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Šimková2, Jacqueline Batley1, Delphine Fleury3, Jaroslav Doležel2 and David Edwards1*
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Summary
The genome of bread wheat (Triticum aestivum) is predicted to be greater than 16 Gbp in

size and consist predominantly of repetitive elements, making the sequencing and assembly

of this genome a major challenge. We have reduced genome sequence complexity by isolat-

ing chromosome arm 7DS and applied second-generation technology and appropriate algo-

rithmic analysis to sequence and assemble low copy and genic regions of this chromosome

arm. The assembly represents approximately 40% of the chromosome arm and all known

7DS genes. Comparison of the 7DS assembly with the sequenced genomes of rice (Oryza

sativa) and Brachypodium distachyon identified large regions of conservation. The syntenic

relationship between wheat, B. distachyon and O. sativa, along with available genetic map-

ping data, has been used to produce an annotated draft 7DS syntenic build, which is publicly

available at http://www.wheatgenome.info. Our results suggest that the sequencing of iso-

lated chromosome arms can provide valuable information of the gene content of wheat and

is a step towards whole-genome sequencing and variation discovery in this important crop.

Introduction

Genome sequence information greatly assists our understanding

of crop growth and development as the sequence content of

the genes, or specifically, the allelic variants of the sequenced

genes are responsible for almost all of the heritable differences

between crop varieties. Initial analysis of the genetic variation in

wheat applies genetic markers such as isozymes, restriction

fragment length polymorphisms (RFLPs), simple sequence

repeats and, more recently, single nucleotide polymorphisms

(SNPs). The latter two markers are sequence based and require

either specific sequencing for their identification or mining of

existing sequence data. The availability of a genome sequence

for wheat would greatly assist wheat improvement, through

the discovery of molecular genetic markers, their placement on

a physical map and an understanding of which genes underlie

genetically mapped traits.

The size of the wheat genome (Triticum aestivum) is approxi-

mately 16 000 Mbp ⁄ 1C, much larger than related cereal

genomes such as barley (Hordeum vulgare, 5000 Mbp ⁄ 1C), rye

(Secale cereale, 9100 Mbp ⁄ 1C) and oat (Avena sativa,

11 000 Mbp ⁄ 1C) (Bennett and Leitch, 1995). Both the size and

hexaploid nature of the wheat genome create significant prob-

lems in elucidating its DNA sequence. The traditional method

applied for sequencing large eukaryotic genomes involves the

production of an overlapping tiling path of large genomic frag-

ments maintained within bacterial hosts in a bacterial artificial

chromosome (BAC) vector. The BAC clones are then each shot-

gun-sequenced, resulting in many reads that are assembled to

produce the sequence of the genomic fragment within the

BAC. The whole genome may then be reassembled from these

sequenced BACs based on overlaps. This approach led to the

first complete plant genome sequences for Arabidopsis and rice

(Oryza sativa) (Arabidopsis Genome I, 2000; Matsumoto et al.,

2005) and has been used to sequence the large genome of

maize (Schnable et al., 2009). As sequencing technology and

bioinformatics techniques advance, an increasing number of

genomes are being sequenced using whole-genome shotgun

methods (Imelfort and Edwards, 2009; Imelfort et al., 2009a).

Second-generation sequencing describes platforms that pro-

duce large amounts of short DNA sequence reads of length typ-

ically between 25 and 500 bp. Illumina produce one of the

leading technologies for second-generation sequencing. These

systems use reversible terminator chemistry, and the Illumina

HiSeq 2000 can generate more than 200 thousand million

bases of usable data per run. The short length of the sequence

reads creates a challenge for genome assembly; however, the

application of paired read technology, where sequence reads

are produced in pairs with a known orientation and approxi-

mate distance between them, has greatly increased the use of

this type of data for genome assembly (Imelfort and Edwards,

2009).

