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Crop domestication ranks among the greatest of human 
achievements, and is closely correlated with human popu  -
lation growth and social evolution1. Scientific plant 
breeding, building on the accomplishments of domestica-
tion, predates the discovery of the Mendelian principles 
and is now complemented by genetic engineering. The 
independent but sometimes convergent2–4 domestications 
of about 200 species5 has provided a broad sampling of 
angiosperm diversity among our major crops. In addi-
tion, the intensive directional selection that is applied 
during crop breeding has produced many extraordinary 
models for aspects of plant morphology and develop-
ment, such as the single-celled seed epidermal trichomes 
(‘lint fibres’) of Gossypium spp. (cotton)6, the enlarged 
vegetative and floral meristems of the Brassica genus, 
and the enlarged carbohydrate-rich seeds of cereals. Crop 
genomes, therefore, not only hold information that can 
be used for further improvements, but also offer insights 
into angiosperm biology in general.

The recent sequencing of the first angiosperm 
genomes — Arabidopsis thaliana and two Oryza sub-
species — foreshadowed new opportunities that could 
result from having the complete genetic blueprints for 
our major crops. Here I explore the opportunities and 
obstacles that are associated with obtaining and using 
these genomic sequences. I discuss the challenges that 
arise from the large and variable sizes of plant genomes, 
the abundance and distribution of repetitive DNA within 

them, and their frequent polyploidy. I also highlight 
new technologies and approaches that might accelerate 
progress in our understanding of crop genomes.

Applications of crop genome information
Combining comprehensive sequence information with 
knowledge of the morphological and physiological diver-
sity of angiosperms and their well-understood phylogeny 
promises to answer many questions about crop genome 
evolution and function. Genetic improvement of crops is 
an essential means for meeting many basic needs of the 
developing world, and global genetic resource collections 
for these plants and their relatives (BOX 1) form the basis 
of future progress in this area. A genome sequence for 
one representative of these species provides a platform 
for the formulation of hypotheses — for example about 
possible relationships between specific DNA elements 
and phenotypes. Genetic resource collections can then 
be used to test such hypotheses, translating hard-won 
functional data that are gained from botanical (or other) 
models into increased crop productivity and/or quality, 
and perhaps also elucidating adaptations that contributed 
to the evolutionary success of the angiosperms.

Applications to crop improvement. Studying the relation-
ship between molecular and morphological diversity is 
a key step in probing the consequences of prehistoric 
domestications, and is also important for further 
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Abstract | Crop plants not only have economic significance, but also comprise important 
botanical models for evolution and development. This is reflected by the recent increase in 
the percentage of publicly available sequence data that are derived from angiosperms. 
Further genome sequencing of the major crop plants will offer new learning opportunities, 
but their large, repetitive, and often polyploid genomes present challenges. Reduced-
representation approaches — such as EST sequencing, methyl filtration and Cot-based 
cloning and sequencing — provide increased efficiency in extracting key information from 
crop genomes without full-genome sequencing. Combining these methods with 
phylogenetically stratified sampling to allow comparative genomic approaches has the 
potential to further accelerate progress in angiosperm genomics.
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Germplasm
The hereditary materials within 
a species.

Subfunctionalization
Division of ancestral functions 
of a gene between duplicated 
copies of the original gene.

Neofunctionalization
Evolution of new function(s) for 
a gene, which are thought to be 
made possible by duplication 
of the gene, with one copy 
retaining the ancestral 
function.

Epistasis
Nonlinear interactions between 
independent genes that affect 
their impact on a phenotype.

Ramet
An individual plant that is part 
of a clump of plants that are 
genetically identical to a single 
parent.

Genet
A set of individuals that are 
produced by asexual 
reproduction from a single 
zygote.

Sequence-tagged site
A genetic locus that is defined 
by unique sequence 
information.

improving crops. The remarkable success that has been 
achieved in modifying angiosperms for agricultural use 
has been based largely on phenotypic data, rather than 
on a genetic, biochemical or molecular understanding. 
Independent domestications that seem to be convergent 
at the phenotypic level show non-random correlations 
in the locations of QTLs for the corresponding traits2–4. 
This indicates that Vavilov’s ‘law of homologous series 
in variation’7 (an early recognition of the fundamental 
similarity between different cultivated species) might 
hold at the molecular level. However, frequent genome 
duplications in plants create opportunities for subfunction-
alization and neofunctionalization — mechanisms by which 
genes might have come to carry out different functions 
from their ancestors or extant relatives in other taxa8. 
Sequence information for other angiosperms will allow 
us to explore how such changes in gene function have 
affected botanical diversity.

A better understanding of the evolutionary fates of 
duplicated genes could also be important for dissecting 
epistasis, which has an important role in the genetics of 
crop productivity, but has been difficult to study using 
molecular marker approaches9,10. For example, the divi-
sion of ancestral functions among different genes by 
subfunctionalization could create ‘webs’ of permanent 
interdependence, which might be a foundation for the 
formation of epistatic relationships among unlinked 
genes. The identification of duplicated genes, and compu-
tational inferences about their respective sets of functional 
domains and/or regulatory motifs, could provide initial 
clues for how to prioritize empirical studies.

General insights into angiosperm biology. Sequencing 
the genomes of a diverse set of crops could provide 
insights into the remarkable evolutionary success of the 
angiosperms, which have successfully colonized an exten-
sive range of habitats: from the tropics to near the poles, 
and from sea level to at least 20,100 feet in altitude11. 
Furthermore, angiosperms show a remarkable level of 
morphological diversity: their ramets range from float-
ing plants of 1 mm in length (Wolffia spp.1) to trees of 
100 m in height and 10 m in trunk diameter (Eucalyptus 
regnans). The largest known genet of any organism is of 

a Populus deltoides genotype, consisting of 47,000 stems 
that occupy 43 ha (REF. 12). Several others of a similar size 
are known, some as much as 43,000 years old13.

