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Abstract The publications of the International Wheat
Genome Sequencing Consortium (IWGSC) released in
August 2018 are reviewed and placed into the context of
developments arising from the availability of the high-
quality wheat genome assembly.
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1 Introduction

On 17 August 2018, the International Wheat Genome
Sequencing Consortium (IWGSC) coordinated the pub-
lication of two papers in Sciencel'), one in Science
Advances'and four in Genome Biology'™"! to mark the
release of the ITWGSC RefSeq v1.0 wheat genome
assembly. These papers arose from more than a decade
of effort by the IWGSC to develop linearly ordered
genome models (pseudomolecules) for each of the 21
chromosomes of the wheat cultivar Chinese Spring (CS).
CS was chosen because of the extensive studies by Sears in
developing the chromosome-cytogenetic lines (facilitated
by crossability to non-wheat lines, such as rye, and its high
frequency of misdivision of univalents!®) and their
subsequent extensive deployment by the wheat research
community in early mapping of the genome!”). The choice
of CS as a reference genome was also notable because it
was selected from an awnless Sichuan white landrace
Chengduguangtou!'”'" in the 1950s and thus relatively
free of the many alien chromosome introgressions present
in modern wheat cultivars.

The assembly of pseudomolecules in IWGSC RefSeq
v1.0 provides a high-quality linear assembly of each
chromosome comprising 70—80 superscaffolds per chro-
mosome and is freely available!’”!. The assemblies of
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human and model organisms have generally included
sequencing of bacterial artificial chromosome (BAC)-
based physical assemblies, and this was how the IWGSC
RefSeq v1.0 assembly was initiated in 2005 using flow
sorted chromosome telocentric chromosome arms!'*'?,
The IWGSC RefSeq v1.0 wheat genome assembly was
finally achieved by combining a primarily whole genome
short-read-based assembly with Hi-C, BAC sequencing
and genetic/optical mapping information!'l. The high-
quality IWGSC RefSeq v1.0 assembly covers 94% of the
estimated 15.7 Gb of DNA within the genome and thus still
requires some local base-level assembly to achieve a
finished status, with no gaps, through integrating available
data sets!'*' as well as new data from optical mapping
and more long-read sequencing from CS DNA. The
chloroplast and mitochondrial DNA genomes from CS are
finished!' ).

2 Why did the sequencing and assembly of
the wheat genome take so long?

When the IWGSC project started, the wheat genome
project was clearly more complex than any other genome
sequenced at the time because of its hexaploid nature and
size (about five times the human genome). The flow sorting
of telocentric chromosomes and the construction of
individual BAC libraries reduced the size and complexity
by a factor of 42 and short read sequencing allowed a start
to be made to compiling the wheat genome through
individual chromosome-based projects by colleagues in
different countries and coordinated by the IWGSC. The
scale of an individual wheat chromosome project exceeded
that of the entire rice genome, and the cost and new
bioinformatics/computing requirements limited progress.
The high density molecular genetic maps combined with
significant breakthroughs from 2015 onwards in applying
new optical mapping!' " and nuclear chromatin conforma-
tion capturel'™ technologies to wheat provided a capacity
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to bridge the large genomic distances between gene islands
in the wheat genome (Fig. 1). Linkage of contigs and
scaffolds into superscaffolds resulted in a single linear
assembly of ¢. 700 Mb of genome sequences for individual
chromosomes. As evident in Fig. 1, the repetitive
retrotransposable elements between gene islands repre-
sented a major obstacle for the assembly algorithms. From
2015, the new “wet chemistry” combined with a major
bioinformatics development by NRGene (DeNovoMagic
2, NRGene, Ness-Ziona, Israel) to allow for assembling
short Illumina reads (accurate length) from unfractionated
wheat nuclear DNAI',

Validation of sections of the IWGSC RefSeq v1.0
genome assembly was possible using data from the
assemblies from earlier INGSC chromosome projects'>!
as well as the assemblies from independent efforts!'* ']
(TGAC and PacBio, Fig. 2). The alignments in Fig. 2
indicate that the information exists to produce finished

genome sequences[4] .