Illumina technology has now been applied for the sequencing

of several crop species including cucumber (Huang et al., 2009)

and Brassica species (http://www.uq.edu.au/news/index.html?

article=20010). Given the size and complexity of the hexaploid

wheat genome, it has previously been unfeasible to attempt

whole-genome shotgun sequencing. Using current technologies,

it is unlikely that a complete wheat genome, including repeats,

would be assembled by this method. However, by focussing on

the non-repetitive regions of the genome and dissecting the gen-

ome into smaller parts by isolating single chromosome arms using
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flow cytometric sorting (Doležel et al., 2004), an initial draft

assembly may be produced. As sequencing technology continues

to improve, with longer read lengths, greater accuracy and

increased output, combined with advances in bioinformatics tools

to assemble these data, complex cereal genome sequencing may

become a realistic ambition.

We have tested the utility of this strategy in wheat by shot-

gun-sequencing isolated chromosome arm 7DS, which repre-

sents 2.25% of the wheat genome. Sequences are assembled

into contigs which cover approximately 40% of the chromo-

some arm, predominantly the non-repetitive regions, and con-

tain all known 7DS genes. This assembly provides a framework

for SNP genetic marker discovery, the association of traits with

underlying genes and a model for complete genome sequenc-

ing of this important crop.

Results

In total, eight lanes of Illumina GAIIx data were produced across

six runs, generating 154 225 186 paired reads of 75, 76, or

100 bp and an insert size of 320 bp, totalling 13.05 Gbp. With

a predicted molecular size for 7DS of 381 Mbp (Šafář et al.,

2010), the coverage was estimated to be 34x. All data have

been submitted to the GenBank short-read archive

(SRA025100.1).

The 7DS reads were compared with the genomes of B. dis-

tachyon and O. sativa to validate the sequence data and define

the syntenic regions. Coverage varied across the chromosomes

(Figure 1). Three regions with a high read density were identi-

fied on B. distachyon chromosomes one (between 39 and

51 Mbp) and three (between 8 and 20 Mbp and 39 and

44 Mbp). Similar analysis of the O. sativa genome identified

regions on chromosome six (between 1 and 12 Mbp) and chro-

mosome eight (between 23 Mbp and the telomere). 7DS read

coverage co-located with genes, with reads predominantly

matching gene exons (Figure 2). Additional regions of local high

coverage were observed, associated with conserved repetitive

elements and low-complexity sequences such as simple

sequence repeats (data not shown).

Following data pre-processing, the 7DS sequences were

assembled using Velvet (Zerbino and Birney, 2008). The assem-

bly contained 571 038 contigs, with an N50 of 1159 bp and

maximum contig length of 32 648 bp. The total assembly

length was 153 653 984 bp, approximately 40% of the pre-

dicted size of this chromosome arm (Šafář et al., 2010).

Comparison of the wheat contigs with 65 sequence-based

Aegilops tauschii genetic markers which had been mapped to

the short arm of chromosome 7 (Luo et al., 2009) identified 60

correspondences. Five markers that had been genetically

mapped to Ae. tauschii 7S did not share significant sequence

identity with any 7DS contig. However, in contrast to the

majority of mapped markers, these five were all mapped as

RFLPs and may demonstrate a lower sequence identity than

SNP-based marker assays.

In addition to the 65 Ae. tauschii genetic markers, we identi-

fied cDNAs in the GrainGenes database (Matthews et al., 2003;

Carollo et al., 2005), which had been mapped by hybridization

with DNA from deletion wheat lines, missing defined chromo-

somal regions (Hossain et al., 2004). Comparison of these

sequences with our 7DS assembly identified matching contigs

for 315 out of the 354 7DS-mapped cDNAs (88.5%). To assess

the accuracy of bin mapping, we compared all 354 cDNA

sequences with the complete B. distachyon genome. Of the

315 cDNAs that were found in the 7DS assembly, 279 had a

match in the B. distachyon genome, 199 (71%) of which

matched the syntenic regions, defined as B. distachyon chromo-

some 1 between 35 and 55 Mbp, and B. distachyon chromo-

some 3 between 8 and 20 Mbp as well as between 39 and

45 Mbp. In contrast, none of the remaining 39 cDNAs matched

a B. distachyon syntenic region, while 32 of these 39 matched

non-syntenic regions of B. distachyon, suggesting that they may

be erroneously bin-mapped to 7DS. This is consistent with the

expected error rate for bin-mapping cDNAs in wheat (M. Sorr-

ells personal communication). A large number of 7AS, 7BS and

4AL mapped genes also matched the 7DS assembly (Supple-

mentary data S1), reflecting gene similarity between the 7S

arms, and the translocation between 4AL and 7BS (Devos et al.,

1995).

