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Abstract

Deploying novel genetic variation, such as wild relative introgressions, into wheat
breeding programmes could help to satisfy the global demands of wheat despite a rising
population and a changing climate. Sequencing data, which has become much cheaper
and more accessible over time, can play an important role by being used to identify and
characterise introgressions in wheat that confer beneficial traits and can be deployed into
breeding programmes. This thesis offers insights into wheat introgressions in the context
of sequencing data, exploring how sequencing data can be used to detect and
characterise introgressions and also how introgressions can interfere with the accurate

processing of sequencing data in common genomic analyses.

First, | used whole-genome sequencing data to characterise a set of hexaploid
wheat/Ambylopyrum muticum introgression lines to a high resolution, identifying
introgressions and other structural changes in the lines. | then combined the sequencing
data with rust resistance phenotype data to demonstrate how the region of introgressed

genes underlying the phenotype can be identified and candidate genes proposed.

| then present findings on an important heat tolerance phenotype identified in wheat that
is driven by three marker trait associations that together increase yield by over 50%
under heat stress conditions. Using sequencing data, | discovered that one of these is
driven by an Aegilops tauschii introgression. | then searched for candidate genes in
multiple Ae. tauschii genomes, exposing the limits of relying on a single reference

genome.

Finally, | found that the abundant introgressions across wheat accessions cause
inaccurate RNA-seq read alignment that compromises research findings by leading to the
underestimation of gene expression and the expression balance categories of triads being
incorrectly assigned. To address this, | proposed a solution in which transcripts from
multiple wheat cultivars are integrated into a pantranscriptome reference to use for RNA-

seq read alignment.
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1 Introduction

1.1  Why crop yields need to be increased

A rising human population and rising per capita income is increasing agricultural
consumption over time. UN population projections according to the medium fertility
model suggest that world population will increase to 9.7 billion by 2050 and to 10.9 billion
by 2100, at which point the population will stop growing (United Nations, Department of
Economic and Social Affairs, Population Division, 2019). Global average per capita
consumption is also estimated to increase from 2831 to 3129 kcal per day between 2009
and 2050 (Pardey et al., 2014) as more countries move out of poverty towards
industrialisation (Brisson et al., 2010). The structure of consumption will also change
(Shiferaw et al., 2013); for example, rising incomes in Asia are associated with a
convergence towards a Western diet, with increased consumption of wheat and animal
products (Pingali, 2007). The rapidly changing climate will place additional pressure on
farmers and breeders and will necessitate the development of crop varieties that are
more resilient to abiotic stressors such as drought and heat (Kahiluoto et al., 2019), and
to pests and pathogens whose range and lifestyle may change due to climate change
(Garrett et al., 2006; Classen et al., 2015; Suréwka, Rapacz and Janowiak, 2020).
Furthermore, climate change, along with the overuse of agricultural land, is expected to
reduce the amount of arable land over time (Zhang and Cai, 2011), making improvements

to yield and environmental stability of crops even more important.

1.2  Wheat as an important component of global food production

Triticum aestivum (bread wheat) is among the three most grown and consumed crops in
the world, alongside Zea mays (maize) and Oryza sativa (rice). It is the most widely
grown, cultivated on 217 million hectares and is the third most highly produced crop at
752 million tons per year (Erenstein et al., 2022). Around 20% of the calories and protein
consumed globally each year are derived from wheat either through direct consumption
or via animal feed (Reynolds et al., 2012). Wheat is a staple crop for around 35% of the
global population (Grote et al., 2021). The global demand for wheat increased by fourfold
between the 1960s and 2009 and doubled between 1980 and 2009 (Shiferaw et al.,
2013). This equates to an average increase in demand of 2.24% per year since the 1960s.

Wheat is the largest agricultural commodity on the global market; 194.4 million tons of
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wheat are projected to be traded in 2023/24 (FAO, 2023). Therefore, wheat production

has a vital role to play in supporting a rising and developing population.

1.3 Strategies to safeguard future global wheat production

To meet the global demand for wheat production, a multifaceted strategy is essential.
This will involve genetic improvements to traits such as yield, biotic and abiotic stress
resistance/resilience, and reduced need for inputs such as water and fertiliser. It will also
involve optimising agronomic management practices (Shiferaw et al., 2013) and
minimising food wastage (Kummu et al., 2012). Additionally, wider availability of new
agricultural technology (Ruzzante, Labarta and Bilton, 2021) and increased varietal
turnover, particularly in the developing world where farmers often face slow replacement

cycles (Atlin, Cairns and Das, 2017), will be of great importance.

As genomic scientists, our contribution to this will naturally come from genetic
improvement, and more specifically, through leveraging large genomic datasets to
facilitate increased understanding and better utilisation of wheat germplasm resources.
Genetic gains to wheat yield are currently in the region of 0.5-1.0% per year (Reynolds et
al., 2017). Maintaining, or ideally improving this, despite growing environmental and

demographic pressures, will be an important contribution to future food security.

1.4 Genomic origin of bread wheat

Bread wheat, Triticum aestivum, is an allohexaploid species (BBAADD genomes); this
means its genome consists of three subgenomes derived from independent diploid
species. Around 0.7-0.8mya, a hybridisation event between the male donor of the A
subgenome, Triticum urartu (AA) and the female donor of the B subgenome, a species
likely extinct but thought to be closely related to, but distinct from, Aegilops speltoides
(SS), formed tetraploid wild emmer wheat, Triticum turgidum, ssp. diccocoides (BBAA)
(Fig. 1-1) (Levy and Feldman, 2022). Between 8500 and 9000 years ago, hybridisation
between the female donor of the A and B subgenomes, T. turgidum ssp. durum, (BBAA), a
domesticated form of emmer wheat, and the male donor of the D subgenome, Aegilops
tauschii (DD), a diploid wild goatgrass, gave rise to hexaploid T. aestivum (Fig. 1-1) (Levy
and Feldman, 2022). T. aestivum was soon domesticated, beginning the thousands of
years of intense cultivation and artificial selection for agronomic and end-use traits

(Venske et al., 2019) resulting in the bread wheat we grow and eat today.
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Figure 1-1. Simplified diagram of the polyploidisation events that led to the creation of
Triticum aestivum (bread wheat).

Based on figure by Jauhar (2007) with updated information from Levy and Feldman
(2022).

1.5 Limited genetic variation in modern wheat breeding material

Breeding new wheat varieties with higher yield, better end-use traits, resistance to pests
and pathogens, and tolerance to abiotic stressors relies upon the presence of sufficient
and appropriate genetic variation in the genepool that is accessible to breeders to
incorporate into breeding programmes. All bread wheat grown today is thought to derive
from just one or two rare hybridisation events between emmer wheat and Ae. tauschii
(Charmet, 2011). This genetic bottleneck combined with intensive artificial selection has
resulted in modern wheat material possessing less than a third of the nucleotide diversity
seen in its wild progenitor species (Haudry et al., 2007). The initial genetic diversity
established in wheat upon its formation has been supplemented by mutation and

sporadic hybridization events, primarily with wild populations of tetraploid wheat. In such
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cases of hybridisation, almost all recombination takes place in the A and B subgenomes as
the D genome has no homologous counterpart in tetraploid wheat. This has left the D
subgenome with particularly low levels of genetic variation, around 16% of that of the A

and B subgenomes (Yao Zhou et al., 2020; Gaurav et al., 2021).

