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Comparison of partially sequenced cereal genomes suggests

a mosaic structure consisting of recombinationally active

gene-rich islands that are separated by blocks of high-copy

DNA. Annotation of the whole rice genome suggests that most,

but not all, cereal genes are present within the rice genome and

that the high number of reported genes in this genome is

probably due to duplications. Within the cereals,

macrocolinearity is conserved but, at the level of individual

genes, microcolinearity is frequently disrupted. Preliminary

evidence from limited comparative analysis of sequenced

orthologous genomic segments suggests that local gene

amplification and translocation within a plant genome may be

linked in some cases.
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Introduction
Cereals are a large and diverse set of agronomically

important crops from the family Gramineae. They are

the main source of dietary calories for most human

populations whether they are consumed directly, as is

rice, or indirectly by way of animal feed. The structures of

the cereal genomes and the genes contained within them

are key to understanding the evolutionary relationships

within this important family. This in turn will aid geneti-

cists and molecular biologists in their quest to understand

cereal biology and help plant breeders in their goal of

developing better and hardier strains.

This review describes the current state of knowledge

regarding cereal genome structure. This knowledge is

based largely on the results of the recent sequencing of

long genomic segments from cereals [1–4,5��–7��,8�,9��,
10��,11�] and the whole-genome analyses of Arabidopsis
[12] and rice [13��–16��]. These projects have provided

insight into the high number of genes in cereal genomes

relative to those of other eukaryotes, and into the con-

served macro- and microcolinearity at the sequence level

in grass genomes.

Cereal genome colinearity
During the past 10 years, comparative mapping of cereal

genomes using cross-hybridizing genetic markers has

provided compelling evidence for a high level of con-

servation of gene order across regions spanning many

megabases (i.e. macro-colinearity). This phenomenon

was first summarized for rice, oats, maize, sorghum, sugar

cane, foxtail millet, wheat, and finger millet using what is

now known as the ‘Circle Diagram’ [17], and was later

extended to include ten grass species using fewer than 30

rice linkage groups [18]. These findings were noteworthy

in light of known differences in the size of the grass

genomes, rice (430 Mb), sorghum (770 Mb), maize

(2700 Mb), and wheat (16 000 Mb) [19] and the evolu-

tionary divergence time of 60 million years for these

species [17,20].

The initial work on the colinearity of genetic markers

was reinforced when it was discovered that quantitative

loci for agronomic traits such as dwarfing were also

colinear between grass species [21]. More recently,

the sequencing of long regions of the cereal genomes

has allowed microcolinearity, or colinearity across gene

clusters, to be investigated. Several recent studies in the

cereals have demonstrated incomplete microcolinearity

at the sequence level [4,6��,7��,10��,22]. The largest and

most complete study of microcolinearity in the cereals

to date is that by Song et al. [7��]. This study identified

orthologous regions from maize, sorghum, and two sub-

species of rice. Song et al. found that gross macrocoli-

nearity is maintained but that microcolinearity is

incomplete among these cereals. Deviations from gene

colinearity are attributable to micro-rearrangement or

small-scale genomic changes, such as gene insertions,

deletions, duplications, or inversions [23]. In the region

under study, the orthologous region was found to con-

tain six genes in rice, 15 genes in sorghum (of which

three have been amplified, producing a total of 29

genes), and 13 genes in maize (of which one has been

amplified, resulting in a total of 34 genes) [7��]. In maize

and sorghum, gene amplification caused a local expan-

sion of conserved genes but did not disrupt their order

or orientation.

As expected, there is a high degree of gene conservation

between the two shotgun-sequenced subspecies of rice,

japonica and indica, which diverged more than 1 million
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years ago [3]. On careful inspection, however, narrow

regions of divergence can be found in these genomes

[7��]. These regions correspond to areas of increased

divergence among rice, sorghum and maize, suggesting

that the alignment of the two rice subspecies might be

useful for identifying regions of cereal genomes that are

prone to rapid evolution. The differences between sor-

ghum and maize genes originated after the ancestral

genomes of the two species diverged from each other

16.5 million years ago [24].

Where microcolinearity is broken and a gene that is

present in one cereal is ‘missing’ from its orthologous

position in another, it is often possible to find a matching

gene homologue in a non-orthologous location [7��,25��].
The putative mechanism for this phenomenon is an

ancient gene duplication in the common ancestor fol-

lowed by the loss of one gene copy in the first modern

species and the loss of the other copy in the second

species. A second example of gene duplication and

movement is provided by a study of tandem repeats of

glutathione S-transferase genes in wheat. The best-con-

served copy of the wheat gene was not found in the

previously identified orthologous position in rice.

