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Abstract

There is an urgent need to increase crop yields to address food insecurity. Grain werghifette

by grain length and width, is an important component of final grain yield. However, our
understanding of the mechanisms that control grain weight in polyploid wheat is limited. The
overall aim of this thesis was to understand the mechanisms that control grain length and width in
hexaploid wheat through the characterisation of two previously identified grain weightafivent

trait loci (QTL) on chromosomes 5A and 6A.

Using near isogenic lines (NILs) we found that the 5A and 6A QTL act through different
mechanisms to increase grain weight. The 5A QTL acts post-fertilisation, primarily to increase
grain length (4.0%) through increased pericarp cell size. The 5A QTL also has a pleiotropic effect
on grain width (1.5%) during late grain development. The 6A QTL acts during very early grain
development, perhaps pre-fertilisation, and specifically increases final grain width.(2.3%)

Fine-mapping reduced the QTL mapping intervals and revealed complex underlying genetic
architectures. The 6A QTL mapped to a large linkage block in the centromeric region of
chromosome 6A containing the known grain size géa&W2_A, although we provide evidence

to suggest that this is not the causal gene underlying the 6A QTL. Fine-mapping of the 5A QTL
suggests that two tightly linked genes with an additive effect on grain length undetbets. A
haplotype analysis suggests that the 5A QTL is not fixed in UK germplasm.

The corresponding physical intervals for both the 6A and 5A QTL remain large and contain several
hundred genes, making speculation on candidates for the causal genes difficult. A transcriptomics
study with the 5A NILs provided insight into the genes and pathways that are differentially

regulated and hence may play a role in controlling the differences in grain weight.
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1 General introduction

1.1 Crop yields must increase to meet global food demand

It is predicted that by 2050, the global human population will have exceeded nine billion and this is
driving an increased demand for food production (United Nations, 2015). This increased demand is
exacerbated by competition from crops used for biofuels, increased pressures on agricultural
systems from climate change and changing dietary habits. Space for agricultural expansion is
limited and therefore a sustainable route to meet this demand is to increase crop production on
existing farmlands. Projections have shown that increasing crop yields on land already used for
agriculture could significantly reduce the number of people at risk of hunger globally éadimgy

the available food supply and reducing prices (Rosegtanht 2013). However, whilst huge
improvements in yield were achieved during the Green Revolution, rates of increase inldsop yie
have slowed in recent years (Figure) aidd are currently insufficient to achieve the estimated
doubling in crop production required by 2050 (Tilngaml., 2011; Rayet al., 2013). With one in

nine people in the world currently living under food insecurity and the proportion of the global
population suffering from chronic hunger increasing in 2016 for the first time in a decadest(FAO

al., 2017), it is urgent that we identify ways to increase crop yields.
1.2 Wheat is a crop of global importance

Wheat is one ofhe world’s most important crops and is grown on all five non-polar continents

(Figure 1.2), on more land area across the globe than any other crop (FAO, 2017). Wheat plays an
important role in human nutrition, in fact most people consume 50 wheat plants every day. It
provides one-fifth of the human calorific intake and more protein globally than all typestof mea
combined (FAO, 2017).
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Figure 1.1: Global crop yields 1961-2014
Sourcehttp://www.fao.org/faostat/en/#data/Qéaccessed 21-09-2017

Figure 1.2: Global wheat production in 2010-2014
Sourcenttp://www.fao.org/faostat/en/#data/Qéccessed 21-09-2017
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1.2.1 Modern cultivated wheat is an allopolyploid

As a result of its evolutionary history, modern wheat is an allopolyploid, i.e. a palyphtihas

arisen through the hybridisation of chromosomes from different species (Comai, 2005). Around
400,000 years ago, a hybridisation event between two diploid grass speitiesni urartu (AA))

and an unknown member of tBieopsis family (BB) gave rise to the tetraploid wild emmer

Triticum turgidum ssp.dicoccoides (AABB) (Haider, 2013). The selection for non-brittle rachis

types that do not disperse seeds upon maturity led to domesticated emmei vtean(

turgidum spp.dicoccon (AABB)) in the Fertile Crescent roughly 10,000 years ago @uwb.,

2007). Subsequent selection for free-threshing characteristics gave rise to modern dayhdatum w
Triticum durum (AABB); (Feldman, 2001). Semolina based products, such as pasta, are usually
made from durum wheat, hence it is commonly known as pasta wheat. A second hybridisation
event between emmer wheat (AABB) ahabjilops tauschii (DD) gave rise to the hexaploid wheat,
Triticum aestivum (AABBDD) (Peterseret al., 2006) Given that flour based products, including
bread, are made from hexaploid wh&8atestivumis commonly referred to as bread wheat.
However, most other forms of wheat consumption such as breakfast cereals, biscuits, pastries etc
are also made from bread wheat with different industrial processing qualities. Breaid w

accounts for >95 % of wheat grown globally and was the focus of this work, hence we will refer to

bread wheat as simply wheat throughout this thesis unless otherwise stated.
1.2.2 Wheat genomics resources

The three constituent genomes of hexaploid wheat (A, B and D) are referred to as homoeologous
genomes each containing seven chromosomes, and share 96-98 % sequence similarity across
coding regions (Krasilevet al., 2013). This, along with the large (~17 Gbp) and highly repetitive
nature of the wheat genome has meant that, until recently, wheat genomic resources were limited.
However, this has changed drastically during the course of this PhD with many resources now
becoming available (reviewed in Borrdl al., 2015a; Uauy, 2017). The resources most relevant to

this thesis are described below.

During my PhD, the available wheat genome assemblies have moved from highly fragmented
assemblies containing millions of unordered contigs to 21 near-complete chromosome
pseudomolecule sequences. In 2014 (the first year of my PhD), the International Wheat Genome
Sequencing Consortium (IWGSC) released the Chromosome Survey Sequence (CSS) of the
reference hexaploid wheat cultivar, Chinese Spring (IWGSC, 2014). The CSS assembly was
generated through the flow-sorting and subsequent lllumina next generation sequencing (NGS) of
individual chromosome arms. One major advantage of this approach over previously assemblies
was that it allowed separation of the three homoeologous genomes, which previously had not been
possible (Brenchlegt al., 2012). However, the major limitation of the CSS assembly is that it is
non-contiguous, with the exception of chromosome 3B (Cheu&t, 2014), containing millions

of scaffolds with no physical order. Many of the scaffold sequences were anchored to a high

density genetic map using population sequencing (POPSEQ; MaseheR013). However, this
3



resulted in scaffolds being allocated to large unordered genetic bins and over half of thdsscaff
having no positional information (Borridt al., 2015a). Gene models based on the CSS assembly
were generated using RNA-Sequencing (RNA-Seq) data and information from related species.
However, the accuracy of these gene models was limited by the highly fragmented nature of the
CSS assembly and these gene models are incomplete with respect to more recent annotations,

examined in more detail in Chapter 4 of this thesis.

In the last year, a number of more complete genome assemblies of Chinese Spring have been
released. The first of these was the TGACv1 assembly (Ckidjg 2017b), which used a whole
genome shotgun sequencing (WGS) approach with the W2RAP assembly pipeline gChyvijo

2017a) to generate an assembly with scaffolds over 20 times longer than the CSS assembly (CSS
N50 = 3.3 kb, TGACv1 N50 = 88 kb; Clavighal., 2017b). Again, the TGACv1 scaffolds are not
physically ordered but were genetically anchored in the same way as the CSS assembly. In additiot
to the increased contiguity, one of the biggest improvements of the TGACv1 assembly was the
gene models that accompanied it. These are generally more complete than the CSS gene models
and include > 20,000 genes that were not included in previous gene model sets ¢Cayijo

2017Db). An even more complete assembly was released in July 2017, which combined long single-
molecule sequencing reads with high coverage short reads to generate an assembly witarat least
times improved contiguity over the previous sequences (Ztah, 2017). However, no gene

models associated with this assembly have yet been released. Finally, the IWGSC have generated
whole genome assembly using lllumina sequencing and a proprietary assembly algorithm called
DeNovoMAGIC. These sequences have been ordered using both POPSEQ and Hi-C (chromosome
conformation capture) to generate 21 chromosome pseudomolecules. The most recent release of

this assembly (IWGSC RefSeqvilOtps://wheat-urgi.versailles.inra.fr/Seq-

Repository/Assembligdntegrates this sequence data with additional resources (including

chromosome physical maps, BioNano optical maps, BAC sequences and genoyyping-
sequencing maps of a well characterised mapping population) to give a chromosomal scaffold N50

of 22.8 Mb. An annotation of the IWGSC RefSeqv1.0 assembly has also been generated and

recently made publicly availablet{ps://wheat-urgi.versailles.inra.fr/Seg-Repository/Annotajions
although not in time for analysis as part of this thesis. Instead, we have usediao mapping of
the TGACv1 gene models to the IWGSC RefSeqvl.0 (David Swarbreck and Gemy Kaithakaottil,

Earlham Institute; available attp://www.wheat-training.com/useful-wheat-links/

All the genome assemblies described above are based on the same wheat cultivar, Chinese Spring
therefore not allowing insight into the variation that exists between differentazsltiVhe

identification of variation between wheat cultivars is essential for genetic Stadie the

availability of genetic markers has historically imposed a bottleneck on genetic studiessait.

Genome assemblies have been generated using the same method as the TGACv1 assembly for fo
UK bread wheat varieties (Robigus, Paragon, Claire and Cadenza) and the tetraploid durum wheat

variety, Kronos (available &ttp://opendata.earlham.ac.uk/Triticum_aestijui@enome
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assemblies of other wheat varieties from across the world and progenitor species have also been
released and many more are in the pipeline (Avai., 2017; Montenegret al., 2017). To

overcome the cost and time constraints imposed by whole genome sequencing, other strategies
have been employed to identify variation between large numbers of different wheat cultivars.
Particularly relevant to this PhD are the 90k iSelect (Watiady, 2014) and 820k Axiom (Winfield

et al., 2016) single nucleotide polymorphism (SNP) arrays, which have made used of reduced-
representation sequencing approaches. The 90k iSeledRNge&eqreads from 19 hexaploid and

18 tetraploid wheat cultivars to call SNPs, whereas the 820k Axiom SNPs were identified using
exome capture sequencing data from 43 wheat cultivars. Initially, a proportion of these SNPs were
genetically positioned and have now been assigned physical positions with respect to the IWGSC
RefSeqvl.0 (Ricardo Ramirez-Gonzalez; availabletat//www.wheat-training.com/useful-wheat-
links/).

Additional resources relevant to this PhD are the wheat expression databasess{ReaftH 5;

Borrill et al., 2016)and exome-sequenced mutant populations (Krasieeh, 2017). In recent

years, the reduced cost of NGS resulted in a huge amount of RIN@aSeq data being generated.
However, despite raw sequencing reads being made publicly available in the NCBI sequence read
archive (SRA), this data was not available to researchers in an easily accessible form. The wheat
expVIP database (www.wheat-expression.com; Batrél., 2016) includes 418 publically

available wheat RNA-Seq samples from 16 different studies. All samples have been aligned in the
same way to both the CSS and TGACv1 reference transcriptomes and will soon be updated with
many more studies aligned to the IWGSC RefSeqvl.0 transcriptome reference. This allows the
expression profiles of genes to be examined and compared across a wide range of tissues and
developmental stages. This can be useful, for example, when prioritising candidate genes for
further study, however, until recently, reverse genetics resources for such studiestwamailable

in wheat. To address this, two exome-sequenced mutant populations were generated (www.wheat-
tilling.com; Krasilevaet al., 2017). This functional genomics resource consists of 1,535 tetraploid
(cv. Kronos) and 1,200 hexaploid (cv. Cadenza) EMS mutagenised lines. Exome capture followed
by lllumina NGS was performed on these lines and SNPs have been called with respect to the CSS
gene models to identify mutations and predict their effects. This resource allows d¢he rapi

identification of novel mutations in specific genes for functional characterisation.

These advances have opened up many new opportunities for wheat research, many of which were

exploited in this work.
1.3 Wheat development and yield components

As discussed above, crop yields must increase to meftdtielemands of a growing population.
Final grain yield is a highly complex trait given its polygenic inheritance and strong engmtaim
influence which translates into low heritability. Final yield represents the cumulative yhenot

expression of the complete life cycle of the plant (Slafer, 2003) meaning that mestiltdiave
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pleiotropic effects on yield. This has limited our understanding of the underlyiniogene

mechanisms governing yield in wheat.
1.3.1 Overview of wheat growth and development

From seed sowing and germination to the harvesting of the mature grain, the growth of a wheat

plant progresses through three main phases: vegetative, reproductive and grain filling (Bigure 1.

1 T -
. . ; : - time
Double ridge ~ Terminal spikelet Heading Anthesis
vegetative phase reproductive phase grain filling phase
leaf initiation spikelet initiation
floret initiation active spike growth

active stem growth

Spikes plant’

Grains spike™'

Grain weight (TGW)

Figure 1.3: Wheat development and yield components

Adapted from Slafer (2003) and Geaial. (2015)
1.3.1.1 Vegetative phase

During the vegetative phase, leaf emergence takes place and tiller initiation begins {F3y.

Tillers are lateral shoots that emerge at the base of the stem with the potential to produce a wheat
inflorescence (spikerigure 1.4a) hence contributing to the number of spikes per plant (spikes
plant®; Figure 1.3). Not all tillers will produce spikes, however, with usually at leasirshéhiree

tillers to emerge producing fertile spikes (this will depend on planting densityegdityf, among

other factors). The duration of the vegetative phase can vary depending on whether the wheat
variety is a ‘winter’ or ‘spring’ type. Winter wheats require a period of cold, known as

vernalisation, to induce flowering and hence have a long vegetative phase. Spring wheats on the

other hand do not require a period of vernalisation to flower and therefore develop more quickly
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through the vegetative phase (reviewed in Distelehd., 2009). This cold requirement means that
winter wheats are usually autumn-sown crops in the UK, whereas spring wheats are sown in late
winter or early spring, hence their common names. The longer vegetative phase of winter wheats
means that they generally produce more tillers, extra leaf area, and intercept more lgghé acro
growing season which can support higher grain yields in the matureq8%smof wheat grown in

the UK is winter wheat.

a)

Spike

b)

Flag leaf

Peduncle

Leaf sheath Anthers

Leaf blade
Internode

Spike

Florets

v

Glumes

Tillers
Spikelet

Figure 1.4: Structure of a wheat plant and spike

Figures fromwww.wheat-training.contIntroduction to wheat”
1.3.1.2 Reproductive phase

The start of the reproductive phase is marked by floral/spikelet initiation. This stageried b

as ‘double ridge’ and is the point at which the shoot apex transitions to produce floral structures,
known as spikelets (Figure 1.4b, Figure 1/46¥ingle wheat spikelet includes two outer structures
called glumes (Figure 1.5). Within the glumes there are several structures known sysefimtet
including structures called the palea and lemma. Each spikelet will initiate eiglelt@-floret
primordia, with the two most basal florets (referred to as 1 and 2) arising on oppositef Hees
spikelet meristem at roughly the same time. The third flojeh{fiates above floret 1 and the
subsequent florets will initiate alternately on either side of the spikelet meristerme(Ei§urOnly

the first four to six florets are potentially fertile and will initiate a carpel (gvand three stamen
(which include the anthers), which will develop between the palea and lemma during floret
maturation. Spikelet initiation continues until the terminal spikelet stage wdfteln point no more
spikelets will be initiated. Usually a wheat spike will produce around 20 spikelets, each with
multiple florets that have the potential to hold grain. During the period from termikealet stage

to anthesis (flowering) the spike will experience a period of rapid growth, concurrent witba peri
of stem growth and elongation. In this period, some of the developing spikes and spikelets may
abort (Kirbyet al., 1987).
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Dead tip of spikelet
Floret 5

< Rachis

Figure 1.5: Wheat spikelet structure
Source Cereal Development Guide, Kidhl. (1987)

The developing spike will remain enclosed in the developing leaf sheath (Figure 1.4) uatithe |
stages of spike development. During stem elongation, the spike will be moved up the leaf sheath
until heading, when the spike has fully emerged from the leaf sheath. Anthesis occurs a few days
after heading, when pollen is released from the anthers and pollinates the carpedt(#irby

1987). In most cases, carpels will be pollinated with pollen from anthers in the same floret (self-

pollination) and out-crossing is relatively rare (< 1 %) in wheat

It is important to note that not all spikes and spikelets initiate and develop at the sanfédhém

time between the initiation of the first and last spikelet can last several days or weeks, hosvever t
primordia grow and develop at different rates meaning that anthesis will occur within thefspace
few days across a single spike. Within a single spike, spikelet differentiation and development
begins in the middle of the spike and continues towards the top and bottom of the spike. Within a
single spikelet, the floret development begins from the bottom (floret 1) and proceeds upwards
(Bonnett, 1936). Similarly, anthesis first occurs in the spikelets in the middle of the sgike a
spreads towards the top and bottom tips. This has important consequences for samplirgg strategi
when working with individual grains, as grains from different parts of the spike will be ioffset

their developmental stage. This is why we sampled grains from specific spikelet and floret

positions in Chapter 2.