Further sequence information could allow the deduc-
tion of the gene repertoire and organization of the last 
universal common ancestor of the angiosperms. The 
Arabidopsis thaliana and Oryza spp. sequences have 
allowed us to begin to unravel the consequences of 
genome duplications that have fragmented ancestral 
gene orders and functions across multiple chromosomes. 
Many other angiosperm genomes have undergone lineage-
specific duplications of sufficient size to be discernible 
from EST data14. However, smaller duplications might 
also have occurred that are too small to be resolved using 
this approach (for examples, see REF. 15) but which might 
often result in phenotypic consequences16. Detailed 
genetic maps that are based on sequence-tagged sites 
(STSs) reveal early clues about these duplications17, but the 
extent of their effect on genome structure and function 
awaits further sequencing.

A better understanding of the nature and duration 
of the euchromatic state in angiosperms could also be 
obtained through an increased availability of sequence 
information. Defined originally by differential hetero-
pycnosis (instrinsic stainability), euchromatin and 
heterochromatin represent evolutionarily distinct 
components of genomes that can be detected by several 
comparative or in silico approaches18. Detailed analy-
sis shows that most heterochromatin in rice has been 
restructured since its divergence from Sorghum bicolor 
(sorghum) about 42 million years ago, whereas gene 
order in the neighbouring euchromatin has largely been 
preserved18. A combination of cytological and sequence 
information from other branches of the angiosperm 
family tree will help to explore the duration over which 
the euchromatic state has been preserved, and might 
also provide clues about the factors that define it.

Increased sequencing could also explain why hetero-
zygosity in self-pollinating plants persists to a higher 
degree than would be expected on the basis of Mendelian 
principles of segregation19. The identification of relictual 
heterozygosity in primary sequence is now possible, to a 
degree, using whole-genome shotgun (WGS) sequenc-
ing approaches (detailed below)20, or by resequencing 
approaches. Such studies could determine whether there 
are genes for which heterozygosity imparts a fundamen-
tal advantage, and if so whether they are related across 
divergent taxa.

Obstacles to sequencing crop genomes
Genome size. Plant genome sizes vary over a range of at 
least 1,000-fold, from 125 Mb for the haploid genome 
of Arabidopsis thaliana to 125 Gb for the lily Fritillaria 
assyriaca21. The decision to sequence a crop genome is 
therefore a complex equation that balances genome size 
with scientific, economic and social impact; the phylo-
genetic distance from previously sequenced plants (that is, 
the new information that is likely to be yielded); relevant 
information from previous studies (such as the availability 
of genetic or physical maps); and the persuasiveness of 
individual (or groups of) investigators.

Box 1 | Global germplasm resources

The fact that most angiosperm seeds can be preserved in a viable condition for many 
years by storage at low temperature and humidity has led to the establishment of 
genebanks for most of the world’s leading crops. These provide insurance against habitat 
loss or crop disease epidemics, and are also useful as an archive from which scientists can 
obtain well-defined materials for research. Particularly noteworthy are the 11 genebanks 
that are currently maintained by the Consultative Group on International Agricultural 
Research (CGIAR), in close association with breeding programmes that study and use the 
germplasm. As of 2001, the CGIAR genebanks held about 666,000 germplasm accessions 
(plant or seed samples) of crops, forages and agroforestry trees93.

Several countries also maintain substantial germplasm collections, often focusing on 
crops of national priority. The US Department of Agriculture Germplasm Resources 
Information Network collection is particularly extensive, including 464,864 accessions of 
11,329 species and 1,837 genera. Most of these taxa are represented by few accessions 
— only 400 genera are present in more than 20 accessions, with the depth of 
representation being closely related to economic importance.

R E V I E W S

NATURE REVIEWS | GENETICS  VOLUME 7 | MARCH 2006 | 175



© 2006 Nature Publishing Group 

 

2,500

2,000

1,500

1,000

500

M
eg

ab
as

es

0

Ja
nu

ar
y 

19
98

Se
pt

em
be

r 1
99

8

M
ay

 1
99

9

Ja
nu

ar
y 

20
00

Se
pt

em
be

r 2
00

0

M
ay

 2
00

1

Ja
nu

ar
y 

20
02

Se
pt

em
be

r 2
00

2

M
ay

 2
00

3

Ja
nu

ar
y 

20
04

Se
pt

em
be

r 2
00

4

M
ay

 2
00

5

Monocot

0%

2%

4%

6%

8%

10%

12%

14%

EST and HTC

STS
GSS and HTGS

GenBank percentage

Dicot

The total genome size of 70 crops for which estimates 
are available is about 1.48 × 1011 bp (see Supplementary 
information S1 (table)). Assuming that these are repre-
sentative of the ~200 domesticates5, to fully sequence 
just one genotype for each using current technologies 
(assuming 8× depth of sequence coverage) would involve 
3.4 × 1012 bp of raw sequence. This is 72 times more than 
the 4.9 × 1010 bp of total sequence in GenBank at the 
time of writing. Angiosperm genomes currently com-
prise ~13.5% of the GenBank sequence data (FIG. 1); if 
this fraction is maintained — and if we sustain the 60% 
per year average increase in sequence information that 
has been realized since the 1980s — then the sequencing 
of 200 domesticated plants would take a relatively short 
14 years. However, should rates of sequence growth 
drop to even 30% per year, the timetable lengthens to 
24 years. Moreover, to determine the levels and patterns 
of polymorphism in each gene of each species, an impor-
tant next step, would divert a growing share of capacity 
to resequencing, extending the timetable further.