Instead, it was found in a non-orthologous position on

rice chromosome 10 where the gene was also amplified

[25��]. This genomic segment on rice chromosome 10

also contained a large insertion of the chloroplast genome

[26�], suggesting that this portion of the rice genome is

fluid. From the study of orthologous regions in cereals

[7��], Song et al. concluded that gene amplification and

gene translocation are functionally associated with each

other, and that the differential divergence of non-con-

served ‘hot spots’ along chromosomes is manifested

during speciation. A mosaic of conserved segments that

are interspersed with non-conserved segments becomes

apparent when orthologous regions of different species

are compared [7��].

Work on gene conservation is of practical importance.

The identification of orthologous regions (i.e. regions

believed to be derived from the same segment of an

ancestral genome) has been used to select candidate

genes that are associated with certain functions or to

select molecular markers to increase the map density at

specific genetic loci, thereby facilitating map-based

cloning.

Transcriptome estimates in cereals
Despite the exceptions described above, overall macro-

colinearity is well established. Until recently, it was not

known whether this phenomenon also implies a high

degree of microcolinearity (i.e. colinearity at the level

of genes and gene clusters). To answer this question, it is

necessary to extend the analysis to the nucleotide

sequence level, and for this we turn to analysis of the

gene content (or transcriptome) of cereals.

A central aim of genome analysis is to identify and classify

all of the genes of a particular species and to understand

the redundant and unique functions of each gene. In the

absence of a whole-genome sequence, gene discovery

must rely on other tools, the most important of which are

expressed sequence tag (EST) libraries. ESTs derived

from a diverse set of cDNA libraries can provide informa-

tion on the transcript abundance, tissue location, and

developmental expression of genes. They are limited,

however, by the initial biological sample (tissue type,

developmental stage and environmental conditions of

growth) and the sampling of the cDNA library. In addi-

tion to expression information, cDNA sequences provide

a much-needed resource for annotating the in silico gene

predictions generated from whole-genome analysis. As of

October 2002, the total number of cereal ESTs available

from the National Center for Biotechnology Information

(NCBI) was more than 1 million: 111 315 for rice, 338 004

for barley, 266 203 for wheat, 190 301 for maize and

107 609 for sorghum [27].

ESTs are random sequences. A typical EST contains only

a portion of the coding region of the original gene tran-

script and typically overlaps with other ESTs derived

from the same gene. It is common practice to cluster

ESTs to provide the longest contiguous sequence for

each transcript and to provide a core set of unique genes

for each species. Examples of these clusters are The

Institute for Genomic Research (TIGR) gene indexes

[28] and the NCBI UniGene sets. The utility of these

clustered EST sequences has been further extended to

include tentative groups of orthologues from different

species and to establish putative orthologues and para-

logues for the partial gene sequences [29]. In a whole-

genome analysis of rice japonica, cereal clusters were

generated and compared to the rice gene predictions.

Nearly all of the cereal clusters were found to have a

significant similarity to one or more rice gene predictions

[13��]. Goff et al. [13��] suggest that most cereal genes are

conserved across species and that phenotypic variation is

due to a small number of genes or functional differences

within similar genes.

Estimates of the number of cereal genes that are based on

partial genomic sequencing and EST clusters range from

44 700 for rice [30] to 55 000 for maize [31]. Two inde-

pendent analyses that were based on the shotgun geno-

mic sequencing of the rice genome estimate the number

of predicted rice genes to be 32 000–50 000 [13��] and

46 022–55 615 [14��]. More recent estimates, obtained by

extrapolating the annotation of the finished rice chromo-

somes 1 and 4, predict a slightly higher gene number of

57 000–62 500 [15��,16��]. Together, these estimates sug-

gest that rice has a transcriptome that contains nearly

twice the number of genes in Arabidopsis [12] and humans

[32], and more than three times the number in Caenor-
habditis elegans [33] and Drosophila [34].
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Gene amplification in cereals
Why might the number of genes be higher in cereals than

other eukaryotes? Whole-genome analyses from Arabi-
dopsis and rice suggest that cereals have a high number of

genes because of a combination of factors that includes

gene amplification and inaccurate gene predictions.

