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Abstract Despite its socio-economic importance and the overall recognition that a
reference genome sequence has great value for crop improvement, sequencing the
wheat genome has long been considered “impossible” because of the sequencing cost
and bioinformatic challenges associated with the assembly of the mostly repetitive
17 Gb hexaploid genome. In the past 5 years, however, new platforms and technolo-
gies have emerged that enabled the launching of an international effort to tackle the
bread wheat genome sequence using a chromosome-by-chromosome approach. In
this chapter, we review the features of the wheat genome as well as the tools and
technologies that can be used to sequence, assemble, and annotate a large, complex,
polyploid genome. We describe the strategies and current status of the efforts towards
achieving a reference sequence for the 21 chromosomes of bread wheat. Finally, we
present the databases that were established to support the integration of the sequence
information with other genetic and biological information.

Keywords Wheat · Polyploid · Chromosome · Flow sorting · Physical map · Genome
sequence · Next generation sequencing · Assembly · Annotation · Transposable
elements · Database · Data integration

17.1 Introduction

The cultivation of wheat (Triticum ssp.) reaches far back into history as it was one
of the first domesticated food crops. For more than 8,000 years, wheat has been
the basic staple food of the major civilizations of Europe, West Asia, and North
Africa. Today, wheat is grown on more land area (255 million hectares) than any
other crop and continues to be the most important food grain source for humans
(http://www.faostat.fao.org). With changing diets and growing world populations,
rising prices for fertilizers and phytosanitary products, increasing competition be-
tween food and non-food uses, and the negative effects of high temperature and
drought resulting from climate change, food supplies must double in the next few
decades to meet demand (Foley et al. 2011). Already, world wheat production has not
been sufficient to meet demand in 6 out of the past 10 years (http://faostat.fao.org).
Recent studies showed that annual, worldwide yield increases have slowed between
1995 and 2005 when compared with previous years (Brisson et al. 2010). Globally,
models indicate that between 1980 and 2008 wheat production declined by 5.5 %
as a result of climate trends (Lobell et al. 2011). Thus, to meet the challenge of de-
livering safe, high-quality, and health-promoting food and feed in an economically,
environmentally sensitive, and sustainable manner, a paradigm shift is needed in
wheat breeding and genetics.
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A combination of new tools, methods, and germplasm resources must be estab-
lished for wheat to facilitate this paradigm shift. One such resource that will underpin
future wheat improvement is a high quality, reference genome sequence as it will
provide access to the complete gene catalogue, an unlimited amount of molecu-
lar markers to support genome-based selection of new varieties, and a framework
for the efficient exploitation of natural and induced genetic diversity. In the past
decade, sequencing of model plant genomes, such as those of Arabidopsis thaliana
and rice has revolutionized our understanding of plant biology and paved the way
for the development of genome sequencing projects for a number of crops (Feuillet
et al. 2011). Similar advances in wheat have been hampered by the giant size of the
genome, ∼ 17 Gb (haploid size), due to its high content in repeats (> 90 %) and its
hexaploid nature (2n = 6x = 42; 21 pairs of homologous chromosomes originating
from three homoeologous sets, referred to as the A, B, and D subgenomes, each with
7 chromosome pairs).

The international collaboration on wheat genome sequencing was launched after
a USDA-NSF funded workshop that confirmed the need for sequencing the wheat
genome and assessed different strategies and objectives (Gill et al. 2004). These ob-
jectives were to (i) construct an accurate, sequence-ready physical map (ordered BAC
contigs) of the reference hexaploid wheat (Triticum aestivum L.) cultivar Chinese
Spring for which large genetic stocks of aneuploid lines are available, (ii) assess the
feasibility of a chromosome-specific approach (i.e., constructing maps of each of the
21 chromosomes using chromosome-specific BAC libraries), and (iii) explore dif-
ferent strategies for gene enrichment. Following these discussions, the International
Wheat Genome Sequencing Consortium (IWGSC; http://www.wheatgenome.org)
was launched in 2005 with the aim of advancing agricultural research for wheat
production and utilization by developing DNA-based tools and resources that result
from the complete sequence of the common (hexaploid) wheat genome (Feuillet and
Eversole 2007).

In this chapter, we present current knowledge about the composition and or-
ganization of the wheat gene and transposable element (TE) spaces, the status of
technologies and methods available to date to sequence, assemble, and annotate the
wheat genome, and the complementary strategies that are being developed to obtain
a reference sequence of the bread wheat genome. Finally, we present the different
types of databases that are currently available to access the sequence information
and link it to other types of datasets to provide scientists and breeders an opportunity
for an optimal exploitation of this essential information in their programs.

17.2 What have we learned about the Wheat Genome so far?

17.2.1 The Wheat Genome: Three for One and One for All

One of the major features of the wheat genome is a high content in TEs (∼80 %; Smith
and Flavell 1975) that resulted from massive amplifications in the ancestral genome
before its divergence from related species of the Triticeae tribe around 15 million
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years ago (MYA). Individual diploid genomes from different genera (e.g. Aegilops,
Triticum, Agropyrum) subsequently evolved independently in the past 2.5–4 MY.
During the evolution of the wheat lineage, spontaneous hybridizations occurred
between diploid genomes resulting in different polyploid species. Hence, the ances-
tral allohexaploid Triticum aestivum species resulted from two hybridization events
that brought together the diploid A, B, and D genomes (2n = 6x = 42; AABBDD)
(McFadden and Sears 1946; Dubcovsky and Dvorak 2007). A first hybridization
occurred about 0.5 MYA between a species related to Triticum urartu (2n = 2x = 14;
AuAu) and one or more species from the Sitopsis section, including Aegilops spel-
toides (2n = 2x = 14; SS) which is the closest known relative to the B genome. The re-
sulting fertile tetraploid (2n = 4x = 28; AABB) was domesticated over 10,000 years
ago to become known as emmer wheat (Triticum turgidum), eventually giving rise to
the subspecies T. turgidum ssp. durum, the ancestor of the durum wheat of today, also
known as pasta wheat. Some 8,000 years ago, tetraploid emmer wheat reached the re-
gion south of the Caspian Sea and hybridized with Aegilops tauschii (2n = 2x = 14),
a wild diploid species with a D genome leading to a fertile hexaploid species with an
AABBDD genome – the ancestral Triticum aestivum, or bread wheat (Zohary and
Hopf 2000). Subsequent to these hybridization and polyploidization events, a number
of structural and functional rearrangements resulted in genome stabilization which
was accompanied by slight reductions of 2–10 % in the size of the individual homoe-
ologous genomes compared to their diploid ancestors (Feldman and Levy 2009).

As a result of this complex history, the bread wheat genome has one of the largest
and TE-rich plant genomes (40 times larger than the rice genome; IRGSP 2005) and
for a long time it was considered “impossible” to sequence. The organization and
composition of the wheat genome can be depicted as two main components with
different evolutionary dynamics and relative importance: a small conservative part
that is subjected to selection pressure and mostly corresponds to the gene space, and
a much larger and more variable component which is under more dynamic evolution
and comprises the TE space as well as duplicated genes and gene fragments.

17.2.2 Deciphering the Wheat Genome Composition and
Organization: An ongoing Story

17.2.2.1 The Gene Space

EST and mRNA Sequencing

In 1998, a major effort on sequencing polyA-tailed transcripts was undertaken by
the wheat scientific community, mostly within the framework of the International
Triticeae EST Cooperative (ITEC http://avena.pw.usda.gov/genome/) initiative, to
compensate for the lack of wheat sequences in the public databases. In total 1,073,845
ESTs were produced (http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html).
In parallel, a major effort launched in Japan resulted in the production of 17,525
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full length cDNAs (http://trifldb.psc.riken.jp and http://srs.ebi.ac.uk). cDNAs and
gene-enriched genomic clones were hybridized on series of aneuploid lines lack-
ing complete chromosomes or chromosome segments (Sears 1954; Sears and Sears
1978; Endo and Gill 1996) to locate genes along the wheat chromosomes, thereby
proving first evidence of the gene space organization. A series of experiments con-
ducted by Gill and collaborators (Gill et al. 1996a; Gill et al. 1996b; Sandhu and
Gill 2002; Erayman et al. 2004) suggested that a large majority of the genes are lo-
cated in a few regions (so called “gene-rich regions”) representing about 30 % of the
genome. These gene-rich regions were found mainly in the distal part of the wheat
chromosomes where recombination takes place. The rest of the genome, considered
as “gene-poor” would be composed mostly of TEs and a few isolated genes (Sandhu
and Gill 2002). Subsequently, Qi et al. (2004) mapped more than 7,000 wheat ESTs
(16,099 loci) into chromosome bins and, although they confirmed previous observa-
tions on the increasing gene density towards the chromosome ends, they also found
genes in proximal (centromeric) regions, suggesting a less contrasted pattern of gene
distribution along the wheat chromosomes. Such experiments also enabled in silico
comparative analyses with the rice genome sequence to study colinearity at high res-
olution. For example, using 4,485 wheat ESTs mapped in deletion bins, Sorrels and
collaborators (Sorrells et al. 2003; La Rota and Sorrells 2004) performed a wheat-
rice genome comparison and showed that wheat chromosome group 3 is the most
conserved while chromosome group 5 is the least conserved compared to rice.