3 What makes wheat wheat?

IWGSC RefSeq v1.0 now provides the basis for detailed
studies of the wheat genetic engine, and an appreciation of
how it operates and the depth of its plasticity where up to
one third of the high confidence genes annotated on the A,
B and D genomes can either be amplified in gene number
or deleted (Fig. 3). The phylogenomic analyses!'! suggest
that, in the case of changed numbers in homeologous gene
families, many instances have occurred since the formation
of the hexaploid wheat some 10000 years agol*',
correlating with environmental adaptation and end-use
quality selection through evolving human agricultural
practices.

Layered across the changes in gene number is the
possibility of differential levels of expression of home-
ologous genes in different tissues!” and in response to a
specific feature of the environment, such as temperaturel™..
The study of Juhasz et al.*! focused on the prolamin family
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Fig. 1 A representative view of ¢. 200 kb of the wheat genome showing the gene islands (blue) and retrotransposable elements (pink).
The scale near the top of the image is in the genome position scale base pairs. The image is a screen capture of INGSC RefSeq v1.0
viewed in Apollo[lg] as established in the Earlham Institute, Norwich Research Park, UK.
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Fig. 2 Detail of a 2.4-Mb region from chromosome 7AS (modified from Keeble-Gagnére et al."!). The matching regions from IWGSC
RefSeq v1.0 (orange), TGAC (cyan) and PacBio (yellow) assemblies show the alignments of the genome sequences and the black bars
indicate differences between genome sequences. The vertical pink bars indicate regions of the finished sequence not present in any other
assembly.
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A genome

1A2A3A4A5SA6ATA 1B2B3B4B 5B 6B 7B

B genome D genome

1D 2D 3D 4D 5D 6D 7D

Gene number A genome B genome D genome
Total 37761 38680 37212
1:1:1 (present in A, B, D) 21603 21603 21603
1:1:N (multiple in D) 644 644 1482
1:N:1 (multiple in B) 998 2396 998
N:1:1 (multiple in A) 1752 761 761
1:1:0 (absent from D) 3708 3708 0
1:0:1 (absent from B) 4057 0 4057
0:1:1 (absent from A) 0 4197 4197
Other ratios 4999 5371 4114
Fig. 3 Summary of overall diversity in gene numbers within the wheat genome: modified from TWGSC!", The ratio, 1:1:1, indicates
homeologous genes present on the A, B and D genomes. The ratio, 1:1:N, indicates the respective homeologous gene on the D genome has
multiple copies, similarly for 1:N:1 and N:1:1 designators as indicated in the table. The ratio, 1:1:0, indicates the respective homeologous

gene on the D genome is absent, similarly for 1:0:1 and 0:1:1 designators as indicated in the table.

of genes amplified in wheat and complemented the
extensive analyses of the respective proteins in wheat!*?),
including the recent studies by Altenbach et al.!**! and
Kawaura et al.**!. The prolamin family of genes encode
the gliadin and glutenin proteins that accumulate in
endosperm-protein bodies and provide a major source of
nitrogen for the germinating embryo as well as nutrition for
consumers of the grain. The gene families contributing to
starch synthesis to form the endosperm-starch granules are
not as complex as the prolamins but do show 1:0:1 (Fig. 3)
type variation that can have major implications for quality
attributes associated with flour from the milled grain. The
granule bound starch synthase (GBSS) on chromosome 4A
(1:0:0) is a key determinant of udon noodle quality!**! and
phylogenomic analysest') confirmed that this gene was a
divergent, translocated, homeolog of a gene originally
located on chromosome 7B, syntenic to the GBSS genes on
7A and 7D. The detailed genomic analysis of a large
collection of wheat lines!'! indicated that the natural
deletion of GBSS on chromosome 4A was specifically
limited to the gene itself, thus minimizing any other
adverse effects on the plant.

