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1.1  Introduction

In 2018, the International Wheat Genome 
Sequencing Consortium published a reference 
genome sequence for bread wheat (Triticum 
aestivum L.). The landmark achievement was 
the culmination of a thirteen-year international 
effort focused on the production of a genome 
sequence linked to genotypic/phenotypic maps 
to advance understanding of traits and accelerate 
improvements in wheat breeding. In this mono-
graph, we bring together contributions from col-
leagues to highlight the advances and document 
the resources now available for wheat research  
and its relatives.

This first chapter describes the challenges of 
developing the bread wheat reference genome 
sequence project, the strategies employed, 
how the project adapted over time to incorpo-
rate technological improvements in genome 
sequencing and the project outcomes. The fol-
lowing chapters include Chap. 2 for a com-
prehensive documentation of available data 
repositories; Chap. 3 using chromosomes as a 
focus underpinning the establishment of a high-
quality assembly; Chap. 4 on the challenge of 
the structural and functional annotation of the 
genome; Chap. 5  the wheat transcriptome and 
functional gene networks; Chap. 6 covering the 
genome-level diversity within cultivated wheats; 
Chap. 7  highlights the advances in sequenc-
ing ancient wheat DNA; Chap. 8 examines the 
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published in 2001 (Lander et al. 2001; Venter 
et al. 2001) and 2004 (International Human 
Genome Consortium 2004), respectively. The 
sequence rapidly yielded new information 
about the structure, organisation, genes, genetic 
traits and genome variation to make an imme-
diate impact on human biology and medicine. 
The Arabidopsis thaliana genome sequence 
(ca.100 Mb) published in 2000 (The Arabidopsis 
Genome Initiative 2000) was similarly impact-
ing understanding of genes and genetic traits in 
plants, and genome sequencing projects for rice 
(450 Mb) (Eckhardt 2000; International Rice 
Genome Sequencing Project and Sasaki 2005) 
and maize (ca 1 Gb) (Chandler and Brender 
2002) were underway.

In November 2003, a USDA-NSF work-
shop was convened to consider the feasibility 
and requirements of a wheat genome sequence 
Gill et al. 2004). The development of genomic 
resources for wheat lagged behind the other 
major crops due to the genome posing three 
major challenges. First, the wheat genome is 
very large. The genome size estimated from 
DNA-Feulgen studies of root tip nuclei was ca. 
17 Gb, over five times the size of the human 
genome. Second, early cytogenetic stud-
ies established that several Triticeae species, 
including bread wheat, are polyploid and origi-
nated from spontaneous hybridisation of diploid 
genomes (Kihara 1944; McFadden and Sears 
1946). The genome of bread wheat is allohexa-
ploid, comprising 21 pairs of homologous chro-
mosomes originating from three homeologous 
sets of seven chromosomes, referred to as the 
A, B and D sub-genomes. The hexaploid wheat 
genome arose from two hybridisation events, 
estimated to have taken place between 0.8 
and 0.5 million years ago and 8–10,000 years 
ago, respectively. The first hybridisation event 
occurred between a species related to Triticum 
urartu (2n = 2x = 14; AuAu) and one or more 
species from the Sitopsis section related most 
closely to Aegilops speltoides (2n = 2x = 14; 
SS), believed to be the closest living rela-
tive to the B genome progenitor. The resulting 

impact of the durum wheat genome in identify-
ing new germplasm for breeding; Chap. 9 dem-
onstrates the use of  the genome sequence to 
identify genes underpinning agronomic traits; 
Chap. 10 examines new and faster approaches 
to cloning disease resistance; Chap. 11 docu-
ments the genome views of the CIMMYT breed-
ing programme; Chap. 12 reviews the gene 
pools contributing to wheat genetic variation; 
Chap. 13 provides an overview of approaches 
to integrating genomics into breeding strategies; 
Chap. 14 explores pan-genomes for capturing 
new functionalities and refining wheat genom-
ics; Chap. 15 provides insights into the exten-
sive germplasm resources established within the 
wheat community.