The problem created by bottlenecking is compounded by pressure on breeders to
prioritise advanced breeding material (Valkoun, 2001) for more rapid development of
elite varieties that perform competitively and adhere to regulations about uniformity and
quality (Cooper, Spillane and Hodgkin, 2001), limiting the introduction of genetic variation
from external sources. Semi-dwarf, lodging-resistant varieties produced in the green
revolution, although very high yielding, further limited genetic variation by creating a
bottleneck in the Elite material that has been used by breeders since the 1960s (Sehgal et
al., 2015).

1.6 Novel sources of genetic variation for wheat breeding

The average yearly increase to wheat yield typically occurs through conventional breeding
approaches. Minor effect genes are recombined through crossing Elite lines and selecting
the best progeny based on important phenotypic traits, most important of which is
usually grain yield (Sukumaran et al., 2018; Reynolds et al., 2020). Genetic markers can
also be used to identify progressively beneficial allele combinations through genomic
selection (Reynolds et al., 2017). Additionally, major effect genes, encoding traits such as
disease resistance, are identified and subsequently incorporated into varieties through
controlled crosses between lines carrying the gene(s) of interest and breeding lines
showing favourable agronomic trait profiles. Repeated backcrossing, using traditional
phenotypic selection or modern marker-assisted selection then allows the gene of
interest to be retained in a genetic background predominantly deriving from the line with

more favourable agronomic characteristics (Tyagi et al., 2014).

However, relying solely on Elite material as the source for these genes/alleles limits
potential improvements to those that can be derived from the existing genetic variation
present in the Elite breeding pool. This is particularly relevant in wheat due to its limited
genetic diversity. To overcome this constraint, it is important to incorporate novel genetic

variation into breeding programmes.
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Such novel sources of genetic variation include landraces and wild and domesticated
relatives of wheat. Landraces are locally adapted varieties of wheat, existing in genetically
heterogeneous populations (Villa et al., 2005) that have evolved under selection by
farmers in local farming systems (Vikram et al., 2016) and have not been through
intensive selection by breeders for particular agronomic characteristics (Lopes et al.,
2015). Landraces typically possess high tolerance to abiotic and biotic stresses and
intermediate yield in a low input agricultural system (Zeven, 1998) and, due to being
locally adapted and maintained rather than developed and distributed globally from a
narrow collection of Elite lines, as a collection they contain far more genetic variation
than modern Elite varieties (Reif et al., 2005; Wingen et al., 2014; Winfield et al., 2016),

much of which was left behind following the Green Revolution (Cseh et al., 2019).

Wheat’s wild relatives have not undergone the same genetic constraints as domesticated
wheat. They haven’t faced the intense selection in breeding programmes, and most have
not faced the genetic bottlenecks of polyploidisation. Furthermore, they have undergone
selection in a variety of environments in the presence of different abiotic and biotic
selection pressures. Introducing genetic variation from wild relatives thus has the
potential to bolster slowing gains and introduce novel resistance/tolerance phenotypes to
pests and pathogens and abiotic stress (Valkoun, 2001; Nevo and Chen, 2010; Placido et
al., 2013; Zhang et al., 2017; Cruppe et al., 2019; He et al., 2019; Fellers et al., 2020;
Narang et al., 2020; Li et al., 2022). Domesticated relatives of wheat, such as Rye, also
offer valuable sources of genetic variation that is novel to wheat (Nkongolo et al., 1992;
Ren et al., 2009; Yang et al., 2009; Bertholdsson, Andersson and Merker, 2012; Crespo-
Herrera et al., 2013; Moskal et al., 2021). Despite also having undergone selection
pressure, they have mostly had experienced less severe genetic bottlenecks than bread

wheat.

The relatives of wheat can be categorised by whether they belong to the primary,
secondary, or tertiary genepool of wheat. Definitions of these genepools have changed
over time and still vary between researchers (Ortiz et al., 2008) but in this thesis they will
be defined as follows. Species belonging to the primary genepool have a homologous
subgenome in wheat for each of their own subgenomes. Those from the secondary
genepool have a homologous subgenome in wheat for at least one, but not all, of its own
subgenomes. Those from the tertiary genepool share no homologous genomes with
wheat (Fig. 1-2). Despite the genetic distance, even members of the tertiary genepool can
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be introgressed into wheat, although introgressing more distant relatives is more

challenging and requires more sophisticated techniques.

Primary genepool
(Complete homologous genome)

T. aestivum (AABBDD)
T. spelta (AABBDD)
T. turgidum (AABB)
T. urartu (AA)

Ae. tauschii (DD)

Secondary genepool
(One but not all homologous genomes)

T. timopheevi (AAGG)
T. zhukovskyi (GGAAAA)
Ae. ventricosa (DDNN)
Ae. cylindrica (CCDD)

Tertiary genepool
(No homologous genome)

Am. muticum (TT)
Th. elongatum (EE)
Secale cereale (RR)
Th. intermedium (JJEESS)

Figure 1-2. Definition of wheat’s primary, secondary and tertiary genepools.
Listed species are examples of members of each genepool. Subgenomes possessed by
each species are in brackets.

1.7 History of incorporating wild relative variation in wheat

In the 1920s through to the 1940s Nikolai Vavilov, a Russian botanist and
phytogeographer, collected seeds from wild wheat species from around the world to be
preserved in the Leningrad Seedbank, whose name has since been changed to the NI
Vavilov Institute of Plant Industry (Vavilov, 1940; Tanksley and McCouch, 1997;
Mitrofanova, 2012). Vavilov developed the concept of the centre of origin of crop plants
(Vavilov, 1926; Hummer and Hancock, 2015) and suggested that the diversity of crop wild
relatives would be greatest near to these centres of origin. He was among the first to
emphasise the potential future value of collections of plant genetic resources
(Dzyubenko, 2018) and his work led to the creation of international genebanks.
Genebanks are repositories of plant genetic resources maintained ex situ through seed
storage (Mascher et al., 2019). They contain seeds from plants from around the world
with a focus on diverse crop varieties such as landraces and crop wild relatives which are
likely to possess genes and alleles that will be useful for crop improvement (Hoisington et

al., 1999). CIMMYT (International Maize and Wheat Improvement Center) and ICARDA
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(International Center for Agricultural Research in the Dry Areas) are examples of such
genebanks that aim to characterise underutilised genetic variation in crops and mobilise
this variation into global breeding programmes (Sehgal et al., 2015). CIMMYT focuses on
maize and wheat, whereas ICARDA has a broader focus, including dryland cereals,

legumes and forage and rangeland species.

Wheat wild relative introgression lines, which are wheat varieties containing a
chromosomal segment from the genome of a wild relative, date back to 1939 at the
University of Saskatchewan, Canada, where the Sr26 resistance gene from Thinopyrum
ponticum (then Agropyron elongatum) was introduced into wheat (Shebeski and Wu,
1952; Knott, 1961). The resultant introgression lines were worked on by (Shebeski and
Wu, 1952) and by (Knott, 1961), which led to the release of the cultivar Eagle in Australia,
the first commercial cultivar containing Sr26 (Dundas et al., 2015). Many commercial lines
containing Sr26 have since been developed and grown in Australia, although its use has
declined over time, possibly due to the associated yield reduction conferred by the Th.

ponticum chromosome segment (Dundas et al., 2015).