Repetitive DNA. Repetitive DNA accounts for much of 
the remarkable variation in plant genome sizes. A com-
parison of DNA renaturation kinetics studies (BOX 2) for 
36 plant genomes demonstrates this22. Kinetic complex-
ity — an approximation of the fraction of a genome that 
consists of non-redundant sequence — ranges from 13% 
(Allium cepa, onion) to 77% (Lycopersicon esculentum, 
tomato) of total genome size (averaging 39%), with larger 
genomes having smaller fractions of non-redundant 
sequence (correlation coefficient r = –0.297). By contrast, 
an analysis of 24 mammals showed a narrower range of 
50% (Bos taurus, cow) to 91% (Cricetulus griseus, Chinese 

hamster), averaging 72%, and only a tenuous relationship 
of kinetic complexity to genome size (r = –0.085).

Repetitive DNA yields little new information per 
additional ‘family member’ sequenced, and also com-
plicates sequence assembly if family members are of 
such recent origin that they lack distinguishing muta-
tions. The lower fraction of non-redundant sequence 
in large angiosperm genomes seems to reflect a rapid 
turnover of repetitive DNA families. For example, in 
Zea mays (maize) — which has an approximately aver-
age size (2.4 Gb) and percentage of kinetically unique 
sequence (38%) among angiosperms — most sequenced 
retrotransposons were inserted within the past 6 million 
years, leading to a doubling of genome size23. Therefore, 
not only do plants have more repetitive DNA than 
animals, but individual copies might have fewer distin-
guishing mutations and so might be more problematic 
for sequence assembly.

Polyploidy. In many plants, the entire genome is duplicated. 
Autopolyploids, such as Saccharum spp. (sugarcane) and 
Medicago sativa (alfalfa), contain several chromosome sets 
that can pair and recombine in all combinations (albeit to 
varying degrees24). These species are generally intolerant 
of inbreeding, as they contain heterozygosity (sequence 
polymorphism) within individuals, which is important to 
their productivity25,26 and complicates sequence assembly. 
Allopolyploids such as wheat or cotton have undergone 
sufficient divergence that the duplicated chromosomes 
normally do not pair, and the sequences of gene pairs 
are usually distinguishable. All angiosperm genomes are 
palaeopolyploid27, but the remaining ‘palaeologous’ gene 
pairs are usually well-differentiated.

Reduced-representation approaches
Although the long-term need is knowledge of the 
sequence, linear organization and patterns of varia-
tion in all functional elements across the major crops, 
the large size of crop genomes necessitates stepwise 
approaches: obtaining gene-related information first and 
progressing to genome-wide information as sequencing 
costs drop.

The EST approach. En masse, EST sequencing has been 
a natural first step in gene discovery that mitigates the 
repetitive nature of plant genomes. For many crops, col-
lections of 105 or more ESTs from diverse tissues and 
physiological states have provided new DNA markers, 
revealed many candidate genes, and allowed testing 
of evolutionary hypotheses. Full-length cDNAs for 
Arabidopsis thaliana28 and Oryza spp.28,29 are especially 
useful in genome annotation, clarifying exon–intron 
junctions and splice variants, and identifying antisense 
RNA genes that might participate in gene regulation 
and imprinting. Their greater length than ESTs also 
allows more definitive comparisons of gene repertoires 
in diverse taxa. However, ESTs are subject to sampling 
bias and variation in abundance owing to different 
expression levels; they only include the subset of genes 
that are expressed in the source tissues, and exclude 
regulatory sequences.

Figure 1 | Long-term trends in angiosperm DNA-sequence generation. The past 
5 years have seen a pronounced acceleration of angiosperm sequence data accumulation, 
with especially large growth in genomic survey sequences (GSS) and high-throughput 
genomic sequences (HTGS) for monocots, reflecting the rice genome project and pilot 
efforts in maize. EST and high-throughput cDNA (HTC) efforts in angiosperms have also 
grown several-fold more rapidly than GenBank overall. STS, sequence-tagged site.
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Methyl filtration and Cot-based cloning and sequencing. 
Transcriptome coverage in many crops is above the 
~50% of genes beyond which the EST approach loses 
efficiency in revealing new genes30. Two new approaches 
promise to advance transcriptome coverage, and also 
provide information about introns and regulatory 
sequences from genomes for which complete sequencing 
is not yet justifiable.

The first approach is based on the generalization that 
expressed angiosperm genes tend to be hypomethylated, 
whereas non-expressed DNA (including some repeat 
families) is often methylated. This generalization has 
been used widely since the 1980s — for example, by using 
methylation-sensitive restriction enzymes to select for 
low-copy DNA clones that are suitable for use as locus-
specific markers. Methylation filtration (MF) — the clon-
ing of total genomic DNA into Escherichia coli strains 
that restrict methylated DNA31,32 — similarly reduces 
the abundance of some repetitive DNA families. The 

second approach — Cot-based cloning and sequencing 
(CBCS)22,33 — uses DNA renaturation kinetics to fraction-
ate a genome into subpopulations of DNA segments that 
differ in their iteration frequency. These subpopulations 
are then cloned and sequenced to a depth that is appro-
priate to cover their respective sequence complexities, 
which are readily estimated34,35 (BOX 2).

Although both methods enrich for genes, MF is a 
filter, eliminating much of a genome from considera-
tion. It has been validated by comparing the hypometh-
ylated DNA that is obtained to random genomic DNA, 
which showed a clear enrichment for known genes 
using MF31,36. However, by accessing only hypometh-
ylated DNA, the ability of MF to extract information 
about genes depends on the variable relationship of 
methylation to expression across genes, taxa22,33 and 
physiological states. For example, methylation can 
vary when cells are exposed to treatments such as 
radiation37 or are grown in tissue culture38,39.

Box 2 | DNA renaturation kinetics

DNA renaturation-kinetic 
analysis is an important 
approach for studying genome 
complexity. Total genomic 
DNA is first fragmented to a 
relatively small size to 
minimize confounding that is 
due to multiple classes of DNA 
(which might have different 
kinetic properties) in single 
molecules. This is typically 
300 bp, although larger sizes 
can be used for specific 
applications. The DNA is then 
denatured and allowed to 
renature by gradual reductions 
in temperature. This reveals 
different ‘Cot’ values, which 
are the product of nucleotide concentration in moles per litre (Co), the reassociation time in seconds (t), and, if 
applicable, a factor that is based on the cation concentration of the buffer94. Careful monitoring of the percentage of 
total genomic DNA that has actually renatured is achieved by hydroxyapatite chromatography, which is based on the 
principle that hydroxyapatite (calcium phosphate) specifically binds dsDNA, whereas ssDNA will pass through a column 
of this material. This also provides a means to isolate the specific DNA molecules that have reannealed by a particular 
Cot point, for cloning and/or other studies.