1.2  Origins of the Wheat Genome 
Project

Since the early 1990s, there has been a growing 
realization across the world that to feed a rap-
idly growing human population grain production 
needs to increase by an annual rate of 2% on 
an area of land equivalent to that already under 
cultivation. Wheat was one of the first domes-
ticated food crops and continues to be the most 
important food grain source for humans today. 
Wheat is grown on a greater area than any other 
crop (approx. 255 m ha, Bonjean et al. 2016; 
https://www.fao.org/faostat/en/#data) and is best 
adapted to temperate regions of the world.

By 2003, demand for wheat already regularly 
outstripped annual global production, and, faced 
with an estimated 25% annual loss due to biotic 
(pests) and abiotic stresses (heat, frost, drought 
and salinity), it was clear that a paradigm shift 
was needed in wheat breeding and understand-
ing of wheat biology to attain a sustainable food 
supply. At the time, other areas of biology were 
benefitting from access to genome data gener-
ated through high throughput DNA sequencing 
projects. The largest genome sequence avail-
able was the human genome sequence (3 Gb), 
for which draft and finished versions were 
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fertile tetraploid (2n = 4x = 28; AABB)) was 
domesticated over 10,000 years ago and devel-
oped into emmer wheat (Triticum turgidum). 
The hybridisation of emmer wheat in a region 
south of the Caspian Sea some 8–10,000 years 
ago with Aegilops tauschii (2n = 2x = 14), a 
wild diploid with a D genome, led to the fer-
tile hexaploid with an AABBDD genome, the 
ancestral bread wheat (Zohary et al. 2012). 
This has subsequently undergone a number 
of structural and functional rearrangements, 
including slight reductions (2–10%) in the 
size of the homoeologous genomes compared 
to the diploid ancestors, to produce the stable 
genome of bread wheat of today (Feldman and 
Levy 2009). Because these events have taken 
place over a short evolutionary timescale, the 
three sub-genomes exhibit high levels homol-
ogy, with similar gene contents and high levels 
of synteny with other grass species and diploid 
wheat relatives. These high levels of similarity 
have hampered genome sequence assembly and 
the assignment of genes or other tag sequences 
to specific sub-genomes to distinguish between 
specific variants that may have phenotypic 
importance.

The additional challenge for sequencing 
the wheat genome is its very high repetitive 
sequence content. Early studies suggested that 
approximately 83% of the genome comprises 
transposable elements (TE) that arose from 
massive amplifications of inserted elements 
in the ancestral Triticeae genome. These have 
subsequently evolved independently in indi-
vidual sub-genomes to give rise to characteris-
tic quantitative and qualitative variations in the 
A, B and D genomes of modern bread wheat. 
Repeat elements have proved challenging for all 
sequence assembly algorithms, and the extent to 
which qualitative and quantitative differences 
in types of repeats and their distribution across 
the homoeologous chromosomes of hexaploid 
wheat could be or needed to be resolved to 
understand genomic function was an important 
consideration (see also Chap. 4).

The USDA-NSF workshop participants rec-
ognised that a high-quality reference genome 
sequence for wheat would underpin future 

wheat improvement by providing access to a 
complete gene catalogue, an unlimited number 
of molecular markers to enable genome-based 
selection of new varieties and a framework for 
the efficient exploitation of natural and induced 
genetic diversity. It would also provide insights 
into the functioning of a polyploid genome. It 
was agreed that a wheat genome project should 
focus on the hexaploid wheat variety CHINESE 
SPRING, for which resources that had been 
developed previously included large genetic 
stocks of aneuploid lines (Sears 1954, 1966) 
and sets of tag sequences, used to evaluate the 
gene content. In recognition of the complexity 
of the genome, several pilot projects were pro-
posed to inform the development of a sequenc-
ing strategy. These included (i) construction of 
an accurate, sequence-ready physical map based 
on ordered BAC contigs; (ii) assessment of the 
feasibility of a chromosome-based approach 
for mapping and sequencing; and (iii) explora-
tion of different strategies for gene enrichment. 
The outcomes of these projects were evaluated 
under the umbrella of the International Wheat 
Genome Consortium (IWGSC) which was 
established in 2005. The aims of the Consortium 
focus on advancing agricultural research for 
wheat production and utilisation by developing 
DNA-based tools and resources resulting from 
the complete sequence of the hexaploid wheat 
genome.

