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Structure and evolution of cereal genomes
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The cereal species, of central importance to our diet, began to
diverge 50-70 million years ago. For the past few thousand
years, these species have undergone largely parallel
selection regimes associated with domestication and
improvement. The rice genome sequence provides a
platform for organizing information about diverse cereals,
and together with genetic maps and sequence samples from
other cereals is yielding new insights into both the shared
and the independent dimensions of cereal evolution. New data
and population-based approaches are identifying genes that
have been involved in cereal improvement. Reduced-
representation sequencing promises to accelerate gene
discovery in many large-genome cereals, and to better link
the under-explored genomes of ‘orphan’ cereals with
state-of-the-art knowledge.
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Abbreviations

BAC bacterial artificial chromosome
CBCS Cot-based cloning and sequencing
EST expressed sequence tag

SNP single-nucleotide polymorphism
STS sequence-tagged site

Introduction

The cereal crops, which provide about half of the calories
in our diet, represent a relatively recent branch of the
plant family tree. Although the angiosperm (flowering
plant) lineage is thought to be ~200 million years old,
cereals such as maize (Zea), rice (Oryza), sorghum (Sor-
ghum), and wheat (Triticum) diverged from a common
ancestor only ~50-70 million years ago [1]. Approxi-
mately 10,000 years ago, humans began to select cereals
for traits including non-shattering, determinate growth,
increased seed number, size, and carbohydrate content,
and reduced dormancy [2]. Although these ‘domestica-
tion’ efforts were ostensibly independent and occurred on

different continents — maize in America, sorghum in
Africa, wheat in the Near East, and rice in both Africa and
Asia — the possibility that mutations in some correspond-
ing genes may have been selected (e.g. see [3,4]) is a
general reflection of the many structural and functional
parallels that appear to have persisted since the diver-
gence of these lineages.

Most widely-grown cereals now enjoy detailed
sequence-tagged site (STS) based genetic recombina-
tion maps [5-11,12°,13,14] that are suitable both for
comparative biology and for crop improvement. Whereas
these maps have been successfully applied for many uses
using traditional restriction-fragment length polymorph-
ism or simple sequence repeat based methods, geneti-
cally-mapped STSs can readily be used to discover
single-nucleotide polymorphisms (SNPs) or small inser-
tion/deletion polymorphisms [15°] that can then be
genotyped by many new technologies. The ability to
acquire such polymorphism information for correspond-
ing loci in many genotypes increases the value of STS
maps and reduces the costs associated with their wider
utilization. STS-based maps also provide an excellent
means by which physical maps based upon large-insert
clones can be integrated with genetic recombination
maps [16,17].

Gene repertoire and arrangement along the chromo-
somes of diverse cereals has evolved much more slowly
than overall genome size and organization [18°]. For
example, in the detailed genetic recombination maps of
maize (>3400 loci; [9]; MaizeDB: http://www.agron.
missouri.edu/maps.html), and sorghum (>2500 loci;
[19]; Plant Genome Mapping Laboratory: http://
www.plantgenome.uga.edu), ~55% of comparative loci
show corresponding arrangement [19] although the
underlying genomes differ fourfold in DNA content.
The 35-fold divergence in genome size among major
cereals, from ~0.5 pg (~490 Mb) per 1C (DNA content
per haploid nucleus) for Oryza sativa (rice) to 17.33 pg
(~16,979 Mb) per 1C for Triticum aestivum (bread wheat)
[20], appears to be largely a result of a dynamic and
lineage-specific balance between generation and elim-
ination of mobile dispersed repetitive DNA elements
[21]. Mechanisms that contribute to elimination of
repetitive DNA may also contribute to the gene loss
that follows polyploid formation in angiosperms [22°°].
Differential gene loss after genome-wide duplication(s)
may account for an appreciable fraction of genes that
appear to be ‘missing’ in comparisons of micro-colinear-
ity among some taxa.
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Genomic archaeology: ancient events that
shaped modern genomes

The large genomes of many cereal crops are not likely to
be sequenced for many years yet, but the relatively close
relationship among the major cereals suggests that their
study and improvement can benefit considerably from the
sequences of small-genome relatives. The emerging
sequence of the rice chromosomes [23°%,24°°,25°], gen-
erated by the integration of ‘genomic shotgun’ data
[26°,27°] with extensive genetic and physical mapping
efforts [12°,28°,29], provides a foundation for organizing
information about diverse cereals, and is yielding new
insights into both the shared and the independent dimen-
sions of cereal evolutionary history.