1.3.1.3 Grain development

Grain development begins with a “double fertilisation™ event. This gives rise to the triploid

endosperm nucleus (a single pollen nucleus fused with two polar nuclei in the embryo sac) and the
diploid zygote embryo (the second pollen nucleus fused with the egg nucleus), which are
surrounded by several tissues of maternal origin that originate from the ovary wall (Figure 1.6)
(Shewryet al., 2012).
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Figure 1.6: Early grain development

a) grain at three days post anthesis. b) cell layers inside the grain from anthesisitg. hatur

cuticle of outer epidermis, 1-outer epidermis, 2-hypodermis, 3-parenchyma, 4-intermediate cells, 5
cross cells, 6/7-inner epidermis/tube cells, 8A & 8B-outer integument, 9A & 9B-inner integument
10-nucellar epidermis, 11-nucelllus, 12-aleurone, 13-starchy endosperm. Sdpré®io-
gromit.bio.bris.ac.uk/cerealgenomics/cgi-bin/grain3.pl

In the first three to five days following fertilisation (days post anthesis; dpajdosgerm nuclei
undergo several rounds of mitosis in the absence of cell wall formation or cytokinesia thdor
endosperm coenocyte (Olsen, 2001; Dated., 2005), a multinucleate cell with a large vacuole
(Figure 1.6). Cellularisation of the peripheral endosperm begins by six dpa and the cedotral reg
previously occupied by the vacuole will contain nuclei at this stage @eta2005). From this

point onwards the endosperm undergoes a period of rapid expansion, attributable to both cell
division and expansion. Concurrent with the period of cellularisation, the endosperm also
undergoes differentiation into four imacell types: starchy endosperm, aleurone, transfer cells and
embryo surrounding region. The presence of four different cell types is one major difference
between the endosperm of cereal grains and some dicots, including Arabidopsis, which only retain

one major cell type in the endosperm of mature seeds (Olsen, 2001) .

In the first few days after fertilisation, the grain increases in size relative to thebavdhe shape
remains similaf“a blunt inverted cone”; Drea et al., 2005). The developing grain then lengthens
significantly and reaches its maximum length at around 15 dpa (Rogers & Quatrano, 1983), by
which time the basic structure of the grain has been established (Figure 1.7). This marks the
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beginning of the grain filling period, which is most active in the UK between 14 and 28 days.
During this time the dry weight of the grain roughly doubles through the accumulationagfestor
components (Shewmt al., 2012), including starch and storage proteins, and the grain volume
continues to increase but not in the longitudinal direction. The grain reaches physiologic#y mat
at the end of the grain filling period, a stage which is characterised by maximum dry weight and
approximately 40 % moisture content. The grain then undergoes desiccation for a perdd of 7-

days until it reaches harvest ripeness (approximately 20 % moisture content).

12 dpa 19 dpa

Figure 1.7: Grain development between anthesis and 26 days post anthesis (dpa)

Example grains sampled in the 2014 grain development time course described in Chapter 2.

The mature seed therefore consists of the endosperm and the embryo, which are surrounded by the
maternal outer layers (Figure 1.6b, Figure 1.8). These outer layers can be referred to broadly as the
seed coat and the pericarp, although they are complex structures consisting of several different
layers of cells (Figure 1.8). It has been shown in Arabidopsis that the seed coat plays several
important roles in seed development and in cereal grains the pericarp takes on many of the key
functions of the seed coat (reviewed in Radchuk & Borisjuk, 2014). However, despite their
importance, the development of the outer layers of the grain have been much less intensively
studied in wheat than the endosperm. The growth and development of the outer layers must happe
in close coordination with the endosperm in order to accommodate the period of rapid growth and
expansion. Studies in barley have shown that cell division in the pericarp reduces shortly after
fertilisation, by around two dpa (Radchetkal ., 2011). Pericarp growth subsequently continues
through cell expansion, predominantly in the longitudinal direction. Programmed cell death (PCD)
also occurs in the maternal seed tissue in coordination with endosperm development, thought to
contribute both additional space and nutrients to the growing endosperm (Reidalhu®011;

Radchuket al., 2017).

Whilst most phases of grain development have been extensively characterised phenotypically, the

genetic and molecular basis of how these processes are controlled is not well understood in wheat.
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Figure 1.8: Diagram of a mature grain

Sourcewww.nabim.org.uk/wheat-structure

1.3.2 Factors affecting final grain yield

Grain yield is the ultimate result of plant growth and therefore essentialjgrads will contribute
towards yield either directly or indirectly. Genes affecting final yield can be separaiedo

main categories: yield adaptation and yield potential. Adaptation includes genes thaheetezm
ability of the plant to perform well in a given environment, such as resistance to abiotic and biotic
stresses or phenological adaptations e.g. flowering time (Slafer, 2003). Many of the largesadvanc
in yield gains in the past have come from phenological adaptations such as flowering time and
height adaptation to maximise agronomic inputs. For example, the introductiornRbi thearfing
genes allowed increased inorganic fertiliser application by reducing the susceptflaligrger

canopy to lodging (Hawkesford, 2014). Yield potential is concerned with genes that more directly
control the productivity of the plant by affecting individual yield components (Slafer, 2003).

To facilitate its study, final grain yield can be broken down into three main yield components:
spikes per plant (tiller number), grains per spike and individual grain weight (Figir&aikes

per plant and grains per spike together determine overall grain number. All three yield components
interact and the periods in which they are determined during plant development partially overla
(Figure 1.3). This presents a challenge when trying to manipulate final yield as modification of
single component can result in negative pleiotropic effects on another component. For example,
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increasing the number of spikes per plant could result in a decrease in the number of grains
produced by each spike due to competition for resources, hence achieving no overall yield benefit.
Indeed, negative correlations between grain number and grain weight are often observed(Kuchel
al., 2007), although the two components are genetically separable (Gaffihs2015). Of

course, this breakdown considers final grain yield based on a single isolated plant, whatsas p

in the field constitute a canopy in which individual plants are in competition. Thisrfurthe

complicates the determination of final grain yield in individual plants and spikes.

The number of spikes per plant is determined relatively early during plant developniewgdol

by the number of grains per spike. The maximum number of potential grains per spikeatelyjti
determined by the number of spikelet primordia initiated (between double ridge and terminal
spikelet) and the number of floret primordia initiated within each of the spikEktnding the

time between double ridge and terminal spikelet can increase the number of spikelet panebrdia
hence the potential grain number (Serreiga., 2008; Gonzalez-Navare al., 2016). The final
grain number is determined by how many of the spikelets and florets retain fertility and undergo
successful pollination. Maximum grain number is therefore fixed shortly after antheaisgrain
weight is the last of the three components to be fixed during plant development and can be
influenced until the grains reach physiological maturity. It has therefore been proposed that
manipulating final grain weight may provide a cleaner route to increasing final geldriryi

wheat. Indeed, final grain weight (measured as thousand grain weight; TGW) is more stably
inherited than yield itself (Kuchet al., 2007).

1.4 Genetic control of grain weight

TGW is largely defined by the size of individual grains and can be broken down furtheeinto th
morphometric components grain length, width, height and area, which are under independent
genetic control (Gegaat al., 2010) These grain size parameters are mainly controlled by the

coordination of cell proliferation and expansion processes.

In rice, over 400 grain weight quantitative trait loci (QTL) have been identified, archtel the
underlying genes have been cloned (reviewed in Xing & Zhang, 2010; lduang?2013). Studies

in the model species, Arabidopsis, have also provided a deep molecular insight into the control of
seed size (reviewed in Li & Li, 2015; Li & Li, 2016). These studies and others have revealed that
seed/grain size is controlled by genes with a diverse range of molecular functions, some examples

of which are described below.

Transcription factors (TFs) belonging to many different families have been shown to be involved in
the control of seed/grain size, for example, the 5 AMOSA PROMOTER-BINDING LIKE

(SPL) TF, OsSPL16. OsSPL16 was cloned as the gene underlying the GEAIN WIDTH 8 (GWB)

QTL and positively regulates grain size through the promotion of cell proliferation (&/ahg

2012). Similarly, the Arabidopsis TRJNTEGUMENTA (ANT) also promotes cell proliferation,

acting as a positive regulator of seed size (Mizukami & Fischer, 2000). TFs that aciadtereg
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seed/grain size through the regulation of cell expansion have also been ideXRHEEALA2

(AP2) and the WRKY TFTRANSPARENT TESTA GLABRA2 (TTG2), both act as negative
regulators of seed size by limiting cell expansion in the integument in Arabidopsis (Jehalson
2002; Garciat al., 2005; Ohtaet al., 2005).

Genes involved in the ubiquitin pathway are also important regulators of seed/graimsigy/in

plant species (reviewed in Li & Li, 2014). This pathway acts to modify target proteins by the
addition of a small protein called ubiquitin (Ub) through the sequential action ofttrgmes: E1

(Ub activase), E2 (Ub conjugase) and E3 (Ub ligase). This modification has importaatasgul
functions in many cellular processes in plants and often involves the modified protein being
targeted for degradation by the 26S proteasome (Hershko & Ciechanover, 1998). For example,
GW2, a RING-type E3 Ub ligase, was cloned as the gene underlying a major rice grain weight QTL
and negatively regulates grain width by limiting cell division (Setrag., 2007). Orthologues of

GW2 in other species including Arabidopsis, wheat and maize also negatively regulate seed/grain
weight (Liet al., 2010; Xiaet al., 2013; Simmondst al., 2016) suggesting that this mechanism

may be conserved across species. Downstream targetsAvhtiidopsisGW2 orthologue DA2,

have been identified that also regulate seed size, su2zAlasandUBIQUITIN SPECIFIC

PROTEASE 15 (UBP15). DAL andUBP15 interact genetically and physically and both regulate

cell proliferation in the integument, howevBA\l acts as a negative regulator whilgP15 is a

positive regulator (Liwet al., 2008; Duet al., 2014).UBP15 is actually a deubiquitinating enzyme

and other genes with deubiquitination activity have also been identified as regulators of grain size,
such adMDE AND THICK GRAIN 1 (WTGL), which regulates grain size and shape in rice mainly
through cell expansion (Huamjal., 2017).

Components of several different signalling pathways have also been shown to play roles in the
control of seed/grain size. Several studies have demonstrated roles for components obtain G-pr
signalling pathway, in which heterotrimeric G-protein complexes act with membrane bound G-
protein coupled receptors to transduce extracellular signals to intracellular componems & rus
Botella, 2016). Heterotrimeric G-protein complexes consist of three subupits; éhd Gand

roles in seed/grain size regulation have been identified for examples of all subucisaindi
Arabidopsis (reviewed in Botella, 2012). However, it is not clear if function is completel
conserved across species. For example, an ArabidopsighGnit, AGG3, positively regulates seed
size (Fanget al., 2012), whilst the most similar rice, &ibunits DEP1 andGS3 appear to be
negative regulators of seed size (Ieaal., 2006; Huangt al., 2009). Phytohormone signalling is
also important in the control of seed/grain size with roles being demonstrated for auxin,
brassinosteroid and cytokinin biosynthesis and signalling components (Rielle2006; Schruff

et al., 2006; Jiangt al., 2013). Other important signalling components have also been identified.
For examplKLUH, an Arabidopsis cytochrome P450, positively regulates seed size through

promoting cell proliferation in the integuments (Adangial., 2009) and this function appears to
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be conserved in wheat (Mhal., 2016). Genes affecting epigenetic status have also been shown to

have important roles in the control of seed/grain size (®iah, 2006).

Many of the components described above have been shown to act maternally to affect the final
seed/grain size (reviewed in Li & Li, 2015) and it has been proposed in several species that the
maternal outer tissues (i.e. seed coat or pericarp) set an upper limit to the finhtisizeeed/grain
by physically restricting endosperm growth (Adanetlal., 2009; Hasamet al., 2011; Xiaet al.,

2013).

1.4.1 Understanding of the genetic control of grain size in wheat

Despite the advances in Arabidopsis and rice, our understanding of the genetic mechanisms
controlling grain size remains limited in wheat. Comparative genomics approaches and association
studies have provided some insight (Breseghello & Sorrells, 2006; Sukuehatar2015; Maet

al., 2016; Simmondst al., 2016; Aroraet al., 2017) and QTL associated with grain size and shape
components (grain area, length and width) have been identified on almost every wheat
chromosome (Breseghello & Sorrells, 2007; Gegjas., 2010; Simmondst al., 2014; Farrét al.,

2016; Kumart al., 2016; Brintoret al., 2017). However, few of these QTL have been validated,

none have been cloned and little is understood about the underlying mechanisms.

One of the major challenges to cloning grain size QTL in wheat and understanding the underlying
mechanisms is the subtle nature of the effects compared to QTL in diploid species such as rice.
Grain weight QTL in rice often have effects of > 20%, whilst grain size QTL in wheatyhasat

effects of ~ 3% (Uauy, 2017) It has been proposed that the subtlety of these effects in wheat is due
to functional redundancy between homoeologues resulting in the effects of variation in a single
gene being masked by the effects of the remaining functional copies. Indeed, variatid@W2the

gene in rice leads to grain weight differences of over 50% whereas a similar mutant la a sing
wheat homoeologue affects TGW by only 7 % in wheat (®bag, 2007; Simmondst al., 2016).

1.5 The 5A and 6A QTL for grain weight

Previously in the lab, two distinct major wheat grain weight QTL were identified on chromssom
5A and 6A (henceforth referred to as the 5A QTL and 6A QTL, respectively; Simraoalds
2014; Brintonet al., 2017). Both QTL were identified in doubled haploid (DH) populations

between UK hexaploid winter wheat cultivars and validated using near isogenic lines (NILs)
1.5.1 Identification of the 5A QTL

The 5A QTL was identified in a DH population developetseen the UK cultivars ‘Charger’ and
‘Badger’ (CxB). The CxB DH population was evaluated for final yield and TGW across twelve
environments: at least two years (yr) at five different locations (2 x England (3 yr),atlan8ic
(2yr), 1 x France (2 yr) and 1 x Germany (2 yr)). A QTL analysis identified a region on
chromosome 5A that was consistently associated with TGW, significant in seven out of twelve

environments (based on the log-of-odds (LOD) score) and explaining 15.5 % of the phenotypic
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variation. The QTL interval was confirmed in a multi-trait multi-environment analySIsE),
with at least one marker in the QTL region being significantly associated with TGWwekét
environments. In the CxB DH population, the 5A QTL increased TGW by 5.5 % with Badger

providing the increasing allele.

Overall there was a significant correlation between TGW and final grain yield across all
environments, but a yield QTL only co-located with the 5A QTL in two of the twelveamagnts

in the QTL analysis. However, MTME analysis for yield showsinificant association between
yield and at least one marker in the 5A QTL interval in seven out of twelve environments. It was
concluded that the 5A QTL interval is associated with a consistent effect on TGW ¢hatboit

not always, translates to an increase in final grain yield. (Brigitah, 2017).

1.5.2 Identification of the 6A QTL

The 6A QTL was identified in a DH population between the UK cultit@park and‘Rialto’

(SxR) and was evaluated in the same twelve environments detailed above for the CxB DH
population. A QTL analysis identified several TGW QTL in the SxR DH population priesant
least five environments, but the TGW QTL on chromosome 6A co-located with a QTL for final
grain yield. Across environments, there was a significant correlation between TGW aiggdinal
yield in the SxR DH lines. MTME anlaysis found that markers within the 6A QTL interval were
significantly associated with TGW and yield in ten and nine out of the twelve environments,
respectively. In the SxR DH population, the 6A QTL increased TGW by 4.5 % and final yield by
3.8% with Rialto providing the increasing allele in both cases (Simnabratls 2014).

Interestingly, TaGW2_A, the A genome wheat orthologue@\?2 (rice E3 Ub ligase, described
above), was located within the 6A QTL mapping interval (Simmehés, 2014).

1.5.2.1 TaGW2_Aas a potential candidate gene underlying the 6A QTL

At the beginning of my PhD, several studies had investigagerble ofTaGW2_A in the control

of grain size in wheat but contradictory results had been reported.

Multiple association studies had identified an A/G promoter SNP at the -593 bp position of
TaGW2_A as associated with grain weidhit had reached conflicting conclusions. One study
found an association between the A allele and increased grain weigh@a(S2011), whilst
another identified the G allesincreasing grain weight (Zhang,e&al., 2013). Contradictory
results had also been produced as to whether the function GW2es a negative regulator of
grain weight is conserved in wheat. A natural missense mutation in exora&Wl_A (Yanget
al., 2012) and downregulation ®aGW2 expression by RNAi (Hongt al., 2014) were both
associated with an increase in grain weight, suggestinga@w?2_A functions as a negative
regulator of grain size in wheat. However, a separate RNAi study found that suppre3siGh\af
expression resulted in smaller grains, suggesting positive regulation of grain size (Betlalarek
2012). Therefore, although the evidence strongly suggestetaB®?2_A plays a role in the

control of grain size, the precise function of the gene was not blearerous studies had
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identified grain weight QTL on wheat chromosome 6A and alludda®W2_A as the possible
causal gene (Miet al., 2012; Zhang, Kt al., 2013; Williams & Sorrells, 2014) but none had

conclusively shown whether or not this was the case.