ESTs, however, cannot provide complete information about the wheat gene space
composition. First, they do not represent the full gene content since they are limited
to loci that are expressed at a level sufficient for cloning. Second, they provide only
partial information on gene structure because of their limited read length (about
∼550 bp on average). Finally, they provide very redundant information as many
ESTs originate from highly expressed genes. A minimal gene set of 40,935 wheat
unigenes has been defined by NCBI recently (http://www.ncbi.nlm.nih.gov/unigene)
through EST clustering. However, such a clustering prevents the identification of
duplicated copies of gene families (due to polyploidy or single gene duplication) and
represents an underestimation of the wheat gene set. Recently, this unigene set was
used to build a NimbleGen array (Rustenholz et al. 2011) and study the expression
of 3,000 genes assigned to the chromosome 3B physical map. In conclusion, despite
their limitations, wheat ESTs have been a useful resource for genetic and physical
mapping, and for structural annotation of genes on genomic sequences.

End Sequencing of Short and Long DNA Clone Inserts

The first attempts to explore the wheat genome beyond its transcriptome were based
on low-pass survey sequencing of random genomic fragments corresponding to the
ends of plasmid and bacterial artificial chromosome (BAC) libraries. Analysis of
3 Mb of plasmid end sequences produced from Ae. tauschii (Li et al. 2004) indi-
cated that 68 % of the sequence consisted of TEs whereas the annotation of 11 Mb
of BAC end sequences (BES) from chromosome 3B of hexaploid wheat (Paux et al.
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2006) revealed a repeat content of 86 %. Further, this study estimated a gene num-
ber of 6,000 for chromosome 3B which was extrapolated to suggest 36,000 genes
per diploid genome in wheat. This contrasted dramatically with the predictions of
Rabinowicz et al. (2005) that suggested as much as 98,000 genes for each of the
three genomes of bread wheat based on the analysis of 1,597 plasmid ends from a
methyl-filtration library. The results of these random analyses have provided some
insights into the genome composition, but have not illuminated its organization (into
gene islands for instance). Moreover, extrapolation of observations derived from
such partial sequence datasets to the whole genome remains speculative. First, the
insert end sequences may be biased, especially in wheat as repetitive sequences
introduce bias in frequency of restriction sites that are used for cloning BAC and
plasmid inserts. This was revealed during the analysis of the frequency and distri-
bution of HindIII sites along 18 Mb of large sequenced contigs (see below) which
showed that they were 1.5-fold overrepresented in TEs compared to the expected
rate on random sequences. The bias in TE associated-HindIII sites that were used
to build the BAC library thus resulted in an overrepresentation of TE sequences in
the dataset and a bias towards repeats. Second, low-pass survey sequences cannot be
assembled into sequence contigs thereby limiting the assessment of the organization
of genes and TEs along the chromosomes. Finally, the limited length of sequence
information precludes distinguishing pseudogenes from functional genes and dis-
cerning recently duplicated gene copies. Thus, insert-end sequencing can contribute
to our knowledge of the wheat genome composition but cannot address questions
related to organization such as gene and TE distribution, gene duplication, and Copy
Number Variations (CNVs) that are increasingly relevant to understanding biological
functions and polymorphisms associated with traits.

Individual BAC and BAC-contig Sequencing

During map-based cloning projects and comparative studies at disease resistance,
storage protein, grain hardness, domestication or vernalization loci (for review see
Feuillet and Salse 2009), a number of BAC clones and small BAC contigs were se-
quenced to obtain additional information on the composition and organization of the
wheat genome. Analyses of the 3.8 Mb representing all wheat genomic sequences
available in the public databases in 2005 revealed an average gene density of 1 gene
per 24 kb and only ∼55 % of TEs, thereby indicating a clear bias toward gene-rich
regions in these first samples (Sabot et al. 2005). This was likely due to the fact that
most of the regions targeted in the map-based cloning projects were telomeric and
contained gene families. In contrast, sequencing randomly chosen BAC clones from
the entire genome or sequencing the ends of BAC contigs representing complete
chromosomes provided evidence for a more homogeneous gene distribution in the
wheat genome. In a preliminary study of 4 BAC clones from a genomic BAC library
of bread wheat cv. Chinese Spring, Devos et al. (2005) estimated an average gene
density of 1/75 kb while Charles et al. (2008) reported a gene density of 1/100 kb
homogeneously distributed after sequencing 10 BACs (1.43 Mb) randomly chosen



17 The Wheat Black Jack: Advances Towards Sequencing the 21 Chromosomes . . . 411

from a chromosome 3B-specific BAC library. Subsequently, draft sequences of 217
additional BAC clones from the Chinese Spring BAC library have been deposited
in the databases (AC200765-851; AC207901-60; AC216550-85; AC232247-62;
AC238983-88 and DQ767609-30) by Bennetzen and colleagues and, the automated
annotation of 67 BACs (ses.library.usyd.edu.au) suggested a density of 1 gene/64
kb. While these analyses provided new insights into the organization and composi-
tion of the genome, the sampled regions represented only a minute fraction of the
genome (< 0.1 %) and information remains limited to addressing TE dynamics and
gene distribution as individual BAC sequences (100-150 kb) contain on average 1 or
2 genes and a few TEs most of which are sequenced only partially.

Recently, the sequencing of large Mb-sized BAC contigs from chromosome 3B
(Choulet et al. 2010) and Ae. tauschii (Massa et al. 2011) provided novel information
about the organization and content of the gene and TE spaces. In a first study, Choulet
et al. (2010) sequenced and annotated 13 Mb-sized BAC contigs (18 Mb in total) se-
lected from different regions of chromosome 3B of bread wheat cv. Chinese Spring,
and performed Whole Chromosome Shotgun (WCS) sequencing. They showed that
(i) genes are present along the entire chromosome and are clustered mainly (75 %)
into numerous small islands of 3–4 genes separated by large blocks of TEs that are
less than 1 Mb long, and (ii) genome expansion occurred homogeneously along the
chromosome through specific TE bursts. In addition, the study revealed accelerated
evolution through tandem or interchromosomal gene duplications in telomeric re-
gions that led to an increase in the gene number in wheat compared to related grasses.
Gene insertion activity did not disrupt dramatically the ancestral gene “backbone”
but led to an increased number of non collinear genes in wheat compared to the
other species. These gene rearrangements combined with the differential insertion or
removal of specific TE families resulted in a contrasted sequence composition that is
now observed between the proximal and distal regions of the wheat chromosomes.
Based on the 148 protein coding genes identified in the 13 contigs, Choulet et al.
suggested that about 8,400 genes are located on chromosome 3B and estimated a
total number of 50,000 genes per diploid genome in bread wheat. In a second study,
Massa et al. (2011) sequenced and annotated 9 different regions totaling 9.7 Mb of
the 4 Gb D genome from the wild ancestor Ae. tauschii and suggested a total gene
number of 36,371. Comparison with the rice, brachypodium and sorghum genomes
indicated that Ae. tauschii had 7,813 more genes than the grass ancestral genome
which was estimated to comprise 28,558 genes.

While these BAC and BAC contig analyses provided additional information about
the organization and evolution of the wheat genome, the reliability of the extrapola-
tions made from such partial data to the whole genome remains questionable. This
is illustrated by the discrepancies in the estimation of gene density and total gene
number observed between the different studies. The gene density estimates ranged
from 1 in 75 kb in Devos et al. (2005) to about 1 in 100 kb in Charles et al. (2008) and
Choulet et al. (2010), and up to 1 in 110 kb in Massa et al. (2011). All of these were
higher than the 1 in 165 kb estimated by low-pass survey BAC end sequencing (Paux
et al. 2006). Gene number estimates have had even larger differences ranging from
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about 36,000 (Massa et al. 2011; Paux et al. 2006) to 50,000 genes (Choulet et al.
2010) and up to 98,000 genes per diploid wheat genomes (Rabinowicz et al. 2005).

17.2.2.2 The TE Space

Early studies of reannealing kinetics of single-stranded DNA fragments (Flavell
et al. 1977) indicated that the wheat genome is composed of more than 83 % of
repeated sequences. Staining of mitotic chromosomes with DNA fluorochromes such
as DAPI, highlighted frequent heterochromatic bands that were shown to correspond
to compacted chromatin containing an abundance of repeats. Estimates of the copy
number of specific and highly repeated elements were obtained from sequencing
and hybridization-based genome reconstruction calculations. Some retrotransposon
families, such as the WIS family, were shown to be present in tens of thousands of
copies (Muniz et al. 2001). Ultimately, the sequencing of individual BAC clones
(Feuillet and Keller 1999; Wicker et al. 2001; Yan et al. 2003; Chantret et al. 2004),
BAC end sequences (Li et al. 2004; Paux et al. 2006), and, more recently, large
BAC contigs (Choulet et al. 2010; Massa et al. 2011) provided a more detailed view
of the composition of the TE fraction. These studies confirmed that the TE fraction
represents more than 80 % of the wheat genome with class I LTR retrotransposons
comprising the majority. They also showed that less than 10 families (Fatima, Jorge,
Angela, Laura, Sabrina, WIS, Wilma, and Nusif) account for > 50 % of the TE
fraction and that different TE families are found in centromeric and telomeric regions
(Choulet et al. 2010). The annotation of 18 Mb of large contigs of chromosome 3B
(Choulet et al. 2010) revealed 3222 TEs including 800 new families indicating the
potential for TE discovery in complete BAC contig sequences. These new elements
were integrated into the TREP database that is dedicated to TE annotation in wheat,
barley and rye (Wicker et al. 2002). In addition, the peak of transposition activity 1.4
MYA suggests that TEs have been mostly silent in wheat since that time. Interestingly,
although very fragmented by nested insertions, the majority of transposable elements
identified in the Mb-sized contigs were complete. Such features were missed by
previous single BAC analyses because the extremities of the same element into which
dozens of other TE have inserted can be as much as 200 kb apart i.e. larger than a
typical BAC size (Choulet et al. 2010). These data indicate that the wheat genome
expansion due to TE activity has mainly stopped and that no significant contraction
has occurred yet.