In the 1950s, Ernest Sears pioneered techniques for more easily incorporating distant wild
relatives into the wheat genome. In 1956, he introgressed Aegilops umbellulata into
wheat, conferring leaf-rust resistance (Sears, 1956). This was achieved by crossing emmer
wheat with Ae. umbellulata and crossing the amphidiploid progeny with T. aestivum.
Since Sears, there have been numerous examples of introducing beneficial traits by
transferring chromosome segments from wheat’s relatives into wheat. These include
introducing an Eyespot disease resistance gene from Aegilops ventricosa into wheat
(Doussinault et al., 1983); wheat streak mosaic virus resistance from Agropyron
intermedium into wheat (Friebe et al., 1996); the leaf rust resistance gene Lr19 from
Agropyron elongautum into wheat (Reynolds et al., 2001); powdery mildew and stripe
rust resistance from the wheat-rye 1RS-1BL translocation (Han et al., 2020); and the Ug99
stem rust resistance gene from Ae. speltoides into tetraploid wheat (Klindworth et al.,

2012).

Due to the increasing appreciation for the potential value of wild relative genetic
variation, organisations around the world have set up programmes to incorporate such
variation more systematically rather than relying on previously incorporated material or

small-scale efforts to introgress specific genes. For example, over the last few decades,
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CIMMVYT has incorporated exotic material into their vast germplasm through strategic
crosses with landraces, wild relative introgression lines and, most notably, synthetic-
derived lines (Dreccer et al., 2007; Ortiz et al., 2008). Synthetic hexaploid wheat is
produced by crossing tetraploid durum wheat with diploid Ae. tauschii (Fig. 1-3),
replicating the natural polyploidisation event that led to the creation of T. aestivum
(Dreisigacker et al., 2008). This process acts as a bridge to incorporate diversity present in
durum wheat and populations of wild Ae. tauschii into Elite lines. Primary synthetic lines
are typically crossed into an Elite background to produce advanced synthetic derivatives
(ASDs) that are subjected to phenotypic screening. Over 1000 synthetic-derived lines
were generated by CIMMYT as of 2016 (Das et al., 2016). In 2018, over 62 synthetic-
derived lines had been registered as cultivars worldwide (Li et al., 2018). CIMMYT
synthetic-derived lines possess significantly greater genetic diversity than original green
revolution wheat lines (Warburton et al., 2006). ASDs are commonly found in the
pedigree history of varieties that, in international CIMMYT nurseries, outperform local
varieties under diverse conditions (Manes et al., 2012), including under and extreme heat
stress (Cossani and Reynolds, 2015). This approach has also been successful in introducing
disease resistance traits (Zhu et al., 2014, 2016; Shamanin et al., 2019). Landrace and
synthetic-derived lines have been developed in recent years for drought, heat and yield
potential conditions (Reynolds et al., 2017; Molero et al., 2019; Rosyara et al., 2019) and
many have been identified to have superior biomass compared to Elite lines under

drought and heat conditions (Lopes and Reynolds, 2011; Cossani and Reynolds, 2015).
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Figure 1-3. The process by which CIMMYT generate synthetic hexaploid wheat lines.
Figure taken from Rosyara et al. (2019) with permissions granted by the Creative
Commons Attribution 4.0 International License.

Another strategy is to systematically introgress entire wild relative genomes into wheat,
including distant relatives belonging to the secondary and tertiary genepools. Researchers
at the Wheat Research Centre at the University of Nottingham are pioneers of this
approach. Through utilising recombination mutants and high-throughput genotyping
methods, they create sets of introgression lines that possess most of a wild relative
genome in variable, overlapping chromosomal and sub-chromosomal segments (King et
al., 2017, 2019). There are introgression lines currently available for Ambylopyrum
muticum, T. urartu, Ae. speltoides, Aegilops caudata, Aegilops comosa, Aegilops
umbellulata, Thinopyrum bessarabicum, Secale anatolicum, Secale iranicum, Thinopyrum
turcicum, T. turgidum, and Triticum timopheevii. These introgression lines can be sent to
researchers who phenotype them for different traits of interest. Segments conferring
beneficial phenotypes can be further characterised and crossed into Elite varieties for
deployment in breeding programmes.
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1.8 Role of introgressions in wheat evolution and breeding

In addition to synthetically introduced introgressions, natural introgressions throughout
wheat’s history have played an important role in shaping the genetic diversity and
adaptive potential of wheat, through the provision of novel genes and alleles. The extent
of natural introgressions among wheat varieties has been the subject of several pieces of

research.

For instance, He et al. (2019) conducted exome sequencing of 890 diverse wheat
accessions, including landraces and cultivars, and identified abundant historic
introgressions from wild emmer. They estimated that approximately 11.4% and 11.8% of
the genome of each accession was composed of introgressions from wild emmer for
cultivars and landraces, respectively. Introgressed regions exhibited elevated levels of
genetic diversity and increased differentiation between accessions. Furthermore, the
authors found that many of the introgressed regions displayed signatures of selection and

have likely contributed to phenotypic variation and adaptation.

Cheng et al. (2019) analysed whole-genome sequencing (WGS) data from 93 accessions,
including wheat landraces, wheat cultivars, and wheat relatives including wild emmer, Ae.
tauschii, and durum wheat. They identified shared haplotypes between hexaploid wheat
and various populations of wild emmer, which have heavily contributed to the genetic
diversity in the A and B subgenomes of wheat and have likely introduced beneficial traits.
In addition to introgressed haplotypes from wild emmer, they also detected
introgressions from other wild relatives in all 63 bread wheat accessions studied. They
highlighted specific introgressions that overlap with quantitative trait loci (QTLs)
associated with important traits such as disease resistance and grain yield, indicating that
these introgressions may have been under positive selection pressure as they confer

important agronomic characteristics.

Zhou et al. (2020) analysed WGS data from all 25 subspecies of AA, BBAA and BBAADD
genomes in the Triticum genus and two subspecies of Ae. tauschii (DD) to evaluate the
proportion of bread wheat accession genomes that are composed of introgressions from
diploid and tetraploid relatives from the primary genepool. They estimated that 4-32% of
the bread wheat genome is composed of introgressions from populations of wild relatives
from the primary genepool. Free threshing tetraploids and wild and domesticated emmer

have significant representation in bread wheat accessions, compensating for the severe
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genetic bottlenecks of hexaploidization and domestication. The majority of the gene flow
from tetraploid relatives was found to be from free-threshing tetraploids in Europe and
West Asia. 57% and 66% of the nucleotide diversity of wild emmer has been captured in
wheat cultivars and landraces, respectively. This is in stark contrast with the 14% of
nucleotide diversity of the D subgenome donor, Ae. tauschii, that is represented in bread

wheat accessions.

Przewieslik-Allen et al. (2021) used genotyping data to construct and compare haplotype
blocks of 358 wheat accessions and 113 wheat relatives from 44 species, covering the
primary, secondary, and tertiary genepools. They classified near identical haplotype
blocks between a wheat accession and a wheat relative as being an introgression. Using
this methodology, they identified that 14.5-55.1% of the wheat accessions studied have
evidence of introgression from tetraploid species. While not quite as extensive as
tetraploid introgressions, introgressions from Ae. tauschii and species from the secondary
and tertiary gene pools have made a sizeable contribution to wheat genomes and were

associated with elevated levels of genetic diversity.

By comparing the total introgression size of each relative donor species between different
collections of wheat accessions, grouped by release date, Przewieslik-Allen et al. (2021)
found some interesting patterns. Gene flow from tetraploid species was more prominent
in wheat accessions bred before 1960, whereas those bred after 1960 contained more
exotic introgressions, including those from Ae. tauschii and species from the secondary
and tertiary genepool. This reflects the change in breeding strategies following the green
revolution, with a greater emphasis in introducing more diverse genetic variation into
wheat. Notably, initiatives such as CIMMYT’s synthetic wheat programme have

accelerated the incorporation of Ae. tauschii genetic material into wheat accessions.