Although the parents of the SxR DH population, Spark and Rialto, do not have any coding region
polymorphisms infaGW2_A, they do carry the A/G -593 bp promoter SNP (Spark-A, Rialto-G;
Simmondset al., 2014). Given the associationTHGW2_A with final grain size, its location

within the 6A QTL mapping interval and the presence of the promoter SNP, we hypothesised that
TaGW2_A could be a candidate for the causal gene underlying the 6A QTL.

1.6 Thesis aims

The overall aim of this thesis is to understand the mechanisms that control grain length and width
in hexaploid wheat through the characterisation of the 5A and 6A QTL. Specifically, this thesis
will combine phenotypic characterisation (Chapter 2), genetic mapping (Chapter 3) and

transcriptomics (Chapter 4) to answer the following questions:

o Do the 5A and 6A QTL increase grain weight via the same or different mechanisms?
¢ What are the genes/pathways underlying the 5A and 6A QTL?
o IsTaGW2 Athe gene underlying the 6A QTL?
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2 Characterisation of 6A and 5A Near Isogenic Lines

All results described here regarding the 5A QTL and NILs have been published in the following
manuscript (Appendix)i

Brinton, J., Simmonds, J., Minter, F., Leverington-Waite, M., Snape, J., Uauy, C. 2017.
Increased pericarp cell length underlies a major quantitative trait locus for grgimt wei
hexaploid wheat. New Phytologist, 215: 102638. doi:10.1111/nph.14624

Additionally, the 2015 results regarding th@GW2_A NILs have been published as part of the

following manuscript:

Simmonds, J., Scott, P., Brinton, J., Mestre, T., Bush, M., del Blanco, A., Dubcovsky, J.,

Uauy, C. 2016 A splice acceptor site mutationTlaGW2_Al increases thousand grain weight in
tetraploid and hexaploid wheat through wider and longer grains. Theoretical and Appliéid<zene
129: 1099. https://doi.org/10.1007/s00122-016-2686-2

2.1 Chapter summary

In this chapter, a detailed characterisation of 6A, 5SATa\W2_A NILs was conducted across
multiple years of field trials to provide phenotypic insight into the mechanisms underlgifg th

and 5A QTL. We found that 6A NILs had a consistent difference in TGW (4.4 %) and that this was
driven by an increase in final grain width (243. No differences in final grain length were

observed between 6A NILs. The first differences in carpel/grain size parameters between 6A NILs
were observed at the very early stages of carpel/grain development, possibly before tattilisati
TaGW2_A NILs showed a similar but distinct phenotype compared with 6A NILs suggesting that
TaGW2_A may not be the causal gene underlying the 6A QBGW2_A NILs also had a

consistent increase in TGW (84), but this was associated with increases in both final grain

length (1.7 %) and width (1.9 %), which were established before fertilisation. The BAIQT

had a robust effect on TGW (6.9 %) but this was driven by a primary effect on grain lendgt) (4.0
(established c. 12 dpa) and a pleiotropic late stage effect on grain width (1.5 %). This shows that
the 6A and 5A QTL act to increase grain weight through distinct mechanisms. We also showed that
the difference in grain length in 5A NILs is associated with longer cells in the pericarp swyggest

that the 5A QTL acts to influence cell expansion.
2.2 Introduction

Many grain weight QTL have been identified in wheat (Breseghello & Sorrells, 2007; Simetonds

al., 2014; Williams & Sorrells, 2014; Fareéal., 2016), but very few have been validated and little
mechanistic insight has been provided. Grain weight, like final yield, is a complex, polygeni

and is largely defined by the size of the grain, which can be broken down into individual grain
morphometric parameters (grain area, length and width). Studies in other species such as rice and
Arabidopsis have shown that these parameters are defined during carpel/grain development throug

the coordination of cell expansion and proliferation processes by a diverse range of genes and
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mechanisms (described in more detail in Chapter 1 and reviewed in lian@013; Li & Li,
2016). This chapter aims to provide insight into the mechanisms underlying the differeneds in gr
weight associated with the 5A and 6A QTL.

In order to understand the contributions of specific genetic loci to complex polygenic traits, like
grain weight, each locus must be separated and tested independently. This is particuladptimpor
when studying loci that have very subtle effects, such as those of the 5A and 6A QTL, which
increase TGW by 5.5 % and 4.5 %, respectively. Both the 5A and 6A QTL were identified in DH
populations (CxB and SxR, respectively). However, DH lines segregating for these QTL also
segregated for other QTL and therefore are not suitable for specifically investibatieffectof

the 5A and 6A QTL. In the same way, although the parental cultivars have differences in grain
weight they also have sequence variation across the entire genome and therefore cannot be used t
understand the effects of specific loci.

Near isogenic lines (NILs) are lines that differ only for a small segment of the genome and
therefore allow the effects of that region to be studied without the confounding effects of
background genetic diversity. NILs for both the 5A and 6A QTL had been developed and were
available at the start of my PhD (Simmomtial., 2014; Brintoret al., 2017), providing a valuable
resource for dissecting the mechanisms underlying the grain weight effects by reducing the
complexity imposed by background variation. The value of this reduction in complexity is

illustrated in Figure 2.1, which shows the development of the 5A NiLs.
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Number of SNPs 31

Figure 2.1: 5A QTL analysis and NIL development

Circos diagram showing the whole genome QTL scan and single nucleotide polymorphism (SNP)
variation. Outer track is the mean log-of-odds (LOD) score for thousand grain weight (TGW)
across all environments measured. The red line shows a LOD threshold of 2.5. This threshold was
used to remain consistent with the default threshold of QTL cartographer (used for the MTME
analysis discussed in 1.5.1) and was considered as appropriate for eliminating the background
noise. Wheat chromosome groups are represented in different colours beneath the QTL scans. Tw
QTL exceeded the 2.5 LOD threshold (chromosomes 2B and 5A). The QTL on chromosome 5A
(boxed segment) was selected for further analyses as it was the most significant (LQBrstore

most stable across environments in addition to having a larger mean additive effect and accounting
for more of the phenotypic variation than the QTL on chromosome 2B, Inner tracks correspond to
heatmaps representing the number of iSelect SNPs in 30 Mb windows showing variation between
Charger and Badger, parents of the doubled haploid population (outer) or a representative pair of
5A—/5A+ NILs (innermost). Physical positions of all markers (including those used in the QTL

scan and iSelect markers) were determined using the IWGSC RefSeq v.1.0 sequence. Figure and
legend text from Brintomt al. (2017).
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Several grain weight QTL were identified in the CxB DH population in addition to the 5A QTL, in
particular a major QTL on chromosome 2B (Figure 2.1, outer track). The parental cultivars
(Charger and Badger) had sequence variation across the entire genome (7973 SNPs), whereas the
NILs vary only at the location of 5A QTL (221 SNPs; 97.2% similar; Figure 2.1, inner tracks)
(Brintonet al., 2017). These NILs therefore eliminate the confounding effects of other genomic

loci and allow specific examination of effects associated with the 5A QTL interval.

The 5A and 6A NILs were generated using the same overall strategy. Briefly, DH lines were
selected that had the positive allele across the entire QTL interval (Badger (BAX@i(&).
These lines were then crossed to the recurrent (negative) parent (Chargergpadkai6A)), and
heterozygous plants were backcrossed to the recurrent population for four generatipnaf{&C
self-pollination, homozygous NILs with the alternative alleles across the QTL intervals were
selected. From this point onwards, NILs with the positive allele (Badger or Rialto) dwross t
interval will be referred to as 5A+ or 6A+ NILs, and those with the negative alleles (Charger or
Spark) will be referred to as 5A- or 6A- NILs.

In addition to the 5A and 6A NIL§aGW2_A mutant NILs were also available during this PhD.
Previously in the lab, a screen of the tetraploid Kronos TILLING population identified a mutant
line with a G to A transition in a splice acceptor sitdaBW2_A that led to mis-splicing and
subsequent truncation of thiaGW2_A transcript (Simmondat al., 2016). Studying the effects of

the mutant allele ofaGW2_A by comparing the mutant line to WT Kronos is confounded by the
presence of background mutations, similar to the sequence variation between the pareidal variet
of the 5A and 6A QTL. The mutant allglgw2-A) was therefore backcrossed into both tetraploid

(cv Kronos) and hexaploid (cv Paragon) backgrounds to generate NILs for further characterisation
(Simmondset al., 2016). The hexaploifiaGW2_A NILs were used during this PhD specifically to
characterise the effects GdGW2_A in the context of the hypothesis that it could be the gene
underlying the 6A QTL. NILs with the non-functional mutant allel@aGW2_A are referred to as
gw2-A NILs and those with the wildtype (WT) allele are referred tGAR-A NILs.

The aim of this chapter was to use a detailed characterisation of the 5A, BAG&M2_A NILs to
phenotypically answer the three main questions of this thesis. To this end, the effects of the
QTL/mutations on final grain weight were dissected into individual grain size componehts. In t
case of the 5A NILs the effects were broken down even further to determine whether the QTL acts
to affect cell number or size. Further mechanistic insight was provided by examiningithsizg

and weight components of NILs during a time course of carpel/grain development. The 5A and 6A
NILs were also assessed for a series of additional yield components and developmental traits to

identify any pleiotropic effects of the QTL.
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2.3 Materials and methods

2.3.1 Plant material and growth

The 5A, 6A andlaGW2_A NILs used in this chapter were generated by James Simmonds and are
described in Brintomet al. (2017), Simmondst al. (2014) and Simmond al. (2016),

respectively. All NILs were evaluated at Church farm in Norwich (52.628 N, 1.171 E) with exact
numbers of NILs grown in each year outlined in Table 2.1. All NILs were grown in large-scale

yield plots (11 x 6 m) and a randomised complete block design was used with five replications.

Table 2.1: Summary of NILs grown in each year at Church farm

Year 5A NILs 6A NILs TaGW2_ANILs
2012 10 BG - -

2013 10 BG - -

2014 12 BG 7BG -

2015 4 BGy 4 BGy 4BG
2016 4 BGy 4 BGy 4 BC

2.3.2 Phenotyping

Grain morphometric measurements (grain width, length, area) and thousand grain weight (TGW)
were recorded on the MARVIN grain analyser (GTA Sensorik GmbH, Germany) using
approximately 400 grains obtained from the harvested grain samples of each plot. The plet averag
was used in the statistical analyses. Individual grain data from each plot sample was alsal extract
to examine distributions of grain size in the 5A and 6A NILs. Final grain yield was adjusted by plot
size and moisture content. Other spike yield components and developmental traits measured
include:

e Spikelet number* (all spikelets on the spike)

e Viable spikelets* (all spikelets containing grains)

e Grain number per spike* (Total grains from a single spike)

e Seeds per spikelet* (Total grains per spike/number of viable spikelets)

e Spike yield* (Total weight of all seeds per spike)

e Days to heading (days from sowing until 75% ear emergence of 75% of plot)

e Days to maturity (days from sowing until 75% plot senesced)

e Tiller number (measured as tillers (i.e. stem)after plots had been combine harvested)

e Crop height (measured at maturity)

*indicates measurements that were obtained from ten representative single ear sarf)lekéBE

from the field plots just before plots were combine harvested i.e. mature, dry spikes.
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2.3.3 Carpel/grain developmental time courses

For the 5A and 6A carpel/grain developmental time couB@sNILs grown in 2014-2016 were

used. For both QTLwo independent NILs carrying the negative allele (2 x 5A- or 2 x 6A-) and

two independent NILs carrying the positive QTL allele (2 x 5A+ or 2 x 6A+) were used. The same
NILs were used in all three years. For Tla&W2_A time courses, NILs grown in 2015 (B&nd

2016 (BG) were used. Again, two independent NILs were used for each genotype: two NILs
carrying thewWT allele of TaGW2_A (2x GW2-A) and two NILs carrying the non-functional A

genome allele (2gw2-A). In all experiments5 wheat inflorescences (referred to as ear or spike)
per NIL were tagged across up to five blocks in the field at full ear emergence (peduncle just
visible; Figure 2.2a) to ensure sampling at the same developmental stage. Ten spikes per NIL, per
block, were sampled at each time point (i.e. 50 total spikes from the 65 tagged spikes). Exact time
points taken are detailed in figure legends of the time courses (Figure 2.5, Figure 2.6, Fjgure 2.9
Spikes were kept on ice and taken to JIC for dissection. Ten carpels/grains were sampled from eac
spike from the outer florets (positions F1 and FHgure 2.2b) of spikelets located in the middle of

the spike (Figure 2d) and placed in 2 mL eppendorf tubes. No clear developmental differences
between F1 and F2 were observed during the sampling. Carpels/grains were weighed to obtain
fresh weight (FW) and assessed for morphometric parameters (carpel/grain area, length and width)
on the MARVIN grain analyser. Measurements were taken within 3 hours of dissection from the
spike and kept at°€ in the intervening period to avoid moisture loss. Immediate measurement of a
subset of carpels/grains and then re-smeasurement after several hérsatperformed to

confirm that no grain size or weight parameters were affected by storage for this amount of time.
Carpels/grains were then dried at°87to constant weight (dry weight; DW). For each block at

each time point, a total of ~100 carpels/grains were sampled (10 spikes per block x 10
carpels/grains per spike) per NIL. However, for the statistical analysis the eoéithg ~100
carpels/grain from each NIL within each block was used as the phenotypic value as the individual

grains and spikes were considered as subsamples.
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Figure 2.2 Sampling strategy for the carpel/grain development time courses

a) Spikes were tagged at full ear emergence (peduncle just visible). Grains were sampled from the
middle of the spike. b) grains were sampled from the outer florets of spikelets (floret 1 (F1) and
floret 2 (F2)).

2.3.4 Cell size measurements

One representative 5A- and 5A+ BRIL was used for cell size measurements. This pair of NILs
were selected based on the consistency of the grain length effect across previous years. For each
NIL, nine grains of average grain length were selected from the whole 2015 harvest sample from
each block (groups 5A-/5A+ average). For the 5A- NIL, an additional nine grains were selected
that had grain lengths equivalent to the average of the 5A+ NIL sample (5A- large). For the 5A+
NIL an additional nine grains were selected that had grain lengths equivalent to the average of the
5A- NIL sample (5A+ small). Grains of average length from three blocks of the 2016 harvest

samples were also selected (nine grains from each block per genotype).

Grains were stuck crease down on to 12.5 mm diameter aluminium specimen stubs using 12 mm
adhesive carbon tabs (both Agar Scientific), sputter-coated with gold using an Agar highoresoluti
sputter coater (Figure 2.3b) and imaged using a Zeiss Supra 55 scanning election microscope
(SEM). The surface (pericarp) of each grain was imaged in the top and bottom (embrgbjHealf
grain (Figure 2.3a, T and B, respectively), with images taken in at least threerngositeach half.

All images were taken at a magnification of 500x. Cell length was measured manually using the
Fiji distribution of ImageJ (Schindelit al., 2012) (Figure 2.3c). Cell number was estimated for
each grain using average cell length/grain length. For the statistical analysesrdge aell

length of each individual grain was used.
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Figure 2.3: Scanning Electron Microscopy imaging for pericarp cell size measurements

a) Example grain showing the bottom (B) and top (T) half as used for imaging. b) Grains stuck
crease down and sputter-coated with gold to be imaged. ¢) example scanning electron microscopy
image taken for cell size measuring. Red arrow indicates how cell length was measured. Image
taken at 500x magnification.

2.3.5 Statistical analysis

The NILs were evaluated using two-way ANOVASs across all years with the model including the
interaction between environment and the genotype. For the evaluation of individual years the block
and genotype were included in the model. Similarly, two-way ANOVAs, including genotype and
block, were conducted for the developmental time courses and cell size measurements. Analyses

were performed using R v3.2.5.