Least-squares analysis of the resulting ‘Cot curve’95 allows the estimation of the overall genome size, the fraction of the 
genome that falls into each of 2–4 distinguishable kinetic components, and the ‘kinetic complexity’ of each component. 
This last parameter, in units of nucleotides, is an accurate approximation of the ‘sequence complexity’ or the quantity of 
non-redundant sequence in the component. On the basis of this estimate, one can determine the number of sequencing 
reads that are necessary to provide an essentially complete coverage of a kinetic component with a predetermined level 
of statistical confidence22,33.

In the example shown in the figure, the sorghum genome was resolved into four components: a ‘foldback’ (FB) component 
that comprises 16% of the genome and is thought to consist of palindromic DNA molecules that self-reanneal at rates that 
are independent of DNA concentration96,97; a highly repetitive (HR) component that comprises 15% of the genome but only 
0.0011% of the overall kinetic complexity (which is approximately equal to the sequence complexity); a middle-repetitive 
(MR) component that comprises 41% of the genome but only 2.4% of the overall kinetic complexity; and a single-low (SL) 
copy component that comprises only 24% of the genome but 97.6% of the overall kinetic complexity. Therefore, by 
separating this component from the remainder of genomic DNA, the majority of unique sequence can be obtained with a 
minimum of interference from the repetitive DNA that comprises the majority of most crop genomes. k represents the 
reassociation rate (in M–1 sec–1) of each component. Note that k and Cot are mathematically ‘undefined’ for FB, because the 
components reassociate so quickly that rates are not determined by DNA concentration. Figure modified with permission 
from REF. 33 © (2002) Cold Spring Harbor Laboratory Press. 
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Centromere

Short
clones

Short
clonesFosmids BACs

Whole-genome shotgun Clone-by-clone By contrast, CBCS is a parser, sorting the genome 
into kinetically defined components, some or all of 
which can be selected for further study. It has been vali-
dated by comparing genomic fractions that have differ-
ent renaturation rates. Both the nature and abundance 
of individual sequences (such as well-studied repetitive 
elements or genes, respectively) were consistent with the 
expected properties of the different fractions. There is 
always a possibility that repetitive CBCS clones contain 
parts of two or more different repeat-element families, 
which would prevent empirical verification of their copy 
number. To minimize this risk, the initial validation used 
DNA that was sheared to a small size (~300 nt) from 
which single-stranded overhangs were removed after 
renaturation33. However, there is no technical constraint 
on the size of clones that can be studied, and following 
formal verification of the method33 subsequent studies 
have focused on longer low-copy clones that are more 
readily assembled into sequence contigs36,40.

Empirical comparisons of MF and CBCS have been 
carried out in two species. In maize, CBCS was more 
effective than MF at filtering repetitive DNA, which 
comprised 68%, 33% and 14% of unfiltered, MF and 
low-copy Cot libraries, respectively. This is largely due to 
an abundance of expressed (and therefore hypomethyl-
ated) retrotransposons36. Clones that were obtained by 
MF matched known genes at rates that were similar to 
those obtained using CBCS36,41. After removing known 
repeats, CBCS gives a higher fraction of sequences with 
no significant match than MF (73.8% versus 58.9%) 
(REF. 36). This intriguing observation could represent 
either an advantage, in terms of the greater prospects for 
discovery of previously unknown functional sequences, 
or a disadvantage, owing to a lower efficiency of gene 
discovery. In bread wheat (Triticum aestivum), CBCS 
and MF respectively yielded 13.7× and 2.2× gene enrich-
ment, and 3× and 1.2× reduction in repeats42. A report 
that CBCS could lead to a higher rate of occurrence 
of non-native sequences43 might be due to the use of 
non-standard methodologies in some studies36,40.

The use of CBCS to efficiently capture the complex-
ity of repetitive elements33,44 — the largest constituent in 
most angiosperm genomes — might circumvent some 
problems and create new opportunities. Approaches 
that are based on PCR of Alu-like elements45 have been 
applied in human genomics to: identify DNA markers; 
provide ‘fingerprints’ of large DNA clones and indi-
viduals; and study insertion mutations, recombination, 
gene conversion and gene expression46.

Whole-genome sequencing approaches
Whole-genome shotgun versus clone-by-clone sequencing. 
What is the best approach to sequence crop genomes? 
Clone-by-clone sequencing of contiguous large-insert 
DNA clones simplifies a large genome into small pieces 
and delimits uncertainties to intervals of about 100 kb. 
However, the costs of assembling large-insert libraries 
and ordering clones have motivated WGS approaches, 
which achieve contiguity on the basis of overlaps between 
paired-end sequences from random clones (FIG. 2). The 
respective merits of clone-by-clone and WGS-sequencing 