Based on all of these data, a model of the organisation and evolution of the wheat
genome at the chromosome level (Fig. 17.1) can be proposed. The main features
of the model are (1) genes are found everywhere along the chromosomes, (2) there
are no gene deserts larger than a few Mb, (3) the genes are mostly organised in
small and numerous gene islands with a slightly higher density of those towards the
telomeres, and (4) there are more genes and a significant number of non collinear
genes than found in related grass models. While evidence for some of the mechanisms
underlying the dynamics of the gene and TE spaces (e.g. TE insertions, illegitimate
and unequal recombination, interchromosomal and tandem duplications) have been
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~100 kb
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Tandemly
duplicated  
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TE-mediated expansion and interchromosomal
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3B

Fig. 17.1 A model for the evolution of the size, content, and organization of a wheat chromosome.
Genes are represented by filled arrows: blue representing genes syntenic with other grass species
and red representing locus-specific non syntenic wheat genes. TE clusters are represented by yellow
rectangles while MITEs are in purple

obtained by comparative analyses of homoeologous loci (for review see Feuillet and
Salse, 2009) and gene family studies (Akhunov et al. 2007), the full extent and
relative impact of these mechanisms on the sequence organization remain unknown.
Access to a fully annotated reference sequence will help significantly to improve our
understanding of the organization and evolution of the wheat genome.

17.2.3 Tools and Technologies to Sequence, Assemble, and
Annotate the Wheat Genome

17.2.3.1 Sequencing Technologies and Strategies

Prior to 2005, DNA sequencing was mostly based on the chain terminator DNA
sequencing technique developed by F. Sanger (Sanger et al. 1977). Improvements in
Sanger’s original method that used fluorescently labeled dideoxynucleotides, au-
tomated fragment separation, and label detection facilitated the development of
genomics and enabled the sequencing of entire genomes by the turn of the cen-
tury (The Arabidopsis Genome Initiative 2000; Lander et al. 2001; Venter et al.
2001; Waterston et al. 2002). Sanger sequencing can produce reads of up to 1000
bases in length with low error rates, but it is relatively expensive and throughput
is limited to ca. 1 million bases per day. In 2005, the emergence of the first of
a second generation of sequencing technologies based on highly parallelised ‘py-
rosequencing’ (Margulies et al. 2005) initiated a revolution in DNA sequencing
and heralded the start of the competitive DNA sequencing field that exists today.
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This was followed by the advent of massively parallel technologies such as the
‘sequencing-by-synthesis’ method developed by Solexa and now commercialized
by Illumina (Bennett et al. 2005), and ‘Sequencing by Oligonucleotide Ligation
and Detection’ (SOLiD) (Valouev et al. 2008) developed by Applied Biosystems
(now Life Technologies). All of these second generation technologies rely on an
amplification step to achieve the density of DNA fragments required to detect the
signal of the individual bases in the DNA being sequenced. Generally, compared
to Sanger sequencing, the second generation technologies produce much shorter
sequencing reads, in much greater quantities, and at significantly reduced cost per
sequenced base (Metzker 2009). While this reduced cost enabled the de novo se-
quencing of a large number of plant genomes (Feuillet et al. 2011), assembling large
and complex repetitive genomes, such as wheat, using only short reads remains a
significant challenge as the typical read lengths (100–500 bp) are not long enough
to span the nested TEs that can be a few thousand bases long (Choulet et al. 2010).
More recently, third-generation technologies arose that allow direct sequencing of
single DNA strand and remove the dependency on an intermediate amplification
step thereby reducing the execution times and potential artifacts that can arise during
amplification. The Single Molecule Real Time (SRMT) technology developed by
Pacific Biosciences (Eid et al. 2009) uses a polymerase attached within a nano-scale
chamber to synthesize DNA complementary to a single stranded molecule attached to
the polymerase within the chamber. As nucleotides are incorporated, fluorescent la-
bels corresponding to each nucleotide are detected upon incorporation. Read lengths
of up to 10 kb have been reported using this technology although reads are typically
much shorter than this (1–3 kb) with the current chemistry. Another single-molecule
sequencing technology is based upon detection of a change in electric current across
a nanopore inserted into a lipid bilayer as individual bases are cleaved by an exonu-
clease from a DNA strand and pass through the nanopore (Astier et al. 2006). The
identity of each base is detected by the amplitude of the change in electrical current
as it passes through the nanopore. By combining high throughput and long read
length, these technologies hold a great potential for sequencing large and complex
genomes. Projects are underway to assess these technologies for sequencing the
wheat genome (http://www.nsf.gov/awardsearch/showAward.do?AwardNumber =
1032105; Feuillet/Rogers/Wincker unpublished data).

The first plant genome sequencing projects of Arabidopsis thaliana (AGI 2000)
and rice (International Rice Genome Sequencing Project 2005) were based on se-
quencing genome fragments cloned into vectors such as cosmids or bacterial artificial
chromosomes (BACs). This is referred to as a “BAC-by-BAC” approach. In this ap-
proach, the clones are usually selected from a physical map that is assembled from
the overlaps identified between BAC restriction fragment fingerprints to yield contigs
representing the order of the cloned fragments in the original genome. By select-
ing clones from the physical map that contain fragments making up the genome
sequence with minimal (∼30 %) overlap between them, a minimal tiling path (MTP)
of clones is defined to provide a template for sequencing. Then, each of these
clones is sequenced using shotgun sub-cloning of random fragments, each clone se-
quence is reassembled from the shotgun reads, and the complete genome sequence is
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reconstructed from the known positions and orientation of the sequenced clones. In
the alternative whole genome shotgun (WGS) approach, the genome sequence is
assembled from sequence reads generated from fragments of different sizes (gen-
erally ranging from 1 kb to 5 kb) obtained from the complete genome. The most
effective assemblies have been built from sequence reads derived from fragments
cloned into appropriately sized vectors and sequenced from both ends, yielding two
reads from each clone, referred to as “mate-pairs”. As explained in more detail be-
low, WGS sequencing depends on the development of assembly algorithms based
on overlap graphs. In this approach, overlapping reads are first used to assemble
regions of contiguous sequence called contigs, then mate-pair information is used
to link contigs to generate longer scaffolds, thus providing a larger-scale framework
for assembly of the smaller contigs of DNA (Fig. 17.2). With the emergence of the
NGS technologies, the WGS approach has been established as the strategy of choice
as reflected by a number of recently published genome sequences (Feuillet et al.
2011). Although the WGS approach is faster and generally cheaper, the assembly
stage is much more complex increasing the risk of generating chimeric regions and
misassemblies. Therefore, for sequencing large and complex plant genomes, such as
wheat, the BAC-by-BAC approach is still preferred as it offers the best opportunity
to generate a high quality reference sequence for the long term.

17.2.3.2 Assembling Genome Sequences

The Assembly Problem

Assembly is the reconstruction of the original genome sequence from the sequenc-
ing reads. The success of this task is limited by factors that range from the inherent
complexity of genomes caused by repeat content and structure to technical issues re-
lated to specific sequencing technologies biases (e.g. error profiles and non-uniform
coverage). In the general assembly pipeline, sequencing reads are assembled first
into contigs, then long-range positional information, such as that obtained from
mate-pairs, is used to join contigs together into scaffolds (Fig. 17.2). All assembly
methods are highly dependent on the depth of coverage to which a genome is sam-
pled, in other words, the degree of redundancy that is generated with respect to the
target. For example, when enough sequence is generated to cover the target sample
10 times, the coverage is described as 10x. This sampling redundancy is essential for
dealing with sequencing errors in the reads and ensures that reads will overlap suffi-
ciently to allow accurate assembly. The first assembly algorithms were developed on
the basis of the “overlap-layout-consensus approach”, i.e., the overlap information
between sequencing reads is represented in a graph where the nodes are sequences
and the edges connect overlapping reads. The paths in these graphs represent contigs
from the underlying genome. Tools such as ARACHNE (Jaffe et al. 2003), ATLAS
(Havlak et al. 2004) and more recently Newbler (http://www.454.com) utilize this
strategy. One disadvantage of this approach is that the graph and therefore the re-
quired computer memory grow linearly with the number of reads. This is particularly
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Fig. 17.2 Schematic representation of the sequence assembly process: N refers to the number of
reads and L to the (average) length of the reads



17 The Wheat Black Jack: Advances Towards Sequencing the 21 Chromosomes . . . 417

relevant for NGS experiments that can generate billions of sequences per sample. The
difficulty is exacerbated further when assembling large genomes as many sequencing
runs are required to obtain adequate coverage. For instance, in order to generate 10x
coverage of a typical 400 Mb wheat chromosome arm, 4 × 107 Illumina reads of
100 bp are required. A 10x coverage of the entire bread wheat genome represents
1.7 billion reads of 100 bp.