2.4 Results

2.4.1 Characterisation of the 6A QTL
2.4.1.1 6A NILs have a 4.4% difference in TGW

Across three years of replicated field trials, 6A+ NILs had significantly increas&d dompared
with 6A- NILs (4.39%; P < 0.001; Table 2.2), ranging from 1.38% to 7.42% in individual years.
However, when years were analysed individually, the increase in TGW was non-significant in 2016

(1.38%, P = 0.33). Across all three years the increase in TGW was associated with a 2.25%
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increase in plot yield, although this was non-significant across years (P = 0.42) and in each year
individually (Table 2.2

Table 2.2 Mean Thousand Grain Weight (TGW), yield and grain morphometric parameters of
6A NILs

vear Genotype TGW (g) (k\g;ili)llgt) Grg:qnmaz;ea Graér;n :i?gth Gra(irrTl] vmvi)dth

2014 6A- 43.20 5.98 19.49 6.34 3.82
6A+ 45.29 6.08 20.01 6.37 3.91

4.84%" 0.46%'S 2.65%" 0.48%'s 2.27%"
2015 BA- 38.22 6.66 15.66 5.94 3.26
6A+ 41.06 6.97 16.34 5.99 3.37

7.42%" 4.719%'S 4.37%" 0.77%'s 3.35%"
2016 6A- 45.14 5.75 20.06 6.37 3.93
B6A+ 45.77 5.76 20.29 6.33 3.99

1.38%'S 0.08%'S 1.13%'S -0.62%'S 1.49%
Overall 6A- 42.19 6.13 18.40 6.22 3.67
6A+ 44.04 6.27 18.88 6.23 3.76

4.39%" 2.25%'S 2.58%" 0.20%'s 2.31%"

%s indicate amount gained in 6A+ NILs compared with 6A- NILs. Sagpts indicate significance
determined by ANOVA for either each year, or across all years (finglire. NS = Non-significant, * = P
<0.05, ** = P < 0.001

To identify potential pleiotropic effects of the QTL that could account for the absence of a
significant yield effect, ten representative spikes from each plot of 6A NILs weessed for a

series of spike yield components (Table 2.3). Components included spikelet number, viable
spikelet number, seeds per spikelet, grain number per spike and spike yield, although not all
measurements were taken in all three years. In 2014, grain samples were compromised due to higt
levels of bunt infection at Church farm and in 2016 the spikelet number counting was performed
incorrectly. Across two years, there was significant decrease in the number of viable spikelets i
6A+ NILs (-2.17%, equivalent to 0.44 spikelets per spike; P = 0.001) although this was driven by a
strong effect in 2014. The decrease in viable spikelet number (and spikelet number overatf app

to have been compensated for in 2015 by an increase in the number of seeds per spikelet (3.98%)
which resulted in one extra grain per spike (2.86%) in 6A+ NILs, although neither were significant
(Table 2.3). Unfortunately, no grain number data is available for 2014 (when spikelet number was
significantly reduced) so it is unclear whether this would have resulted in a signiédantion in

grain number. Despite the fact that the grain number differences were not significant in 2015, the
tendency towards more grains per spike combined with 8.7% higher TGW (P < 0.001) in the ten
spike sample, resulted in significantly higher spike yield in 6A+ NILs (11.90%, P = 0.001). This
translated into a higher overall plot yield (#4ITable 2.2), although this was not statistically

significant.

25



Table 2.3: Spike yield components of ten representative single ear samples (SES) of 6A- aBCHNILS

Spikelet Viable Grain number Spike yield Seeds per SES-TGW  SES-Grain SES-Grain  SES-Grain
Year Genotype

number spikelets per spike (g/spike) spikelet (9) Area (mm?) length (mm) width (mm)
- 22.12 21.00 - - - - - - -
2014
B6A+ 21.24 20.35 - - - - - - -
-3.98%" -3.10%"
2015 6A- 21.53 19.15 33.52 1.265 1.75 37.80 19.11 6.39 3.71
B6A+ 21.13 18.93 34.48 1.416 1.82 41.09 19.89 6.41 3.85
-1.869%'S  -1.159%4'S 2.8698'S 11.90%" 3.989%'S 8.71%" 4.06%" 0.319%S 3.65%"
6A- 21.83 20.08 - - - - - - -
Overall
B6A+ 21.19 19.64 - - - -

-2.94%" -2.17%"

%s indicate amount gained in 6A+ NILs compared with 6A- NILs. Supptséndicate significance determined by ANOVA for either each yeacmss all years
(final row). i.e. NS = Non-significant, ** < 0.01, *** < 0.001. SES = §ie Ear Samples = data not available
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6A NILs were also measured in the field for a series of developmental traits. 6A+ NILs flowered c.
one day earlier than 6A- NILs across years (measured as days to heading; P = 0.01; Table 2.4).
6A+ NILs also senesced c. one day later than 6A- NILs (measured as days to maturity; P = 0.006)
although this was only measured in a single year (Table 2.4). No consistent significant effects wer
observed across years for crop height and tiller number, although there was a significant reduction
in tiller number in 6A+ NILs in 2014 (Table 2.4). These results suggest that the 6A QTL acts to
increase TGW in a stable manner across years, but the effects on final yield may be modulated by
environmental interactions and negative effects on components such as spikelet number and tiller
number.

Table 2.4: Developmental traits of 6A BGIILs

Year Genotype Days to heading Days to maturity Tiller number Crop Height (cm)

2014 6A- 243.80 296.00 82.10 75.70
6A+ 242.95 296.70 76.53 75.13
-0.85" 0.70" -5.57" -0.58'S
2015 6A- 250.90 - 133.75 84.75
6A+ 250.00 - 136.10 83.75
-0.90 2.39% -1.00%

2016 6A- 250.38 - - -

6A+ 249.89 - - -

-0.49'S

Overall 6A- 248.36 - 107.93 80.23
6A+ 247.61 - 106.31 79.44
-0.75 -0.79'%S -0.78'%S

Differences indicate amount gained in 6A+ NILs compared with 6 A- NiLge&gripts indicate
significance determined by ANOVA for either each year, or across a#i y@al row) i.e. NS = Non-
significant, * = P < 0.05, ** = P < 0.01 = data not available

2.4.1.2 Grain width underlies the increase in TGW in 6A+ NILs

Grain morphometric parameters (grain area, length and width) of 6A NILs were measured to
understand the contribution of the individual components to the overall increase in TGW (Table
2.2). 6A+ NILs had significantly increased grain area (P < 0.001) and grain width (P < 0.001)
compared to 6A- NILs. No significant grain length differences were observed in any year. 6A+
NILs had 2.31% wider grains across all years ranging from 1.49-3.35% in individual years. Grain
area differences ranged from 1:13.37 %, although the difference was non-significant in 2016,
reminiscent of the non-significant TGW increase in 2016. These results were based on whole plot
samples and were confirmed in ten representative ear samples taken before harvest (Tabie 2.3)
absence of any significant grain length effect suggests that grain width is the main factor
underlying the increase in grain area and TGW in 6A+ NILs. However, the difference in grain area
(2.58%; Table 2.2) did not fully account for the difference in TGW (4.39%; Table 2.2). This
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discrepancy could be accounted for by an increase in grain height/thickness but this parameter was
not measured, discussed further in section 2.5.3.

2.4.1.3 The 6A QTL affects grains uniformly within the spike

Distributions of grain width were compared between 6A NILs using measurements from individual
seeds to determine whether the 6A QTL has a uniform effect on all grains within the spike. Violin
plots of grain width showed some variation in distribution shape between years (Figure 2.4).
However, distribution shapes within years were very similar between 6A- and 6A+ NILs
suggesting that the QTL has a uniform and stable effect across the whole spike and within
spikelets. In all years, the 6A+ distributions were shifted higher reflecting the highereagesiay

width and illustrating the fact that 6A+ NILs had both larger numbers of wider grains and fewer
thinner grains than 6A- NILs. Note that individual distributions are not completely normally
distributed since the plots are based on the multiple independent NILs used for each genotype.

genotype
=
BA+

Grain width (mm)

2014 2015 2016
year

Figure 2.4 Distribution of grain width of 6A NILs from whole plot samples

Violin plots showing the distribution of individual seed measurements of grain width acesess thr
field experiments of BE£6A near isogenic lines (NILs). Orange plots = 6A+ NILs, grey = 6A-
NILs. Black lines within the boxes indicate the median value. All within year comparisons were
significant (2014, 2015: P < 0.001; 2016: P = 0.03).
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2.4.1.4 The 6A QTL acts during very early grain development to increase grain
width

Grain developmental time courses were conducted to determine when the first differences in grain
size and weight were established between 6A NILs. In 2014, at the first time point (4 dpa) the 6A+
NILs had significant increases in all components measured (grain length: 4.66%, P = 0.02; width:
4.71%, P = 0.008; area: 10.10%, P = 0.006; FW: 19.90%, P = 0.00BVvV¥n&1.1%, P = 0.008;

Figure 2.5 and Table 2.5). Significant differences in grain width, area and FW were maintained
throughout the rest of the time course until the final time point (30dpa) although the difference
reduced in magnitude (grain width: 2.2%; P = 0.001, grain area: 2.1%, P = 0.01; FW: 6.1%, P =
0.02). These differences at the final time point were reflective of the measuremenisatime

grains (Table 2.2). The significant difference in DW was maintained until the penulimate t

point (20 dpa), however by 30 dpa 6A+ NILs had 4.6% higher DW but the difference was non-
significant (P = 0.16). No significant differences in grain length were observed after 4 dpa

To determine whether differences in grain size and weight components were established before
fertilisation, the first time points in 2015 and 2016 were taken at heading (full ear emergence,
peduncle just visible), but before plants had reached anthesis (i.e. before fertilisatinivity). In

both years, there were increases in carpel width and FW in 6A+ NILs at heading although the
differences were borderline non-significant (Width (2015: 2.66%, P = 0.06; 2016: 3.55%, P =
0.08), FW (2015: 13.52%, P = 0.09; 2016: 11.3%, P = 0.06)). Additionally, in 2016 6A+ NILs had
11.7% higher DW although this was again borderline non-significant (11.7 %, P = 0.09). In 2015
the first significant increase in any component was observed at 5 dpa when 6A+ NILs had
significantly wider grains (2.93%, P = 0.038) and significantly heavier grains (DW: 11.9%, P =
0.049). At 12 dpa, despite overall increases in all components in the 6A+ NILs, none of the
comparisons were significant. At the final time point (19 dpa) grain width (3.42%, P < 0.001),
grain area (3.93%, P < 0.001), FW (8.05%, P <0.001) and DW (6.13%, P = 0.047) were all
significantly increased in 6A+ NILs. No significant differences in grain length werevaukat

any time point in 2015. In 2016 however all measured components were significantly increased in
6A+ NILs at 2 dpa. Grain width, area, FW and DW remained significantly higher in 6A+ NILs
throughout the time course, with the exception of DW which was only borderline significant at 19

dpa. From 5 dpa onwards there were no significant differences between 6A NILs in grain length.

Taking together the results from all three years suggests that the 6A QTL acts durieariyery
grain development to increase grain width, area and weight. However, it remains unclear as to

whether this mechanism acts pre or post-fertilisation.
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Table 2.5: Differences between 6A NILs in grain size and weight parameters during carpel/grain
development time courses

Year iﬁf\;ﬁ:t Length (%) Width (%)  Area (%)  FW (%)  DW (%)
4 460021 A47P8 10100 19903 21100

10 240070 33013 570 13902 150P0%

2014 15 0.8P21 3220000 41P006 11 8P4 16 Q@00
20 057120 @70 35xX0001 g 70001 {1 5003

30 04020 1@l po@ols g E5Ho0 4 9gist

5 197164 @05 4308 35904 3 Qpea

0 10837 202826 32927 48P0 78047

10778 19@46L 30955 124810 eI

2015 5 20424  29F0® 5 QPOTT eSS 1] g
12 048551 204070 30919 gQPOE g Qo0

19 0.2P4% 347000 393001 gm0l g o7

3 009602 354 5IPIST 11300 17 7090

2 0.0£0% 101901 190908  329@01 3756015

5 41012  53@021 112000 190307 1860

2016 12 13013 4990001 1PN 111g02 137500
19 0260689 3930001 41@006  74P00 770073

26 0.48%5 409001 45001 gpeglol g 5ovs

%s indicate amount gained in 6A+ NILs compared with 6A- NILs. Supptsare the ANOVA P-
values of the comparison between 6A+ and 6A- NILs.
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Figure 2.5 Carpel/grain development time courses of 6A NILs

Carpel/grain length (a, b, c), width (d, e, f), area (g, h, i), fresh weight (j, k, I) and dytyt\jrmi, n

0) of 6A- (grey, dashed line) and 6A+ (orange, solid IB€) near isogenic lines (NILs) during
carpel/grain development in 2014-2016 field trials. 2014 samples: 4, 10, 15, 20 and 30 days post
anthesis (dpa)); 2015 samples: -5, 0 (anthesis), 2, 5, 12 and 19 dpa; 2016 samples: -3, 2, 5, 12, 19
and 26 dpa. . =P <0.10, *=P < 0.05, * =P < 0.01, ** = P < 0.001. Error bars show one
standard error above and below the mean.
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2.4.1.5 GW2A NILs show phenotypic differences compared to 6A NILs

The A genome copy of the RING-type E3 ubiquitin ligha&W2 (TaGW2_A) genetically mapped

to the original 6A QTL region (Simmondsal., 2014) and has previously been associated with the
control of grain size (Set al., 2011; Bednarekt al., 2012; Yanget al., 2012; Zhang, >t al.,

2013; Honget al., 2014). Therefore, we hypothesised thaBW2_A could be a candidate gene for

the 6A QTL (as discussed in Chapter 1). To test this hypothesis phenotydia@y2 A NILs

were assessed for grain weight and morphometric parameters and carpel/grain development time
courses were conducted in 2015 and 2016. The results from 2015 have been published in
Simmondset al. (2016).

Thegw2-A (mutant) NILs carry a G-A mutation in the AG canonical splice acceptor site of exon 5
of TaGW2_A, resulting in mis-splicing of the transcript. The predominant splice variant arising
from this mutation uses an alternative splice acceptor site located 4bp downstream of tpewild t
splice site, causing a frame-shift that generates a premature termination codon. figpe arisi
truncatedgw2-A protein is 134 amino acids in length, compared to the 426 amino acid length wild
type protein (Simmondat al., 2016). In most RING-type E3 ligases, the RING domain is located
at the N-terminus and is the domain that binds the E2 conjugase whilst the rest of the protein (C-
terminus) contains protein-protein interaction domains that are important for substratgticatog
and binding (Stonet al., 2005). The RING domain ifaGW2_A is predicted to be located at 61-
104 amino acids therefore may not be disrupted igMi2eA truncated protein, and consequently
the mutant allele may retain ubiquitination activity. However, a mutation in a similaiclodathe

rice GW2 protein resulted in a truncated protein that retained intrinsic ubiquitination abtinity

still acted as a null allele due to the lack of the substrate binding domainggbn@007). It is
possible that thgw2-A mutation present in thHBW2-A NILs used in this thesis has the same effect,

but this remains to be experimentally validated.
24.1.5.1 gw2-A NILs have 6.7% higher TGW, driven by both grain length and width

Across two years of field trialgw2-A (mutant)NILs had 6.65% higher TGW thaBW2-A (WT)

NILs (P < 0.001), ranging from 6.17-7.11% in each year. This was larger than the TGW differences
observed between 6A NILs across years (4.4% higher TGW in 6A+ NILs across three years, 4.2 %
in 2015-2016; Table 2.2). Similarly to the 6A NILS, no significant differences in yield were

observed in either year.

Across yearggw2-A (mutant) NILs had significantly increased grain length (1.74%, P <0.001;
Table 2.6) and grain width (1.94%, P = 0.00@ble 2.6), which combined to give a 3.57% (P
<0.001) increase in grain area compare@\W@-A (WT) NILs. This was in contrast to 6A NILs,
which showed significant differences in grain width and area, but no significant differergremi
length in each of the three years tested (Table Bti2s would support the hypothesis that the 6A
effect is distinct fromTaGW2_A.
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Given that the differences in grain length and grain width betWa@kV2_A NILs were of a
similar magnitude, these results suggest that the increase in T@MZ-e(mutant)NILs is driven

by a combination of increases in both grain width and grain length.

Table 2.6: Mean Thousand Grain Weight (TGW), yield and grain morphometric parameters of
TaGW2_A NILs

Year Genotype TGW (g) (k\g;ili)llgt) Grg:qnmaz;ea Graérr]n Iri;gth Gra(irrTl] vmvi)dth
GW2-A(WT)  43.869 5.195 20.275 6.698 3.699

2015  gw2A(mut) 46573 5.328 20.909 6.785 3.767
6.17%"  2.56%'S 3.13%" 1.30% 1.84%"

GW2-A(WT) 45859 5.612 21.058 6.676 3.896

2016  gw2A (mut) 49.118 5.642 21.901 6.822 3.975
7.11%"  0.53%'S 4.00%" 2.18%" 2.03%"

GW2-A(WT)  44.864 5.404 20.666 6.687 3.797

Overall  gw2A (mut) 47.846 5.485 21.405 6.804 3.871
6.65%"  1.519%4'S 3.57%" 1.74%" 1.94%"

%s indicate amount gained gm2-a (mutant) NILs compared wittGW2-A (WT) NILs. Superscripts
indicate significance determined by ANOVA for either each year, or acotsg/gars (final row). ie.
NS = Non-significant, * = P < 0.05, ** = P < 0.01, *** = P <001. 2015 = Bg 2016 = BG.

24152 TaGW2_A acts before fertilisation

Time courses of carpel/grain development were conducted in 2015 and 2016. In 2015, samples
were taken at -4, 0 (anthesis), 3, 9, 16 and 23 dpa. In 2016, just three critical time points were
sampled: -3, 0 and 20 dpa.