Figure 2 | Whole-genome shotgun versus clone-by-clone sequencing strategies. 
The whole-genome shotgun approach (shown on the left of the chromosome, which is 
shown in blue) is typically based on obtaining enough sequence so that each nucleotide 
in the genome is covered an average of 6 to 8 times by paired-end sequences (shown in 
green) for randomly chosen clones of different sizes. In the example, an approximately 
7-genome equivalent coverage, consisting of short 3–4 kb clones, was obtained, together 
with about 0.5× coverage from paired ends of fosmids of ~36 kb. The fosmid clones from 
which the sequences are derived collectively provide about 15× coverage of the genome. 
By contrast, clone-by-clone sequencing (right) typically involves identifying a ‘minimum 
tiling path’ (hatched clones highlighted in yellow) of large-insert clones (such as BACs) of 
known order with respect to one another, which is achieved using a combination of 
genetic markers (indicated as horizontal lines extending across the figure) and physical 
markers (not shown). This is followed by shotgun sequencing of 6–8× coverage of shorter 
clones that are derived from each BAC. The minimum tiling path typically allows for 
about 5–10% overlap between consecutive BACs. Whole-genome shotgun samples the 
entire genome, but sometimes fails to provide contiguity across elements that are found 
at high copy number (red boxes along the chromosome; failure to provide continguity is 
indicated by the absence of the end sequences of clones that correspond to these 
regions). Clone-based strategies are at risk of failing to sample highly repetitive regions 
(especially regions of tandem repeats, such as those that are shown near the centre of the 
chromosome, and which seem to be common in large plant genomes) owing to 
difficulties in resolving the arrangements of BACs across these regions (if indeed they 
can be cloned). Both methods benefit from information such as genetically mapped 
sequence-tagged sites that help to reinforce physical maps and align sequence scaffolds. 
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Gene conversion
A meiotic process of directed 
change in which one allele 
directs the conversion of a 
partner allele to its own form, 
probably by repair of 
heteroduplex DNA.

approaches in general have previously been expertly 
reviewed47. Here we focus on their merits in the context 
of the distinguishing features of crop genomes.

Arguments against WGS approaches in angiosperms 
focus on the generally higher content and more recent 
origin of repetitive DNA than in animals or microbes. 
Consider a hypothetical element for which 1,000 identi-
cal copies are randomly dispersed throughout a genome. 
Using WGS, each time that one of these is sequenced, 
there are 999 equally likely choices (multiplied by 
the redundancy of coverage) for the next clone along the 
DNA strand. By contrast, in clone-by-clone sequencing, 
a given BAC clone (for example) might only contain one 
member of this family. This problem is especially serious 
in plants, in that individual members of repetitive DNA 
families are often recently derived and might have few 
distinguishing mutations. Long repetitive elements are 
especially problematic — for elements that are shorter 
than a sequencing read (often 500–1,000 nt), flanking 
sequence might be locus-specific.

However, several considerations mitigate these 
arguments. First, repetitive DNA is often defined as a 
collection of elements that show 70–80% matches along 
a predetermined length of DNA sequence. However, 
such inclusive definitions that are important to study-
ing repetitive-element evolution fail to reflect the power 
of modern sequencing and computational methods 
to exclude false matches between family members. 
Current sequencing error rates are ~1–5% of the average 
polymorphism rate of about 0.1% between human 
alleles48. Sequence divergence of 0.1% reflects about 
100,000 years of neutral evolution, indicating that all 

but the most recent sequence duplications could be 
resolved even in genome-wide comparisons.

A second consideration is that highly repetitive tracts 
of a genome might be refractory to clone-based map-
ping. For example, 8.3% of fingerprinted BACs (those 
for which alignment to one another is known on the 
basis of shared restriction fragments) that could not be 
contigged in a high-coverage sorghum library included 
19.5–23.2% of all hybridizations to centromeric probes 
(which consist of repeated sequences), but only 3.9% of 
hybridizations to single-copy probes18. Furthermore, 
81%  of these BACs that could not be contigged (versus 
3.5% of those that could) had ≤14 different DNA frag-
ment sizes in their fingerprints; clones that are largely 
composed of tandem repeats with multiple copies of 
the same band size cannot be reliably assembled by 
fingerprinting approaches49,50.

Although highly repetitive genomic regions tend to 
be gene-poor and might be physically only a small por-
tion of a genome, their characterization could prove to 
be important. The ability of the WGS approach to cap-
ture these regions is therefore another of its advantages. 
Pericentromeric regions — which are generally rich in 
repetitive sequences — contain active genes in Drosophila 
melanogaster51 and A. thaliana52. The kinetochore region 
of one rice (Oryza sativa) centromere (which was ame-
nable to complete sequencing as it contained little highly 
repetitive satellite DNA) includes 14 predicted and at 
least 4 expressed genes53, although another rice kineto-
chore seems to be devoid of non-transposon-related 
genes54. Pericentromeric regions seem to be prone to 
rapid restructuring18, and might therefore be ‘hotspots’ 

Box 3 | Whole-genome shotgun versus clone-based sequencing of rice

The sequencing of two Oryza subspecies was carried out clone-by-clone, both by an international consortium61 and by a 
private company, as well as twice by whole-genome shotgun (WGS) sequencing methods62–64. Both of the clone-based 
efforts, and one of the WGS efforts, used the subspecies japonica, which is grown in Japan and the USA. The other WGS 
effort used the subspecies indica, which is commonly grown in China. Recent detailed analyses of both WGS-based64 and 
clone-based61 rice genome assemblies demonstrate the merits of these strategies and the controversies that occur over 
their use.

The clone-based effort reports an average continuous sequence length of 6.9 Mb (REF. 61). The subspecies indica WGS 
effort reports an N50 size (above which half of the total length of the sequence set can be found) of only 24.9 kb (REF. 64). 
However, in combination with resources from WGS sequencing of the japonica subspecies, and other inferences, this effort 
has provided ‘super-scaffolds’ (including gaps) of 8.3 Mb. The clone-based approach offers higher contiguity; however the 
WGS method can use various inferences to minimize the consequences of gaps.

Both assemblies have also yielded similar estimates of the number of genes that are not derived from transposable 
elements. These are estimated to be 49,088 genes for WGS of the subspecies indica64 (although EST confirmation rates 
indicate that only about 40,216 are ‘real’), 37,794 for WGS of the subspecies japonica64, and 37,544 for the clone-based 
japonica assembly61. The indica WGS assembly64 includes 97.7% of the 19,079 full-length rice cDNAs that are available28,29. 
The clone-based assembly includes 99.4% of the 8,440 physically mapped EST markers61.