The cross-utilization of information from botanical mod-
els such as rice, in the study and improvement of major
cereal crops requires a detailed understanding of the
evolutionary history of cereal genomes. An especially
important shared feature of cereal genome structure that
will only be clear with a completed genome sequence is
the pattern (or lack thereof) of ancient chromosomal or
predominantly whole genome duplication, an evolution-
ary event with profound consequences for comparative
biology [22°°,30°]. Recent, extensive duplication in the
genomes of some cereals such as maize [31,32°], and other
grasses such as sugarcane [7], has long been recognized.
Although a complete rice genome sequence is required
for a definitive picture of the history of ancient duplica-
tions in the cereal lineage, an early glimpse on the basis of
analysis of unordered sequence within series of physi-
cally-ordered BACs (bacterial artificial chromosomes;
Figure 1) strongly supports suggestions [26°,33-35] that
ancient genome-wide duplication has occurred here.
‘Phylogenomic’ analysis, merging phylogenetic inference
with structural genomic data (in this case, regarding ancient
duplication patterns) (Figure 1a), suggests that at least one
duplication event predates the divergence of the major
cereal lineages (Figure 1b). That such an event predates
cereal divergence is consistent with the largely ‘one-to-
one’ correspondence found between the chromosomes of
ostensibly diploid cereals such as sorghum and rice.

Differential ‘diploidization’ (loss of duplicated genes
[36]) in different lineages may contribute to deviations
from synteny such as the 45% incongruency of anchor loci
found between sorghum and maize [19]. For example, our
comparison of the rice BACs (Figure 1) to the sorghum
genetic map shows that 61.6% of loci (comprising 12
syntenic groups averaging 83.5 matching sequences each)
fit with established primary syntenic relationships.
Among those loci that deviate from the primary syntenic
relationships, 25% (or 9.6% of all loci) fall at the single
locations that are consistent with the proposed ancient
duplications illustrated in Figure 1, with the remaining
75% distributed over the other 10 chromosomes.
Together with other mechanisms of gene rearrangement,

differential diploidization may also contribute to why
some comparisons of more distantly related plant taxa
have yielded complex mosaics of syntenic and non-
syntenic loci [37-41].

Footprints of domestication and
improvement

A particularly important application of structural genomic
tools is the manipulation (in breeding) and even isolation
of a growing number of genes important to agriculture,
evolution, or development. Quantitative trait locus map-
ping approaches continue to be a powerful and widely-
used means to identify genes that influence phenotypes
for which information about related biochemical path-
ways or mechanisms is lacking. Progress in the use of
structural genomic tools to dissect complex traits in rice
[42] has been particularly good, although much progress
has also been made in many other crops and botanical
models too numerous to fully address herein.

The rapidly-growing density of genetically-mapped STS
markers, together with burgeoning DNA sequence data,
provides new clues as to the locations and identities of
phenotypically-important genes under selection [43,44°].
The past five years have seen an explosion in cereal
genomics, with DNA sequence data for the cereal family
tree expanding much more rapidly than for other taxa. In
January of 1998, the total of 4 Mb of cereal sequence
represented ~1% of the data held in GenBank. By 31 May
of 2003, the total of 2,038 Mb of cereal sequence com-
prised ~6% that held in GenBank (Figure 2).

Particularly important to relating such extensive se-
quence data to phenotype will be efficient re-sequencing
approaches, using carefully-selected germplasm collec-
tions together with detailed knowledge of population
structure and genetic relationships to implicate small
subsets of sequences in the control of key traits [43].
Such ‘association approaches’ benefit from a good under-
standing of the extent of linkage disequilibrium in plant
populations. In outcrossing species such as maize, linkage
disequilibrium often decays to virtually undetectable
levels even at opposite ends of a single gene, although
rates of decay vary widely for different genes [45]. Link-
age disequilibrium is moderately stronger in low-copy
regions of predominantly-selfing taxa (M Hamblin, AH
Paterson, S Kresovich, unpublished data) but still much
less than expected if recombination were distributed
evenly across genomic DNA, suggesting that the bulk
of recombination in plants may occur within genes.