In 2015,gw2-A (mutant) NILs had significantly increased carpel length (5.55%), width¥6).22
and area (12.13%) at the first time point (-4 dpa, P < 0.001; Table 2.7 and Figure 2.6). These
differences were maintained for the duration of the time course with the exception of cairpel/gr
length, which became non-significant by the final time point (P = 0.267). The differences in
carpel/grain size components translated to increases in both carpel FW and DW, which were

significantly increased igw2-A (Mutant) NILs across the whole time course.

In 2016, significant differences were again observed in carpel length (3.2%), width (3.3%) and area
(6.4%) at the first time point (-3 dpa), translating to an increase in carpel FW (8.36%). &sicontr

to 2015, carpel/grain length remained significantly highgwg-A (Mutant) NILs for the duration

of the time course whilst differences in grain width and area were non-significant at thienénal

point (20 dpa). No significant differences in FW were observed after -3 dpa and no significant

differences in DW were observed across the entire time course in 2016.
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Despite the conflicting results of the post anthesis time points in 2015 and 2016, in both years it
appears thataGW2_A acts before anthesis to influence carpel length and width, which combine to
modulate carpel area and weight, and ultimately final grain weight.

Table 2.7: Differences between TaGW2_A NILs during carpel/grain development time courses

Year ii{ﬁ:s‘i’;t Length (%)  Width (%) Area (%) FW (%)  DW (%)
4 555060001 22040001 12 13060001 14220892  27.99950001

0 6.66%0001  95gYF00L 1513050001 2734950001 24 490f.002

0.81090% 943060001 180506002 254108%5  20.90940%

2015 4230895 503060001 Q52060001 1527040001 18 860001
16 1780695 4110891 5610691  10.0008%2 94894013

23 1.0200257  3.64%001 500050001 978050001  7.6608-003

3 3200092 3200902  §A3YONOL 8 3EUHNS 4779475

2016 0 3310092 256090 504090  7120§140 74208165
20 1.00%0001  (0.860H458 2640902 32106187 D 390412

%s indicate amount gained gmw2-A (Mutant) NILscompared wittGW2-A (WT) NILs. Superscripts
are the ANOVA P-values of the comparison betwegw-A (WT) andgw2-A (Mutant) NILs.2015=

BC;, 2016 = BG.
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Figure 2.6: Carpel/grain development time courses of TaGW2_A NILs

Carpel/grain length (a, b), width (c, d), area (e, f), fresh weight (g, h) and diiyt\iejy of GW2-

A (WT; grey, dashed line) and gw2-a (mutant; green, solid line)BI15) and B&(2016) near
isogenic lines (NILs) during carpel/grain development in 2015-2016 field trials. 2015 samples: -4,
0 (anthesis), 3, 9, 16 and 23 dpa; 2016 samples: -3, 0 and 20 dpa. * = P < 0.05, ** = P < 0.01, ***
=P < 0.001. Error bars show one standard error above and below the mean.
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2.4.2 Characterisation of the 5A QTL

All results described here relating to the 5A QTL have been published in Beiraor{2017)

Results from the BENILs (2012-2013) were obtained by James Simmonds prior to the start of the
PhD, but had not been previously published. These results were therefore analysed alongside
results obtained during the PhD (BNILs, 2014-2016).

2.4.2.1 B5A NILs have a 6.9% difference in TGW

Across five years of replicated field trials 5A+ NILs showed an average increase in TGW of 6.92%
(P < 0.001) ranging from 4.00 to 9.28% (Table 2.8), and significant in all years. The difference in
TGW was associated with a yield increase of 1.28% in 5A+ NILs across all years, although this
effect was not significant (P = 0.093). The effect varied across years with a signifiéént yie
increase of 2.17% (P = 0.046) in 2014 and non-significant effects of between 0.02 to 1.72% in the
other four years.

Table 2.8: Mean Thousand Grain Weight (TGW), yield and grain morphometric parameters of
5A NILs

Year Genotype TGW (g) (k\g(i/gllgt) Gr?niqnmazgea Graérr]n Irtra]?gth Gra(irrT]] rVnVi)dth
5A- 38.027 4.408 18.755 6.625 3.475
2012 5A+ 41.554 4.437 19.930 6.900 3.557
9.28%" 0.66%'S 6.26%" 4.15%" 2.35%"
5A- 40.772 6.157 19.969 6.705 3.674
2013 5A+ 43.544 6.159 20.979 6.963 3.727
6.80%" 0.02%'S 5.06%" 3.86%" 1.44%"
5A- 47.368 6.495 21.493 6.798 3.930
2014 5A+ 50.729 6.636 22.579 7.063 3.979
7.09%" 2.17% 5.05%" 3.90%™ 1.25%"
5A- 42.734 7.582 18.044 6.426 3.479
2015 5A+ 46.201 7.712 19.293 6.730 3.554
8.11%" 1.72%'S 6.93%" 4.72%" 2.16%"
5A- 49.292 5.974 19.829 6.580 3.735
2016 5A+ 51.266 6.064 20.610 6.816 3.745
4.00% 1.509%'S 3.94%" 3.58%" 0.27%'S
5A- 43.639 6.123 19.618 6.627 3.659
Overall 5A+ 46.659 6.201 20.678 6.894 3.712
6.929%" 1.28%'S 5.41%" 4.04%" 1.45%"

%s indicate amount gained in 5A+ NILs compared with 5A- NILs. Supptsdndicate significance
determined by ANOVA for either each year, or across all years (fingl re. NS = Non-significant, * =
P <0.05, * =P <0.01, ** = P < 0.001. 2012-13 €BNILs, 2014-16 = B&NILs.
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5A NILs were measured for a series of spike yield components to determine possible pleiotropic
effects associated with the 5A+ TGW effect. Within most years, there was no significant effect of
the 5A+ allele on spike yield components such as spikelet number, seeds per spikelet or grain
number per spike (Table 2.9). However, when all years were analysed together, theere was
significant reduction in grain number (-3.55%, P = 0.04) and seeds per spikelet (-3.37%, P = 0.015)
associated with the 5A+ QTL. This statistical significance was driven by a particularly str

negative effect in 2016 as grain number and seeds per spikelet were non-significant in the
preceding four seasons (2012-15). Overall, however, the 5A+ QTL is associated with a consistent
small decrease in these spike yield components. Taking into account the 6.92% effect of the 5A+
QTL on TGW and the tendency for decreases in some spike yield components, the overall spike
yield increased by 2.33% (P = 0.032) across the five years. However, similar to grain number and
seeds per spikelet, the statistical significance is driven by a single year (2014 desyaitl

positive effects in another three years (2012, 2013, and 2015).
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Table 2.9: Spike yield components of ten representative single ear samples (SES) of 5A- and 5A+ NILs

vear Genotype Spikelet V!able Spike Grain number Spike _yield Seeds per  SES- SES-Grai2n SES-Grain S.ES-Grain
number  Spikelets Length per spike (g/spike) spikelet TGW (g) Area (mm? length (mm) width (mm)

5A- 24.69 22.33 9.41 64.15 2.49 2.60 38.70 19.71 6.66 3.62

2012 5A+ 24.87 22.40 9.64 63.29 2.58 2.55 40.61 20.59 6.88 3.66
0.73%'S 0.36%'S  2.43%'S -1.349%'S 3.83%'S -1.82%'S 4.92% 4.46%" 3.32%" 1.26%'S

5A- 21.93 20.79 9.50 65.07 2.84 2.97 43.65 20.35 6.66 3.78

2013 5A+ 22.00 20.64 9.63 62.72 2.90 2.85 46.33 21.33 6.92 3.83
0.3090'S  -0.72%'S  1.32%'S -3.609%'S 2.169%'S -3.92%'S  6.14%" 4.84%" 3.88%" 1.09%"

5A- 21.54 20.42 - 84.06 4.11 3.90 48.90 21.55 6.74 3.94

2014 5A+ 21.59 20.31 - 82.43 4.36 3.81 52.90 22.76 7.02 4.01
0.219%'S  -0.539%'S -1.949%'S 6.02%" -2.24%'S  8.17%" 5.60%" 4.08%" 1.73%"

5A- 20.65 18.27 - 54.83 2.56 3.00 46.74 19.06 6.63 3.59

2015 5A+ 20.52 18.09 - 53.89 2.64 2.98 48.97 20.12 6.91 3.63
-0.61%'S  -0.96%'S -1.719%' 3.039%'S -0.84%'S 4.77%" 5.54%" 4.33%" 1.019%'S

5A- 23.25 22.55 - 83.77 3.86 3.72 46.04 19.59 6.63 3.65

2016 5A+ 23.27 22.35 - 77.04 3.75 3.45 48.68 20.35 6.78 3.71
0.10%'S  -0.90%'S -8.04%" -2.90%'S -7.24%" 5.72%" 3.86%" 2.21%" 1.56%

5A- 22.41 20.87 9.46 70.37 3.17 3.24 44.81 20.05 6.66 3.72

Overall 5A+ 22.45 20.76 9.63 67.88 3.25 3.13 47.49 21.03 6.90 3.77
0.17%'S  -0.53%'S  1.87% -3.55% 2.33% -3.37%  6.00%" 4.87%" 3.57%" 1.34%"

%s indicate amount gained in 5A+ NILs compared with 5A- NILs. Supptsdéndicate significance determined by ANOVA for either each yeagmss all years

(final row) i.e. NS = Non-significant, * = P < 0.05, ** = P < 0.0%* = P < 0.001. 2012-13 = BANILs, 2014-16 = B&NILs. - = data not available. SES = single ear

sample
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5A NILs were also measured for several developmental traits (Table 2.10). There was a significant
reduction of 4 tillers per m across two years (P = 0.008) and a 1 cm increase in crop height in a
single year (P = 0.038) in the 5A+ NILs (Table 2.10). No effect was seen for days to heading or
days to maturity (Table 20). Taken together, these results suggest that the 5A+ QTL has a
consistent positive effect on TGW and that the effects on yield are modulated by a seriesof small
compensating negative effects on yield components such as grain number, seeds per spikelet and
tiller number.

Table 2.10: Developmental traits of 5A NILs

Year Genotype Days to heading Days to maturity  Tiller number  Crop Height (cm)

5A- 250.2 318.5 126.7 76.9
2012 5A+ 250.5 317.7 121.2 77.9
0.3 -0.8 -5.5 1.0
5A- 250.2 298.9 - -
2013 5A+ 250.5 298.7 - -
0.3% 0.2
5A- 236.4 293.3 69.3 -
2014 5A+ 236.5 293.3 66.9 -
0.1NS 0.0% 24N
5A- 246.5 - - -
2015 5A+ 246.0 - - -
-0.5%
5A- 242.5 - - -
2016 5A+ 242.8 - - -
0.3'S
5A- 245.2 303.6 98.0 76.9
Overall 5A+ 245.2 303.2 94.0 77.9
0.1Ns -0.3% -4.07 -

Differences indicate amount gained in 5A+ NILs compared with 5A- NILseiSappts indicate
significance determined by ANOVA for either each year, or across af y#aal row) i.e. NS = Non-
significant, * = P < 0.05, * = P < 0.01. 2012-13 = BNILs, 2014-16 = B&NILs. - = data not available
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2422 The TGW increase in 5A+ NILs is primarily due to increased grain length

NILs were assessed for grain morphometric parameters (length, width and area) (Table 2.8). 5A+
NILs had significantly increased grain length (P < 0.001), width (P < 0.001) and area (P < 0.001)
compared to 5A- NILs across all years with the exception of width in 2016. On average, the 5A+
QTL increased grain length by 4.04% (P < 0.001), ranging from 3.58 to 4.72% (P < 0.001 in all
years). Unlike th8aGW2_A NILs which had equivalent differences in length and width (Table

2.6), the 5A effect on width was smaller than that on length, averaging 1.45% (P < 0.001; range
0.27 to 2.35%) and significant in four out of five years (Table 2.8). The effects on ledgkhcim
combined to increase grain area by an average of 5.41% (P < 0.001), significant in all five years.
These results were based on combine harvested grain samples and were also confirmed in ten
representativ&EStaken before harvest. TGW of the ten spikes correlated strongly with the whole
plot samples (r = 0.84, P < 0.001) and showed a similar difference between NILs (6.00%, P <
0.001; Table 2.9). Across datasets, the effect of the 5A+ QTL on grain length was more than twice
the size of the effect on grain width. This fact, together with the more consistent effgairo

length across years (Coefficient of variation length = 10.6%; width = 55.3%; TGW =27.8%
suggests that the increase in grain length is the main factor driving the increase ameaand

TGW.

24.2.3 The 5A QTL has a uniform effect on grains within the spike

Violin plots for grain length showed variation in the shape of the distribution efidindil seeds

among years (Figure 2.7). However, within years the 5A- and 5A+ grain length distributions were
very similar in shape, suggesting the 5A QTL affects all grains uniformly and in @ stabher

across the whole spike and within spikelets, similar to the 6A QTL. In all yearsAthgrain

length distributions were shifted higher than the 5A- NILs with an increase in longer grains and
fewer shorter grains, in addition to the higher average grain length (Figure 2.7). Grain width
distributions were also very similar in shape within years, but had a less pronounced shift between

NILs (Figure 2.8) consistent with the overall smaller effect of the 5A QTL on grain width.
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Figure 2.7: Distribution of grain length of 5A NILs from whole plot samples

Violin plots showing the distribution of individual seed measurements of grain length teross

five field experiments 0bA BC, (2012-2013) and B£2014-2016) near isogenic lines (NILS).
Purple = 5A+ NILs, grey plots = 5A- NILs. Black lines within the boxes indicate the median value.
All within year comparisons between NILs were significant (P < 0.001).
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Figure 2.8: Distribution of grain width of 5A NILs from whole plot samples

Violin plots showing the distribution of individual seed measurements of grain width #oeoss

five field experiments oA BC; (2012-2013) and B{32014-2016) near isogenic lines (NILs).
Purple = 5A+ NILs, grey plots = 5A- NILs. Black lines within the boxes indicate the median value.
2012-2015 within year comparisons between NILs were significant (P < 0.01). The 2016
comparison between NILs was non-significant.
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2424 The 5A QTL region acts during grain development to increase grain length

Grain development time courses of two 5A- and two 5A+ BICs were conducted to determine
when differences in grain morphometric parameters (grain length, width and area) between NILs
are first established. Grain FW and DW were also measured. Grains were sampled in 2014, 2015
and 2016 from field plots at anthesis (with the exception of 2014) and at five further time points
across grain development until the difference in grain size had been fully established. Exact tim
points are detailed in Figure 2.9 and TablEL2Similar profiles were observed in all years, with

the first morphometric parameter to show a significant difference being grain length (Figutg 2.9a

and any differences in grain width were not observed until the final time point (Figde§.2.9

In 2014, the first significant difference in grain length was observed at 8 dpa with 5A+ NILs

having 3.33% longer grains than 5A- NILs (P = 0.001; Table 2.11, Figure 2.9a). This was later in
grain development than when the first significant differences in grain size were observéd in bot
the 6A andTaGW2_A NILs. 5A+ grains remained significantly longer until the final time point (27
dpa; 4.46 % increase, P < 0.001; Figure 2.9a). Similarly, differences in grain area weredoltserv

8 dpa (5.57%, P = 0.001) and maintained until the final time point (6.52%, P < Bi@0re 2.99).

A significant difference in grain width was observed at the final time point only (2.47%, P 5 0.001
Figure 2.9d). Grains from 5A+ NILs were also significantly heavier at 8 dpa (FW: 8.31%, P =
0.004; DW: 6.82%, P = 0.020). 5A+ grains remained heavier until the final time point, although the

differences at 12 dpa were non-significant (Figure 2.9j,m).

In 2015, the first significant difference in grain length was obseav&d dpa with 5A+ NILs

having 1.49% longer grains than 5A- NILs (P =0.035). Although this was four days later than the
first grain length difference in 2014, the mean grain lengths were similar at thegmfints in the

two years (2014: 5A+ = 6.62 mm, 5A- = 6.41 mm; 2015: 5A+ = 6.50 mm, 5A- = 6.40Thm).

2015 grain length effect increased to 4.35% at 19 dpa (P < 0.001) and was maintained at the final
time point (26 dpa; 4.48 % increase, P < 0.001; Figure.23dmificant differences in grain area
were detected at 19 dpa (5.74 % increase; P < 0.001; Figure 2.9h) and this difference was
maintained at the final time point (6.06 %, P < 0.001). No significant effects on grain width were
observed until 26 dpa when 5A+ NILs increased grain width by 1.66 % (P = 0.015; Figire 2.9e
By the final time point 5A+ NILs also had significantly heavier grains (FW: 7.13 %, P < 0.001;
DW: 3.71 %, P = 0.01; Figure 2.9k)n

In 2016, the first differences in both grain length (2.88 %, P < 0.001) and grain area (4.15 %, P <
0.001) were observed at 15 dpa (Figure 2.9c, i). These differences increased to 4.02 % (grain
length, P < 0.001) and 6.30 % (grain area, P < 0.001) at the final time point (21 dpa). There was
also a 6.37 % increase in tA@ of 5A+ grains at the final time point (P = 0.019). No significant
differences were observed at any time point in grain width or dry weight in 2016, reminiscent of

the non-significant difference in the grain width of mature grains in 2016 (Table 2.8

In all years, the grain size and dry weight effects observed were consistent with the differences
observed in mature grains (Table 2.8). The fact that the effects on width, area and weight were al
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observed after the first significant difference in grain length in all theaes further supports grain

length as the main factor driving the increase in grain weight in 5A+ NILs.