Several introgressions found in the chromosome-level genome assemblies generated as
part of the 10+ wheat genomes project (Walkowiak et al., 2020) have been well
characterised. For example, there is a 33 Mbp telomeric Ae. ventricosa introgression on
the distal end of the short arm of chr2A (Walkowiak et al., 2020; Gao et al., 2021;
Keilwagen et al., 2022). This particular introgression has been detected across several
cultivars, including Jagger and Stanley. It confers wheat blast resistance (Cruz et al., 2016)
and contains other important resistance genes, including the Lr37-Yr17-5r38 gene cluster

(Helguera et al., 2003) that confers resistance against certain races of stripe, leaf, and
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stem rust (Gao et al., 2021); Rkn3 that confers resistant against root-knot nematodes
(Williamson et al., 2013); and Cre5 that confers resistance against pathotype Hal2 of the
cereal cyst nematode (Jahier et al., 2001). The frequency of this introgression in the
CIMMVYT spring wheat breeding programme, central USA regional winter wheat
programs, and Kansas winter wheat germplasm has increased sizeably from the early
1990s to present day (Gao et al., 2021), suggesting that the introgression confers traits
under selection by breeders. The exception to this was in 2008-2010, where the
introgression dropped in frequency, probably due to changes in virulence of the yellow
rust pathogen leading to loss of Yr17 resistance previously conferred by the introgression.
Gao et al. (2021) also found that the presence of the introgression was associated with a
small yield advantage. A very large introgression from T. timopheevii is found in the
cultivar Lancer from the 10+ wheat genomes project. It spans most of chr2B (Watson-
Haigh et al., 2018; Walkowiak et al., 2020; Keilwagen et al., 2022) and contains the stem
rust resistance gene Sr36 (Bariana et al., 2001; Chemayek et al., 2017). There is also a Th.
ponticum introgression at the distal end of the long arm of chr3D in Lancer (Walkowiak et
al., 2020; Keilwagen et al., 2022). It contains the leaf rust resistance gene Lr24 and the

stem rust resistance gene Sr24 (Walkowiak et al., 2020).

1.9 Challenges associated with using wild relative introgressions for wheat

improvement

Novel genetic variation from wheat’s relatives that may be critical for future food security
is often overlooked by commercial breeding companies due to the significant investment
of time and resources required to incorporate unimproved genebank accessions into
breeding programmes as parents (Atlin, Cairns and Das, 2017). Despite possessing genes
conferring traits of interest for breeders, wild relative introgressions typically also possess
genes that are deleterious in an agricultural setting and thus confer unfavourable

phenotypes, a phenomenon known as linkage drag (Hao et al., 2020).

This concern of linkage drag is compounded by the low recombination rates common
within introgressions from distant relatives (McCouch et al., 2020) caused by distant
introgressed segments lacking a homologous chromosome in the gene pool with which it
can recombine. To reduce the impact of linkage drag, introgressed segments can be
broken up to retain the gene(s) of interest while removing deleterious introgressed

genes, the feasibility of which has been demonstrated in several studies. Yasumuro et al.
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(1981) induced homoeologous recombination to break up the Th. Ponticum chromosome
segment in the Australian cultivar Eagle to separate Sr26 from linked, deleterious genes.
Similarly, (Khazan et al., 2020), reduced the size of Ae. sharonensis introgressions while

retaining leaf and stripe rust resistance genes.

1.10 The wheat genome and wheat genomic resources

As an allohexaploid (7n*3), the wheat genome is comprised of three independent
subgenomes, A, B and D, which are genetically distinct but have a combinatorial effect on
phenotype. Around 51.1% of the genes in wheat exist in triads (Ramirez-Gonzalez et al.,
2018) which consist of three homoeologous genes, one belonging to each subgenome.
Many other genes exist in more complex combinations of homoeologues, including
dyads, where one homoeologue has been deleted, and tetrads, where one homoeologue
has been duplicated (Juery et al., 2021). The complexity of having three independent
subgenomes is complicated further by the large genome size of around 16 Gbp and the
high proportion of repetitive content with around 85% of the genome comprised of
transposable elements, a mobile form of genetic sequence that can multiply and migrate

within the genome over generations in a largely selfish manner (Wicker et al., 2018).

After several genome assemblies of the Chinese wheat landrace Chinese Spring of
increasing contiguity, completeness, and accuracy (Brenchley et al., 2012; IWGSC et al.,
2014, Clavijo et al., 2017; Zimin et al., 2017), the International Wheat Genome
Sequencing Consortium (IWGSC) released RefSeq v1.0 in 2018 (Appels et al., 2018). This
assembly was produced using the NRgene DeNovoMAGIC assembly algorithm, using
Illumina sequencing reads from a variety of library prep methods to generate the contigs,
and POPSEQ and Hi-C to order the contigs into 21 pseudomolecules, each representing a
chromosome of wheat from chrlA to chr7D. Contigs that couldn’t be placed on a
pseudomolecule were placed in chrUn. The RefSeq v1.0 reference genome was
accompanied by a high-quality gene annotation v1.0 which was followed by an improved
annotation v1.1 which fixed several errors in the first annotation. This annotation
contains 107891 high-confidence genes and 161537 low-confidence genes, classified as
such based on their completeness, repeat content and similarity to genes found in DNA
and protein databases. A refined version of RefSeq v1.0, RefSeq v2.1 was released in 2021
with increased contiguity due to the integration of additional optical mapping data and

contigs generated from PACBIO long reads (Zhu et al., 2021) and was accompanied by a
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refined gene annotation. Due to this new reference not being available until part way
through my PhD, the work in this thesis uses the genome assembly RefSeq v1.0 and the

gene annotation RefSeq v1.1.

During my PhD, nine chromosome and four scaffold-level assemblies of wheat cultivars
were generated as part of the 10+ wheat genomes project (Walkowiak et al., 2020).
These assemblies extend the genetic variation captured in the Chinese Spring reference
genome, encompassing genetic variation from Elite wheat cultivars from around the
world that differ due to past breeding selection (Walkowiak et al., 2020). Using these
assemblies, researchers can explore genes that are absent in the Chinese Spring reference
genome, as well as genes varying in copy number between cultivars, and genes whose
sequence varies between cultivars. They can also use the assemblies to replace Chinese
Spring as the reference for mapping sequencing reads if the samples are more genetically
similar to a cultivar with a chromosome-level genome assembly that is not Chinese

Spring.

1.11 Genome sequencing for variant calling and gene expression analysis

A high-quality reference genome serves as a reference for mapping sequencing reads.
This facilitates a variety of genomic analyses, including variant calling and gene expression
analyses. lllumina paired-end short read sequencing is likely the most widely utilised
sequencing technology. It is a second-generation sequencing, or next-generation
sequencing (NGS), technology. NGS revolutionised genomics by offering cost-effective
and extensive interrogation of genetic variation in target populations and high-
throughput RNA sequencing (RNA-seq) for quantifying gene expression (Giani et al.,
2020). On the other hand, third-generation sequencing technologies such as PACBIO and
Oxford Nanopore are both technologies that generate long reads and have seen extensive
use in genome assembly and assessing structural variation (Gordon et al., 2016; Jain et

al., 2018).