Ancient whole-genome duplication has been detected in both clone-based98–100and WGS62,64 assemblies. Indeed, WGS 
data101 helped to resolve an early controversy between two clone-based analyses102, showing that this event was probably 
genome-wide98 rather than representing ‘ancient aneuploidy’103.

Nonetheless, there remain significant differences in the assemblies. The WGS assembly64 points to an overall genome 
size that is about 10–15% larger than the clone-based data. Moreover, the 12.3% of the WGS data that could not be 
aligned to the overall assembly contained only 0.7% of genes, perhaps representing gene-poor regions that are 
recalcitrant to clone-based mapping, and so absent from the clone-based data. The clone-based effort reports that the 
indica WGS assembly64 covered only 69% of its assembly, that a high level of sequence mismatches and misalignments 
differentiated the two assemblies in a sample region that was carefully scrutinized, and that 68% of ostensibly 
centromere-specific CentO sequences were found outside the centromeric regions in the subspecies indica WGS 
assembly64. These inconsistencies await further investigation.
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Haplotype
The genetic constitution of an 
individual chromosome; this 
can refer to one locus or to an 
entire genome. A genome-wide 
haplotype would comprise half 
a diploid genome, including 
one allele from each allelic 
gene pair.

for the evolution of new genes by transposon-mediated 
mechanisms55 (although all such gene-like elements 
that are found in the modern rice genome seem to be 
non-functional)56. Pericentromeric regions are also 
recombination-poor53, and might nurture the evolution of 
‘supergenes’ — physically dispersed but genetically tightly 
linked, co-adapted gene complexes that might have 
been selected for during domestication57,58.

The WGS approach should provide coverage of most 
genes in regions that are refractory to clone-based physi-
cal mapping, even if their assembly proves impossible. 
Many clone-based crop-genome sequencing efforts have 
targeted euchromatin, setting aside problematic hetero-
chromatic, repetitive regions until improved technolo-
gies are available. Recently announced maize sequencing 
projects — one BAC-based and one WGS — intend to try 
to characterize these regions. Eventual sequencing of such 
problematic regions for these and other taxa could allow more 
extensive computational studies of whether such regions 
might represent ‘evolutionary nurseries’ in which coding 
sequences are undergoing strong positive selection59.

The WGS strategy also has its disadvantages. Although 
it allows the distinction of alleles from errors by redun-
dant sampling when high sequence coverage is obtained20, 
clone-based approaches allow assembly for one allele at 

a time, which excludes the possibility of hetero zygosity. 
In autopolyploids, in which each of the 4, 6 or more cop-
ies of a chromosome might contain different haplotypes 
of otherwise identical genes, the basic gene set might be 
revealed by sequencing a tiling path of clones, setting aside 
the task of detecting allelic variation until sequencing is 
cheaper or alternative approaches emerge. Such a mosaic 
of maternal and paternal haplotypes was the outcome of 
the Ciona intestinalis WGS sequence20, with 1.2% rates 
of polymorphism resulting in some small sequence scaf-
folds that are in fact short divergent haplotypes. However, 
in autopolyploids a clone-based approach would reduce 
by 50% (tetraploid), 75% (hexaploid), or more, the 
amount of sequencing needed to reach this outcome, by 
only sampling one allele per locus.

As noted previously47, WGS and clone-based strate-
gies continue to converge. WGS-based sequence assem-
bly clearly benefits from positional information, such as 
the genetic and physical maps, and associated paired 
BAC-end sequences, that are key to clone-based strategies. 
Clone-based sequencing routinely uses random shotgun 
approaches to sequence each clone, and the availability 
of WGS sequences accelerates assembly and finishing. 
The optimal balance between these respective strategies 
is perhaps as complicated as the ‘equation’ regarding the 

Box 4 | Pending genome sequences for genera that include the major crops

See the Further information for more information and updates on each of these projects. See also note added in proof.

Populus
About 7.5× coverage in small-insert end-sequences of the ~500-Mb genome of Populus trichocarpa (poplar) has been 
generated by the US Department of Energy Joint Genome Institute (JGI). More mapping and sequencing is ongoing, and 
will enhance contiguity and link the sequence to chromosomes.

Medicago
Sequencing of a minimum tiling path of about 2,100 BACs that cover the gene-rich euchromatin, estimated at 200 Mb, or 
42% of the entire 470-Mb genome, is in progress for the diploid Medicago truncatula (a close relative of cultivated alfalfa), 
which is scheduled for completion in 2006. Chromosomes have been assigned to sequencing centres by an international 
consortium.

Sorghum
8× whole-genome shotgun coverage of the ~736-Mb genome of Sorghum bicolour will be generated by the JGI, combined 
with publicly available methylation filtration sequences104, assembled, and integrated with sequence-tagged genetic and 
physical markers105. This will yield genetically orientated pseudomolecules that cover most chromosomes to a substantial 
degree. Sequencing is scheduled for completion in 2006.

Lycopersicon
Sequencing of a minimum tiling path that is estimated at 2,276 BAC clones covering the ~220 Mb of euchromatin, or 25% 
of the 950-Mb genome, of Lycopersicon esculentum (tomato) is in progress by an international consortium (including 
members from the United States, China, Japan, South Korea, the United Kingdom, Italy, Spain, France, Netherlands and 
India). This project is starting from ‘seed’ BAC clones, which are individually anchored to a high-density genetic map. It is 
anticipated that it will be completed in 2007–2008.

Zea
Substantial methylation filtration and Cot-based survey sequence, together with ESTs and BAC ends106, are available now. 
A consortium of US federal agencies led by the US National Science Foundation have recently announced awards for 
sequencing most, if not all, of the genome.

Brassica
Sequencing a minimum tiling path of BAC clones to ‘Phase 2’ (sequence that is fully orientated and ordered, but contains 
some small sequence gaps and low-quality regions) is in progress for the ~500-Mb genome of Brassica rapa, subspecies 
pekinensis. The genome sequence is to be anchored to a reference genetic map by ~1,000 molecular markers.