Table 2.11: Differences between 5A NILs of grain size and weight parameters during grain
development time courses

Year Days Post Anthesis Length (%)  Width (%)  Area (%) FW (%) DW (%)

4 2 2130 0.770-466 3.0/0695 4 5POT64 D 3430
8 3.39.00146 1.690512 550001  g310004 g .g0020
2014 12 3.570001 0.43670 4,100132 5.07°082 2.84258
18 4,480:001 1.16-162 5.72°0:001 8.33003 4,703t
27 4. 46:0.001 2 470001 6.520001 g 470001 @ 3(r0.001
0 0.64386 -0.23734 0.8(5¢0 1.58576 1.63613
0.060-993 0.470.751 0.09983 | 7P _p gg8Ts
7 1.220-404 0.24777 1.57498 1.99505 -2.20p472
2015 12 1.49035 -1.092%7 0.63651 1.33684 -2.29317
19 4,35%0:001 1.26-0% 5.740:001 6.270:008 4,720
26 4.,480:001 1.66015 6.060001 7 130001 3.71001
2.65-191 1.185%7 3.200304 2.20626 2.800462
3 1210352 _0.03926 116555 310345  _3510.088
8 0.4@-743 _0.35-644 0.6 D 1463 _4 10168
2016 10 1.35-144 -0.1491° 1.5104%5 1.5@592 -1.44602
15 2.880:001 0.88"118 4,15%0.001 2.1@37 1.067%
21 4.0z0001 1.970.063 6.3070-001 6.37°019 1.4855¢

%s indicate amount gained in 5A+ NILs compared with 5A- NILs. Supptsa@are the ANOVA P-
values of the comparison between 5A+ and 5A- NILs.
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Figure 2.9: Grain developmental time courses of 5A NILs

Grain length (a, b, c), width (d, e, f), area (g, h, i), fresh weight (j, k, 1) and drirtrfeign o) of

5A- (grey, dashed line) and 5A+ (purple, solid line)sB@ar isogenic lines (NILs) during grain
development in 2014-2016 field trials. 2014 samples: 4, 8, 12, 18 and 27 days post anthesis (dpa));
2015 samples: 0 (anthesis), 4, 7, 12, 19 and 26 dpa; 2016 samples: 0, 3, 8, 10, 15 and 21 dpa. * =
<0.05, * =P <0.01, *** = P < 0.001. Error bars show one standard error above and below the
mean.
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2.42.5 5A+ NILs have increased pericarp cell length independent of absolute grain

length

Grain size can be influenced by both cell proliferation and cell expansion. To understand which of
these processes the 5A QTL affects, SEM was used to image pericarp cells and deterniee cell si
of BC4 5A- and 5A+ grains. Mature grains from the 2015 field experiment were selected from a
5A- and 5A+ NIL pair based on their grain length and using a variety of criteria to allow for
distinct comparisons (Figure 2.10). The first comparison was between grains of average length
from the 5A- and 5A+ NIL distributions (Figure 2.10a). Average 5A+ grains had an 8.33 %
significant increase in mean cell length (P = 0.049) compared to average 5A- grains and this was
reflected in a shift in the whole distribution of 5A+ cell lengths (Figut8e). Next, cell lengths in
grains of the same size from 5A- and 5A+ NILs were compared. Relatively long grains from the
5A- NIL distribution (Figure 2.10b; orange) that had the same grain length as the average 5A+
grains were selected. This comparison showed that 5A+ grains still had longer cells (9.53%, P =
0.015) regardless of the fact that the grain length of the two groups were the same (6.8 nem; Figur
2.10b). The opposite comparison was also made by selecting relatively short grains from the 5A+
NIL distribution (Figure 2.10c; green) and comparing them with average 5A- grains. Similar to
before, the 5A+ grains had longer cells (8.61%), although this effect was borderline non-significant
(P = 0.053; Figure 20c). Finally, a comparison of long 5A- grains and short 5A+ grains again
showed that cells were longer in 5A+ grains (9.81%, P = QFigire 2.10d), even though the

5A+ grains used in this comparison were 7.65% shorter than the 5A- grains. Within genotype
comparisons of cell length between grains of different lengths showed no significant diference
mean cell length (Figure 2.10e, f). The results were confirmed in 2016 where average 5A+ grains
had a 24.6 % significant increase in mean cell length compared to average 5A- grains (P < 0.001;
Figure 2.11). These results indicate that the 5A+ region from Badger increases the length of
pericarp cells independent of absolute grain length. In 2015, average length grains of both 5A- and
5A+ NILs had the same number of cells (calculated as grain length / mean cell length; Figure
2.12a). However, in 2016, 5A- NILs had significantly more cells than 5A+ NILs (19.8 %, P <
0.001; Figure A.2b).
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Figure 2.10: Comparisons of pericarp cell length in 5A NILs (2015)

Density plots of cell length measurements from 27 grains per genotype group in 2015; dashed line
represents the mean. “Grain length” insets show the average grain length of each group of grains
used for measurements. In panels a-d the increase in cell length of 5A+ near isogenic lines (NILS)
relative to cell length of 5A- grains is shown as a percentage along with the P-values calculated
using ANOVA to compare means of the two groups displayed. In panels e-f the percentage
indicates the increase in cell length of the group with longer grains relative tathevgth

shorter grains. a) Grains of average length from 5A- and 5A+ NILs, b) average 5A+ grains and
equivalent 5A- grains, c) average 5A- grains and equivalent 5A+ grains, d) long 5A- grains (length
equivalent to average 5A+ grains) and short 5A+ grains (grain length equivalent to average 5A-
grains), e€) average 5A- grains and long 5A- grains, f) short 5A+ grains and average 5A+ grains.
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Figure 2.11: Comparison of pericarp cell length in 5A NILs (2016)

Density plots of cell length measurements from 2016 grains. Dashed line represents the mean.
“Grain length” inset shows the average grain length of each group of grains used for measurements.
Grains used were of average length from 5A- and 5A+. The increase in cell length of 5A+ NILs
relative to cell length of 5A- grains is shown as a percentage along with the P-value calculated
using ANOVA to compare means of the two groups displayed.
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Figure 2.12 Comparison of pericarp cell number in 5A NILs (2015 and 2016)

Boxplots show the distribution of cell number (calculated as grain length/mean céi) liente
different groups of grains from which pericarp cell size was measured in 2015 (a) and 2016 (b). In
2015, there was no significant difference between 5A- average and 5A+ average cell numbers,
whereas in 2016 the difference was significant (P < 0.001)
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2.5 Discussion

2.5.1 The 6A and 5A QTL act through distinct mechanisms

An aim of this chapter was to gain mechanistic insight into two different grain weidgh{GaT

and 5A) through detailed phenotypic characterisation of NILs. Both the 6A and 5A QTL are
associated with a significant increase in TGW across years (4.4% and 6.7%, relspectiv

however, the increases in TGW are achieved through different mechanisms. The 6A QTL acts to
increase grain width whilst the 5A QTL acts to increase grain length, supporting the tfttoe sea
grain size parameters are under independent genetic control in wheat ¢Gg&910). This is
consistent from studies in other cereal crops such as maize and riced\ilang012; Cheret al.,
2016).

Significant differences in grain width and area were observed between 6A NILs but no significant
differences in grain length were observed in any year. This, together with the falsethat t
magnitude of the differences in grain width and grain area were very similar (2.31 % and 2.58 %,
respectively) strongly support grain width as the sole effect underlying the mamegsin area in

6A+ NILs and a major contributor to the final grain weight.

Conversely, differences in both grain length and grain width were observed in the mature grains of
5A NILs. However, taking all results together suggests that grain length is the primvaryodri
increased grain weight in 5A+ NILs. Across three years, the difference in grain length between 5A
NILs was the first grain size component difference to be established. Only after tignyer
differences in grain width or weight observed. These differences in final grain length were
extremely consistent across years (despite average TGW values ranging from 39.8 to 50.3 g)
compared to the more variable differences in grain width and weight. Additionally, theogffect
grain length was double the size of the grain width effect. These results suggést BRatITL
increases TGW by a primary effect on grain length, which confers the potential for further
enhancements by pleiotropic effects on grain width. The grain length effect is genetically
controlled and stable across environments, whereas the pleiotropic effect on grain width occurs
later in grain development and is more environmentally dependent and variable. Increases in grain
length and grain width then combine to give a roughly additive effect on grain area (length: 4.04%,
width: 1.45%, area: 5.41%). The final magnitude of the 5A grain weight increase (ranogmd.®
to 9.3 %) is thus determined by the extent to which the late stage pleiotropic effect onidftain w
is manifested and the potential exploited. This could explain why the grain width increase was
significantly correlated with the increase in TGW (r = 0.98, p = 0.004) whilst grain lengthova
(r=0.71, p = 0.18). This hypothesis could be tested by evaluating the 5A NILs in different
environments where factors such as location, sowing date, water levels and fertilisation regimes are
directly manipulated. If the hypothesis is correct then the grain length difference would remain
stable and present under all conditions, whereas the magnitude of the grain width and weight
differences would vary with conditions, showing larger increases in more favourable conditions.
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The first differences in grain width between 6A NILs were observed at earlier stagamof gr
development than the first grain size differences observed between 5A NILs. This supports the
hypothesis that the two QTL act by distinct mechanisms as they not only influence different grain
size components, but also act at different times during carpel/grain development. The early stage
difference in width in 6A NILs suggests again that this difference in grain width is achieved by a
different mechanism than the late increases in grain width in the 5A NILs. The grain width
difference in 5A NILs only occurs at the later stages of grain development, likely to be because of
an enhanced capacity for grain filling afforded by the increased grain length. In the 6A NILs, the
difference in grain width is established before grain filling begins and might thereforeideecdch

by a more direct effect on organ size. Measuring the size of other organs in 6A NILs, such as
leaves and total plant biomass, could provide insight into whether this is the case.

The increase in grain weight and length in 5A+ NILs was associated with increased pericarp cell
length. In wheat and barley, pericarp cell division decreases shortly after fertili@atof days;
Dreaet al., 2005; Radchukt al., 2011) and cell expansion plays the predominant role in increasing
pericarp size during grain development. These results are consistent with a role of the 6& QTL
pericarp cell expansion given that significant differences in grain size are only esthblisuelve

days after fertilisation, once cell expansion has begun. However, a possible overlappingdate eff
on cell division cannot be discarded given the conflicting results in final pericarp cell number

between years (Figure 2.12).

Due to time constraints, no cell size/number data was obtained for the 6 A NILsSndfnese studies

are currently underway using field samples grown in 2017. As the differanggain size are
established during very early grain development in the 6A NILs, we hypotheesi€t- NILs have
increased numbers of cells. At the very early stages of carpel/grain develogroerti, is mainly
driven by cell division (Dreat al., 2005) and only later does cell expansion take over, as seen in the
grain development dynamics of the 5A NILs. An increase in either the rate dodafatell division

in 6A+ NILs could also account for the initial difference observed in carpel/gnmagth that is not
present in mature grains. The subsequent rapid expansion of pericarp cells axstlysmthe
longitudinal direction (Pielogt al., 2015), perhaps to a genetically determined grain length, hence
the final grain length of 6A NILs is the same. The final grain width iseaeki only after the final
grain length has been established (Rogers & Quatrano, 1983), largely throughlgrgipriicesses
(Shewryet al., 2012). In the 6A NILs, it is possible that this filling process continudéisersame

way in both genotypes, but that the initial increase in cell number in 6A+allties a larger final

grain size to be achieved.

Future work will also examine cell size and number in the developing carpels/grassmssit on
the cellular level could determine whether the 6A QTL acts pre- or podis&itin. Further studies

looking at the dynamics of cell proliferation and expansion across carpel/gratopiment time
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courses for both QTL will provide insight into how exactly these procestsagdt to achieve the

final differences in grain size.
2.5.2 6A NILs and TaGW2_ANILs show similar but distinct phenotypes

The A genome wheat orthologue of the rice E3 ubiquitin liga®&, maps within the original 6A

grain weight QTL interval (Simmonds et al, 201@W2 negatively regulates grain width and

weight in rice (Songt al., 2007) and was therefore considered as a potential candidate for the
causal gene underlying the 6A QTL. To test this hypothesis phenotypically, grain size parameters
and carpel/grain development of NILs for a knock-out mutatioreGW2_A and the 6A NILs

were compared.

TaGW2_A NILs showed differences in both final grain length and grain width, whilst the 6A NILs
had differences in grain width only. Unlike in the 5A NILs, which also had differences in both final
grain length and grain width, the differences in these parameféa&iWw2_A NILs were of similar
magnitude (1.74 % and 1.94 %, respectively) and were established at the same stage of carpel/gra
development. This suggests thatGW2_A acts to genetically increase both grain length and width,
rather than the genetic control of one component leading to pleiotropic downstream effects on the
other component as in the 5A NILs. Given that grain length and grain width are under independent
genetic control (Gegaat al., 2010), this could suggest thHE@GW2_A and the 6A QTL act via

different mechanisms. Likewise, the carpel/grain development profiles of the 6A NILs and
TaGW2_A NILs showed unique patterns. Differences in carpel/grain length were seen throughout
grain development in thEaGW2_A NILs (excluding the final time point in 2015), whilst

carpel/grain length differences were rarely observed in the 6A NILs and only present at the very
early stages of carpel/grain development. AdditiondidGW2_A NILs displayed clear differences

in carpel width and length at heading. These results sugge$atBa2_A acts maternally to

control grain size in wheat, consistent with the role of the Arabidopsis homo@&Rewhich acts

to increase cell proliferation in the integument, a maternal tissuesi(dia 2013). No significant
differences between any grain size/weight components were observed at heading in 6A NILs.
However, all components were higher in 6A+ NILs and many of the differences were borderline
non-significant. It is therefore not possible to determine from these data whether thd. G4sQT

acts on maternal tissue before fertilisation.

Currently, experiments are being performed to look at differences in cell size and cell number in
TaGW2_A NILs, which could provide further information as to whether the mechanism is similar
to the 6A QTL. AsTaGW2_A acts during carpel development, this is again likely to be an effect on
cell number. Additionally, both the rice and Arabidopsis orthologud@a@iV2_A influence organ

size through modulation of cell division rather than expansion (&ag 2007; Xiaet al., 2013).

Phenotypic differences alone cannot rule TaGW2_A as a candidate gene for the 6A QTL. The
TaGW2_A NILs only allow examination of the phenotype of a specific alleleBa®@W2_A and it is
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possible that the causal 6A QTL gene could be a different allelic variaaGyi2_A that causes a

more subtle and slightly altered phenotype. Whilst there are no SNPs present in the coding regions
of TaGW2_A in the parental varieties of the 6A QTL, Spark and Rialto, there is a SNP located 593
bp upstream of th€aGW2_A start codon (Simmonds al., 2014). Rialto, the positive 6A parent,
carries a G at this position and Spark, the negative 6A parent, has an A. This SNP has previously
been associated with grain width and TGW although studies have generated contradictsry resul
finding different alleles associated with increased grain weighét(8u 2011; Zhang, t al.,

2013; discussed in more detail in the general discussion).
2.5.3 Differences in grain area do not fully account for differences in TGW

For both the 5A and 6A QTL anthGW2_A, the differences in grain area between NILs did not

fully account for the differences in grain weight (6A NILs: TGW = 4.39 %, grain area = 2.58 %;

5A NILs: TGW = 6.92 %, grain area = 5.41 ¥aGW2_A NILs: TGW = 6.65 %, grain area = 3.57

%). One possible explanation could be that increases in grain size are not directly prdportiona
increases in grain weight. A more likely explanation is that grain area only considers gramn siz

two dimensions, whereas the grain is actually a three-dimensional structure. Measurements of grair
volume, taking into account differences in grain height/thickness as well as length and width, are
required and could account for the ‘missing’ difference. Such 3D measurements are possible, for

example, X-ray Computed Tomography (CT) scanning has been used to imagengitiria the

spike and can provide additional information about grain morphology such as volume and crease
depth (Stranget al., 2015). Studies in barley have also used magnetic resonance imaging (MRI) to
obtain more detailed analyses of grain dimensions, in addition to processes taking place inside the
grain (Pielotet al., 2015). However, these measurements remain challenging in large scale studies
that require high throughput methods due to the high numbers of replications required to detect the

more subtle differences observed in wheat NILs.
2.5.4 Increases in TGW do not consistently translate into increases in final yield

For all NILs assessed, consistent effects on grain length or width and TGW did not always translate
into increased yield. It has previously been shown that grain weight is more stably irtharited

yield itself (Kuchelet al., 2007). However, there can be trade-offs between different yield
components, in particular grain weight and grain number, which could account for the lack of

increase in final yield.