An alternative assembly approach pioneered by (Pevzner et al. 2001) is to represent
the overlap information generated by looking only at words of fixed length k or k-
mers, the so-called de Bruijn graphs (Fig. 17.3). The main advantage of this approach
is that the graph scales with the number of observed k-mers in the dataset rather than
the number of reads. In this way the graph can be built in linear time rather than
the quadratic time taken with an overlap approach. In a de Bruijn graph, continuous
stretches of nodes joined with edges represent sequence and sequencing errors appear
as bubbles or tips that end abruptly (Fig. 17.3). Assembly tools generally simplify
the graph by amalgamating the continuous stretches and correcting errors by bubble
removal and tip clipping. Repetitive regions that share common k-mers, however, will
be collapsed in single nodes generating cycles in the graph. Similarly to traditional
assemblers based on sequence overlap, mate-pair reads are essential for traversing
repeats in a genome and most NGS assembly algorithms incorporate this type of
reads to resolve repetitive regions into scaffolds.

The Velvet assembly tool was one of the first software packages based on a de
Bruijn graph approach to assemble short-read sequence data from bacterial genomes
(Zerbino and Birney 2008). To assemble larger eukaryotic genomes, new techniques
of memory optimization and parallelization were required. Algorithms such as those
implemented in the open-source software packages ABySS (Simpson et al. 2009),
SOAPdenovo (Li et al. 2009), ALLPATHS-LG (Gnerre et al. 2011), and Cortex
(http://cortexassembler.sourceforge.net) allow the assembly process to be broken
into multiple smaller chunks that can be distributed over multiple nodes in a high
performance computing cluster. Commercial solutions are also available such as
the de novo assembler from CLC Bio (http://www.clcbio.com), reputedly able to
assemble a human sized genome on a single desktop computer. The SGA assembler
is also designed to assemble large genomes and uses a string graph approach to
determine overlaps between reads (Simpson and Durbin 2010). As well as being
both memory efficient and relatively fast, SGA is the first algorithm that optimizes an
overlap approach sufficiently such that it can be used to assemble large NGS datasets.

Generally, the Newbler assembler is used to assemble 454 reads as it is optimized
for the error profiles and longer reads generated by the Roche platform. As such, it is
being used in many of the wheat chromosome-based sequencing projects using the
Roche platform such as the 3BSEQ project (http://urgi.versailles.inra.fr/Projects/
3BSeq). In contrast, datasets generated on the Illumina platform are much larger
due to the deeper coverage being generated and thus require a distributed assem-
bly approach in addition to large amounts of computer memory. For example, as
part of the IWGSC effort to obtain survey sequences of the 21 bread wheat chro-
mosomes, the ABySS assembler is being used by The Genome Analysis Centre
(http://wheatdcc.tgac.bbsrc.ac.uk/index.php) to produce homogeneous assemblies.

http://urgi.versailles.inra.fr/Projects/3BSeq
http://urgi.versailles.inra.fr/Projects/3BSeq
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A Velvet-based strategy has also been adopted by other groups who have obtained
comparable results on wheat chromosome group 7 (Berkman et al. 2011a, b).

17.2.3.3 Assessing the Quality of an Assembly

The N50 statistic is one of the most common metrics used to assess the quality of
an assembly. After sorting the assembly contigs by size from largest to smallest, the
N50 is defined as the length (L) of the contig such that half of the assembled bases
are in contigs equal to or longer than L. Intuitively, the N50 represents in one figure
a tradeoff between the number and median length of contigs; i.e., more complete
assemblies with fewer and larger contigs will have a higher N50. The N50 statistic
is further defined as ‘contig-N50’ for contigs and ‘scaffold-N50’ calculated using
the scaffolds generated from the contigs. In a recent “Assemblathon” competition
designed to evaluate various assembly tools on a simulated dataset (Earl et al. 2011),
a NG50 statistic was introduced. Instead of using the total length of the assembled
contigs as an estimation of the genome size, the NG50 used the average length of
two simulated haplotypes to assess the assemblies. This allowed the authors to deter-
mine how well different assembly tools deal with haplotype-specific polymorphisms
and to calculate the relative contributions of reads from each haplotype to the fi-
nal assembly. Other metrics are also used to assess the quality of assembly such as
sequence completeness, gene content, preservation of gene structures, and estima-
tion of misassemblies. Generally, NGS sequencing methods are more prone to base
calling errors than Sanger sequencing, thus the sequencing reads they produce are
inherently “noisier” than Sanger reads. In addition to looking at the quality scores
of called bases, “denoising” techniques such as k-mer frequency analysis or spectral
correction alignment (Chaisson et al. 2004) can be applied to sequence data prior to
assembly. The goal of these methods is to identify the k-mers (and reads) that occur
at low frequency in the dataset and are likely to be erroneous as it is assumed that
unique k-mers or reads should not occur with adequate sequencing depth.

17.2.4 Annotating the Wheat Genome

Achieving a robust structural and functional genome sequence annotation is essential
to provide the foundation for further relevant biological studies. Genome annotation
consists of identifying and attaching biological information to sequence features and
it represents one of the most difficult tasks in genome sequencing projects. Genome
annotation is generally a long and recursive process the difficulty of which increases
with the size and complexity of the genome. It relies on a successive combination of
software, algorithms, and methods, as well as the availability of accurate and updated
sequence databanks. To manage the large amount of data generated by > 1 Gb
genome size sequencing projects, sequence annotation needs to be automated, i.e.
performed through a pipeline that combines all different programs and minimizes
the subsequent long and laborious manual curation step. There are four different
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categories of pipelines available. First, simple commercial softwares such as Vector
NTI from invitrogen and DNASTAR from GATC can be used. However, these are
not available on the web and they cannot be easily customized for specific needs.
Second, suites of scripts that generate computational evidence for further manual cu-
ration have been developed in individual laboratories. For example, to annotate wheat
BACs, DAWGPAWS was developed by (Estill and Bennetzen 2009) as a series of
command line programs resulting in GFF output files. This type of pipeline, however,
is also not available on the web and can only be used by skilled bioinformaticians.
Third, “in house” automated pipelines have been developed by communities to anno-
tate model plant genomes, e.g. rice (Ouyang and Buell 2004; IRGSP 2005) whereas
major genomic resource centers such as the DOE/JGI (http://www.phytozome.net/),
the MIPS (http://mips.helmholtz-muenchen.de/plant/genomes.jsp), Gramene (Liang
et al. 2009), GenBank (http://www.ncbi.nlm.nih.gov/genome/guide/build.shtml),
and the Ensembl project (Curwen et al. 2004) have developed their own pipelines to
deal with multiple annotation projects. Although these pipelines are of high quality
and generally are based on massive informatics resources, they are not accessi-
ble online. Finally, a number of automated annotation pipelines available on the
web have been developed to assist communities in their efforts to annotate indi-
vidual contigs of complete genomes. The first pipeline of this kind, RiceGAAS
(Sakata et al. 2002), was developed originally for the annotation of the rice genome.
Since then, a few others have been established such as DNA subway (iPlant, USA –
http://dnasubway.iplantcollaborative.org/), FPGP (Amano et al. 2010), and MAKER
(Cantarel et al. 2008). Each of these have user-friendly web interfaces; however,
the online access does not enable the annotation of large genomes in a reasonable
timeframe.

To support the annotation of the 17 Gb wheat genome sequence and to provide a
useful resource to other communities coping with large and complex genomes, the
“TriAnnot” pipeline was developed (Leroy et al. 2012). TriAnnot was conceived to:
(1) enable automated, rapid, and robust structural and functional annotation of genes,
transposable elements, and non-coding features; (2) be versatile, i.e. accessible
through a user-friendly web interface to allow for the rapid analysis of a few hundred
sequences or through a server for efficient and robust massive analysis in large
scale projects (several thousand sequences); and (3) provide output files that can be
retrieved and analyzed easily or that can be visualized directly on a web interface.
Moreover, to ensure efficient use of the sequence information, TriAnnot enables links
between the annotation and databases containing genetic and physical maps, mark-
ers, genes, QTL, phenotypes, ‘omics’ data, variomes, etc. that are available at the
INRA URGI (http://urgi.versailles.inra.fr/gnpis/). To date, TriAnnot consists of four
main panels for: (1) transposable element annotation and masking; (2) structural and
functional annotation of protein-coding genes; (3) the identification of non-coding
RNA genes and conserved non-coding sequences; and, (4) marker development.
The performance of TriAnnot was evaluated in terms of sensitivity, specificity, and
general fitness using curated reference sequence sets from rice and wheat. The results
showed that TriAnnot predicted and annotated 83 and 93 % of the rice and wheat
reference gene sets, respectively, with 54–67 % of those in accordance with the
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reference annotations (Leroy et al. 2012). On the wheat dataset, TriAnnot demon-
strated a higher fitness than three other pipelines that were not improved for
wheat thereby proving its usefulness for the annotation of the wheat genome. The
pipeline is accessible at http://www.clermont.inra.fr/triannot and is parallelized
on a computing cluster that can run a 1 Gb sequence annotation in less than five
days. Additional improvements such as the integration of modules to improve the
annotation of TEs and non-coding RNA genes, automate the design of molecular
markers, and permit online manual curation of the sequences are underway.