Analysis of the Arabidopsis genome revealed that a large

portion of the genome was subjected to a polyploidization

50–200 million years ago [12,35–37]. In Arabidopsis, 65%

of genes belong to a gene family and 35% belong to gene

families that have more than five members [12]. Local

duplication is also common in Arabidopsis, involving 17%

of genes. The analysis of the rice japonica shotgun

sequence reveals only slightly higher rates of duplication

than those found in Arabidopsis, with globally duplicated

genes estimated at 77% [13��] and locally duplicated

genes at 15–30% depending on the chromosome [13��].
These findings are supported by reports from the Inter-

national Rice Genome Sequencing Project (IRGSP) on

rice chromosomes 1 and 4 [15��,16��].

Other research supports a model in which genome dupli-

cations beget new genes to create an extensive gene pool.

In some cases, the duplicates will degenerate into pseu-

dogenes; in others, the parent and daughter copies evolve

distinct functions [35]. Polyploidization and segmental

chromosomal duplication are believed to be common

events in higher plant evolution [37]. The maize genome

is believed to have undergone the most recent duplication

11.4 million years ago [24]. Local clusters of genes have

been identified in the cereals and most likely reflect local

gene duplication. Clusters of disease resistance genes are

among the most common types of gene cluster reported in

the literature [8�,38–40,41�,42–44]. The most highly

represented gene family on rice chromosome 4 is a

receptor serine/threonine kinase with 132 members.

These genes are found in clusters and also as individuals,

and represent nearly 2% of the 6756 genes found on

chromosome 4 [15��]. The expansion of this gene family

demonstrates how local gene expansion can increase the

number of genes within a species.

Whole-genome duplication, through polyploidization,

segmental duplication, and local gene amplification,

increases the number of paralogous gene sequences

found in plants. Together, these forms of duplication

explain why the numbers of genes in grass genomes

exceed those in the other eukaryotic genomes sequenced

so far, including the human genome [45]. The use of all

three duplication mechanisms in the evolution of grass

genomes suggests that grasses, like other plants, may

have evolved more rapidly than could be predicted by

comparing only coding-sequence substitution rates [46].

This rapid evolution may be one of the reasons for the

degree of speciation within certain large families of

Gramineae [45]. It will be interesting to determine in

evolutionary terms how the cereal genomes have main-

tained a level of macro-colinearity in light of the dynamic

plant genome.

Gene-rich islands in cereal genomes
Gene distribution has been studied in animal systems,

and it appears that all animal genomes and chromosomes

are, to some degree, divided into gene-rich and gene-poor

compartments [47,48]. In plants, this pattern is even more

marked. Cytological and genetic studies have demon-

strated that wheat genes are clustered into islands rather

than being distributed evenly through the genome

[49–52]. Cereal genomic sequences have confirmed these

findings and support the existence of a mosaic structure in

which low-copy, gene-rich regions, known as ‘gene

islands’, are interspersed among high-copy retrotranspo-

son-rich sequences [10��,53]. Gene islands have been

found in barley, sorghum, maize, rice, and wheat. Within

an island, genes occur with a density of 24–217 genes per

Mbp [4,5��,9��,10��,15��,16��,25��,39,40,41�,42,54,55],

which is similar to the density of genes in the relatively

small Arabidopsis genome [12]. By contrast, genes are

scant in retrotransposon-rich regions (10 genes per

Mbp [56]). In fact, retrotransposon-rich regions fre-

quently undergo heavy DNA and histone methylation

to form cytologically distinct heterochromatin [57,58].

In marked contrast to the great disparity in the sizes of

cereal and Arabidopsis genomes, the size, number, and

distribution of introns and exons are similar within the

sequenced genes of different cereals and of Arabidopsis
[12,13��,15��,16��,30]. This finding supports the notion

that the genome expansion of cereals is based upon

the recent invasion and expansion of retrotransposon

elements [53,59].

Cereal genes and ‘hot spots’ for
recombination
It has been suggested that genic regions in the cereals are

associated with hot spots of recombination. Supporting

evidence for this hypothesis can be found in barley,

wheat, rice, and maize. In wheat and barley, comparison

of the physical maps with the genetic-linkage maps has

shown that recombination is confined to gene-rich regions

[8�]. Analysis of rice chromosome 4 showed that repeats

were most often located in the heterochromatic regions,

and that these regions have a low recombination fre-

quency with a ratio of physical distance to gene distance

of 1.5 cM per Mb. In contrast, the euchromatic (i.e. gene-

rich) region has a physical distance to gene distance of

4.79 cM per Mb [16��]. A recent study of the maize a1–sh2

interval, physically positioned 101 meiotic breakpoints to

three locations within the maize genome. Two of these

locations were found to be in gene-rich regions and one

was found in a region that contained no gene content.