In the original DH analysis for the 5A QTL, the 5A TGW effect co-located with finad yrel

seven of the twelve environments in which the population was assessed (BraitpR017). This

overall positive trend was also reflected in the 5A NILs, although yield increases were only
significant in 2014. Across years there were small negative effects in the 5A+ NILsdn yiel
components such as tiller and grain number. Although these differences were not consistent across

all years, it is possible that negative effects on these yield components modulate the teetrall ef
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of the 5A QTL on yield. Similarly, in the original DH analysis for the 6A QTL, the 6A TGW effect
co-located with an effect on final yield (Simmongtsal., 2014). Additionally, Simmondat al.

(2014) found that across four years of field trials and a single glasshouse experiment,. $A+ N

had significantly increased yield in three out of the five experiments. However, esthtsr

presented here, there were no significant differences in final yield observed between 6A NILs. As
with the 5A QTL, this could be due to modulation of final yield by a series of smaller negative
effects on other yield components, for example 6A+ NILs had significantly fewer tillers in 2014

and in previous years (Simmongtsal., 2014).

These negative pleiotropic effects could be due to additional genes within the wider QTL regions.
For example, a minor QTL for tiller number has been detected in the 6A region (Simenahds

2014). If this is the case then identification of the causal genes will allow specific seléttien o
beneficial alleles, mitigating the negative effects of other genes on final yigddna#ively, it

could be that the effect on final yield is a result of pleiotropic effects caused byribe g

underlying the 5A and 6A QTL themselves. If this is the case then it raises the question as to how
these compensatory effects on components such as tiller and grain number could arise as they are
determined before the phenotype is expressed in the grains (after anthesis (5A) or just before
anthesis (6A)). It is possible that these genes do not function in a grain specific manner and may
affect other developmental process in different tissues that we are currently robawdnese

effects could then be further modulated by environmental interactions.

Understanding these effects will be challenging until the underlying genes are identified as

subtle differences between NILs mean that it is difficult to separate small, kaif dffects of the

genes from random biological variation. Identification of the underlying genes will allow a wider
range of variation to be explored in order to determine the exact function of the genes. This has
been seen previously in the cloning of the wheat grain protein co@ea) QTL (Uauyet al.,

2006). TheGPC QTL was associated with a 4-5 day difference in senescence timing and a 10 %
difference in protein content, but it was not clear exactly how/if the QTL affectedmtutri
remobilisation dynamics and final yield due to the subtle effects observed. Identificaten of
underlying gene allowed an RNAI line to be generated, which had a much clearer phenotype (up to
30 day difference in senescence timing and 30 % difference in protein content) and clearly showed
that theGPC gene itself had no effect on carbohydrate remobilisation or final grain yield @Jauy

al., 2006; Borrillet al., 2015b). In a similar way, the opportunity to directly manipulate the genes
underlying the 5A and 6A QTL will allow us to determine whether the pleiotropic effects are due

to the gene or environmental variation.

Understanding the precise functions of the underlying genes will be critical to identifjpheépw
can affect final yield and it is possible that the full potential of these QTL widlesed only

under certain environments or in combination with other genes.
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3 Fine-mapping of the 5A and 6A QTL

3.1 Chapter summary

In this chapter, fine-mapping was used to further define the 5A and 6A QTL to narrower genetic
intervals and we used the latest genome references to define the physical sequence and genes
within the regions. For both QTL, recombinant populations and genetic maps were available at the
start of the PhD. Larger recombinant populations for both QTL were generated during the PhD and
the marker density across the intervals were increased. We found that the 6A QTL mapped to a
large linkage block located in the centromeric region of chromosome 6A. We tentatively mapped
the 6A grain width phenotype to a 0.28 cM interval, corresponding to 61.2 Mbp and containing 396
genes. Importantly, this interval did not contaaGW2_A suggesting thalaGW2_A is not the

causal gene underlying the 6A QTL. We mapped the 5A grain length effect to an overall 6.6 cM
interval on the long arm of chromosome 5A. However, recombinants within this interval suggested
conflicting mapping positions leading to the hypothesis that there are two distinct@ehesd

GL2, underlying the 5A QTL that have an additive effect on grain length. A haplotype analysis of
the 5A QTL interval across 20 UK wheat cultivars suggests that the QTL is not fixed in UK

germplasm and th&L1 andGL2 are not always inherited together.
3.2 Introduction

Map-based or positional cloning is a method for identifying the gene/genomic lesion responsible
for a trait of interest through genetically mapping the lesion to a progressively eaarrow
chromosomal interval by successively excluding other parts of the genome. This will continue
either until the causal lesion is identified or until the interval is narrow enough thainitheates
within it can be evaluated by other methods (Lukowita., 2000). Positional cloning can be used
to identify the causal lesions originating from essentially any source, including chemical
mutagenesis, radiation, transposon insertion or natural variation (Gallavotti & Whipple, 2015). In
the context of this thesis and the 5A and 6A QTL, we are using positional cloning to identify a
lesion resulting from natural variation between the parents of the two QTL DH mapping

populations.

Positional cloning consists of two main phases: the first is a preliminary mapping to defoae a br
interval containing the locus of interest e.g. QTL analysis. The second phase is mapping on a finer
scale (fine-mapping) focussing on a specific interval to identify the causal lesion. Indted tees

5A and 6A QTL discussed here, the initial broad mapping corresponds to the original identification
of the QTLin the QTL analysis performed using the DH populations (Simmetrals 2014;

Brinton et al., 2017). This chapter will discuss the progress made with the second phase: fine-
mapping of the 5A and 6A QTL. For this analysis, we used populations of recombinant inbred line
(RILs) that were generated alongside the development of the NILs and so recombination is

specifically focussed on the 5A and 6A QTL intervals.
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The success of positional cloning relies on three main components: the nature of the phenotype/tral
of interest, the recombination frequencies around the causal locus and the availalslitgtiof g

markers/physical sequence in the region of interest.

In terms of the phenotype, it is critical that recombinant lines can be unambiguously scored, which
can be challenging for quantitative traits. This is not as much of an issue for qualitative or
Mendelian traits where plants can be easily scored in a binary manner. However, the differences in
grain weight caused by the 5A and 6A QTL are subtle, and the distributions of grain size of the
positive and negative NILs overlap (Figure 2.4, Figure 2.7). In this chapter, we have tried to
accommodate the quantitative nature of the traits by allocating recombinant lines to a parental ty

(i.e. large or small grains), essetigaMendelising the grain size phenotype.

The resolution to which a trait can be mapped using positional cloning is largely dependent on the
recombination rate around the causal locus. Genetic recombination occurs during meiosis and
involves the exchange of genetic material between homologous chromosome pairs as a result of
successful crossover events. In general, the size of the mapping population determines the mappin
resolutionasscreening more individuals increases the likelihood of identifying a recombination
event at a particular position. However, recombination rate is not constant across a chromosome. It
has been observed in many species, including wheat, that recombination rates tend to be highest
towards the telomeres of the chromosome whilst recombination is suppressed in centromeric
regions. The recombination rate can also be affected by the genomic features located in a particula
interval. For example, areas of higher recombination rates have been identified in gene-rich
regions. A negative relationship has also been identified between recombination rates #ive repet
element content. This is particularly relevant for wheat, which has a highly ikepgéhome.

Therefore, the position of the causal locus on the chromosome can present a major bottleneck to
identifying the underlying lesion by positional cloning. Indeed, research is ongoing to better
understand how recombination rates are controlled with a view to increasing them to overcome

these problems (reviewed in Lambigtgal., 2017).

Until recently, the availability of genetic markers and genomic resources was a magsiolinto
positional cloning efforts in wheat. However, this has drastically changed in recentwthathe
availability of several high density SNP arrays (Wahg., 2014; Winfieldet al., 2016) and the

release of a number of reference genome sequences (IWGSC RefSeq v1.0; IWGSC, 20H4; Zimin
al., 2017). The genome sequences are not only valuable for marker identification, but also as they
allow the physical sequence across large mappings interval to be accessed without the prerequisite
of generating a bespoke physical map. Of course, the reference genome sequence is a single
cultivar (Chinese Spring) and this may not be the same as the varieties used for the positional
cloning. Therefore there may be differences in sequence or larger scale rearrangementarg culti

of interest with respect to the reference sequence. This is being addressed by themenherati
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genome sequences of other cultivars, and can also be complemented with variety specific exome

capture data, for example.

The aim of this chapter was to use fine-mapping to refine the 5A and 6A QTL mapping intervals.
The latest genomic resources were also used to reveal the genetic architecture underiiihg the Q
and define genes present in the physical intervals. Additionally, a SNP markaGiR_A (Hap-

P2; Suet al., 2011) was used in the fine-mapping of the 6A QTL to genetically address the
question of whetheFaGW2_A could be the causal 6A gene. For the 5A QTL we also performed a

haplotype analysis to determine how the QTL behaves in UK germplasm.
3.3 Methods

3.3.1 Plant material and growth

The 6A recombinant populations used in this chapter were generated by James Simmonds
alongside the development of 6A NILs, described in Simmends (2014). For the original 6A
population, 212 B¢, plants were screened for recombination between magken334 and

gwmb570, encompassing the 6A genetic map developed during the initial identification of the 6A
QTL (Simmondset al., 2014). 67 recombinants were identified and self-pollinated to generate
homozygous B RILs. The larger 6A RIL population was generated within this PhD in the same
way, but screening a larger number ofsB{plants (2,674). These plants were screened for
recombination between a narrower marker inter8&0010933-BS00066623) identifying 892
recombinants. Further development of this population was carried out during the PhD and is

therefore described in the results section.

The 5A RIL populations used in this chapter were also generated by James Simmonds alongside
5A NIL development, described in Brintehal. (2017). Screening of 170 BE plants identified

60 recombinants betwegwm293 andgwm186, the markers used for the selection of NILs
Recombinant plants were self-pollinated to develop homozygous:;BlLs. The larger 5A RIL
population was developed in the same way, but screening a larger numbeFgblBats (1,140)

and using a slightly narrower marker intern88)0075504 andBS00183958). 310 recombinant

plants were identified. Again, further development of this population was carried out during the

PhD and is described in the results section.

All RIL populations were evaluated at Church farm in Norwich (52.628 N, 1.171 E). Subsets of the
original 6A RIL population were evaluated in five trials across four years: large-scal @it

(1.1 x 6m) in 2013-2016 and an additional trial of 1.1 x 1m plots in 2015. In all five trials a
randomised complete block design was used with at least five replications. The exact 6A RILs used
in each trial are detailed in Table 3.1 (see Results section). The larger 6A RIL population was
evaluated in 2016. RILs were grown in single 1m rows with up to three replications depending on
seed availability. Subsets of the original 5A population were evaluated in four trials aceess thr
years: 1.1 x 1m plots in 2014 and 2015 and 1.1 x 6m plots in 2015 and 2016. In all fow trials,
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randomised complete block design was used with at least five replications. The exact defails of
RILs assessed in each trial are outlined in Table 3.2 (see Results section). dieAdRdL
population was evaluated in 2016. RILs were grown in single 1m rows, replicated up to five times

depending on seed availability.
3.3.2 Grain phenotyping

Grain morphometric measurements (grain width, length, area) and TGW were recorded on the
MARVIN grain analyser (GTA Sensorik GmbH, Germany). For all full plots (1.1 x 6m and 1.1 x
1m) approximately 400 grains obtained from the combine harvested grain samples were used. For
single rows, ten representative spikes were harvested from each row. The ten spikes \wetk thres
together and the grains obtained from these samples were assessed.

3.3.3 Marker development

Genetic maps were available for both the 6A and 5A original RIL populations at the start of the
PhD (details in Simmonds al., 2014; Brintoret al., 2017). However these did not provide

sufficient marker density across the intervals of interest and additional markers wetopéeedy

With the exception of a single marker, SNP markers used to genotype the RIL populations fall into

four categories (BS, BA, JB_ RNASeq and JBHap markers) which are described below.
3.3.3.1 BS and BA markers

BS (Bristol SNP) markers were developed based on data from 90K iSelect array genotigiag of
6A and 5A NILs (Simmondst al., 2014; Brintoret al., 2017). BA (Bristol Axiom) markers were
developed based on data from 820k Axiom array genotyping of parental varieties of the QTL:
Spark (6A-), Rialto (6A+), Charger (5A-) and Badger (5A+) (Winfietldl., 2016). KASP primers

for all SNPs in the iSelect and Axiom arrays have been designed previously by Ricardo Ramirez-
Gonzalez using Polymarker (Ramirez-Gonzated ., 2015) and are publicly available at
http://polymarker.tgac.ac.ukinitially BS and BA markers across the 6A and 5A QTL intervals

were selected based on the predicted genetic positions of markers (POPSEQ). However, with the
release of more contiguous genome assemblies, markers were selected based on their physical
positions across the intervals with respect to the reference sequence (details of how markers were

positioned are below (3.34
3.3.3.2 JB_RNASeq markers

JB_RNASeq (Jemima Brinton RNASeq) markers used to genotype the 5A RILs were designed
using RNA-Seq data from a pair of 5A NILs. Twelve RNA samples from grains were sequenced:
one 5A- and one 5A+ NIL, each at two time points and with three biological replicates. The RNA-
Seq experiment and detailed methods including RNA extraction and sequencing are described in
detail in Chapter 4. Specifically for the SNP identificatiBNA-Seq reads were aligned to the

Chinese Spring Chromosome Survey Sequence cDNA reference (CSS; IWGSC, 2014) downloadet
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from Ensembl plants release 29. Read alignment was performed using kallisto-0.42. % Bray

2016) with default parameters, 30 bootstraps (-b 30) andodeidobam option. Pseudobam files

for each genotype (5A- and 5A+) were merged to generate a single BAM file for each genotype.
SNP calling with respect to Chinese Spring was performed using the samtools-0.1.19 mpileup
command followed by the bcftools-1.2 call commandeflal., 2009). Samtools mpileup was used

with the -Agf options: -A includes improperly paired reads, -g computes the genotypeabkislih

and outputs them in binary call format (BCF) and -f specifies a reference fasta file. Tlodsbcft

call command was used with -O u (to give an uncompressed output, essential for downstream
processing) and -c (to call SNPs using Bayesian inference) options. BCF files were converted to
variant call format (VCF) using bcftools view and VCF files were filtered with samtobisilg.pl

using -d 10 -a 9 options to output SNPs with a minimum read depth of 10 and a minimum alternate
read number of 9. A grep command was used to extract only SNPs with an allele frequency of 1
(‘AF1=1°) to filter for homozygous SNPs only. SNPs located in the SA mapping interval were

extracted and compared between genotypes to identify SNPs that were unique to either the 5A- or
5A+ NIL. This identified 145 SNPs between NILs in 34 gene models. However, after manual
inspection of BAM files only SNPs in four of the genes looked to be real. Common reasons for
discarding SNPs included small regions of mis-mapping or the SNP being present in both NILs but
filtered out of the output for one NIL due to low read depth. All four SNPs were validated
experimentally using KASP assays (designed using Polymarker (Ramirez-Gazhle2015)

which were subsequently used as markers JBRNA_Seqgl-4 (Appendix 2). JBRNA Seql, 2 and 4
were predicted to be non-synonymous SNPs resulting in missense mutations in the 5A- NIL. The
three genes (1: Traes_5AL_6401EFD6F, 2: Traes_5AL_AEB344EBB, 4: Traes 5AL_632F49251)
were predicted to encode a TATA binding protein, an Fe-S cluster protein and P-loop NTPase,

respectively.
3.3.3.3 JBHap markers

The JBHap (Jemima Brinton Haplotype) markers were developed based on the haplotype analysis
conducted across the 5A interval (described below). KASP assays were designed using Polymarke

for 22 SNPs defining haplotypes across the 5A grain length mapping interval (Appgndix 2
3.3.34 Hap-P2 marker

Hap-P2 is an A/G SNP at the -593 bp position in the promofEa@\2_A and the original

marker was designed as a cleaved amplified polymorphism sequence (CAPS) m&iketr dy

(2011). For ease of genotyping a KASP assay for the Hap-P2 SNP was designed using Polymarker
and used to genotype the 6A RIL populations (Appengix 2

3.3.4 Physical positions

To obtain physical locations, SNPs were positioned with respect to the recently released Chinese

Spring sequence (IWGSC RefSeq v.hips://wheat-urgi.versailles.inra.fr/Seq-
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Repository/AssembligsPhysical positions of all iSelect and Axiom SNPs were obtained using
BLASTN (Altschulet al., 1990) to align the surrounding sequence (201 bp) to the RefSeq v.1.0
assembly, provided by Ricardo Ramirez-Gonzalez and availallgp atwww.wheat-

training.com/useful-wheat-linksThe positions of all additional SNPs were determined in a similar

way by using BLASTN to align 100-300 bp of surrounding sequence to RefSeq v1.0. Positions of
TGACvV1 gene models in RefSeq v.1.0 were obtained using GMAP (Wu & Watanabe, 2005)
retaining the best hit position and using a 95% minimum similarity cut-off (David Swarbreck and

Gemy Kaithakottil, Earlham Institute).
3.3.5 DNA extraction and KASP genotyping

DNA extraction and KASP genotyping were performed as previously described (Ral#bita
2003; Tricket al., 2012).

