic markers will be developed that will work across species for comparative
mapping studies. Mimulus is at the basal end of the Asterids, which includes the
Solanaceae. It will be interesting to compare speciation processes in Mimulus and
Lycopersicon as research advances in both these systems. For example, variation
in mating systems is abundant in both genus and has been mapped in interspecific
crosses.

AQUILEGIA Aquilegia (columbines) are in the Ranunculaceae family of the lower
eudictos and contain about 70 species. They have a small genome size of ∼400
Mb and are studied as an ecological organism for adaptation to harsh serpentine
soils (52) and for speciation involving pollinator preference and floral morphology
(53, 53a). Recent adaptations in Aquilegia likely occurred independently, allowing
studies of convergent evolution at the molecular level. For example are the same
genes and similar mutations involved in the same adaptive process. Recombinant
populations and low-density genetic maps are available. Floral traits influencing
reproductive isolation between Aquilegia formosa and Aquilegia pubescens have
been mapped (Scott Hodges, personal communication). Aquilegia, with a small
genome and ancestral position in the lower eudicots, is uniquely suited for devel-
opment of genomics tools, such as high-density genetic and physical maps, EST
sequencing, microarrays, and development of genetic resources such as recom-
binant inbred lines (RILs). Currently no genetic models have been developed at
this important early node in the flowering plant linage. Aquilegia is an attractive
choice.
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SELAGINELLA The lycophyte Selaginella is a seed-free plant that diverged
360 million years ago (mya) from the ancestor that gave rise to the angiosperms.
It has a very small genome size equal to or less than Arabidopsis (49). The Ari-
zona Genomics Institute recently developed a BAC library for Selaginella (132-
Mb genome size) (http://www.genome.arizona.edu/BAC special projects/). Thus,
small genome ancestral comparisons in plants will identify important functional
regions in a manner analogous to takifugu (pufferfish) comparisons with the human
genome (109).

Animal comparative genetics has sampled from a broad range of evolutionary
lineages, whereas analogous plant studies are lagging behind. Because most of
the focus has been on crop plants, we do not have comprehensive plant genome
sequences or EST collections from species that span the deep branches of the green
plant phylogeny. Future studies on the lower eudicot Aquilegia and the seed-free
plant Selaginella would begin to remedy this situation. Their small genome size and
their potential for development as model organisms make them ideal candidates.

CONCLUSION

The genome sequence of Arabidopsis thaliana has not been fully characterized,
nor will such a large task be completed for some time. We have only touched the
tip of the iceberg in our understanding of the information in the raw plant genome
sequences. Deep comprehension of how the complex instructions of plant life are
written in the linear code will be an enormous challenge for the future. Such an
understanding will require the development of a third wave of new technologies
to glean the next level of genomic complexity. Fortunately, new tools such as
whole genome arrays (WGAs) can integrate genomic data on a common platform.
Global genome data, including transcriptome atlases with alternatively spliced
messages, DNA binding site profiles, and chromatin state surveys, will give a more
holistic picture of the cells’ activity. High-density polymorphism maps will reveal
patterns of variation within a species. Our current philosophy has an appreciation
for genomic complexity as we attempt to understand how plant cells function, how
they interact, and how they send and receive systemic signals. This extends to the
whole plant level and to interactions with other organisms and their environment.

We should not be satisfied with the current list of predicted genes and repeat
this work by sequencing other crop genomes. We must consider how the sequenc-
ing of other species will result in a synergistic improvement our understanding of
plant form and function (109). Thus, plant genomics proposals should include the
development of genomics tools such at WGAs, large collections of mutant and
wild strains, and the development of mapping populations in addition to genome
sequencing. Such enabling tools and technologies are required for in-depth compar-
ative analysis that many groups will accomplish by taking advantage of improved
statistical and evolutionary analysis methods. These goals will not be achieved
within single disciplines, but will require broad collaborations between molecular,
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evolutionary, ecological, and computational biologists. The mammalian and
Drosophila communities are well on their way; plant comparative genomics will
need to regain pace.
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Figure 1 High-density oligonucleotide arrays can be used to characterize a fully
sequenced genome and provide a common platform for comparisons among different bio-
logical processes.

Figure 2 An example showing detailed genome annotation including exons (black boxes),
sites of transcription (red), transcript levels in different tissues (rainbow colors), alterna-
tive splicing, locations of DNA binding proteins (green box), DNA methylation (M), DNA
polymorphism (SNP, SFP), and a comparative measure of divergence. An integrated view
of the genome annotation can be obtained with various experiments using WGAs as a sin-
gle technology platform.
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Figure 3 Phylogeny of species with more than 20,000 ESTs in GenBank as of November
14, 2003. The evolutionary sampling along the animal lineage is broader than along the
plant lineage. Mimulus, Aquilegia, and Selaginella are at important nodes that should be
sampled extensively and perhaps developed into model genetic organisms. The small
genome size of Mimulus (~500 Mb), Aquilegia (~400 Mb), and Selaginella (120 Mb) (109)
makes these key organisms potential candidates for full genome sequencing. Tree made
using http://biocore.unl.edu/WEBPHYLIP/ (80) and the Taxonomy Browser at NCBI.
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