Human health aspects of consuming wheat relating to
celiac disease and allergic reactions”***2* could be
addressed in detail at the genomics level with IWGSC
RefSeq v1.01). The study of Juhész et al.*! established a
new reference map for immunostimulatory wheat proteins
as a basis for selecting wheat lines and developing
diagnostics for products with more favorable consumer
attributes. The changing profiles of target grain proteins
resulting from variation in temperature at which the wheat
spike matured are of particular interest for the production
of food that can be used as a safe and healthy long-term
alternative to the currently highly restrictive and short-term

approaches that rely on absolute wheat and gluten
avoidance.

On a broader scale, the transcriptome study by Ramirez-
Gonzélez et al.”! using IWGSC RefSeq v1.0 generated
tissue co-expression networks that accounted for
differential expression throughout development. These
networks, alongside detailed gene expression atlases,
indicated the importance of polyploidy in shaping the
response of wheat to stress and generates tissue specific
expression. Homeologous genes with high variation in
expression between tissues were, as expected, more varied
for cis-regulatory elements in the promoter regions and
featured more frequent transposable element insertions.
The transcriptome study also indicated a significantly
greater divergence in spatial expression within non-
syntenic gene models (where a gene falls outside the
expected order between blocks of A, B and D subgenome
sequences) in all tissue networks compared to syntenic
gene models (conservation of gene order in blocks of A, B
and D subgenome sequences) and this was consistent with
the possibility that non-syntenic gene models were under a
more relaxed selection pressure. In both syntenic and non-
syntenic homeologous genes there was a small but
significant bias toward D genome genes showing a more
stable expression pattern in all 15 tissues studied by
Ramirez-Gonzalez et al.'”). This bias toward the D genome
was also observed for H3K27me3 (histone H3 lysine 27
trimethylation) across gene models which showed a lower
distribution of this methylation feature associated with
repression of transcription.

The study of the retrotransposable element (TEs) space
in the A, B and D subgenomes®® covered 85% of the total
genome and indicated that while syntenic TEs have been
replaced by the insertion of novel elements, the distances
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between genes have remained relatively constant. Overall
3968974 copies of TEs belonging to 505 families were
annotated including 112744 full-length long-terminal
repeat (LTR) retrotransposons that are normally difficult
to identify. Importantly the composition of TEs within 2 kb
of gene models differed from those in the core intergenic
regions (large TEs, such as LTR-RTs and CACTAs) and
were enriched in small TEs ( < 1000 bp) in the miniature
inverted-repeat transposable elements, SINEs and mutator
classes”). This bias was shared by A, B and D genomes,
and may relate to patterns of homeologous gene expres-
sion; this needs further study!®.

At the whole subgenome level, the TE families of the A,
B and D genomes are in similar proportions to those found
in the diploid progenitors!*®! although within the sub-
genomes certain individual transposons domains show
differences in content; 11 out of 505 TE families showed a
greater than threefold difference between subge-
nomes!'*®. The TEs are evidently a key feature of the
plasticity that exists within the wheat genome at a
quantitative rather than qualitative level. However, the
possibility that TEs provide contact points for unequal
crossovers to generate indels has been precluded by a
detailed comparison between the genome sequences for
chromosome 2D in CS and the cultivar CH Campala
Lr22a?7,

4 Future developments

The publication of the IWGSC RefSeq v1.0 genome
sequence now provides a good set of genomes from plants
that are important in agriculture to conduct fundamental
studies to define attributes in, for example, rice and then
examine/test the functional ideas in a polyploid situation in
the case of wheat. To meet the demands of changes in the
environment, the major advances in all the levels of
genomics through to bioinformatics need to be captured for
choosing parents to be used in crossing programs so that
the genetic makeup of wheat can be refined and continue to
provide up to a fifth of the total calories consumed by
humans globally. Furthermore, the analysis of progeny
from crosses for advancing yield and end-use quality,
while adapting the crop to specific regional diseases and
abiotic stresses, will require accurate and early assessment
of traits before larger scale phenotyping is undertaken.
Although these are not new issues, the technological
advances provide for some novel approaches.