1.3  Wheat Genome Strategy 
Development

The size and complexity of the bread wheat 
genome initially caused many to believe that 
determining a genome sequence would be 
impossible within a reasonable time frame and 
budget. Several projects were initiated that 
aimed to reduce the complexity by focusing on 
diploid relatives of wheat A and D genomes (T. 
urartu, Ling et al. 2013; Ling et al. 2018; A. 
tauschii, Jia et al. 2013) or by focusing only on 
the assembly of genic regions from the hexa-
ploid wheat genome (see Chap. 4). Bread wheat 
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breeders and researchers, however, realised that 
to provide the tools and resources for bread 
wheat research would ultimately require the 
genome of the hexaploid (Feuillet et al. 2016).

The determination of the DNA sequence of 
whole genomes is achieved by piecing together 
shorter lengths of DNA sequence in the order 
and orientation in which they occur in the organ-
ism from which the DNA was extracted. By 
2005, two main approaches to genome sequenc-
ing had been established and were being applied 
to different genomes.

1.3.1  The Hierarchical Shotgun 
Strategy

This strategy is based on a two-step approach 
entailing initial construction of a physical map 
of the target genome followed by sequencing 
and assembly of short DNA fragments (typically 
500 bp–1 kb) generated from sets of overlap-
ping clones that represent a minimal tiling path 
(MTP) across the genomic DNA. Sequences 
representing typically at least tenfold cover-
age of each clone in paired sequence reads are 
assembled into longer pieces (contigs) using 
an assembly algorithm that identifies and joins 
matching sequences. The number of contigs 
into which each clone is assembled depends on 
a variety of factors, including clone represen-
tation in sequence fragments, sequence depth 
and quality and the repeat content of the DNA. 
Once an initial assembly has been made fur-
ther, directed sequencing can be undertaken to 
improve the sequence quality, close gaps and 
resolve ambiguities. Finally, sequence over-
laps between clones are identified after removal 
of cloning and sequencing vector sequences, 
and the clone sequences are linked to produce 
a pseudomolecule representing chromosomal 
DNA. The hierarchical shotgun approach was 
used to produce the first reference sequence for 
the human genome (Lander et al. 2001) and to 
produce the first reference genome sequences 
for plants, A. thaliana (The Arabidopsis Genome 
Initiative 2000) and rice (International Rice 
Genome sequencing Project and Sasaki 2005). 

It has subsequently been used in the produc-
tion of reference sequences for the legume 
Medicago truncatula (Young et al. 2011) and 
to manage the complexity of the highly repeti-
tive 3.5 Gb maize genome (Schnable et al. 
2009). By requiring prior generation of a physi-
cal map, the hierarchical approach to genome 
sequencing increased the timespan and cost of 
genome projects. Some of the advantages, how-
ever, were that it enabled targeted sequencing 
of regions and targeted resolution of problems, 
and it facilitated project and cost sharing by ena-
bling distribution of mapping and sequencing 
among multiple groups. It also generated clone 
resources that have been used to sequence spe-
cific genes or regions of interest ahead of the 
genome sequence becoming available. Until the 
very recent introduction of improved algorithms 
for short read sequence assembly (Clavijo et al. 
2017; Avni et al. 2017), accurate sequencing 
reads in excess of 15–20 kb (De Coster et al. 
2021) and the development of alternatives to 
physical maps for long-range structural organi-
sation, such as optical maps (Keeble-Gagnère 
et al. 2018) and chromosome conformation 
capture sequencing (Hi-C, Burton et al. 2013), 
the hierarchical shotgun approach produced the 
most complete and accurate reference genome 
sequences, supporting detailed annotation and 
downstream applications in functional genomics.