17.3 Strategies to Obtain a Reference Sequence of the Bread
Wheat Genome

17.3.1 The Chromosome-Based Approach

All plant genomes sequenced so far are of diploid species and they were obtained
either by sequencing BAC clones originating from the whole genome or by whole
genome shotgun approaches (Feuillet et al. 2011). Because of the structural features
of the wheat genome, in particular the high degree of identity between the homoe-
ologous gene sets and the high amount of LTR transposable elements, sequencing
the 21 chromosomes of wheat as a whole with the current technologies and tools
would not deliver sufficient information to qualify as a reference genome sequence.
Even if assembly of genic and low-copy regions is possible to some extent, such
assemblies cannot be considered as finished reference genome sequences equivalent
to those that have been produced for rice and Arabidopsis, or even the draft versions
of other plant genomes (Feuillet et al. 2011). Critical information, such as recently
duplicated gene families which have been shown to play a key role in speciation and
non-coding intergenic sequences that also carry relevant biological information as
illustrated in whole genome functional analyses of the human genome (Birney et al.
2007), would be lost in assemblies performed on the whole genome. In addition,
ordering and assigning sequence scaffolds to individual chromosomes would be a
daunting task.

Thus, to ensure the delivery of a reference sequence containing the information
necessary for crop improvement and advanced biological studies, the IWGSC em-
barked on a chromosome- by-chromosome approach several years ago. The objective
of this approach is to reduce the complexity of the wheat genome to manageable sizes
by dealing with individual chromosomes and chromosome arms that range from 224–
800 Mb and thus are comparable to already sequenced plant genomes (Dolezel et al.
2007). Previously, other strategies such as methyl filtration (Li and Gill 2004) and Cot
fractionation (Lamoureux et al. 2005) have been proposed to reduce complexity and
sequencing costs in wheat, however, their efficiency was too low to be applied at large
scale. Unlike these strategies, the chromosome-based approach reduces sample size
and complexity by sequencing smaller genome parts without sacrificing sample in-
formation content. A second important advantage of this approach is that without the
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confounding effects of homoeologous sequences, the assembly of sequence reads
is considerably simplified. Finally, it permits international collaboration in which
chromosomes are sequenced by individual teams thereby facilitating cost sharing
and rapid application into the numerous wheat breeding programs around the world.

The chromosome-based approach has been made possible due to the technological
advancements obtained in the group of J. Doležel in Olomouc (Czech Republic)
that enabled high-throughput chromosome isolation using flow cytometry (Vrána
et al. 2000). Their approach involves preparation of liquid suspensions of intact
chromosomes from root tips of hydroponically grown seedlings and classification of
chromosomes stained with a DNA-specific fluorochrome according to fluorescence
intensity (DNA content). Those chromosomes that can be resolved from others are
then sorted. In a majority of wheat cultivars, including the IWGSC reference cultivar
Chinese Spring, flow cytometric chromosome analysis (flow karyotyping) results in
distribution of relative DNA content (flow karyotype) comprising three composite
peaks (I – III) representing groups of chromosomes and a peak of chromosome
3B (Vrána et al. 2000). This is the only chromosome that can be purified from
most of polyploid wheats (Kubaláková et al. 2002; Kubaláková et al. 2005) and
thus the pioneering experiments with chromosome genomics were made with this
chromosome. In some cultivars, other chromosomes than 3B can be resolved due to
chromosome polymorphism (Kubaláková et al. 2002).

Cytogenetic stocks, such as telosomic and ditelosomic lines that carry chromo-
some arms as telocentric chromosomes (telosomes), have proven to be the most
efficient method for further dissecting the polyploid wheat genome. Telosomic lines
were created originally by Sears (1954) and have been used in flow cytometry to
isolate chromosome arms as small as 224 Mbp (Šafář et al. 2010) which represents
only 1.3 % of the genome. Of the 42 wheat chromosome arms, the long arms of
chromosomes 3B (3BL) and 5B (5BL) are too large to be resolved from the peak of
chromosomes 1D, 4D, and 6D. However, these two arms can be sorted as isochro-
mosomes (chromosomes with both arms genetically identical). The complete set of
telosomic lines described by Sears and Sears (1978) carry telocentric chromosomes
originating from Chinese Spring with the exception of telosomes 2BS, 2DL, 4BS,
5DS, 6AL, and 7DL (designated later 7DS based on homology with 7S Triticeae
chromosome arms) that originated from other varieties, and were backcrossed (up
to 10 times) to Chinese Spring. A few of the telosomes are not truly telocentric and
carry a very short second arm.

The potential utility of the chromosome-based approach depends on the sorting
throughput, the purity of sorted fractions, and the quality of DNA prepared from
flow-sorted chromosomes (Dolezel et al. 2004). DNA of wheat chromosomes puri-
fied according to Vrana et al. (2000) is intact and the chromosomes are suitable for
preparation of high-molecular-weight DNA. The sample rate (and hence the sort rate)
and the resolution of chromosome peaks on flow karyotype (and hence the purity in
the sorted fractions) are inversely related. Typical rates at which wheat chromosomes
are sorted range from 10– 40/ sec and it is realistic to sort between 200,000– 400,000
chromosomes per working day using one flow sorter. For the largest chromosome
3B, this equals to 0.4–0.8 μg DNA, while for the smallest chromosome arm 1DS
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Fig. 17.4 Schematic representation of the combined strategies used by the International Wheat
Genome Sequencing Consortium to obtain a reference sequence of the bread wheat genome
(T. aestivum L. cv. Chinese Spring)

this translates to 0.09–0.18 μg DNA. The purity is best evaluated after sorting chro-
mosomes onto a microscopic slide and fluorescent labeling of DNA repeats such as
GAA microsatellites and Afa repeats, resulting in a chromosome-specific labeling
pattern. In addition, a probe for telomeric sequence is used to confirm that intact telo-
somes have been sorted (Kubaláková et al. 2005). These analyses reveal that sorted
wheat chromosome fractions are contaminated with fragments of chromosomes and
chromatids, with no single prevailing chromosome. The purities determined during
large-scale sorting experiments ranged from 80 % (telosomes 4AS, 4AL, 7AS) to
94 % (telosome 1AS). The fact that flow-sorted wheat chromosomes are intact and
their DNA is of high molecular weight makes them suitable for applications rang-
ing from BAC library construction to direct shotgun sequencing on amplified DNA
(Dolezel et al. 2007).

17.3.2 MTP Sequencing of the 21 Wheat Chromosomes of Bread
Wheat

17.3.2.1 Physical Mapping

In 2005, the International Wheat Genome Sequencing Consortium selected the
chromosome-based approach as a foundation for its sequencing strategy for the
hexaploid wheat genome (Fig. 17.4). In this strategy, physical maps are developed us-
ing chromosome-specific BAC libraries, a MTP is established for each chromosome/
chromosome arm, and the BACs from the MTP are sequenced using any technol-
ogy that will deliver a high quality reference sequence. To support this approach
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and provide useful information (markers, gene content, etc.) while waiting for the
MTP sequencing of each chromosome, whole chromosome shotgun sequences can
also be produced using sorted chromosomes and combined with the physical map
information (Fig. 17.4).

One of the first priorities of the IWGSC was to establish a physical map of the 21
wheat chromosomes. The physical maps, alone, facilitate the map-based isolation
of genes and QTL for traits of agronomic importance and the identification of new
and favorable alleles from the huge reservoir of genetic resources that are present
in seed banks all over the world. Further, the development of genetically anchored
physical maps can accelerate wheat improvement through the delivery of numerous
markers for breeding. To reach this first priority, 37 chromosome/chromosome arm
specific BAC libraries were constructed as follows: one library for chromosome 3B
(Šafář et al. 2004), a composite library for chromosomes 1D, 4D, and 6D (Janda
et al. 2004), and one for each arm of the remaining 34 chromosome arms. The small
size of chromosome BAC libraries, typically consisting of only 3–10 × 104 clones
for a chromosome coverage of 10–15 × (Table 17.1), makes them easy to maintain
and use (Šafář et al. 2010). As a comparison, a whole genome BAC library with
similar parameters would include about 2 × 106 clones. The first chromosome-
specific BAC library was constructed with only a few micrograms of chromosomal
DNA from wheat chromosome 3B (Safar et al. 2004) and was used success-
fully to construct the first physical map of this chromosome (Paux et al. 2008),
thereby validating the feasibility of constructing “sequence ready” physical maps
of hexaploid wheat with a chromosome-by-chromosome approach. In total, 37
chromosome BAC libraries comprising 2,253,312 clones (Table 17.1) are avail-
able. While the use of chromosome/chromosome arm specific libraries provides
important advantages, it is important to bear in mind potential limitations. The
first relates to the fact that they have been constructed using a single restriction
enzyme – HindIII (Šafář et al. 2010) which may result in uneven chromosome
coverage and gaps in physical maps. The first results obtained with the 3B phys-
ical map, however, indicate 99 % coverage of the chromosome (Rustenholz et al.
2011) thereby suggesting that HindIII BAC libraries can provide a sufficient sub-
strate for sequencing. One reason the coverage is sufficiently high may be related
to a bias towards HindIII restriction sites in wheat that were observed during the
sequencing of large contig sequences (Choulet et al. 2010). In fact, HindIII sites
seem overrepresented in some of the highly repeated TE families in wheat and there-
fore in the whole genome. The results obtained from the first chromosome based
physical maps also showed that the contamination of libraries with BAC clones
originating from other chromosomes does not hamper physical map assembly as
the contaminating clones are far less abundant and do not assemble into contigs.
The wheat chromosome specific BAC libraries (Table 17.1) are currently being used
to complete the physical map of the bread wheat genome (for a progress status as
August 2013, see Fig. 17.5). Sequencing of the MTP is completed for chromosome
3B (C. Feuillet et al. unpublished) and is underway for chromosome 7B (O-A. Olsen,
personal comm.).
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Table 17.1 List of wheat cv. Chinese Spring chromosome-specific BAC libraries (as of January
2012)a