During Illumina paired-end sequencing, DNA is fragmented into short segments. These
fragments are sequenced from both ends, providing a pair of reads that facilitates
accurate mapping to the reference genome. Nowadays, these reads are typically 150 bp
each, with an insert size of around 300-500bp. While alternative library designs are
possible for specific experiments, this is a standard approach for variant calling. To

determine where in the genome each read pair derived from, the reads are mapped to
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the reference genome using alignment algorithms, implemented in bioinformatic tools
such as BWA (Li, 2013) and Bowtie2 (Langmead and Salzberg, 2012). Read mapping
involves finding the optimal position in the genome to align each read/read pair. Once

reads are mapped, downstream analyses such as variant calling can be performed.

Variant calling is a fundamental application of genome sequencing, enabling the
identification of genetic variants, such as single nucleotide polymorphisms (SNPs) and
INDELs. This genotyping data is crucial for many genomic analyses, including associating
genetic variants with phenotypes in genome-wide association studies and QTL mapping,
marker-assisted selection, evolutionary and genetic diversity analyses, and genomic
prediction (N. Wang et al., 2020). While WGS provides comprehensive coverage of the
entire genome, the large size of the wheat genome can make it cost-prohibitive,
particularly when sequencing many lines at a sufficient depth of coverage. To overcome
this limitation, reduced-representation methods are often used, reducing sequencing
costs and/or enabling higher depth of coverage by only sequencing a subset of the
genome, typically focusing on areas of higher interest (Borrill, Adamski and Uauy, 2015).
Examples of such methods include genotyping-by-sequencing (GBS), exon capture or DNA
capture designs that extend beyond the exome, such as the gene and putative promoter

capture developed by Gardiner et al. (2019a).

Prior to the widespread adoption of cost-effective high-throughput sequencing, SNP
genotyping arrays were the dominant method for genotyping a population. These arrays
allowed simultaneous genotyping of a set of pre-selected SNPs obtained during a SNP
discovery process. However, next-generation sequencing approaches offers greater
resolution, as they discover more SNPs than are included in a genotyping array and can
discover rare or novel variants rather than being limited to the variants in the array

design.

1.12 The impact of unmapped and mismapped reads on genomic analyses in wheat

Sequencing reads are mapped to a reference genome based on their similarity to the
reference sequence. Within-species mapping usually performs well for accurate
genotyping or gene expression quantification, especially when samples are closely
related. However, if the sample genome contains regions of high divergence compared to
the reference genome, reads from these regions will map poorly, resulting in unmapped

reads or reads mapping to the wrong locus. Mapping to the wrong locus may be
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exacerbated in polyploids like wheat due to the presence of homoeologous sequences to

which reads can falsely map.

The presence of introgressions is a common scenario that disrupts mapping accuracy,
effectively making parts of the genome an inter-species sequencing mapping problem.
These regions exhibit elevated SNP and INDEL densities and reduced synteny, causing
reads to fall below the mapping threshold or leaving no proper reference locus for
mapping. Adjusting mapping algorithm parameters allows mapping to be stricter or more
lenient, but overly lenient mapping, in an attempt to force divergent reads to map, may
compromise overall mapping accuracy. When working with diploid genomes, there is
likely more tolerance for more increasing mapping leniency; however, when working with
polyploids such as wheat, increasing mapping leniency will make it more difficult for

reads to be assigned to the correct homoeologous region.

This issue of poor mapping is a problem for researchers when mapping samples that
contain multiple introgressions as it could lead to inaccurate downstream results. This
concern is particularly pertinent for a species like wheat, which contains an abundance of
introgressions and homoeologous sequences which may provide an alternative incorrect

mapping locus if one homoeologue is introgressed from a distant relative.

However, the phenomenon of reduced or elevated mapping coverage can also be
exploited as a tool to detect divergent genome regions and identifying copy number
variation within sequenced samples. Blocks of reduced mapping coverage are indicative
of a deletion or an introgression in the sequenced sample while blocks of elevated
mapping coverage are indicative of a duplication in the sequenced sample. This concept

has been utilised in several publications.

For instance, Lemay et al. (2019) utilised mapping coverage information from mapped
GBS reads to cost-effectively screen populations of soybean mutants for copy number
variation. Following this, Keilwagen et al. (2019) detected large chromosomal
modifications in sets of barley and wheat lines using GBS data sequenced at a very low
sequencing depth. By identifying genomic windows with outlying mapping coverage —
genomic windows with coverage significantly deviating from the median across the panel
—they were able to identify large chromosomal modifications such as introgressions and
deletions without requiring parental sequencing information. Reduced-representation

sequencing methods like GBS are evidently effective at detecting large chromosomal
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changes, even at low sequencing depths. However, some small structural changes may be

difficult to identify as the whole genome is not sequenced.

1.13 Thesis aims and objectives

This thesis aims to leverage next-generation sequencing data to explore introgressions in
wheat. This includes how sequencing data can be used to identify and characterise
introgressions underlying important agronomic traits, and how the presence of

introgressions presents challenges to the accurate processing of sequencing data.

These two broad aims are connected through the observation that sequencing reads
derived from introgressions map poorly to a reference genome in which that
introgression is not represented, which leads to signatures in the mapped sequencing
data that can be used positively for introgression identification but causes problematic

reference bias in ordinary genomic analyses.

The more specific aims of the thesis can be broken down by chapter:

e Chapter two:
= Explore how WGS data generated from a set of synthetically-derived
introgression lines can be used to characterise introgressed segments to a
high resolution and test whether introgression junctions are enriched in
specific genomic regions.
= Assess structural changes that took place in the generation of the
introgression lines.
= |dentify candidate introgressed regions and genes underlying rust
resistance phenotypes.
e Chapter three:
= Use sequencing data from a diverse mapping association panel to identify
introgressions underlying heat tolerance MTAs, using a method based on
the one developed in chapter two.
= Explore the limitations of relying on a single reference genome to look for
candidate genes following a GWAS.

e Chapter four:
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Following observations in the previous two chapters, determine the extent
to which introgressions lead to reference bias in RNA-seq analyses in

wheat.

Develop a method to reduce reference bias caused by introgressions.
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2 Pinpointing wild relative introgressions and chromosomal aberrations in
hexaploid wheat/Ambylopyrum muticum introgression lines using whole-

genome sequencing data

This chapter is an adaptation of work that has been published in Plant Biotechnology
(Coombes et al., 2022) (Appendix D1) and appears with permission granted by the

Creative Commons Attribution 4.0 International License.