The assembled contigs were compared with the B. distach-

yon genome using reciprocal best BLAST (RBB). The 7DS con-

tigs matched a total of 1488 B. distachyon genes, 1022 (69%)

of which were in the predicted syntenic regions (636 in Bd1

35–55 Mbp, 103 in Bd3 8–20 Mbp and 283 in Bd3

39–45 Mbp). An additional 466 7DS contigs had RBB hits
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Figure 1 Wheat 7DS read pairs were mapped onto the genomes of Oryza sativa (a) and Brachypodium distachyon (b). The heat map depicts read

density across each of the chromosomes, with a blue-red colour scale (blue = 0, red = 18). Regions on chromosomes one and three of B. distachyon,

and six and eight of O. sativa showing the highest density of 7DS reads are the known syntenic regions for the 7DS wheat chromosome arm.
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outside of the B. distachyon syntenic regions. The 7DS contigs

were ordered and orientated with respect to the B. distachyon

and O. sativa genomes to produce a syntenic build of

7 814 423 bp in length. Of the 60 contigs that matched an

Ae. tauschii 7S genetic marker, 58 were located within the

7DS syntenic build, reflecting their predominantly genic origin

and selection based on synteny with rice (Luo et al., 2009).

The majority of these markers were also collinear with the 7DS

syntenic build.

The majority of 7DS contigs did not match any B. distachyon

gene. Reviewing the annotation of these contigs suggests that

they are predominantly made up of nested TE insertions (data

not shown).

Discussion

Genome sequencing projects are gradually moving away from

the traditional BAC by BAC approach towards the application

of new, second-generation sequencing technologies and associ-

ated advanced bioinformatics tools. These approaches are now

routinely used for relatively small bacterial and fungal genomes

and have been implemented for larger genomes such as the

giant panda, cucumber and Brassica species (Huang et al.,

2009; Li et al., 2010; http://www.uq.edu.au/news/index.html?

article=20010).

Sequencing the wheat genome remains a challenge owing to

its repetitive nature; however, the approach of chromosome

arm isolation overcomes many of the problems of genome

complexity. Sequences that are repetitive across the whole gen-

ome are likely to have reduced representation or be represented

uniquely on individual chromosome arms. This reduced repeti-

tiveness decreases the complexity of assembling sequence data

in these regions, regardless of the sequence read length used.

Another key benefit of a chromosome arm sequencing

approach is that, when applied to polyploid genomes such as

wheat, homoeologous chromosomes are separated from the

outset (Doležel et al., 2007). The isolation of individual chromo-

some arms of wheat has previously been demonstrated (Kubalá-

ková et al., 2002; Janda et al., 2006). Furthermore, an

individual chromosome of barley has been isolated and

sequenced to 1.3 · coverage by GSFLX pyrosequencing, which

enabled the production of a virtual gene map of barley 1H by

comparison of these sequence data with the genomes of rice

and sorghum (Mayer et al., 2009). Here, we demonstrate that

it is possible to assemble chromosome arm-specific sequence

data generated by Illumina short-read sequencing technology

and produce a syntenic build representing the majority of genes

from the chromosome arm.

Synteny comparison of 7DS paired sequence reads with

B. distachyon and O. sativa showed sequence identity with

Figure 2 Wheat 7DS reads were mapped to a genomic region of Brachypodium distachyon containing five predicted genes (Bradi3g41620—

Bradi3g41660). Predicted genes are in grey blocks, exons are hashed blocks. Paired (red) and single (blue) read density peaks map predominantly to

conserved exons. Bradi3g41640 is not considered to have a homologue on wheat 7DS.
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chromosomes six and eight in O. sativa, as well as chromo-

somes one and three in B. distachyon (Figure 1), highlighting

the purity of the isolated arms. This analysis also confirmed pre-

vious studies on the genomic relationship between these three

species. These regions of chromosomes six and eight in rice

were predicted to be syntenic with wheat 7DS based on EST

deletion bin mapping (Sorrells et al., 2003). The sequencing of

B. distachyon in early 2010 similarly identified regions of chro-

mosomes one and three as being syntenic with wheat 7DS (The

International Brachypodium I, 2010). Our result confirmed that

sequencing amplified wheat chromosome arm DNA can accu-

rately target specific chromosomal regions.