1.3.2  Whole Genome Sequencing 
(WGS) Strategy

The WGS strategy is based on the random frag-
mentation (shotgun fragmentation) of whole 
genome DNA, sequencing the ends of the 
fragments and assembly of the overlapping 
sequences to build up longer lengths of DNA. 
Typically, fragments of different sizes are used 
and pairs of sequences from the ends of sized 
fragments representing at least 30-fold cov-
erage of the genome are assembled. In 1977, 
Sanger et al. (1977) reported the use of whole 
genome shotgun sequencing to assemble the 
genome of the bacteriophage φX174 (5386 bp). 
Subsequently, the approach has been used to 
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sequence genomes of increasing complex-
ity, including a wide variety of plants. It was 
championed in the late 1990s by C. Venter to 
sequence the genomes of Haemophilus influen-
zae (Fleischmann et al. 1995), Drosophila mel-
anogaster (Adams et al. 2000) and the human 
genome (Venter et al. 2001). As sequencing 
costs have fallen with the introduction of sec-
ond-generation sequencing technologies, whole 
genome shotgun approaches were considered 
a more tractable way to access large genomes, 
particularly those of plants (Feuillet et al. 2011; 
Jackson et al. 2011).

Factors affecting the quality of the assembly 
that can be achieved with this approach include 
the completeness and depth of coverage of the 
genome in sequence fragments, the level of bias 
in the fragmentation, cloning and sequencing 
processes caused by specific sequence motifs or 
repetitive elements, the sequence depth (num-
ber of times each individual piece of DNA is 
sequenced) and the power of the assembly algo-
rithm. Highly repetitive genomes are particularly 
challenging where sequence read lengths are 
shorter than the length of repeats and reads can-
not be positioned uniquely. As a result, they are 
often not assembled in the genome, leaving gaps.

Although the hierarchical and whole genome 
sequencing strategies have often been regarded 
as strategic competitors, they can be used to 
complement each other to achieve a more com-
plete result. Methods to integrate whole genome 
sequence data into a BAC-based genome and 
integration of BAC sequences into a whole 
genome shotgun have been developed result-
ing in many of the higher-quality genome 
sequences being hybrid assemblies (e.g. mouse 
(Mouse Genome Sequencing Consortium 
2002), zebrafish (Howe, et al. 2013), Drosophila 
(Celniker and Rubin 2003), Medicago (Young 
et al. 2011), maize (Schnable et al. 2009), rice 
(International Rice Genome Sequencing Project 
and Sasaki 2005) and tomato (The Tomato 
Genome Sequencing Consortium 2012)). Such 
assemblies achieve more complete coverage 
of the genome, enabling more accurate annota-
tion, whilst still delivering resources for targeted 
improvement, gene cloning, etc.

1.4  IWGSC Strategic Roadmap

The IWGSC published its first roadmap for the 
bread wheat genome in 2006. The strategy pro-
posed was based on reducing the complexity of 
the genome by generating physical maps and 
sequences for individual chromosome arms. 
This had the advantage of reducing the size of 
the assembly challenge to between 200 and 
800 Mb, comparable to the sizes of other plant 
genomes (Doležel et al. 2007). It also largely 
eliminated problems of mis-assembling similar 
regions or sequences originating from homoe-
ologous chromosomes. This chromosome-based 
approach was dependent upon the technologi-
cal advances in flow cytometric chromosome 
sorting developed by the group of J. Doležel 
(Institute of Experimental Botany, Czech 
Republic) (see Chap. 3.). Between 2004 and 
2013, the group flow sorted and produced BAC 
libraries representing 37 bread wheat chromo-
some/chromosome arms. These comprised a 
single library for chromosome 3B (Šafář et al. 
2004), a composite library for chromosomes 1D, 
4D and 6D (Janda et al. 2004) and individual 
libraries for each arm of the remaining 17 chro-
mosomes. The complete set of BAC libraries 
contains 2,713,728 clones (Šafář et al. 2010). In 
2008, Paux et al. (2008) reported the construc-
tion of the first physical map of a wheat chro-
mosome, 3B. The map covered approximately 
82% of the estimated size of the chromosome 
and provided a minimal tile path of physically 
mapped clones for sequencing. It also provided 
a ‘proof of principle’ for the hierarchical chro-
mosome-based strategy to map and sequence the 
hexaploid wheat genome. Following the genera-
tion of the first physical maps, the IWGSC con-
tinued its focus on the production of physical 
maps for the whole genome, recruiting groups 
throughout the world to join the enterprise. In 
total, 17 groups from 14 countries contributed 
and the physical maps for all chromosomes were 
complete by January 2014.