Solanum
BAC-based sequencing of the entire potato genome, including heterochromatin, is the goal of an international 
consortium, with a target date for completion of 2008. A few groups have already been funded, although much of the 
genome remains the subject of proposals that are in review or planned.
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Minimum tiling path
A set of (usually large-insert) 
clones that collectively cover a 
genome, chromosome or 
target region, with a minimum 
of redundancy.

case for when to sequence a genome: the costs of clone 
production, genetic and physical mapping (and rele-
vant data that are already available), high-throughput 
sequencing, and directed sequence finishing all need to 
be considered. Features of genome organization also need 
to be taken into account, such as heterozygosity, poly-
ploidy, and the abundance, distribution and homogeneity 
of repetitive DNA families.

Past, current and future sequencing projects. The small 
genome of A. thaliana was sequenced using a minimum 
tiling path of large-insert clones60, and remains among 
the most completely sequenced genomes. However, it is 
atypical of angiosperm genomes, as it is roughly 6% of 
the average size and contains minimal repetitive DNA. 

Sequencing of the second angiosperm, O. sativa, was 
carried out clone-by-clone both by an international 
consortium61 and by a private concern, as well as twice 
by WGS methods62–64. A comparison of the WGS and 
clone-based rice sequencing efforts describes the trade-
offs that are made between genome coverage, contiguity 
and accuracy of assembly (BOX 3).

Initial genome sequencing for members of 7 other 
genera that include the major crops are in progress or 
scheduled for sequencing using public funds (BOX 4). 
STS-based genetic maps and BAC libraries are available 
for most leading crops, and a growing number of geneti-
cally anchored physical maps have been constructed. In 
a few cases, radiation hybrid and/or chromosome-specific 
cell lines65,66 allow sequences to be mapped to specific 

Figure 3 | A phylogenetic view of angiosperm sequencing projects. Phylogenetic relationships between 
angiosperms are shown, highlighting completed, continuing and potential sequencing projects. The positions of species 
that have already been sequenced or are currently being sequenced are shown (on a dark purple background). Other 
species that have been suggested for possible phylogenetic shadowing are also shown (taxonomic orders are on a dark 
green background, one or more candidate genera are listed in alphabetical order, with the common name in parentheses). 
Based on data from REFS 107,108.
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Radiation hybrid
A cell line that contains one or 
more chromosome segments 
from another species, which is 
generated by irradiation of 
cells from a target species, 
followed by fusion with normal 
cultured cells from a ‘host’ 
species. This allows the 
mapping of genes or other 
DNA sequences on the basis of 
similarities and differences in 
the ability of different cell lines 
to bind DNA probes from the 
target organism.

Chromosome-specific cell 
lines
Similar to radiation hybrids, 
these are generated by 
irradiation of cells from a target 
species, followed by fusion with 
normal cultured cells from a 
‘host’ species. However, unlike 
radiation hybrids, they contain 
only one chromosome from the 
target organism. This allows 
mapping of genes or other 
DNA sequences on the basis of 
the binding of DNA probes 
from the target organism.

Optical mapping
Use of light microscopy to 
directly image individual DNA 
molecules, which are bound to 
specially derivatized surfaces 
and then cleaved by restriction 
enzymes.

Foldback DNA
When denatured, this DNA 
reassociates at a high rate 
that cannot be explained by 
bimolecular association. This 
is probably due to the 
presence on the same strand 
of palindromic elements that 
can self-anneal.

regions of the genome. Efforts to produce high-resolution 
landmarks by optical mapping67 are in progress. These col-
lective resources enhance the ability to assemble contigu-
ous WGS or clone-based sequences in a careful, stepwise 
manner to reduce experiment-wise error rates. Finally, 
these resources link sequence information to the results of 
two decades of research using STS-based genetic maps.

The potential of comparative approaches
In much the same way that clone-by-clone sequencing 
might start with defined seed sites and grow outwards, 
angiosperm sequencing has started with detailed studies 
of nodal model species and is spreading outwards across 
taxa. Many benefits of crop genome sequencing might 
be quickly realized by using ‘phylogenetic shadowing’ 
approaches68 that are similar to those that have been 
recently proposed for mammals69 — a taxonomic group 
that is a similar age to angiosperms. Only a tiny frac-
tion of theoretically possible DNA sequences occur in 
nature, and natural selection quickly eliminates variants 
that reduce fitness by even tiny increments70. The dem-
onstration that sequences have been preserved during 
evolution is one of the most sensitive approaches that 
are available to identify potential functional elements in 
genomes, and might prove to be the only computational 
means by which to identify those that are not recognizable 
by analogy to known elements71.

In groups such as mammals, which have similar 
genome sizes and repeat abundances as one another, 
the number of genome comparisons that are required 
to reveal conserved features has been estimated. This 
was based on the minimum size (in nucleotides) of the 
feature to be identified, its relative rate of evolution, and 
the evolutionary distance (degree of neutral DNA substi-
tution) of the source genome from a reference genome72. 
Sequence redundancy of about twofold (rather than 
the eightfold that is typical of whole-genome efforts) 
is suggested to offer compelling efficiency in yielding 
new information69, although it also suffers various 
limitations as detailed below. These 2× sequences also 
reveal parameters such as the relatedness of repetitive 
element families that are important to deciding the 
relative merits of WGS versus clone-based approaches in 
eventual finished sequencing.