Comparing 7DS reads with B. distachyon and O. sativa gene

structures in their genomic context demonstrated conservation

within annotated genes, but little conservation outside of genic

regions (Figure 2), except for regions of conserved repetitive

elements, and low complexity regions such as simple sequence

repeats (data not shown). Mapping paired 7DS reads to the

B. distachyon genome also permitted the precise delineation of

the three syntenic regions to be between Bradi1g52510 and

Bradi1g41880, Bradi3g10210 and Bradi3g20950, as well as

Bradi3g36630 and Bradi3g43040.

One of the greatest challenges of complex genome assembly is

the deconvolution of repetitive sequences. Our aim, however,

was not to assemble the complete repetitive fraction of the gen-

ome but to focus on the genic and low copy regions which are

likely to be responsible for the majority of phenotypic variation

and provide a reference for the discovery of molecular genetic

markers (Imelfort et al., 2009b). The assembled sequence data

amounted to a total of 154 Mbp or 40% of the predicted size of

the chromosome arm. The wheat genome is predicted to be

made up of 80% repetitive sequences (Bennetzen and Kellogg,

1997). Sequence assembly algorithms such as Velvet (Zerbino and

Birney, 2008) perform poorly with repetitive regions, because

repeats cause tangles in the de Bruijn graph which cannot be eas-

ily resolved. Low copy and unique regions have clear paths in the

graph and assemble well. Thus, our assembly should be highly

enriched for low copy regions and should include the majority, if

not all, of the unique and low copy sequences as well as a sub-

stantial portion of the repetitive fraction.

Following assembly, we attempted to estimate the proportion

of 7DS genes which were represented within contigs. A total of

88.5% of 7DS bin-mapped cDNAs could be identified within

the assembled contigs. Several factors affect the assignment of

a cDNA to a bin, and the error rate is estimated to be approxi-

mately 10% (M. Sorrells personal communication). The bin-

mapped cDNAs which were absent from our assembly did not

have homologues within the syntenic region of B. distachyon,

further suggesting that they had been erroneously mapped to

7DS. In a second form of validation, we compared 65

sequence-based Ae. tauschii genetic markers with our assembly.

Sixty of these sequences (92%) matched the 7DS assembly. All

60 of these markers were mapped as SNPs, which require sig-

nificant sequence identity for marker assay design. In contrast,

the five markers that were not found in our 7DS assembly were

mapped by hybridization as RFLPs, which require substantially

less sequence identity than SNP assays and may correspond to

different but related genes. We conclude from the above analy-

sis that we have assembled all, or nearly all, genes present on

wheat 7DS.

Two approaches were applied for the assembly of the

draft 7DS syntenic build. The first joined multiple contigs that

represented single genes. This method has the potential risk of

joining two related but different genes to produce a chimeric

construct. In practice, the majority of split contigs were clearly

identified as unique sequences, and the process of joining by

comparison to syntenic genic sequence could be automated.

Where the relationship between contigs and syntenic genes

was unclear owing to the local gene duplication, manual joining

was performed. The second approach applied the genome zip-

per method, which orders and orientates the gene-containing

contigs based on synteny with related grass species (Mayer

et al., 2009). While it was accepted that the resulting syntenic

build may not reflect the exact order of genes on 7DS owing to

recent local chromosomal rearrangement, the approach pro-

vided an approximation of gene order suitable for further

refinement by genetic and physical mapping.

A total of 443 7DS gene-containing contigs were non-syn-

tenic to B. distachyon. These sequences are likely to represent

genes that have moved since the divergence between wheat

and B. distachyon. It is currently not possible to position these

genes in the 7DS syntenic build; however, their location may be

determined by subsequent physical or genetic mapping, or by

improving the assembly process. A high proportion of non-syn-

tenic genes have also been observed in the distal regions of

chromosome 3B (Choulet et al., 2010). Positional cloning of

quantitative trait loci in wheat is frequently based on synteny

with O. sativa or B. distachyon, which might fail if the gene

controlling the trait is non-syntenic. Therefore, shotgun

sequencing of chromosome arms provides unique data on non-

syntenic genes for positional cloning.