This work was a collaboration between the Anthony Hall group at the Earlham Institute
and Julie and lan King’s group at the BBSRC Wheat Research Centre at the University of
Nottingham. The introgression lines used in this chapter were generated by the Wheat
Research Centre (King et al., 2017, 2019). DNA and RNA for Illlumina sequencing were
extracted from the introgression lines by Cai-yun Yang and Stella Hubbart-Edwards,
respectively, from the Wheat Research Centre. This DNA and RNA was sequenced by
Genomics Pipelines at the Earlham Institute. John Fellers conducted high-molecular
weight DNA extraction and Oxford Nanopore sequencing of Am. muticum and
introgression line DH65 and. KASP™ genotyping was carried out by Surbhi Grewal. |
carried out all the data analysis using the data generated by my collaborators. As | begun
this project at the start of my PhD, | received guidance from Ryan Joynson regarding DNA

read mapping and variant calling.
2.1  Abstract

To provide a source of novel genetic variation for the breeding community, the King
group at the University of Nottingham BBSRC Wheat Research Centre generated a set of
hexaploid wheat/Ambylopyrum muticum introgression lines. In this chapter, | have
outlined an approach to identify these introgressions to a high resolution using WGS data
from the introgression lines and the parent lines. Using this method, | characterised the
macro-level structural landscape of seventeen introgression lines. This revealed
previously characterised introgressions to a much higher resolution and revealed small,
previously missed introgressions that were then validated using KASP™ markers. |
discovered that introgression junctions are more likely to occur in and around gene
bodies and that the development of the introgression lines resulted in many
chromosomal aberrations, such as deletions, duplications, and homoeologous

translocations. | then produced a draft genome assembly of Am. muticum using Oxford
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Nanopore long reads and Illumina short paired-end reads. Using a combination of de
novo, transcriptomic, and proteomic data, | produced a gene annotation of the assembly,
followed by functional annotation and assignment of orthologue pairs between Am.
muticum and wheat. | used this genome assembly and annotation, along with previously
published rust resistance phenotype data, to identify candidate rust resistance genes

introgressed exclusively into resistant lines.

2.2 Introduction

2.2.1 Ambylopyrum muticum

Ambylopyrum muticum [(Boiss.) Eig.; Aegilops mutica Boiss; 2n=2X=14; genome TT] is a
diploid wild relative of wheat, belonging to wheat’s tertiary genepool. It is one of the
many wild relatives being used in the introgression breeding programme at the University
of Nottingham’s Wheat Research Centre. Am. muticum is of interest primarily for the
transfer of abiotic and biotic stress tolerance traits to wheat (King et al., 2017; Fellers et

al., 2020), which will likely be conferred by single large effect loci.

2.2.2 Introgression line production

The introgression lines studied here (Table 2-1) were developed at the Wheat Research
Centre by the process described by King et al. (2017, 2019) (Fig. 2-1). Am. muticum
accessions 2130004/2130012 were crossed with wheat varieties Pavon76 or Chinese
Spring to produce F1 interspecific hybrids. To recover the introgressed Am. muticum
segments in a predominantly wheat background, the F1 interspecific hybrids were
backcrossed three times (resulting in BC3 lines) with combinations of the wheat varieties
Paragon, Pavon76 and Chinese Spring. Genomic in-situ hybridisation (GISH) and KASP™
genotyping were used to ensure the presence of at least one introgressed segment in the
final line. Ensuring the lines are homozygous is important to guarantee the stable
inheritance of the introgressed segments. To do this, the BC3 lines were either made into
double haploids, by pollinating them with maize followed by colchicine treatment, or
were selfed. In this chapter, | used sequencing data generated from thirteen DH lines,
three selfed lines, and one BC3 line (Table 2-1). Eight of the lines belong to a pair of lines

(referred to here as DH pairs) that derive from seed from the same BC3 line.
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Am. muticum X Pavon76 / CS

F1 X | Pavon76 / cSs / Paragon

BC1| X Paragon

BCc2 | X Paragon

BC3 | X Maize

Colchicine treatment
Y

Selfed Double
BC3 line Haploid

Figure 2-1. Process by which the Am. muticum introgression lines were generated.
Adapted from King et al. (2017, 2019).



Table 2-1. Introgression lines analysed in this chapter. Lines with the same colour are in a DH pair, having been derived from the same BC3 line.

Line name Line sequencing Am. muticum accession | Cross history

name (used

hereafter)
DHF1-8 DH8 2130012 (Pavon x Am. muticum) x Paragon x Paragon x Paragon x Maize (+ colchicine)
DHF1-15 DH15 2130012 (Chinese Spring x Am. muticum) x Paragon x Paragon x Paragon x Maize (+ colchicine)
DHF1-65 DH65 2130012 (Pavon x Am. muticum) x Paragon x Paragon x Paragon x Maize (+ colchicine)
DHF1-86 DH86 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon x Maize (+ colchicine)
DHF1-92 DH92 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon x Maize (+ colchicine)
DHF1-96 DH96 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon x Maize (+ colchicine)
DHF1-121 DH121 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon x Maize (+ colchicine)
DHF1-123 DH123 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon x Maize (+ colchicine)
DHF1-124 DH124 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon x Maize (+ colchicine)
DHF1-161 DH161 2130012 (Pavon x Am. muticum) x Paragon x Paragon x Paragon x Maize (+ colchicine)
DHF1-355 DH355 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon x Maize (+ colchicine)
BC3-702-6 BC2F420 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon
BC3F2-137-2 BC3F326 2130012 (Pavon x Am. muticum) x Pavon x Paragon x Paragon x Self x Self




Table 2-1

DHF1-195 DH195 2130004 (Chinese Spring x Am. muticum) x Paragon x Paragon x Paragon x Maize (+ colchicine)
DHF1-202 DH202 2130004 (Chinese Spring x Am. muticum) x Paragon x Paragon x Paragon x Maize (+ colchicine)
BC3F3-9-1 BC3F45 2130004 (Chinese Spring x Am. muticum) x Paragon x Paragon x Paragon x Self x Self x Self
BC3F3-10-1 BC3F46 2130004 (Chinese Spring x Am. muticum) x Paragon x Chinese Spring x Paragon x Self x Self x Self
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2.2.3 Methods for identifying wild relative introgressions

Cytogenetic techniques, such as GISH, facilitate the visualisation of stained chromosomes
under a microscope. In wheat, GISH enables differentiation between the three
subgenomes of wheat and between wheat and wild relative chromosomes. This
technique aids in verifying the presence of introgressed segments in a line, as well as
detecting large translocations, duplications, and deletions. However, GISH suffers from
limited resolution, struggling to discern chromosome changes below approximately 20
Mbp. Additionally, it is difficult to use GISH to distinguish between chromosome groups 1-
7.

When genotyping data from the wild relative is available, introgression lines can be
genotyped to identify wild relative segments that possess SNPs unique to the wild relative
species. While simple sequence repeats were once used, they were expensive and time-
consuming and have been largely replaced by SNP markers (Akhunov, Nicolet and Dvorak,

2009; Bevan and Uauy, 2013).

Genotyping to identify which SNPs are present in a set of samples has previously been
achieved using SNP genotyping arrays. For example, Winfield et al. (2016) developed the
Axiom® 820K HD array, which contains 819,571 SNPs derived from exome-captured
sequencing data from hexaploid wheat Elite lines and landraces, as well as tetraploid and
diploid progenitors and relatives of wheat. A subset of the 820K HD array, the Axiom®
Wheat-Relative Genotyping Array, was formulated from the 36,711 most informative
SNPs for detecting wheat relative introgressions (King et al., 2017; Przewieslik-Allen et al.,
2019). These SNPs were chosen to be co-dominant. This means that both alleles at a locus
can be detected and distinguished from one another, making heterozygous calls possible
and allowing homoeologous genomes to be distinguished, a notoriously challenging task
when working with polyploids like wheat that possess homoeologous gene copies (Kaur,

Francki and Forster, 2012).

Numerous studies have utilised the Wheat-Relative Genotyping Array to identify
introgressions from a variety of wild relative species in wheat (Grewal et al., 20183;
Grewal et al., 2018b; Cseh et al., 2019; Devi et al., 2019; Baker et al., 2020). For example,
Przewieslik-Allen et al. (2019) used the Wheat-Relative Genotyping array to screen
hexaploid wheat lines for introgressions from Aegilops species. To achieve this, they

compared genotype calls of Aegilops accessions to hexaploid wheat lines and calculated a
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percentage match across each window of 10 SNPs. They used control lines containing
known introgressions to determine that a match rate of 40% or higher across a 10 SNP

window is indicative of an introgression.