Library code Chromosome Number of
clones

kb size Purity (%) Coverage

TaaCsp146hAb 1D, 4D, 6D 87,168 85kb 91 3.4x
TaaCsp146hBc 1D, 4D, 6D 148,224 102kb 91 6.9x
TaaCsp146hCd 1D, 4D, 6D 138,240 116kb 91 7.4x
TaaCsp146eAc,e 1D, 4D, 6D 26,112 110kb 90 1.3x
TaaCsp1AShAc 1AS 31,104 111kb 94 11.8x
TaaCsp1ALhAc 1AL 49,536 103kb 83 8.0x
TaaCsp1ALhBd 1AL 43,008 109kb 87 7.7x
TaaCsp1BShAd 1BS 55,296 113kb 81 15.7x
TaaCsp1BLhAd 1BL 92,160 114kb 81 15.4x
TaaCsp2AShAc 2AS 56,832 123kb 87 15.4x
TaaCsp2ALhAc 2AL 76,800 120kb 88 15.8x
TaaCsp3AShAb 3AS 55,296 80kb 89 10.9x
TaaCsp3AShBc 3AS 55,296 115kb 91 15.9x
TaaCsp3ALhAc 3AL 55,296 106kb 87 10.2x
TaaCsp3ALhBd 3AL 24,576 114kb 88 5.2x
TaaCsp3BFhAb 3B 67,968 103kb 89 6.2x
TaaCsp3BFhBc 3B 82,176 126kb 93 9.1x
TaaCsp3BFeAc,e 3B 21,120 107kb 93 1.9x
TaaCsp3DShAc 3DS 36,864 110kb 90 11.0x
TaaCsp3DLhAc 3DL 64,512 105kb 82 12.2x
TaaCsp4AShAd 4AS 49,152 131kb 82 16.6x
TaaCsp4ALhAd 4AL 92,160 126kb 81 17.3x
TaaCsp5AShAd 5AS 46,080 120kb 90 16.5x
TaaCsp5ALhAd 5AL 90,240 123kb 88 18.3x
TaaCsp5BShAd 5BS 43,776 122kb 90 15.8x
TaaCsp5DShAd 5DS 36,864 137kb 88 17.0x
TaaCsp5DLhAd 5DL 72,960 128kb 87 16.0x
TaaCsp6AShAd 6AS 46,080 130kb 92 16.2x
TaaCsp6ALhAd 6AL 55,296 123 kb 86 15.7x
TaaCsp6BShAd 6BS 57,600 132kb 85 15.3x
TaaCsp6BLhAd 6BL 76,032 130kb 92 18.0x
TaaCsp7AShAd 7AS 58,368 134kb 81 15.4x
TaaCsp7ALhAd 7AL 61,056 124kb 84 15.3x
TaaCsp7BShAd 7BS 27,648 182kb 87 12.5x
TaaCsp7BLhAd 7BL 72,960 136kb 84 15.1x
TaaCsp7DShAc 7DS 49,152 114kb 84 12.2x
TaaCsp7DLhAc 7DL 50,304 115kb 89 14.8x
Total 2,253,312
aThe actual list and further details can be obtained from http://olomouc.ueb.cas.cz/dna-libraries/
cereals
bFirst-generation BAC libraries (one DNA size selection step)
cSecond-generation BAC libraries (two DNA size selection steps resulting in larger inserts)
dSecond-generation BAC libraries cloned in phage-resistant E. coli cells
eBAC libraries prepared using EcoRI restriction endonuclease (other BAC libraries were constructed
using HindIII)

http://olomouc.ueb.cas.cz/dna-libraries/cereals
http://olomouc.ueb.cas.cz/dna-libraries/cereals
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Fig. 17.5 Schematic representation of the current status (August 2013) of the IWGSC efforts to
establish physical maps (a), sequence survey by Illumina (b), and reference sequences (c) of the
21 chromosomes of hexaploid wheat. The completion of each project is represented with green
bars within each chromosome and chromosome arm. Four levels of completion are displayed
(25, 50, 75 and 100 %). The flags represent the country of origin of the laboratories in charge
of the currently funded projects. When two flags are displayed, the upper flag corresponds to the
short arm and the lower flag the long arm. Except for those chromosomes with a specific flag,
Illumina survey sequences were obtained by The Genome Analysis Centre (TGAC) with support
from BBSRC, Biogemma, Graminor, ICARDA and INRA. For more details and regular updates,
see http://www.wheatgenome.org/Projects

17.3.2.2 Survey Sequencing

Whole chromosome shotgun sequencing efforts began simultaneously with the pro-
duction of physical maps for a number of chromosomes. It began at low-coverage
to develop markers and subsequently at greater coverage to perform assemblies and
gain an initial picture of the gene content. In principle, chromosomes can be sorted
in adequate quantities (> 106) to obtain a sufficient amount of DNA for sequencing.
However, as this would require several weeks of sorting for each of the 42 arms,
DNA amplified from smaller number of sorted chromosomes (∼104) has been used
instead. The amplification was optimized first in barley by (Simkova et al. 2008) us-
ing a commercial kit for multiple displacement amplification that achieved a highly
representative amplification as validated with 1426 SNP markers. This protocol was
applied to obtain 1–2x sequence coverage of barley chromosome 1H (Mayer et al.
2009) and individual arms of the remaining barley chromosomes 2H-7H (Mayer et al.
2011) using the Roche-454 technology. Integration of such low coverage shotgun
sequencing information with the gene order of orthologous rice, brachypodium, and
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sorghum genes (“GenomeZipper analysis”) enabled the establishment of a virtual
order along the barley chromosomes for 21,766 genes (Mayer et al. 2011).

Initial survey sequencing experiments in wheat were performed for chromosome
arms of the homoeologous group 1 (Wicker et al. 2011) as well as chromosome arms
7DS and 7BS (Berkman et al. 2011a, b). Wicker et al. (2011) performed Roche-454
sequencing of individual arms of the 1A, 1B, and 1D chromosomes of bread wheat
and the orthologous 1H barley chromosome at low coverage (1.3–2.2 ×). At this
coverage, it is not possible to perform sequence assembly, predict genes de novo, or
distinguish genes from pseudogenes. Nevertheless, a partial gene catalog could be es-
tablished for each individual chromosome arm through comparisons with sequenced
genomes and used to provide for the first time an extended comparison of the gene
content between 3 homoeologous wheat chromosomes. This confirmed, at the whole
chromosome scale, the high proportion of non collinear genes observed previously
on a subset of physical contigs for chromosome 3B (Choulet et al. 2010). Indeed,
while more than 85 % of the identified genes were found in at least one chromo-
some, the number of non collinear genes (6158) identified for each chromosome arm
largely exceeded the number of collinear genes. Moreover, the fact that 2248 nonsyn-
tenic genes are conserved between at least two of the 1A, 1B, and 1H chromosomes
suggests selection pressure and functionality for those genes. Finally, in addition
to providing information about the genome composition, Roche-454 chromosome
survey sequencing provided a very useful resource for designing molecular markers,
such as Insertion Site Based Polymorphism (ISBP) that require read lengths of more
than 200 bp to properly identify both sides of a TE junction (Paux et al. 2011).