Toward a complete picture: broadening
knowledge of diversity, and extending data
from botanical models across (and beyond)
the cereals

Enhanced knowledge of the adaptations that suit the
cereals to agriculture, and specifically identifying the
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Genomic duplication in selected cereal genomes. (a) Patterns of ancient duplication in rice. For a first glimpse into the history of duplication early
in the evolution of the cereal lineage, we used public data to construct a set of approximately physically-ordered BACs for rice, then identified genes
that show high sequence similarity to un-ordered shotgun reads within the BACs, and studied the arrangements of closely-corresponding genes
across the genome as described for Arabidopsis [59]. While a true assembled sequence will add important resolution and detail to this picture, it is
clear already that there has been substantial, perhaps genome-wide, duplication of the rice genome. Previously reported duplication of
chromosomes 1-5 [33] and 11-12 [34] is clear, together with nonoverlapping duplication of chromosome 2 with parts of chromosome 4 and 6;
chromosome 3 with parts of chromosomes 7 and 10; and much of chromosomes 8 and 9. (b) Preliminary phylogenetic analysis for key cereal
nodes and an outgroup (pine) were conducted as described [27°], including rooting using Physcomitrella sequences, with the frequencies of internal
gene trees generated by comparison of each taxon shown to the rice duplicates shown below the taxa. Different letters represent statistically
significant differences based on Tukey’s test, and the number of trees that could be tested (according to criteria described in [27°]) is shown in
parentheses. Open circles indicate possible chromosomal duplication events. The gene tree analyses support prior evidence of largely ‘one-to one’
correspondence of the rice chromosomes to those of other nominally diploid grasses such as sorghum [60] in suggesting that much of the duplication
shown predates the divergence of the cereals from one another. Additional, more recent duplications within some cereal lineages such as maize
[31,32°] and sugarcane [7] further complicate the comparative genomics of the cereals. Recent polyploidy formation within the Triticeae (not shown)
similarly complicates comparisons at the tetraploid and hexaploid level. Although the drawing is congruent with contemporary phylogenetic
inference, the lengths of the branches are illustrative and do not precisely represent any particular measure of taxonomic distance.

diversity that makes different cereals more productive
in different environments or for different purposes,
are important potential benefits that impel the acquisi-
tion of more and better information about the evolution
of cereal genes and genomes. A major obstacle in gain-
ing such information is repetitive DNA, which com-
prises the bulk of most cereal genomes (Figure 3) and
therefore largely determines the cost of sequencing

these genomes by shotgun approaches. As expressed
sequence tag (EST) sequencing reaches a point of
diminishing returns, a particularly promising approach
to isolating comprehensive sets of cereal gene sequences
is the use of Cot analysis [46] to fractionate repetitive
genomes into components with similar degrees of
sequence repetition, and then to sequence correspond-
ing clone libraries to a depth sufficient to represent
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Figure 2
Cereal Sequence Data Accumulation
1200 7%
EST Genomic
—— Hordeum =----
1000 — Oryza - T+ 6%
) —— Sorghum ----
— Tritcum ---- )~
— Zea i '
T+ 5%
Genbank % 1
800 - _
- o
4 jol
’ 8
o , + 4% 1
] 7 o
© , Q
£ 600 - ]
7 (o]
=) S
2 ©
L 20,
> 3% Y
>
o
5
400 - =
- 2%
200 -
- 1%
_____ ———— J— 7 === -
[T e e S S A B e e e S e e e o T I S 11/}
35 P P A QO VDO LCL OOV DL DOV DO L OOV DL DD D
QQ}Q Qq}c Qs‘b\g QQ}Q QQ}Q %Q)N 05'3\0 Qq\g 0,»%\0 QQ\Q &\0 Qq\\/ QQ\Q QQ\Q 00\0 QQ\Q QQ\Q QQ\\, QQQ QQQ Q'\>0 0\\0 QQQ QQ\/ Qq>0 6]}0 Q{ﬁg 0q>0 Qq>° qu\/ 0‘?’\0 Q”’\Q 0’5\0
TEFFF IS L L LLLTETETEEFFE S S S S S
Month
Current Opinion in Genetics & Development

Public DNA sequence data for selected cereals. Color-coded curves illustrate the cumulative totals of EST and genomic survey sequence data
deposited in GenBank for maize, sorghum, the Triticeae, and rice for the past 5 years in reference to the left axis, and the relative growth of cereal
sequence data as a percentage of total GenBank entries in reference to the right axis.

the ‘sequence complexity’ of the respective com-
ponents [47].