Genotyping arrays are fairly inflexible due to their predetermined marker set and
difficulties adapting them to varying sample sizes or specific marker subsets (Rasheed et
al., 2017). Consequently, some researchers have opted to use Kompetitive allele-specific
PCR (KASP™) genotyping instead (Grewal et al., 2020a). KASP™ genotyping is cheaper per
sample and offers increased flexibility in terms of the number of samples sequenced per
assay and the markers selected. Hundreds to thousands of samples can be genotyped
with relatively few markers if needed. Instead of a fixed set of markers, newly discovered
markers can be integrated easily, and a subset of markers chosen to target specific

genomic regions.

SNPs from fixed chip platforms such as the Axiom arrays can be converted into KASP™
genotyping markers. Several publications have done this using SNPs from the Wild-
Relative Genotyping Array to detect introgressed segments from a variety of wheat
relatives (Grewal et al., 2018a, 2020; Grewal et al., 2018b; Grewal et al., 2020a; Grewal et
al., 2021). Grewal et al. (2022) and King et al. (2022) improved on this by using WGS data
of wild relatives, alongside a bespoke bioinformatics pipeline, to discover new SNPs and
select those that are within sequences unique to a single wheat chromosome. This helps
create co-dominant SNPs that can accurately detect interspecific introgressions without
interference from homoeologous and paralogous sequences that are abundant in wheat.
This approach led to sets of KASP™ markers that can confidently detect introgressions

and evenly covers the wheat genome, with less than 60 Mbp between each marker.

KASP™ genotyping to identify segments has been conducted on many of the Am.
muticum introgression lines studied here (King et al., 2019; Grewal et al., 2022). The work
in Grewal et al. (2022) was conducted in parallel with the work presented in this chapter
and segment identification through my work led to increased marker deployment using
KASP™ genotyping in Grewal et al. (2022). The instances where this occurred will be

outlined in the results section.

The resolution and reliability with which introgressions can be identified using genotyping
is dependent on the density of markers available. While more expensive, WGS of

introgression lines dramatically elevates the potential resolution for detecting
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introgressions and could reveal small segments previously missed and allow the precise
locations of segment junctions to be pinpointed. In the case of lines possessing
overlapping segments but different phenotypes, this would be valuable in identifying the
source of the introgressed gene(s) underlying the phenotype of interest. It would also
allow the locations of junctions to be characterised to determine if they are enriched near

certain genomic features such as genes.

As described in section 1.12, mapping coverage information from low coverage
sequencing data can be used to identify chromosomal changes including introgressions,
deletions and duplications (Keilwagen et al., 2019). However, it can be challenging to
differentiate between deletions and introgressions using coverage information alone. It
should be possible to identify the introgressions by also using SNPs derived from WGS
data that are specific to the introgressed species; introgressed regions should have both
low mapping coverage and SNPs specific to the introgressed species. Additionally, SNP
information will enable the origin of the donor species to be validated. This is the

technique | employ in this chapter.

2.2.4 Chromosomal aberrations in introgression lines

The three subgenomes of wheat behave as diploids during meiosis due to the action of
the Pairing Homoeologous 1 (Ph1) locus, which ensures that only homologous
chromosomes participate in synapsis and crossovers (Griffiths et al., 2006; Rey et al.,
2017). Suppressing or deleting the Ph1 locus has been used by scientists for decades as a
tool to enable wheat chromosomes to recombine with non-homologous chromosomes
from distant relatives and transfer genes from wild relatives into wheat (Martin et al.,
2017). This can be achieved by using a wheat parent with a mutated or deleted Ph1 locus
or a wheat relative that naturally confers Ph1 suppression, such as Am. muticum and Ae.
speltoides (Dover and Riley, 1972a; Dover and Riley, 1972b; Dvorak, Deal and Luo, 2006;
Liet al., 2017).

However, the freedom of chromosomal pairing that enables wild relative recombination
also enables pairing and recombination between homoeologous chromosomes, leading

to the exchange of chromatin between wheat subgenomes (Koo et al., 2017; Koo, Friebe
and Gill, 2020). In addition to reciprocal translocations, this process can also lead to

deletions and duplications where the synteny between homoeologous chromosomes is
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poor. Finally, forced chromosome pairings between wheat and relative chromosomes in

the F1 crosses are also likely to induce chromosomal aberrations.

2.2.5 Rust pathogens in wheat

Ten of the introgression lines studied in this chapter have been screened for resistance to
Kansas isolates of stem, stripe, and leaf rust (Fellers et al., 2020), revealing resistances to
all three. These resistance phenotypes were not observed in the wheat parent lines
Paragon or Pavon76; therefore, the resistance present in these introgression lines is most
likely derived from introgressed Am. muticum resistance genes. Identifying the regions
within which the resistance genes lie and eventually identifying the gene underlying the
resistance will be of high value to breeders aiming to utilise these introgression lines as

sources of rust resistance.

Rust fungal pathogens from the Puccinia genus are devastating to global wheat
production, with losses estimated between USS 4.3 to 5.0 billion each year (Figueroa,
Hammond-Kosack and Solomon, 2018). Members of this genus cause three wheat rust
diseases: stripe (yellow) rust, stem (black) rust and leaf rust (brown rust), caused by
Puccinia striiformis f. sp. tritici, Puccinia graminis f. sp. tritici, and Puccinia triticina,
respectively. Stripe rust is the most economically significant of the three diseases. 88% of
wheat produced globally is susceptible, 38.2% of which is produced in areas where the
fungus can persist (Beddow et al., 2015), and yield losses of infected fields can reach
100% (Chen, 2005). Stripe rust is of greatest concern in temperate regions (Figueroa,
Hammond-Kosack and Solomon, 2018) and is among the pathogens most detrimental to
winter wheat production (Chen et al., 2014). Leaf rust has the widest distribution of the
three pathogens and displays a high level of diversity with new virulence profiles and
adaptability to climatic change posing a problem to establishing lasting, durable
resistance. Stem rust is less common than the other two and tends to be well controlled
throughout much of the world, but epidemics can be the most devastating (Dean et al.,
2012) and new virulence to many commercialised resistance genes, as seen for example
in the Ug99 race, has revealed the vulnerability of popular wheat cultivars and the
imminent threat posed by this and other newly evolving strains (Singh et al., 2015).
Identifying novel sources of rust resistance is a crucial component of continual wheat

breeding and development.
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Resistance to rust is conferred by plant resistance genes. There are many classes of these

genes that act through different mechanisms. The most common genes implicated in

plant pathogen resistance are nucleotide-binding site leucine-rich repeat (NLR) genes.

However, a variety of genes can act in resistance. For example, LRR protein kinases and

ABC transporters, in addition to NLRs, have been implicated in resistance against leaf,

stripe, and stem rust (Krattinger et al., 2009; Chen et al., 2020; H. Wang et al., 2020;

Zhang et al., 2021).

2.2.6

Chapter aims

Develop method to identify introgressions using whole-genome sequencing data
from the introgression lines and the parent lines.

Use this method to characterise the introgression lines, identifying introgressions
and other large chromosomal aberrations such as deletions and duplications.
Pinpoint introgression junctions and validate the junction of one line using Oxford
Nanopore long reads. Test whether introgression junctions are enriched near
genes.