Throughout the course of the wheat genome 
project, the strategy and roadmap evolved to 
take account of technological advances. In 
2010, the roadmap was updated to incorporate 

http://dx.doi.org/10.1007/978-3-031-38294-9_3
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the generation of chromosome-based short read 
sequence data into the strategy. The data pro-
vided the first genome-wide information about 
the distribution of genic sequences across the 
21 chromosomes and provided an intermediate 
gene catalogue for wheat research (International 
Wheat Genome Sequencing Consortium 2014). 
Two further strategic modifications were made 
in 2014 and 2016, respectively. The first ena-
bled the integration of the physical maps with 
genome-wide sequence data by generating 
short sequence tag data from minimal tile paths 
of BACs for chromosomes mapped using the 
SNaPShot approach (see International Wheat 
Genome Sequencing Consortium 2018). The 
final update to the IWGSC wheat genome road-
map reflected the breakthrough in sequence 
assembly software developed by NRGene 
(www.nrgene.com) and others (Clavijo et al. 
2017) which made it possible to assemble a 
whole genome sequence of bread wheat. By 
integrating a whole genome shotgun assem-
bly with data derived from chromosomal maps 
and genetic maps, the first reference genome 

sequence for hexaploid bread wheat was pro-
duced (Fig. 1.1).

1.5  Impact of Sequencing 
Technology Improvement 
on IWGSC Strategy

At the time of the USDA-NSF workshop, high 
throughput DNA sequencing was in a state of 
transition. Previously, the predominant sequenc-
ing platforms had been based on fluorescent 
dideoxy nucleotide sequencing (so-called 
Sanger sequencing) which delivered of the order 
of 350–1000 bases per sequence using auto-
mated gel-based or capillary separation systems. 
Driven by the human genome project and other 
large genome projects, between 1994 and 2004 
the sequence accuracy and output rose to around 
1 million bases per day per instrument, but the 
cost of sequencing remained relatively high at 
ca. 0.3 USD per sequence read (500 USD per 
raw Mb). The high cost and relatively slow pace 
of sequencing meant that even medium-sized 

Fig. 1.1  Overview of the global community contrib-
uting to the sequencing of the wheat genome. National 
flags indicate the country-of-origin of the research 
groups contributing to the establishment of the high-
quality Triticum aestivum cv. CHINESE SPRING 

reference genome assembly (IWGSC RefSeq v1.0) 
including involvement in the flow sorting, chromosome 
shotgun, generation of additional resources and annota-
tion. The times for the data set releases are indicated in 
blue

http://www.nrgene.com
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genomes (500 Mb–1 Gb) required large, multi-
year projects to produce even draft versions of 
genomes with wildly differing quality, depend-
ing on the size and composition of repeat 
sequences.

Around 2004, the first second-generation 
sequencing instruments began to emerge. The 
first was the 454 Life Sciences pyrosequencer 
(later acquired by Roche Diagnostics) that 
measured sequential DNA polymerase cata-
lysed sequencing reactions in picotiter plate 
arrays (Ronaghi et al. 1998; Margulies, et al. 
2005). Early instruments generated around 
100 million bases per day from ca. 0.5 million 
sequences of up to 100 nucleotides. The output 
improved with further development to approxi-
mately 400 million bases from sequences up to 
400 nucleotides long in a 10-h run at a cost of 
around 15 USD per raw Mb by 2009. Whilst 
the 454 brought speed and cost benefits to high 
throughput sequencing, the accuracy was lower 
than ‘Sanger sequencing’, largely due to prob-
lems with accurate determination of bases in 
homopolymers (Metzker 2010; Mardis 2011). 
This could be accommodated and corrected to 
some extent by sequence analysis and assembly 
software, but it still caused some problems for 
some genome sequences.