The assembly of contigs and a draft syntenic build is of little

value without suitable annotation. We compared the 7DS

assembly with all predicted B. distachyon genes and the

complete Uniref90 database and parsed the results into GFF3

format for display and searching using GBrowse2 (Arnaoudova

et al., 2009) (Figure 3). We believe that the resulting database is

the most comprehensive catalogue of chromosome arm-specific

Figure 3 GBrowse2 view of the annotated wheat 7DS syntenic build, highlighting conserved Brachypodium distachyon and annotated Uniref90

matches.
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Figure 4 CMap view comparing part of the 7DS syntenic build with regions of Brachypodium distachyon and Aegilops tauschii.
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wheat genes currently available and provides a public resource

for gene and molecular genetic marker discovery.

Finally, to validate the general assembly structure of the

syntenic build, the contigs were compared with sequence-

based molecular markers that had been genetically mapped in

Ae. tauschii (Luo et al., 2009) (Figure 4). Two genetic markers

matched contigs that could not be scaffolded into the syntenic

build. As a result of the low resolution of genetic maps, it

was not considered possible to accurately position these

contigs.

By providing annotated wheat 7DS chromosome arm

sequences as a syntenic build and additional contigs, we are

allowing wheat researchers to enjoy the benefits of genome

information much sooner than traditional sequencing methods

would permit. This draft allows the identification of candidate

genes underlying genetically mapped agronomic traits and may

also be applied for high-density SNP discovery, either by align-

ing current EST sequences or by variety-specific whole-genome

Illumina paired read data to the 7DS assembly, followed by the

application of a redundancy-based SNP discovery assay

(Edwards and Batley, 2009; Imelfort et al., 2009b).

It may be possible to improve the current syntenic build by

comparison with high-resolution maps of wheat or related

cereals, such as barley. Improvements in sequence assembly

methods or the addition of additional sequence data such as

long mate pairs or BAC end sequences may also further refine

this assembly.

There are several ongoing wheat sequencing projects, and it

is likely that draft sequences for all chromosome arms will be

produced by Illumina shotgun sequencing within the next

12 months, opening the way for genome-wide SNP discovery

by variety re-sequencing and read mapping. These draft assem-

blies will also pave the way for complete genome sequencing

through a combination of advanced sequencing and bioinfor-

matics methods combined with current physical mapping

approaches.

Experimental procedures

Data generation and validation

Seeds of double ditelosomic line 7D of Triticum aestivum cv.

Chinese Spring were provided by Professor Bikram Gill (Kansas

State University, Manhattan, KS, USA). The seeds were germi-

nated, and root tips of young seedlings were used for the prep-

aration of liquid suspensions of intact chromosomes as

previously described (Vrána et al., 2000). Chromosome arm

7DS was flow-sorted as telocentric chromosome in four batches

of 39 000 chromosomes representing 30 ng DNA. To estimate

contamination with other chromosomes, 1000 chromosomes

were sorted onto a microscope slide in three replicates and

used for fluorescence in situ hybridization with probes for Afa

family and telomeric repeats. The average purity in sorted frac-

tions was 84%. Chromosomal DNA was purified and subse-

quently amplified using Illustra GenomiPhi V2 DNA

Amplification Kit (GE Healthcare, Chalfont St. Giles, UK) as pre-

viously described (Šimková et al., 2008). A total of 200 ng of

pooled, amplified DNA was used to prepare an Illumina paired-

end library which was sequenced on the Illumina GAIIx platform

using standard protocols.

O. sativa chromosome and predicted cDNA sequences were

downloaded from the Phytozome Biomart (TIGR Release 6)

(Ouyang et al., 2007). B. distachyon chromosome sequences

were downloaded from the Bd21 8· assembly databank

hosted at Brachypodium.org (The International Brachypodium I,

2010).