Interestingly, the non-genic region of the maize genome

is a low-copy sequence [9��].
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Together, these studies support the existence of a

mosaic structure within cereal genomes, which contain

low- and high-copy sequences. The low-copy sequences

tend to be gene rich and are recombinationally active,

whereas the high-copy DNA is gene-poor and recombi-

nationally inactive.

Classification of cereal gene predictions
Whole-genome analysis of rice [13��,14��] has provided

the most robust source of cereal gene predictions to date.

These gene predictions are based on prediction algo-

rithms. Predicting genes is still an imperfect science

[60], and no single gene-prediction algorithm is comple-

tely accurate. The annotation of the shotgun sequence of

rice japonica that is discussed in this section used several

gene-prediction algorithms [13��], and scored the differ-

ent gene models on their homology and length of match.

The resulting predictions were classified as high (H),

medium (M) and low (L) confidence on the basis of their

homology with known genes from rice or other species,

and their homology with Prosite motifs [61] and Pfam

domains [61,62]. Many of the gene models are incomplete

because of the nature of shotgun sequence. The predic-

tions were also classified on the basis of minimum lengths

of 300 or 500 bases. The largest set of predictions is 61 668

and includes all HML genes longer than 300 bp. This

gene set is referred to as HML300 [13��]. Goff et al. [13��]
compared their gene predictions to the 25 554 predicted

genes from Arabidopsis [12], and found that 85% of the

Arabidopsis genes are significantly homologous to the

HML300 predicted genes. Four thousand Arabidopsis
genes did not have any homology to the HML300 genes,

however, suggesting that these genes could be dicot

specific or simply inaccurate predictions.

One-third of the Arabidopsis genes that are also found in

rice have no detectable homologues in Drosophila,

C. elegans, Saccharomyces, or the sequenced bacterial gen-

omes. Homologues of more than 13 000 HML300 genes

are not found in other non-plants but are found in

Arabidopsis. Many of these genes are likely to encode

plant-specific proteins [13��]. No significant homology for

3886 H300 and 31 387 HML300 genes has been found in

the Arabidopsis genome. However, most of these were

low-evidence predictions (ML300). The H300 genes repre-

sent 6% of the total predicted genes from rice and are

likely to represent cereal- or rice-specific genes.

In the same study [13��], Goff et al. assigned functional

classification to the HML300 gene predictions using

Interpro [63,64] and GeneOntology (GO) [65] terms.

The largest functional category was metabolism, which

involved 25% of the predicted genes. Goff et al. [13��] also

looked at differences in the type and number of gene

families in the predicted sequences of rice and other

eukaryotes by examining homology between predicted

rice genes and known genes from other species. In

Arabidopsis, many gene families are either absent or,

conversely, over-represented in comparison to those

families in the yeast, C. elegans or Drosophila genomes

[12], the same is true for the rice HML300 genes. Two

classes of genes that fall into the ‘over-represented in

plants’ class include the genes that encode the RING

zinc-finger proteins (840 HML300 predicted genes) and

the F-box domain proteins (150 HML300 predicted

genes). These proteins function in intracellular protein-

degradation pathways and their regulation. The over-

representation of these gene products is consistent with

speculation that protein turnover and the regulation of

protein degradation play an important role in the main-

tenance of homeostasis in plants.

Whole-genome analysis of rice suggests that the Arabi-
dopsis genes appear to be a subset of the genes found in

rice. Arabidopsis genes, along with genes from other

eukaryotes, are useful in assigning functions to cereal

genes. The analysis of available coding sequences from

other cereals suggests that most cereal genes are present

within the rice genome. The catalogue of predicted genes

and their position within the rice genome will greatly

enhance our ability to identify genes that are involved in

agronomic traits because of macro-colinearity between

rice and other cereals.

Conclusions
A finished rice genome will provide a complete index of

potential rice genes but will not tell us which of these

genes are important in providing desired traits in cereal

crops. Genome sequences are just a beginning: they

provide a necessary resource for powerful methods for

proteome analysis that require sequence knowledge. In

the future, techniques such as gene, protein and meta-

bolic profiling will provide insights into the function and

expression patterns of genes and into how these genes

ultimately contribute to a crop’s ability to react to an

environment and reproduce.
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