Determine the minimum sequencing depth required to detect introgressions to a
reasonable resolution using mapping coverage alone.

Generate a draft genome assembly of Am. muticum using Oxford Nanopore long
reads and lllumina paired-end short reads.

Generate a gene annotation of the assembly, followed by functional annotation
and assignment of orthologue pairs between Am. muticum and wheat.

Identify introgressed regions underlying rust resistance and candidate rust

resistance genes introgressed exclusively into rust resistant lines.
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2.3 Results

2.3.1 Development of a pipeline to identify introgressions and large structural variants

using whole genome sequencing data

2.3.1.1 Using mapping coverage deviation to identify introgressions, deletions, and

duplications in introgression lines

First, | quantified and normalised read counts in each genomic window for the possible
wheat parents (Chinese Spring, Paragon, and Pavon76) and for the introgression lines. |
then compared normalised read counts for each introgression line and the two wheat
parents in its crossing history (Paragon + Pavon76 or Paragon + Chinese Spring), resulting
in mapping coverage deviation values. The value closest to 1 was chosen for each
genomic window, assuming that the parent with mapping coverage closest to the
introgression line is the donor parent of that window. The coverage deviation value
reflects the relative copy number of wheat DNA within a given window compared to that
of the wheat parent in that window. A value of 1 indicates similarity in DNA content,
while values approaching 0 suggest possible deletions or introgressions, and values of
around 2 suggest duplications. Intermediate values suggest heterozygous copy number

changes.

In Fig. 2-2, coverage deviation values for introgression line DH65 are plotted in 1 Mbp
windows across the genome. Low mapping coverage deviation values are seen at the
start of chrdD, where an introgression has been previously identified. In addition, there
are other windows with coverage deviation values outside of the normal range, such as a
block of reduced coverage at the start of chr5D. However, reduced mapping coverage
alone cannot guarantee the nature of the structural event that has taken place, be it an
introgression or a deletion. For this, SNPs in the introgression line uniquely shared with

the introgressed species are useful.
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Figure 2-2. Mapping coverage deviation for introgression line DH65.
Each dot shows the mapping coverage deviation value of a 1 Mbp genomic window in
Chinese Spring RefSeq v1.0 compared to the wheat parent lines.

Fig. 2-3 shows IGV images of mapped reads within the introgressed region, highlighting
how disruptions to synteny lead to the observed reduction in mapping coverage relative
to the wheat parents that is characteristic of introgressions. Across most of an
introgression, read mapping exhibits a distinctive pattern: islands of mapped reads
surrounded by regions with fewer or no reads, where synteny is lower between the
introgressed Am. muticum chromosome and the wheat chromosome that was replaced in

the introgression process.
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Figure 2-3. Figure 2 3. IGV image within the chr4D introgression in DH65, showing the
lllumina paired-end short reads mapped to RefSeq v1.0 for DH65, Am. muticum and the

wheat parent Paragon.

2.3.1.2 Generating Am. muticum-specific SNPs

To complement mapping coverage information, | identified SNPs unique to Am. muticum.
These allow us to determine whether regions of reduced mapping coverage are
introgressions or deletions. To generate SNPs that are unique to Am. muticum, | first
conducted mapping and variant calling to identify SNPs using lllumina paired-end
sequencing reads from Pavon76, Paragon and Am. muticum. Am. muticum SNPs not
shared with Paragon or Pavon76 were classified as Am. muticum-specific SNPs. If at the
same position and having the same allele as an Am. muticum-specific SNP, SNPs in each
introgression line were classified as being Am. muticum specific. These were then divided
into those that are homozygous and those that are heterozygous. As an example to show
how homozygous and heterozygous Am. muticum-specific SNPs are found in different
locations in the genome, in the introgression line DH65, the homozygous Am. muticum-
specific SNPs were almost all located at the start of chr4D, within the region of the
previously characterised introgression (Fig. 2-4). However, the heterozygous Am.
muticum-specific SNPs were found in several locations in the genome, with the most
densely packed region being on chr4B, which is homoeologous to the introgressed region

on chraD (Fig. 2-5).
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Figure 2-4. Homozygous Am. muticum-specific SNPs in introgression line DH65 which
has a known introgression at the start of chr4D.
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Figure 2-5. Heterozygous Am. muticum-specific SNPs in introgression line DH65 which
has a known introgression at the start of chr4D.

| investigated the source of the heterozygous SNPs to ensure that they are artefacts of
the mapping process and not genuine heterozygous SNPs. Due to the genetic distance
between the wheat reference genome and Am. muticum, not all reads deriving from an
introgression share the highest similarity to the introgressed site. These reads instead
map to different regions of the genome, most notably to homoeologous regions on the
other two subgenomes. However, since the homoeologous regions are typically not
deleted in the introgression line, those Am. muticum-derived reads usually map at the
same location as wheat-derived reads, leading to heterozygous SNPs being called, even if
the SNP is homozygous in the wheat cultivar and in Am. muticum. This can be seen in IGV
(Fig. 2-6) where heterozygous SNPs are called in the introgression line at sites that are
homozygous in Am. muticum and in Paragon. Furthermore, where more than one SNP is
present within a single read, the read either has the allele profile of Am. muticum or of
Paragon across the variable sites and doesn’t contain both an Am. muticum and a
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Paragon SNP within the same read. This indicates that the reads mapped at this location
are from different origins in the genome of the introgression line. This is in contrast to
true introgressions, where the wheat DNA at the introgression site has effectively been
deleted, so only Am. muticum reads, and not wheat reads, map to the introgression site.

This results in true introgression sites containing homozygous Am. muticum-specific SNPs

(Fig. 2-7).
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Figure 2-6. DH65 heterozygous Am. muticum-specific SNPs caused by reads from Am. muticum reads erroneously mapping to the same location as

wheat reads have been mapped.
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Figure 2-7. DH65 homozygous Am. muticum-specific SNPs at true introgression site.
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2.3.1.3 Integrating Am. muticum-specific SNPs and mapping coverage information into

pipeline

For the final identification of introgressions, | integrated the mapping coverage and SNP
information by looking for blocks of genomic windows with low mapping coverage
deviation values, a sufficient number of homozygous Am. muticum-specific SNPs, and few
heterozygous Am. muticum-specific SNPs. Different parameters were tested until all
previously detected introgressions were identified while no deletions previously verified

were incorrectly classified as an introgression.

2.3.2 Whole genome sequencing allows introgressions to be detected with higher

resolution

Using the pipeline, | identified introgressions in the 17 sequenced introgression lines to 1
Mbp resolution. | then defined the borders to a higher resolution, using 100 Kbp genomic

windows, and pinpointed the introgression borders by hand, if possible, using IGV.

Using this approach, | confirmed the existence of 100% of the segments previously
identified with KASP™ genotyping (Grewal et al., 2022). However, | was able to resolve
the locations of segment junctions to a much higher resolution than previous methods,
due to the limited marker density available for KASP™ genotyping and the low resolution
of GISH. In addition, | uncovered two previously unreported segments that were
subsequently validated by KASP™ genotyping and included in Grewal et al. (2022); a 17.39
Mbp on the telomere of chr7D of DH195 and a 22.68 Mbp segment on the telomere of
chr5D in DH121. | also identified a new 3.99 Mbp segment on chr6D of DH15. Surbhi
Grewal validated this segment as real for this study using 2 KASP™ markers, WRC1873

and WRC1890. All precise segment positions are listed in Appen