The emergence of the highly parallelised 
pyrosequencing instrumentation of 454 Life 
Sciences led the way for more ‘second-gen-
eration’ platforms offering massively parallel 
sequencing. The most successful of these was 
developed by Solexa and subsequently com-
mercialised by Illumina™. The platform uses 
‘sequencing by synthesis’ to measure the incor-
poration of fluorescent nucleotides into mil-
lions of growing chains of DNA anchored to a 
glass surface which are scanned using a confo-
cal microscope (Bennett et al. 2005). Initially, 
sequence read lengths were limited to around 30 
bases, but as the technology matured improve-
ments in chemistry, imaging technology and 
software have reduced the sequence ascertain-
ment bias and enabled routine collection of 
paired sequence reads up to 300 bases long from 
sized DNA fragments. As a result, rates of data 
collection rose from 300 Mb to over 100 Gb 

per day with high levels of sequence accuracy 
(Schatz 2015) and reduced the costs compared 
to Sanger sequencing by 4–5 orders of mag-
nitude. By assembling overlapping sequences 
from paired reads derived from small fragments 
(300–400 bp), longer sequences can be built 
up that help to overcome some of the problems 
encountered in using Illumina technology to 
sequence large or repetitive genomes. There has 
also been significant investment in developing 
data management and sequence assembly pipe-
lines in both the public and private domains to 
meet the challenges of documenting and assem-
bling very large volumes of short read sequence 
data (see Chap. 2). These benefits have resulted 
in the Illumina technology becoming the most 
widely used second-generation technology with 
a broad range of applications including de novo 
genome sequencing, comparative genomics, 
gene expression, transcriptomics, DNA–protein 
interactions and methylation profiling.

The earliest wheat genome-wide sequenc-
ing projects focused on genic sequences with 
the sequencing of expressed sequence tags 
(ESTs) and cDNAs. A set of 1,073,845 EST 
sequences derived from polyA-tailed tran-
scripts were released by the Triticeae EST 
Cooperative in 1998 and used to produce a set 
of 40,000 Unigenes (http://www.ncbi.nlm.nih.
gov/dbEST/dbESTsummary.html). In 2008, 
a Japanese initiative released 15,871 anno-
tated cDNA sequences (http://trifldb.psc.riken.
jp). Subsequently, relatively small studies of 
sequences from plasmids, from the 3B BAC 
library and from a gene-enriched methyl fil-
tration library, were used to develop estimates 
of the gene and repeat contents of the genome 
based on ‘Sanger’ sequencing. Low sample 
sizes and sampling bias, however, produced 
widely ranging estimates of between 36,000 and 
300,000 for gene number and a repeat content 
ranging from 68 to 86%.

The introduction of higher throughput new 
sequencing technologies facilitated the pro-
duction of more extensive genome-wide data 
sets. In 2012, Brenchley et al. published the 
results of analysis of 85 Gb of sequence gener-
ated on the Roche 454 GS FLX Titanium and 

http://dx.doi.org/10.1007/978-3-031-38294-9_2
http://www.ncbi.nlm.nih.gov/dbEST/dbESTsummary.html
http://www.ncbi.nlm.nih.gov/dbEST/dbESTsummary.html
http://trifldb.psc.riken.jp
http://trifldb.psc.riken.jp
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GS FLX + platforms. Around 5 million scaf-
folds were assembled from 20 million sequence 
reads representing approximately fivefold cover-
age of the CHINESE SPRING wheat genome. 
Although the data were highly fragmented, they 
provided 132,000 SNPs for use in genotyp-
ing studies and estimates of the gene numbers 
at between 94,000 and 96,000 per sub-genome, 
with a repeat content of 79%.

In 2014, the IWGSC published the results 
of IlluminaTM short read survey sequencing 
of chromosome 3B and the chromosome arms 
of the other 20 chromosomes of the wheat 
genome (IWGSC 2014). Based on between 
30-fold and 240-fold depth of sequence reads, 
sequences with contig L50s ranging from 1.8 
to 8.9 kb were assembled after removal of 
repetitive sequences that could not be assem-
bled uniquely to give an estimated coverage of 
between 0.5 and 0.8 of each chromosome. From 
the sequence analysis, 124,000 gene models 
were allocated across the chromosome arms and 
ca. 75,000 were ordered using SNP genotyp-
ing and/or synteny with other grass genomes. 
Whilst most of the genes were incomplete and 
the data provided little or no information about 
gene duplications and pseudogenisation, nor 
the structural relationships between genes and 
repeat sequences, these analyses still provided 
the first genome-wide view of the distribution 
of wheat genes across homoeologous chromo-
somes. They also provided sets of chromosome-
specific markers for gene selection and future 
genome-wide analyses.