Survey sequences of chromosome arms 7BS and 7DS (Berkman et al. 2011a, b)
were produced by Illumina with coverage of 30x and 34x, respectively, using paired-
end reads of 35–100 bp. The main advantages of this approach are the high coverage
that can be achieved for a limited cost and the possibility of assembling the reads. The
7DS assembly resulted in 571,038 contigs accounting for only 40 % of the expected
length of the chromosome arm because of collapsing reads from identical repeated
elements. Comparison with markers assigned to 7DS indicated that a majority of
the expected genes are present in the assembly. However, with a contig N50 value
of 1.2 kb, it is likely that most genes are split into several contigs and the capacity
to distinguish recently duplicated genes and pseudogenes is limited. Similar to the
group 1 chromosome analysis (Wicker et al. 2011), comparative sequence studies
with other grass genomes confirmed the presence of a significant proportion (31 %
of the genes identified on 7DS) of non syntenic genes. In the analysis of the 7BS
assembly, the position of a previously reported translocation between chromosome
arms 7BS and 4AL was delimited with a resolution of one or a few genes and
it was estimated that approximately 13 % of the genes have been translocated from
chromosome arm 7BS to 4AL. Finally, the gene content of the 7DS and 7BS syntenic
builds was used to derive an estimate of about 77,000 genes in the hexaploid wheat
genome which is significantly less than the predicted 100,000–150,000 genes based
on random plasmid, BAC end and BAC contig analyses (see above). These pioneering
studies were followed by Roche 454 sequencing of both arms of chromosomes 5A
(Vitulo et al. 2011) and 4A (Hernandez et al. 2011) further contributing to unraveling
the genome structure, gene content, and gene order in hexaploid wheat.
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To complete these efforts and rapidly provide chromosome-specific sequences to
scientists and breeders, the IWGSC decided to systematically produce at least 50x or
greater coverage for all 21 bread wheat chromosomes (http://www.wheatgenome.
org/Projects / IWGSC-Bread-Wheat-Projects /Sequencing/Whole-Chromosome-
Survey-Sequencing) using Illumina paired-end reads (Fig. 17.4). Although these
assemblies will suffer from the same limitations as described above and will provide
only partial information, they will generate a unique resource to perform in-silico
gene and SNP marker mapping, thereby reducing the costs and labor of identifying
gene locations in the hexaploid wheat genome. The sequence is generated from
flow-sorted DNA for all chromosomes/chromosome arms to a depth of between 50
and 200x for each arm. For the initial stage of the project the ABySS assembler
(Simpson et al. 2009) has been used to assemble the sequence reads and find the
optimal k-mer length. Based on an assessment of the assemblies generated using
various k-mer lengths, 71 was chosen as the optimal length to use. The N50 length of
the contigs larger than 200 bp was between 1 and 4 kb (mean N50 = 2.1 kb). It varied
between chromosome arms due to sequence complexity, sequencing coverage, and
quality of the dataset used to generate the assembly. The order of gene-containing
contigs was then inferred from synteny with the fully sequenced rice, brachy-
podium, and sorghum genomes using the “GenomeZipper” approach (Mayer et al.
2009). The assemblies are stored in the wheat repository at the URGI website
(http://urgi.versailles.inra.fr/Species/Wheat/Sequence-Repository) and are publicly
available.

17.3.2.3 MTP Sequencing

Typically, with an average insert size of ∼120 kb, 10 BACs from a MTP are re-
quired to cover about 1 Mb of sequence. Therefore, sequencing the MTP of the
17 Gb bread wheat genome will require sequencing about 170,000 BACs. To re-
duce sequencing cost without losing information, BAC pooling strategies have been
proposed (Rounsley et al. 2009). A reference sequence of the 1 Gb chromosome
3B is currently under production (http://urgi.versailles.inra.fr/Projects/3BSeq) us-
ing a pooling strategy in which 8 kb paired-end libraries are built using barcoded
pools of 10 BACs from the MTP (Paux et al. 2008; Rustenholz et al. 2011) and
subsequently sequenced using the Roche-454 GSFLX Titanium technology. Less
than a thousand pools were needed to cover the entire 3B chromosome, and ap-
proximately 150 runs were performed to reach at minimum 30x coverage of each
genomic region. A similar pooling strategy can be employed with the Illumina se-
quencing technology; however, the number of barcodes used simultaneously will
need to be very high to optimize the coverage of each pool. Currently, HiSeq 2000
instruments can produce about 200 Gb per run. Thus, assuming that 100x cover-
age is sufficient to correctly assemble wheat genomic regions, 2 Gb of MTP BAC
pools (i.e., 1000 pools of 2 Mb each) could theoretically be sequenced in a single
run. This will require 1000 different barcodes and the capacity to ensure that DNA
concentration remains equimolar in all pools to ensure equal coverage. To date,

http://www.wheatgenome.org/Projects/IWGSC-Bread-Wheat-Projects/Sequencing/Whole-Chromosome-Survey-Sequencing
http://www.wheatgenome.org/Projects/IWGSC-Bread-Wheat-Projects/Sequencing/Whole-Chromosome-Survey-Sequencing
http://www.wheatgenome.org/Projects/IWGSC-Bread-Wheat-Projects/Sequencing/Whole-Chromosome-Survey-Sequencing
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funding has been secured for the reference MTP sequencing of 10 of the 21 wheat
chromosomes (www.wheatgenome.org) and the completion of the wheat genome
sequence has been recently added to the action plan on food price volatility and agri-
culture of the G20 within the frame of the international initiative for wheat research
(http://agriculture.gouv.fr/IMG/pdf/2011–06-23_-_Action_Plan_-_VFinale.pdf).

17.3.2.4 Towards the Gold Standard Reference Sequence

Sequencing ordered MTP BAC clones will not be enough to obtain one pseudo-
molecule per chromosome in a complex genome such as wheat as physical maps
likely will not cover fully the entire chromosomes and small gaps will remain. Fur-
ther, within the MTP contigs, not all of the sequence scaffolds will be oriented and
ordered. To address some of these limitations and achieve a high quality draft se-
quence of chromosome 3B, a hybrid strategy that combines high coverage Illumina
shotgun sequencing of DNA from sorted 3B DNA with the Roche-454 Titanium se-
quencing of the MTP BACs has been deployed. Sanger sequencing of BAC-ends is
also being used in this strategy to facilitate the assembly of super-scaffolds for each
BAC contig. Finally, markers will be designed on every sequenced super-scaffold
to build high density genetic maps that will be used to order as many scaffolds as
possible along the chromosome using various mapping populations (recombinants,
radiation hybrid panels). While such an anchored high quality draft sequence will
provide invaluable information to the scientists and breeders, additional information
is needed to achieve a gold standard reference of the wheat genome. The next step
change required to obtain this is a sequencing technology that can provide reads long
enough to help resolve the repetitive sequences at a throughput comparable to the
current short read technologies. The Single Molecule Real Time (SMRT) sequencing
technology developed by Pacific Biosciences (http://www.pacificbiosciences.com)
may offer such opportunities and pilot projects are underway to determine the extent
to which this can help to achieve the reference sequence of the bread wheat genome.
Finally, because of the difficulty associated with ordering the physical and sequence
contigs in wheat, additional resources may be needed to reach the gold standard
assembly. Optical mapping has proven very useful for validating the rice genome
assembly (Zhou et al. 2007) and greatly facilitated the assembly of the maize genome
(Schnable et al. 2009; Wei et al. 2009). Preliminary data indicate the suitability of
DNA prepared from flow-sorted chromosomes for optical mapping (Šimková et al.,
unpublished) providing a potential new resource for ordering and orientating the
wheat sequence scaffolds into pseudomolecules.

17.3.3 Whole Genome Approaches can Support the Achievement
of a Reference Wheat Genome Sequence

While waiting for the MTP chromosome-based reference genome sequence, whole
genome shotgun approaches can be useful to accelerate marker development and
estimate roughly the gene content. Such WGS sequences were produced recently for

http://www.pacificbiosciences.com
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Table 17.2 Current efforts in obtaining wheat genome sequences

Species Ploidy
level

Physical
map

Survey
sequence

Reference
sequence

T. urartu (A genome progenitor) 2x Planned Yes No
Ae. speltoides (B genome related progenitor) 2x No Yes No
Ae. tauschii (D genome progenitor) 2x Yes Yes Planned
T. aestivum 6x
Chromosome baseda Yes Yes Yes
Whole Genome No Yes No
asee Fig. 17.5 for a detailed representation of the efforts on each of the 21 bread wheat chromosomes

the A and D genomes of the diploid related wild species T. urartu and Ae. tauschii
(Table 17.2; Jia et al. 2013; Ling et al. 2013; Brenchley et al. 2012) as well as for the
hexaploid wheat cv. Chinese Spring. In the latter instance, about 200 million Roche-
454 reads were produced to achieve 5x coverage of the whole genome. This sample
represents the first dataset of reads homogeneously covering the whole hexaploid
genome.

17.4 Integration of Wheat Sequence Information in Databases

17.4.1 Data Integration

After production, the different types of sequence data are deposited into databases.
Using the model of “three-tiers of database curation” (Parkhill et al. 2010), three
database categories can be distinguished: (1) non-integrated, production databases
that provide access to the raw sequence data in static repositories; (2) intra-species in-
tegrated databases enabling linking genome sequences with other data (e.g. genetic
and physical maps, phenotypes, markers, proteomes, etc) from the same species;
and (3) inter-species integrated databases that permit viewing genome sequences in
relation to data from other species. Integrated databases enable the most efficient
exploitation of genomic data in biological studies. To achieve integration of data
from different production databases and provide users with a unified view of these
data (Lenzerini 2002), two architectures can be used: data warehouses and virtual
databases (also known as federated database systems). In a data warehouse, informa-
tion is offloaded from one or several production databases, aggregated, and loaded
into a single database. The raw data are then cleaned, transformed, catalogued, and
made available for navigation and data mining. This architecture offers a high level of
data consistency with data residing together in a single repository. In addition, it en-
sures referential integrity, i.e. no record can be deleted if it refers to another record. A
federated database system is a meta-database management system that transparently
integrates multiple dispersed database systems over a computer network. Through
data abstraction, federated database systems can provide a uniform interface enabling
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users to manipulate data in several dispersed databases with a single operation. To
this end, the system is able to decompose the query into subqueries for submission
to the individual databases. Subsequently, the system merges the result sets of the
subqueries into a single set. While not offering the same level of consistency as data
warehouses, federated databases are easier to maintain and update.