4.1 New markers for choosing parents and tracking progeny

The established application of molecular markers is to
deploy diagnostic DNA sequences that are tightly linked to
a phenotype of interest. Early studies deployed repetitive
sequences to track so-called alien chromosome segments

from grasses related to wheat that were linked to the
phenotypic traits they introduced®®!. The availability the
21 pseudomolecules in IWGSC RefSeq v1.0 has increased
the diagnostic DNA marker capacity for wheat research
and breeding. The genome sequence provides for the
positioning of 504 simple sequence repeats, 3025 diversity
array technologies, 6689 expressed sequence tags, 205807
single nucleotide polymorphisms (SNPs) and 4512979
ISBPs, and establishes a closer link between the genome
sequence and genetic loci/genes associated with traits of
agronomic importance!l'. The broader coverage of mole-
cular markers facilitates genome wide association studies
across different environments to associate these markers
with traits for surveying wheat genetic resources in gene
banks and identify new parents for use in cross
breeding®”. The IWGSC RefSeq v1.0 reference genome
can also assign these new markers to haplotype blocks in
the genome and increase the resolution of genomic
selection so that genomic estimated breeding values for
candidate regions can be selected before phenotypic
assessments are madel®’]. The genome-based resources
and technology thus combine to establish diagnostics for
tracking the complex network of genes that impact on yield
potential and stability across diverse environments*”’.

The diagnostic DNA sequence approach was being used
for stem solidness (SSz/t'Y), a trait for conferring resistance
to drought stress and insect damage, when it ran into
difficulties due to the location of the trait being in a region
where wheat assemblies (prior to IWGSC RefSeq v1.0)
lacked scaffold ordering and annotation, partial assembly
and/or incomplete gene models. In IWGSC RefSeq v1.0,
the SSt/ region was found to contain 160 high confidence
genes'') including 26 genes showing differential expres-
sion between wheat lines with contrasting phenotypes
(solid vs. hollow stems). One gene of significance in this
study, TraesCS3B01G608800, was present as a single copy
in IWGSC RefSeq v1.0 but showed copy number variation
associated with stem solidness in a diverse panel of
hexaploid cultivars, which allowed diagnostic SNP
markers to be physically linked to the Ss¢/ phenotype for
more efficient screening of the required genotypes.

The use of IWGSC RefSeq v1.0 to solve molecular
marker issues in real time will most likely become the
standard to further improve the availability of molecular
markers in wheat breeding programs.

4.2 Variation in the number of genes in a family

The rice blast locus is a well-studied example of a disease
resistance locus where a repetitive gene family confers
resistance. The locus in rice on chromosome 8, does not
comprise the typical NLR (nucleotide-binding leucine-rich
repeat) genes but instead consists of germin-like genes
(GLPs) that code for proteins with oxalate oxidase
domains, in a cluster of 12 GLP coding genes that each
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contribute to the final resistance. Loss of function of
individual GLP in the cluster quantitatively reduces the
resistance phenotypel®'!.

The suggestion that the GLP cluster comprises a broad-
spectrum, basal mechanism conserved among the Grami-
neael® ' has been supported by the indication that at the Sr2
locus in wheat there exists an array of 10 GLPs** on
chromosome 3B in the cultivar Hope and is now
considered to represent this locus. The availability of
IWGSC RefSeq v1.0 allows other tandem arrays of GLPs
to be readily identified, as shown in Fig. 4, for
chromosome 5A for associating with disease resistance
loci on this arm.

The GLPs do not conform to the usual gene models
associated with many disease resistance genes. The gene
models that encode proteins with the NLR domains are
more common and they were a primary point of interest in
a detailed comparison between chromosome 2D from CS
and the cultivar CH Campala Lr22a®”!. These authors
observed extensive variation in the NLR copy number
between CS and CH Campala Lr22a including a 786 kb
region which had 16 NLR genes compared to the
equivalent region in CS where 21 kb carried only two
NLR genes. In a different region CS had 10 NLR genes in a
716 kb region compared to only two in an equivalent 39 kb
region in CH Campala Lr22a. The break points defining
the apparent indels between the two genomes could be
precisely assigned to NLR genes suggesting recombination
events were involved.