In addition to genome surveys, the new 
sequencing technologies were used for high-
quality sequencing. 454 sequencing technology 
was used to produce the first reference quality 
sequence of a wheat chromosome, 3B (Choulet 
et al. 2014). Sequences generated from 8452 
MTP BAC clones in pools of ten BACs using 
8 kb paired-end barcoded libraries were incorpo-
rated into an assembly of 833 Mb with a N50 for 
the sequence scaffolds of 892 kb (i.e. half of the 
chromosome sequence is represented by scaf-
folds greater than 892 kb). Using 2594 anchored 
SNP markers, 1358 sequence scaffolds compris-
ing 774.4 Mb with a scaffold N50 of 949 kb 

were used to construct a pseudomolecule repre-
senting the 3B chromosome. Annotation of the 
chromosome with the automated Triannot pipe-
line (Leroy et al. 2012) identified and positioned 
5326 functional genes and 1938 pseudogenes. It 
was also possible for the first time to annotate 
transposable elements and obtain a view of their 
distribution along the chromosome (Choulet 
et al. 2014).

Having established the principle of chro-
mosomal MTP BAC sequencing for wheat, 
the sequencing of 3B was swiftly followed by 
projects for other chromosomes. By January 
2015, MTP sequencing of 1A, 1B, 2B, 3A, 3D, 
4A, 5B, 6B, 7A, 7B and 7D was underway in 
11 countries, using predominantly Illumina™ 
sequencing to take advantage of higher through-
put and lower costs relative to other sequencing 
platforms. A variety of strategies were employed 
to increase the contiguity of BAC sequences, 
which assembled into between 1 and 200 con-
tigs per BAC, depending on the nature of the 
sequence, the quality and depth of the sequence 
data and the assembly software employed (see 
Chap. 3). Additional targeted efforts included 
combining sequence data from different frag-
ment sizes (e.g. data from 500 bp to 1 kb frag-
ments with paired-end sequences (mate pairs) 
from fragments between 1 and 10 kb), incorpo-
ration of long read sequence data generated on 
new platforms and comparison with BioNano 
Optical maps generated for individual BACs 
from flow-sorted chromosomes (see Chap. 3). 
Many of these efforts were ultimately super-
ceded by the whole genome assembly, but much 
of the data has contributed to the refinement of 
the whole genome sequence to produce the first 
high-quality reference genome sequence for 
bread wheat.

1.6  Building the Reference 
Genome Sequence of Bread 
Wheat

One of the greatest challenges for genome 
sequencing is being confident that the sequence 
accurately represents the genome in coverage 
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and in organisation along the chromosomes. 
Chromosome 3B was the first wheat chromo-
some to achieve reference sequence quality and 
set a high standard for the rest of the genome. 
Representing more than 90% of the chromo-
some, the BAC sequence contigs and scaffolds 
were organised along the chromosome using 
additional information derived from integrating 
chromosomal Illumina shotgun data, BAC end 
sequences and information from the physical 
map and high density genetic maps.

As the second-generation short read sequenc-
ing technologies became established, the 
throughput and data quality improved and the 
overall cost of data generation declined. In other 
spheres, population genetics studies were begin-
ning to be based on whole genome comparisons, 
prompting the development of new methods for 
the rapid assembly and comparative analysis of 
increasingly large and complex genomes. Whole 
genome assemblies of hexaploid bread wheat 
based on defined sets of paired sequences gen-
erated from the ends of sized DNA fragments 
were generated by Chapman et al. (2015) and 
Clavijo et al. (2017). These assemblies were 
greatly improved over previous assemblies cov-
ering 8.2 Gb and 13.4 Gb, with reported N50 
contig sizes of 24.8 kb and 88.8 kb, respectively. 
The organisation of the assembled sequence 
contigs and scaffolds relied, as in the case of 
chromosome 3B on alignment to orthogonal 
genetic linkage maps. These were generated 
for wheat using the POPSEQ method enabled 
by high throughput sequencing and demon-
strated initially in barley (Mascher et al. 2013; 
Chapman et al. 2015).