17.4.2 Wheat Databases

17.4.2.1 Non-Integrated Wheat Sequence Databases

Wheat data are found in different non-integrated sequence databases such as the
nucleotide databases of Genbank (http://www.ncbi.nlm.nih.gov/genbank/) and the
Sequence Read Archive (SRA; http://trace.ncbi.nlm.nih.gov/Traces/sra/) at NCBI,
the European Nucleotide Archive (ENA) at EBI (http://www.ebi.ac.uk/ena/home)
and the DNA Databank of Japan (DDBJ; http://www.ddbj.nig.ac.jp/). The three or-
ganizations exchange data on a daily basis. Some linked information is available in
these databases but it is very limited because it is often restricted to metadata (e.g.
authors, publication reference, species taxonomy, submission date) and occasionally
contains limited annotation (e.g. genes, simple repeats). Genbank provides an anno-
tated collection of all publicly available DNA sequences while the SRA is a repository
dedicated to sequence reads delivered by second generation sequencing platforms.
With regard to wheat, Genbank stores all of the EST and STS sequences and SRA
stores the 5x coverage survey sequences of the cv. Chinese Spring genome from
CerealsDB (http://cerealsdb.uk.net) Table 17.3. CerealsDB also provides BLAST
search facilities against an assembly of these reads and gives access to wheat SNP,
EST and DArT markers. In the fall of 2011, there were 107,3845 and 1775 Triticum
aestivum ESTs and STSs, respectively, and approximately 85 Gb of low coverage
survey sequence reads in these databases. Moreover, a wheat Gene Index comprising
93,508 ESTs is available for BLAST and downloading at the Dana-Farber Cancer
Institute web site (http://compbio.dfci.harvard.edu). In addition, several clusterings
of wheat transcript sequences were performed and are available at the Unigene web
site of the NCBI (http://www.ncbi.nlm.nih.gov/unigene) and at the portal of TIGR
Plant Transcript Assemblies (http://plantta.jcvi.org).

17.4.2.2 Integrated Databases for Wheat

Wheat specific integrated databases are those dedicated to wheat “omic” and ge-
netic data. These databases integrate the wheat sequences with other wheat data
using database-constrained data links or cross-references. The level of integration
varies between the databases according to the quality, nature, and quantity of the
linked information.
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Table 17.3 Wheat sequence databases ordered by categories and sequence types

Category DB name Transcript
seq

Physical
maps

Survey
seq

Ref seq
(underway)

Non-integrated NCBI Genbank and SRA X Xa

TIGR Plant Transcript X
DFCI Gene Index X
CerealsDB X Xa

Intra-species WheatDB X
chromosome WGGRC X X
specific Wheatgenome.info Xb

Intra-species GrainGenes X X
genome-wide URGI X X Xc Xe

Inter-species TriFLDB X
Komugi X
PlantsDB Xd

Gramene X X
alow coverage
bhigh coverage group 7 chromosomes
chigh coverage genome-wide
dGenomeZipper using high coverage genome-wide
e3B reference chromosome sequence

Chromosome-Specific Databases

With the progress in physical mapping and sequencing individual chromosomes
of wheat, specific databases devoted to sets of particular chromosomes have been
established Table 17.3.

The INRA URGI hosts data for the bread wheat chromosome 3B (http://urgi.
versailles.inra.fr/Species/Wheat/Data) and for chromosome arms 3DS, 3DL, 1BS,
1BL, 1AS and 1AL as part of the database established for the European project
TriticeaeGenome (http://urgi.versailles.inra.fr/Projects/TriticeaeGenome). Physical
maps, genetic neighbor maps with links to genetic markers and QTLs as well as BAC
contig sequences are available. This will be completed soon with the chromosome 3B
reference sequence that is currently under analysis in the framework of the 3BSEQ
project (http://urgi.versailles.inra.fr/Projects/3BSeq). The Wheat Genome Database
at Kansas State University, WGGRC, (http://wggrc.plantpath.ksu.edu/default.html)
provides a GBrowse access to the physical map of chromosome 3A with links to the
genetic markers and BLAST facilities. It also hosts information about the physical
maps of chromosomes 1D, 4D, and 6D of Chinese Spring that were developed as
part of the NSF funded project on the physical mapping of the wheat D-genome (see
below). WheatGenome.info (http://www.wheatgenome.info/) which is developed by
the Australian Centre for Plant Functional Genomics and the University of Queens-
land provides access to the draft survey sequence reads and assemblies of bread
wheat chromosomes 7A, 7B, and 7D and to a BLAST portal for these sequences.

http://urgi.versailles.inra.fr/Species/Wheat/Data
http://urgi.versailles.inra.fr/Species/Wheat/Data
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Genome Wide Databases

GrainGenes (http://wheat.pw.usda.gov/) was built to provide a suite of services for
the Triticeae and oat communities, including databases, documents, tools, data files,
announcements, curation, and community assistanceTable 17.3. To date, GrainGenes
stores 76 wheat genetic maps, more than 100,000 genetic markers, and approximately
271,000 wheat ESTs. These sequences can be searched through a BLAST server or
by using queries to get additional information on genetic mapping data. GrainGenes
also hosts the Triticeae Repeat (TREP) databank that comprises 1717 sequences of
wheat transposable elements. As GrainGenes is dedicated to Triticeae and Avenae
species, it presents some features of inter-species integrated database, including
a GBrowse display of wheat, barley, and oat EST sequences mapped on the rice
genome.

A specific website (http://avena.pw.usda.gov/wheatD/) is dedicated to the US
National Science Foundation funded physical mapping project of Ae. tauschii, the
bread wheat D genome progenitor. It provides links to physical mapping data and
enables BLAST searches against survey sequences of Ae. tauschii.

The INRA URGI Wheat database (http://urgi.versailles.inra.fr/Species/Wheat)
stores 26 wheat genetic maps, 19,029 markers, 324 QTLs, 10,819 SNPs and 544,529
ESTs Table 17.3. A GBrowse is available to display physical maps in relation with
other datasets (e.g., genetic markers, reference sequences, QTLs and SNPs). Physical
maps of cv. Chinese Spring chromosomes that are constructed under the framework
of the IWGSC are being integrated regularly into the database (http://www.
wheatgenome.org/Projects/IWGSC-Bread-Wheat-Projects/Physical-mapping/). To
date, physical maps of chromosomes 1BL, 1AS, 3B, and 3DS have been integrated
and a link to the 3A physical map at WGGRC is provided. In addition, URGI
hosts the IWGSC sequence repository that provides access to the survey sequence
assemblies of the 21 chromosomes of Chinese Spring (http://urgi.versailles.inra.fr/
Species/Wheat/Sequence-Repository).

17.4.2.3 Inter-Species Sequence Integrated Databases

Inter-species integrated databases are designed to compare wheat sequences with
related species sequences. The first way of performing inter-species sequence inte-
gration is through sequence comparisons that display the results as a repository with
flat files to download or BLAST. For example, TriFLDB (http://trifldb.psc.riken.jp)
provides access for download and BLAST against 8530 and 7341 full-length cDNAs
of wheat and barley, respectively. These full-length cDNAs are further integrated
into genome browsers of rice and sorghum. The second method for inter-species
integration is to display the results in textual or graphical web pages that en-
able adding a limited level of intra-species integration when needed. The Komugi
database (http://www.shigen.nig.ac.jp) has established a BLAST server on wheat
ESTs and full length cDNAs, as well as a comparative map tool to display ho-
mologies between wheat and barley genic sequences along the rice chromosomes
(http://earth.lab.nig.ac.jp).

http://www.wheatgenome.org/Projects/IWGSC-Bread-Wheat-Projects/Physical-mapping/
http://www.wheatgenome.org/Projects/IWGSC-Bread-Wheat-Projects/Physical-mapping/
http://urgi.versailles.inra.fr/Species/Wheat/Sequence-Repository
http://urgi.versailles.inra.fr/Species/Wheat/Sequence-Repository
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PlantsDB developed by the Munich Information Centre for Protein Sequences
(http://mips.helmholtz-muenchen.de/plant/index.jsp) has a tool called “GenomeZip-
per” that derives a putative chromosomal gene order for one species on the basis of its
syntenic relationship with related species. Each syntenic gene presents additional in-
formation about genetic and physical maps and genomic annotation using a browser.
Additional information that links the syntenic genes to the genetic and physical maps
and to their annotation is available through a browser. A barley GenomeZipper is
available already and a wheat GenomeZipper is underway in the framework of the
IWGSC Survey Sequencing Initiative.

Gramene (http://www.gramene.org/) stores a number of wheat data (e.g. markers,
genes) with their alignments to other cereal crops. In collaboration with EBI, efforts
are underway to develop EnsemblPlants (http://plants.ensembl.org) which will pro-
vide access to individual genome data as well as comparative tools, such as Plant
Compara. To date, EnsemblPlants does not contain any wheat sequences, but future
genome sequences will likely be incorporated as they are completed.
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