The observations of Thind et al.*”! focused on the type
of differences, such as small deletions or duplications as
well as allele differences, that may be driving phenotypic
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variation between parents and their progeny and empha-
sized the importance for accurate assemblies to be made
available to the wheat research community.

4.3 Fine-scale modification of gene structures

A particularly valuable outcome of the release of IWGSC
RefSeq v1.0 is that the wheat genome reference sequence
can take its place alongside other cereal genome sequences
so that, as a group, the data sets can be cross-checked and
cross-referenced to annotate genes and provide a route to
trait enhancement using reverse genetics. An example in
IWGSC!! related to flowering time, which is so significant
for the adaptation of wheat®>*>*) to diverse environments
and is also well studied in model plants. IWGSC RefSeq
v1.0 has been used!'! to refine the annotation of six
homeologs identified by Sharma et al.**! for the
FLOWERING LOCUS C gene and four high confidence
genes could be identified in the reference genome. These
were expected to have a role in the vernalization response
and hence flowering time. To truncate one of these genes
(TaAGL33), CRISPR-Cas9-based gene editing, was
performed for the respective genes on subgenomes A, B
and D. Although expression patterns of the genes were not
strongly affected by the genome edits, the edits on
TaAGL33 in the D genome resulted in plants flowering
2-3 days earlier. The outputs of this research were argued
to “exemplify how IWGSC RefSeq v1.0 could accelerate
the development of diagnostic markers and the design
of targets for genome editing for traits relevant to
breeding”").
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Fig. 4 Synteny alignment of a well-known rice blast locus on rice chromosome 8 to a new location on the long arm of wheat

chromosome 5A. The synteny based alignment was performed with Pretzel software

[33]
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4.4 Predicting new targets for complex traits

Extensive transcriptome studies') have established a
framework of gene transcripts (covering 88% of the gene
models) comprising 78 modules and representing co-
expression networks from non-stressed grain, root, leaf and
spike tissues. The module-partitioned transcriptome was
then used to identify new genes belonging to the flowering
time pathway through co-location with associated regula-
tors that grouped into specific modules. Genes, such as
PHYB, PHYC, PPDI, ELF3 and VRN2, were present
mainly in modules 1 and 5 and were most highly correlated
with expression in leaf and shoot tissues. The integrating
genes from the flowering time pathway with VRN, FUL2
and FUL3 were found in modules 8 and 11 and were most
highly correlated with expression in spikes. Partitioning of
key elements in the flowering time pathway was then used
to examine a large group of transcription factors (MADS-II
transcription factor family) and it was evident that 24 of
118 MADS-II gene models were in modules 8 and 11.
Notably, none of the 24 MADS-II genes had a straight
forward relationship with an equivalent gene in Arabi-
dopsis, suggesting that new functions within the flower
time pathway for these genes had evolved.

The capacity to use the module-based transcriptome
framework in association-type analysis for studying the
complex traits provides the basis for understanding “what
makes wheat wheat” as well as defining novel pathways
that enable researchers and breeders to refine the knowl-
edge of wheat lines to be used as parents in crossing
programs or CRISPR-Cas9-based gene editing.

5 Concluding comments

As with all other genome assembly projects, the reference
wheat genome (IWGSC RefSeq v1.0) is an ongoing
project to close gaps and confirm gene annotations as well
as to assign functions to gene models. The key driver for
wheat is to ensure that this crop continues to provide an
efficient and sustainable use of agricultural resources and
reduce risk factors in production systems and processing
industries. Developing wheat cultivars to better suit their
production environments by targeting specific environ-
mental stresses, such as early morning frost linked to rapid
warming of the crop during the day, is critical because such
stresses can cause severe yield loss and threaten food
security. The wheat research community can now use
outputs for barley, maize and rice to speed up defining
genome targets for choosing better parents in crossing
programs. In the food processing industry, the genome
provides the basis for new diagnostics that can track
contaminants, point of origin and composition of products.
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