In 2016, the IWGSC released a 
whole genome assembly of Illumina 
short read sequence data assembled with 
DeNovoMAGIC2™, software developed by 
NRGene that assembles Illumina™ short reads 
into highly accurate long, phase sequences, 
even when the data are derived from highly 
repetitive genomes. The assembled sequences 
totalled 14.5 Gb and were assigned to chromo-
somal locations using POPSEQ data (Chapman 
et al. 2015) and a chromosome conformation 
capture (Hi-C) map constructed from Illumina 

sequence data produced from four independ-
ent Hi-C libraries. The assembly was released 
as IWGSC WGAv0.4. It represented over 90% 
of the genome and contains over 97% of known 
genes. Additional work was undertaken to inte-
grate IWGSCv0.4 with chromosome-based 
physical maps, Whole Genome Profiling Tags 
generated from chromosomal BAC MTPs (van 
Oeveren et al. 2011), sequenced BACs and opti-
cal maps (available at the time for the Group 7 
chromosomes). This resulted in the IWGSC 
Reference Sequence v1.0 released in January 
2017 together with gene annotation based on 
extensive RNASeq data, annotations of trans-
posable elements, duplicated regions and inte-
gration of molecular markers (IWGSC 2018).

The goal of the IWGSC wheat genome pro-
ject was to produce an annotated reference 
genome sequence for wheat and make it avail-
able in the public domain to underpin wheat 
research and improvement. The release of 
IWGSC RefSeq v1 and the first analyses pub-
lished in 2018 marked the culmination of the 
project and the beginning of the next chapter 
of wheat research. Throughout the genome pro-
ject, verified sequence data sets were released 
through the IWGSC repository hosted at INRA, 
France, GrainGenes and the major public 
sequence data repositories hosted at EBI, NCBI 
and DDBJ (see Chap. 2). New insights have 
emerged about the structure of the genome and 
the distribution of features, including genes, 
repeat sequences and regulatory factors, together 
with information about temporal and spatial tis-
sue-specific gene expression and regulation. The 
genome sequence has prompted the development 
of new tools for population studies to identify 
genomic features associated with specific traits. 
For example, genome-wide SNP assays and 
computational platforms for analysis are being 
developed together with tools for the assembly 
and comparative analyses of multiple genome 
sequences (Chap. 6; Walkowiak et al. 2020). The 
high quality of the sequence is also enabling tar-
geted genetic manipulation work (see Chap. 10).

Whilst IWGSC RefSeq1 represented a 
highly contiguous genome sequence covering 
approximately 94% of the genome with contig, 

http://dx.doi.org/10.1007/978-3-031-38294-9_2
http://dx.doi.org/10.1007/978-3-031-38294-9_6
http://dx.doi.org/10.1007/978-3-031-38294-9_10


10 J. Rogers

scaffold and super-scaffold N50s of 52 kb, 7 Mb 
and 22.8 Mb, respectively, gaps remained. As 
new data becomes available, the sequence will 
be updated and improved. The first updated 
sequence, IWGSC Reference sequence v2.1 
(Zhu et al. 2021) was based on alignments to 
optical maps, refined the reference genome to 
correct the orientation of some scaffolds as well 
as filling gaps in the genome sequence. With the 
improvement in so-called third-generation long 
read sequencing technologies, further updates to 
the reference genome sequence can be expected. 
In 2020, Alonge et al. used data from IWGSC 
RefSeq v1 to improve and annotate a sequence 
assembly generated from PacBio long read 
sequence data (Alonge et al. 2020). PacBio long 
read sequence data were also used to assemble 
the sequence of the bread wheat Triticum aes-
tivum cultivar KARIEGA (Athiyannan et al. 
2022), and Oxford Nanopore long read sequence 
data were used to assemble Triticum aestivum 
cultivar RENAN (Aury et al. 2021) to enable 
functional studies of these varieties.

The goal of the IWGSC was to produce a refer-
ence genome sequence for bread wheat that would 
enable wheat research and breeding improve-
ments. IWGSC RefSeq v 1 has provided an excel-
lent foundation that is shared by the international 
wheat community for future developments.
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