As with genomic shotgun sequencing, the ‘Cot-based
cloning and sequencing’ (CBCS) approach represents
only one dimension of a multi-faceted strategy that will
be needed to produce finished sequences of large cereal
genomes. However, although the cost of standard geno-
mic shotgun sequencing is proportional to total genome
size, the cost of CBCS 1is proportional to genomic
sequence complexity, yielding immense potential savings
in characterizing the diversity of sequences in different
genomes (Figure 3). First demonstrated in 2001 [48],
early CBCS explorations show promise not only in char-
acterization of the relatively small (~700 Mb) genome of
sorghum [49°°] but also in the larger and more complex
genome of maize [50], and in non-cereals such as cotton
(T Wicker ez al., unpublished data). Alternatives to CBCS
based upon differential methylation of expressed versus
non-expressed sequences [51] may also contribute sig-
nificantly to ‘skimming’ of low-copy sequences from
large-genome taxa, but unlike CBCS these techniques

are subject to the variable relationship between methyla-
tion and gene expression across genes and taxa (see
[47,49°°] for an extensive discussion). CBCS has the
further advantage that representative sequences of
DNA families comprising the repetitive fraction(s) of a
genome can also be efficiently obtained [47,48,49°°]. This
mitigates the risk that potentially valuable information is
lost, in comparison to alternative methods [50,51] that
disregard these fractions.

Prior to the production of sufficient data to cover the
entire sequence complexity of a taxon, much may be
learned from reduced-representation approaches that use,
for example, restriction enzymes [52] or degenerate oli-
gonucleotide primers [53°] to identify large numbers of
SNPs in widely-distributed ST'Ss. The STS-based infor-
mation deriving from these methods is useful not only in
detecting SNPs, but also in aligning the underlying
genomes to those of well-studied models such as rice.
Many ‘orphan crops’ [54] for which genomic information
is presently lacking, but that are essential to sustain low-
income human populations in harsh climates where
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Contributions of highly repetitive (HR, green), moderately repetitive (MR, orange), and single/low-copy (SL, purple) components to genome size (GnSz)
and sequence complexity (SqCx). Whereas HR and MR components collectively constitute the bulk of DNA in all cereal genomes, these components
comprise only negligible portions of each genome’s SqCx. CBCS allows elucidation of a genome’s SqCx with minimal encumbrance by repetitive
elements [49°°]. Consequently, CBCS may accelerate exploration of large, highly repetitive genomes such as those of many cereals [47]. Cot data
[49°°,61-65] was normalized to reflect current genome size estimates [20] and differences in data formats (see www.msstate.edu/research/mgel/

pdf_files/cogd_fig.pdf for details).

inputs such as fertilizer and water are prohibitively costly
may be great beneficiaries from such approaches.

Conclusions and future directions

The completed rice sequence promises to shed much
light on the early events that shaped the cereal lineage,
and be invaluable as a framework for organizing compara-
tive information [55] for both major and ‘orphan’ [54]
cereals. The value of cross-utilizing rice genomic tools in
other cereals is also considerable [56]. However, compara-
tive phenotypic, genomic and sequence information from
many additional taxa will be needed to elucidate the
specific events responsible for the morphological and
physiological diversity that adapts different cereals to
different climates, production regimes, and human needs.
Such information promises to grow at an accelerating rate
by virtue of efficient new methods, and will help to reveal
the relative roles of different genes, and different types of
genomic changes, in the evolution of phenotypic diversity
among and within cereal lineages. As the identities of
growing numbers of key cereal genes become known in
individual taxa (e.g. [57]), growing attention to compara-
tive biology (e.g. [58]) promises to facilitate understand-
ing of the relationship between DNA polymorphism and
biological diversity.
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