A custom ‘double-barrelled BLAST’ script based on the

TAGdb algorithm (Marshall et al., 2010) was used to compare

query sequences with the 7DS sequence data. Paired-end cover-

age was defined as the number of read-pair regions aligned at

each nucleotide of the query sequence. This numeric coverage

data were converted into a blue-red colour scale (blue = 0,

red = 18) and plotted as heat maps. Local coverage plots were

produced to compare read coverage with known B. distachyon

gene structures. In addition to paired read coverage depth

depicted as red peaks, coverage where only one read from a

pair matched the B. distachyon sequence is displayed as blue

peaks.

Syntenic build assembly and annotation

Several trimming, filtering and assembly parameters were

assessed prior to the production of the final assembly. The 7DS

sequence data were filtered and trimmed using an in-house

script, trimConverter.py, to produce reads with a quality score

of at least 15 at each nucleotide position and a minimum

length of 40 bp. The resulting read set was filtered to remove

any reads containing kmers of length 39 bp that occurred only

once. If a read was discarded, its respective read pair was

passed into a single-read file for inclusion in the assembly. The

trimmed and filtered read set was assembled using Velvet ver-

sion 1.0.09 (Zerbino and Birney, 2008) on a DELL R905 server

with 128-GB RAM. The final assembly used a kmer size of

39 bp and an expected coverage of 17.6x, which represents

the read depth after filtering.

A genome zipper approach (Mayer et al., 2009) was applied

to order and orientate the wheat contigs into a draft syntenic

build. The assembled Velvet contigs were compared with pre-

dicted B. distachyon cDNA sequences using MEGABLAST (Zhang

et al., 2000). RBB hits between assembled 7DS contigs and

cDNAs were identified, and 7DS contigs were assembled into a

syntenic build based on the order and orientation of genes in

B. distachyon. Additional non-overlapping 7DS contigs repre-

senting wheat genes which were split into two or more contigs

were included in the syntenic build. The above process was

repeated using O. sativa cDNAs and additional syntenic genes

shuffled into the syntenic build.

Sequence-based mapped genetic markers from the wheat D

genome donor Ae. tauschii (Luo et al., 2009) were compared

to the 7DS contigs using BLAST (Altschul et al., 1990) and an E

value cut-off of 10)5. Corresponding matches were imported

into a CMap database (Youens-Clark et al., 2009). This data-

base is publicly available at http://www.wheatgenome.info. An

additional 354 cDNAs, which had been predicted to be located

on 7DS by bin mapping, were downloaded from GrainGenes

(Matthews et al., 2003; Carollo et al., 2005) and compared to

the assembled 7DS contigs using BLAST and an E value cut-off

of 10)5.

The contigs were annotated to predict the location and

potential function of expressed genes by comparison with the

Uniref90 database (Suzek et al., 2007) and predicted B. distach-

yon genes, using BLAST and an E value cut-off of 10)5. The

resulting high-scoring pairs were converted to GFF3 format and

parsed to a public GBrowse2 database hosted at http://www.

wheatgenome.info.
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Ms. Zdeňka Dubská for their assistance with chromosome sort-

ing. The authors acknowledge funding support from the Austra-

lian Research Council (Projects LP0882095, LP0883462 and

DP0985953), the Czech Science Foundation (grant No. 521 ⁄ 07 ⁄
1573) and the European Union (grant No. ED0007 ⁄ 01 ⁄ 01 Centre
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Supporting information

Additional Supporting information may be found in the online

version of this article:

Data S1 Comparison of all bin-mapped cDNAs with the assem-

bly of the 7DS data revealed primary alignment to the group 7

chromosomes. Interestingly, 187 4AL bin-mapped ESTs also had

a match. 4AL has undergone a translocation with 7BS and is

therefore partially syntenic to the 7DS chromosome arm (Devos

et al., 1995). The low frequency of cDNAs mapped to other

chromosomes and matching our 7DS assembly may be inter-

preted in several ways, such as noise in the analysis caused by

related gene families or erroneous bin mapping. Due to the

coverage required to assemble contigs using velvet, we would

not expect to see assembly of contaminating non-7DS DNA

sequence, however this possibility cannot be excluded.
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