With modification to accommodate their more vari-
able genome sizes, angiosperm phylogenetic shadowing 
might quickly provide the raw material that is needed 
to reveal functional elements of as small as a few nucle-
otides in length. In addition to A. thaliana and the eight 
crop-containing genera for which a primary sequence is 
done or in progress, WGS efforts are soon to begin for 
Arabidopsis lyrata, Capsella rubella, Triphysaria versicolor 
and Mimulus guttatus. Sequencing of as few as 16 other 
angiosperms at 2× coverage would cover most of the main 
branches of the family tree at least once. Conservatively 
anticipating that these other taxa would have an average 
‘branch length’ of at least 0.25 neutral substitutions per 
site from the nearest fully sequenced reference genome72 
would provide the resolution that is required to detect 
conserved elements of around 8 nucleotides69. Sequencing 
a second divergent member of each branch, or a first 

member of some lesser branches, might approach the level 
of resolution that is required to identify single nucleotides 
that are under strong selection.

Were such ‘sweet 16’ angiosperms to be sequenced 
by a WGS approach, their average genome size of 2.1 Gb 
could be covered twice in 67 Gb of sequence, or about 
2% of that required to fully sequence the 200 leading 
crops. Alternatively, CBCS could be used to capture 
2× coverage of their sequence complexity (as defined in 
BOX 2, including low-copy, repetitive and foldback DNA), 
which averages about 44% of genome size based on cal-
culations from published data22. This would reduce the 
minimal sequencing requirement to ~30 Gb, a level within 
the current annual capacity of some individual sequencing 
centres. A balance between CBCS and WGS would not 
only provide economy, but quantitative data about degrees 
of divergence among repetitive DNA families would also 
be obtained, which would be of value in formulating 
strategies for eventual completion of these genomes.

One possible set of genomes for angiosperm phylo-
genetic shadowing is illustrated in FIG. 3. I selected 17 
taxonomic orders (highlighted in dark green), giving 
priority to those that contain economically important 
lineages, and then listed some possible genera that 
might be considered in choosing one within each 
order. Thorough sampling of the angiosperm fam-
ily tree would necessarily include some ornamental 
(for example, Nymphaea spp.) and uncultivated (for 
example, Amborella spp.) representatives of ancient 
lineages that are important to unravelling early events 
in angiosperm evolution. Naturally, others would come 
up with different permutations regarding the exact 
orders and genera that are prioritized (for examples 
see REFS 73,74). Although identifying a consensus 
set would require much deliberation by the scientific 
community, incorporating formal quantitative meas-
ures of evolutionary divergence into prioritization 
of continuing sequencing efforts might accelerate 
progress in angiosperm comparative genomics.

Angiosperm phylogenetic shadowing would be a 
stepping-stone only, quickly yielding some rewards but 
falling short of our long-term needs in several ways. 
First, its value is heavily dependent on the parallel study 
of many taxa. For example, although many genes will 
have contiguity gaps in any one taxon at 2× coverage, 
a collective 32× average coverage of the transcriptome 
would provide much information about the structure 
and evolution of each gene across the estimated 140–180 
million years75,76 of angiosperm evolution. Second, low 
contiguity limits power to resolve features of genome 
organization, such as whole-genome duplications; how-
ever, a degree of inference about these is possible on the 
basis of patterns of gene sequence divergence alone14,77. 
Third, the broad phylogenetic coverage that facilitates 
identification of conserved features also sacrifices resolv-
ing power to associate individual features with biological or 
evolutionary roles. For example, sequencing A. thaliana 
and A. lyrata will offer greater power to attribute specific 
roles to DNA polymorphisms, but will reveal fewer dif-
ferences than would the comparison of Arabidopsis spp. 
and Brassica spp. Sampling of one domestic and one wild 
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Parsimony
In systematics, parsimony 
refers to choosing the simplest 
explanation of the observed 
data. For example, which 
phylogenetic tree requires the 
fewest possible mutations to 
explain the data.

taxon within each selected order might add a new dimen-
sion to our ability to investigate genomic features that 
favour domestication. It would also mitigate biases, such 
as the possibility that domesticated taxa might be rich in 
loss-of-function mutations78 at corresponding sites2. Using 
a second sample per node will also begin to address the 
range of complexity that must be dealt with in each taxo-
nomic group; however, a third sample will be needed to 
allow parsimony-based phylogenetic inferences.

Future perspectives
Sequences for single representatives of the major crop 
species will only scratch the surface. Analysis of diver-
gence among taxa might show, for example, that rapid 
change in particular functional groupings of genes has 
occurred in a particular branch of the angiosperm tree, 
but will not differentiate invariant attributes of a taxon 
from polymorphic targets for potential crop improve-
ment. A better understanding of the relationship between 
divergence among taxa and diversity within the gene pool 
for each crop will be essential. Cataloguing the naturally 
occurring diversity within each gene has recently been 
of high priority in humans79–83. Revealing the suite of 
naturally occurring genetic polymorphisms in crop gene 
pools will yield many benefits — for example, suggest-
ing possible footprints of domestication84,85 or signals of 
selection that are associated with specific genes86–88. The 
predominantly self-pollinating nature of many crops has 

the benefit that the effective population size is relatively 
small, and that most allelic diversity can be captured by 
analysis of carefully selected ‘core collections’89.

With completed sequences in hand, diversity analy-
sis could target genes directly, rather than through the 
proxy markers that have been necessary for the past 20 
years. New clone-free DNA-sequencing methods that 
provide increased cost-efficiency and speed90,91 present 
the possibility of ‘transcriptome shadowing’ — the rapid 
sequencing of large populations of cDNA to a deep level of 
coverage for a diverse sampling of germplasm, to shed light 
on levels and patterns of functional polymorphism. Once 
most polymorphisms in a gene pool are identified, high-
throughput methods92 promise to allow their characteri-
zation in large crop germplasm collections. Together with 
parallel advances in the knowledge of gene functions, this 
will bring crop improvement to a level of determinism that 
reaches well beyond the (albeit important) advances 
that are associated with marker-assisted selection. The 
freedom of crop scientists to make experimental crosses, 
together with the ability to know the exact genotype of each 
progeny individual, could foster advances that transcend 
those that are attainable in human genomics.

Note added in proof
It has recently been announced that the soybean genome 
will be fully sequenced by the US Department of Energy 
Joint Genome Institute.
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