3.3.6 Exome capture for haplotype analysis

Exome capture data for 20 UK wheat cultivars were provided by Philippa Borrill. Alignment of

data and SNP calling with respect to the CSS reference (IWGSC, 2014) were also performed by
Philippa Borrill. Briefly, reads were aligned to the CSS reference using bowtie2 with the very-
sensitive-local option (Langmead & Salzberg, 2012) followed by SNP calling using freebayes
(Garrison & Marth, 2012) with the following optionsuse-best-n-alleles 2 (only allow sites with

up to two alleles);-min-mapping-quality 7 (only use reads with MAPQ>7) aimlin-base-quality

20 (only use bases with quality > 20). Details of how SNPs defining haplotypes across the 5A grain
length interval were identified are detailed in the results section. The position of $INPsspect

to the IWGSC RefSeq v1.0 were determined as described above.(3.3.4

3.3.7 Statistical analysis

RILs were evaluated using two-way ANOVASs. For the original 6A and 5A RIL populations, the
model included the trial as a factor in the model. When individual trials were evaluatgelgthe

block (replicate) was included as a factor in the model. Similarly, for the larger RIL popsilat
(assessed in a single trial) the field block was included as a factor in the model. WheauRH. gr

were assessed, independent RILs within each group were considered as replicates within the mode
For the larger RIL populations, individual RILs belonging to a single RIL family were considered

as replicates of a single independent RIL. RIL groups were assigned to parental genotypes using a
post hoc Dunnett's test to compare with control groups. The specific control groups used for each
comparison are described in the results section. All statistical analyses were performed using
Minitab® Statistical Software.
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3.4 Results

3.4.1 Genetic mapping of the 6A QTL for grain width
3.4.1.1 Grain width maps to a 4.6 cM interval on chromosome 6A

A set of 67 RILs with recombination between the microsatellite magwer834 andgwm570

were used initially to fine map the grain width QTL on chromosome 6A. These markers define the
bounds of the genetic map of chromosome 6A developed in Simrapbald$2014) with the
identification of the 6A TGW QTL. These 67 RILs were identified in a screen of 212 plants
performed by James Simmonds, defining an interval of 15.8 cM. The recombination events in
individual RILs were defined by the addition of 41 SNP markers across the 15.8 cM interval
(details in methods; Figure 3.1a). This identified two linkage blocks within the interval, comprised
of 13 (Linkage block 1; Figure 3.1a; circles) and twelve (Linkage block 2; Figure 3.1a; squares)
markers each. Linkage block 2 contains the Hap-P2 marker, a marker previously described which
maps the position dfaGW2_A (Suet al., 2011) a proposed candidate gene for the 6A TGW QTL.

A subset of 41 RILs showing recombination betwB&00003635 and BSO0003835 were grown in

five replicated field trials (6m plots 2013-2016, 1m plots 2015; details in Table 3.1) and

phenotyped for grain weight and grain morphometric parameters. These markers encompass the

introgressed region of the 6A NILs, and hence the interval to which the 6A TGW effect was

initially mapped (Simmondet al., 2014). 38 of these RILs were unambiguously assigned to 13

distinct RIL groups based on their genotype at the 39 markers within the interval between

BS00003635 andBS00003835 (SR Grl.1-13; Figure 3.1b). RILs with either the Spark (6A-; S-

Control) or Rialto (6A+; R-Control) genotype across the entire interval wezetaelas controls.

Grain width was used as the grain morphometric parameter for mapping as it had previously been

defined as the factor underlying the TGW difference in 6A NILs (Chapter 2; Simrabalds

2014). Across all five trials and within each trial individually, there were significéfet@nces in

grain width observed between RIL groups (P < 0.001). Across all trials, the R-Control had 4.18%

wider grains than the S-Control, ranging from 2.50% to 5.65% in individual trials, cohsigten

the grain width differences observed between 6A NILs (Chapter 2). Each RIL group was classified

to a parental type (Spark, 6A-; Rialto, 6A+)ngDunnett’s tests to both the S- and R-Controls.

For example, RIL groups were classified as Spark-like if they were both significantly ditierent

the R-Control and non-significantly different to the S-Control and vice versa. Of ttee=thRRIL

groups, eleven were unambiguously assigned as either Spark or Rialto-like (Figure 3.1c; grey and

orange, respectively). Two of the groups (SR Grl1.2 and SR Gr1.9) were significantly different

from both the S- and R- controls and therefore were classified as intermediate types (Figure 3.1

hatched). Using this method, the grain width was mapped to the 4.6 cM interval between

BS00066522 andB0D0066623 (Figure 3.1a; green markers). The critical RIL groups defining this

interval (SR Gr1.3,8,10) are indicated with green arrows in Figure 3.1c. The interval between

BS00066522 andBS00066623 encompassed 26 additional markers, however 25 of these belong to
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Linkage blocks 1 and 2 and notably the interval contained Hap-PZd@\W&2_ A marker). Only

two RIL groups had recombination within this interval: SR Grl1.2 (two independent RIL&) whi

has recombination betwe®M\00363556 and Linkage block 2 (squares) and SR Grl1.9 (one RIL)
which has recombination between Linkage block 1 (circles B&0363556. However, both these
groups were classified as intermediate types and therefore could not be used to defineahe interv

further.

Looking at the classification of each of the lines and trials individually (Table 3.1) shows that the
classification of lines in both SR Grl1.2 and 1.9 was variable across trials. For example, in SR
Grl.2, SR21 was classified as S in 2013 and 2015 6m plots, SR in 2014 6m and 2015 1m and R in
2016 6m plots. SR Gr1.9 showed a slight tendency towards an S-like classification but was still
variable (S in 2013-2015 6m plots, SR in 2015 1m plots and R in 2016 6m plots). Interestingly, no
RIL groups were classified as S in the 2016 trial (only SR and R classifications could be assigned),
however, reanalysing the data across trials without the 2016 data still resulted in the salhe over
classification of RIL groups (data not shown). The grain width interval on chromosome 6A could
therefore not be defined further than the 4.6 cM interval betB880066522 andBS00066623

due to limited recombination within this RIL population.
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Figure 3.1: Initial fine-mapping of the 6A grain width QTL with BCRILs across five field trials Pein Wit ey
(a) genetic map of the 6A QTL mapping interval based on the original seu@&B&nbinant inbred lines (RILs) displayed in (b). Markers highlighted in yellow were use
screen the larger RIL population. Markers highlighted in green are the flanks for the fine-mapped grain width interval dafinpdpuyation. Markers with circles or
squares adjacent belong to large linkage blocks. (b) Graphical genotypes of RIL groups with the number in brackets indicating thendapdretesft RILs in each RIL
group. RILs were grouped based on genotype defined by having either the Spark-like (grey; 6A-) or Riato-like (oramdlelesAttgach marker across the interval. (c)
ANOVA adjusted mean grain widths for each RIL group across five field trials (6m plots 2013-2016 and 1m plots 2015). Erecthkeastaadard error of all lines within th
RIL group. Bars are coloured according to classification as R-control (6A+; orange) or S-contraté®ike according to Dunnett’s test. Hatched bars were classified as 61
intermediate (SR). Green arrows indicate critical RIL groups that define the green highlighted markers as the flanks.



Table 3.1: ANOVA adjusted mean grain width and Dunnett classification ofsBRILs used for initial fine-mapping of the 6A grain width QTL

2013 (6m plots) 2014 (6m plots) 2015 (6m plots) 2015 (1m plots) 2016 (6m plots) Overall
RIL group  Class RIL Width (mm)  Class | Width (mm) Class | Width (mm) Class Width (mm) Class | Width (mm) Class | Width (mm) Class
SR6 3.555 S 3.878 S 3.274 S 3.394 SR 3.951 SR 3.607 SR
SR19 - - - - - - 3.340 SR - - 3.573 S
SR23 - - - - - - 3.348 SR - - 3.581 S
SR25 - - - - - - 3.271 S - - 3.505 S
SR35 - - - - - - 3.281 S - - 3.515 S
SRGrl.1 S SR36 - - - - - - 3.309 S - - 3.542 S
SR38 - - - - - - 3.347 SR - - 3.580 S
SR44 - - - - - - 3.306 S - - 3.539 S
SR46 - - - - - - 3.336 SR - - 3.569 S
SR66 - - - - - - 3.334 SR - - 3.567 S
SR67 - - - - - - 3.307 S - - 3.541 S
SRGri2 SR SR1 3.595 S 3.848 S 3.333 SR 3.388 SR 3.928 SR 3.620 SR
SR21 3.505 S 3.890 SR 3.303 S 3.372 SR 3.960 R 3.614 SR
SR2 3.683 R 3.914 SR 3.356 R 3.478 R 4.036 R 3.690
SR3 3.625 SR 3.925 SR 3.357 R 3.432 R 4.064 R 3.677 R
SR Grl1.3 R SR4 3.601 3.889 SR 3.320 S 3.437 R 4.015 R 3.649 SR
SR12 3.735 R 3.951 R 3.389 R 3.507 R 4.027 R 3.718 R
SR13 - - - - - - 3.422 R - - 3.656 R
SR Grl.4 S SR10 3.502 S 3.852 S 3.264 S - - - 3.570 S
SR Grl.5 S SR63 - - - - - - 3.301 S - - 3.534 S
SR Grl1.6 S SR45 - - - - - - 3.293 S - - 3.527 S
SRGIL7 S SR57 - - - - - - 3.342 SR - - 3.575 s

Table 3.1 continued on next page
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Table 3.1cont’d from previous page 2013 (6m plots) 2014 (6m plots) 2015 (6m plots) 2015 (1m plots) 2016 (6m plots) Overall
RIL group  Class RIL Width (mm)  Class | Width (mm) Class | Width (mm) Class Width (mm) Class | Width (mm) Class | Width (mm) Class
SRGrL8 S SR14 3.572 S 3.844 S 3.298 S 3.370 SR 3.942 SR 3.602 S
SR54 - - - - - - 3.284 S 3.910 SR 3.542 S
SRGrl.9 SR SR15 3.599 S 3.879 S 3.304 S 3.422 R 3.955 SR 3.630 SR
SRGr1.10 R SR39 - - - - 3.381 R 3.383 SR 3.991 R 3.652 R
SR17 3.707 R 3.938 R 3.427 R 3.504 R 4.054 R 3.722 R
SR22 - - - - - - 3.483 R - - 3.717 R
SR24 - - - - - 3.458 R - - 3.691 R
SR27 - - - - - - 3.411 SR - - 3.644 R
SRGrL11 R SR28 - - - - - - 3.443 R - - 3.677 R
SR32 - - - - - - 3.389 SR - - 3.623 SR
SR51 - - - - - - 3.447 R - - 3.680 R
SR52 - - - - - - 3.464 R - - 3.697 R
SR55 - - - - - - 3.420 R - - 3.653 R
SR58 - - - - - - 3.439 R - - 3.672 R
SRGr1.12 R SR30 3.690 R 3.943 R 3.409 R - - - - 3.712 R
SRGr1.13 R SR9 3.750 R 3.984 R 3.393 R - - - - 3.739 R
S-Control (6A-) SR10C 3.521 S 3.860 S 3.252 S 3.302 S 3.873 S 3.558 S
R-Control (6A+) SR9C 3.720 R 3.956 R 3.427 R 3.447 R 3.997 R 3.707 R

Width (mm) are the ANOVA adjusted means of grain width in each tia\(erall in the final glumn) each incorporating at least five replicates.

Classifications were assigned using Dunnett’s test to

compare each line to a control (S-Control (6A-; narrow grains) a@dirol (6A+: wide grains)): S = significantly different from the R-Colntwad not significantly different from the S-Control; R =
significantly different from the S-Control and no significantly differeotrf the R-Control; SR = intermediate i.e. not significantly differemhfbmth the S-and R-Controls, or significantly different from
both the S- and R-Controls= data not available (i.e. RIL not grown in trial).
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Using the same approach to fine map the 6A TGW effect (as opposed to the grain width effect)

resulted in only four of thirteen RIL groups being unambiguously assigned to a parental type

(Figure 3.2). Using

these four lines, the TGW effect can be positioned bed8a@?10933 and

BS00066623. However, the Dunnett’s tests did not identify the S- and R-Controls as significantly

different from each other and therefore these results are not reliable. This highligmsdiance

of mapping using the grain width phenotype due to the increased phenotypic stability compared

with TGW. All subsequent genetic mapping was therefore performed using grain width only.
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Figure 3.2: ANOVA adjusted mean thousand grain weight of the original 6 AJ8IL groups

ANOVA adjusted mean thousand grain weight (TGW) for each 6A RIL group acrosgefire f

trials (6m plots 2013-2016 and 1m plots 2015). Error bars are the standard error of all lines within
the RIL group. Bars are coloured according to classification as R-Control (6A+; orange) or S-
Control (6A grey) like according to Dunnett’s test. Hatched bars were classified as intermediate

(SR).
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3.4.1.1 Generation of a larger RIL population to further define the 6A interval

To address the problem of limited recombination betv&#0066522 andB300066623 a larger

RIL population was generated. In a screen of 2,674B@ants (performed by James Simmonds),
892 heterozygous recombinants (HetRecs) were identified beB&E©010933 andBS00066623,
corresponding to an interval of 16.7 cM. The interval betvgs0010933 andBS00066623

encompasses the fine-mapped grain width interval defined in the previous RIL population.

To prioritise HetRecs for advancement to homozygous recombinants (HomRecs), HetRecs were
screened with five additional markers betw&s0010933 andBS00066623 to define

recombination events (Figure 3.3). Priority was given to HetRecs with recombination between the
flanking markers of the previously defined grain width mapping inteB&1J{066522 and

BS00066623) and in particular to HetRecs with recombination between markers in Linkage block 1
or 2 (Figure 3.3a; circles or square, respectively). The additional genotyping showedh&at in t

new RIL population, the grain width mapping interval corresponded to 8.3 cM compared to 4.6 cM
in the original RIL population. In total, 224 HetRecs were selected to take forward to homozygous
recombinants (HomRecs), with the exact distribution of genotypes shown in parenthesessin Fig
3.3a. Each of the selected HetRecs were self-pollinated and twelve progeny were screened to
identify HomRecs. For each family (defined as progeny from a single HetRec), at least two
HomRecs and a control line (with a single parental allele across all screening maekers) w
selected where possible. In total, 556 HomRecs (RILs) belonging to 203 independent RIL families
were selected, in addition to 26 and 36 independent S-like and R-like controls, respectively (Figure
3.3b.

Whilst grain was collected from RILs in the first generation, these single plants were grown in 96

well trays under glasshouse conditions. This resulted in grain number being compromised and so
no reliable grain size phenotype could be obtained. To obtain a more reliable phenotype, all RILs
plus six controls (3 x S-Control + 3 x R-Control) were grown in the field in 2016 in single 1m rows
replicated in up to three blocks depending on seed availability. From each row, ten individual

spikes were harvested at maturity for grain phenotyping.
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Figure 3.3: Generation of additional BC6A RILs

(a) Graphical genotypes of heterozygous recombinants (HetRecs) identified bBS§06@10933
andB3S0006623 from a screen of 2,674 plants. Numbers on the right hand side are the total number
of HetRecs identified with each genotype with the number of each group selected to generate
homozygous recombinants (recombinant inbred lines; RILs) shown in parentheses. (b) Graphical
genotypes of RILs selected after self-pollination of the selected HetRecs. Numbers are the
independent RIL families (i.e. the number of HetRec parents) with the total number of RILs with
each genotype in parentheses. Markers highlighted in green indicate the flanking markers of the
fine-mapped 6A grain width interval defined in Figure 3.1.
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3.4.1.1.1 Increasing marker density to prioritise RILs for phenotyping

Due to the large number of RILs, further genotyping was performed to prioritise RILs for grain
phenotyping of the 2016 field samples. A representative RIL from each independent RIL family
showing recombination betwe&800066522 andBS00066623 (Figure 3.3b; green markers) were
selected and genotyped with an additional 19 SNP markers across the interval to further define the
recombination events. Addition of the extra markers revealed that Linkage block 1 (defined in the
original RIL population; Figure 3.1a. circles) could be separated into five genetic positigsacro

5.7 cM interval in the new RIL population, although some linkage remained at three of these
positions (Figure 3.4a, circles). Similarly, Linkage block 2 (Figure 3.1a, squares) could also be
separated in the new RIL population although to a lesser extent, with a group of seven markers
remaining linked (Figure 3.4a, squares). Based on the more detailed genotypes, a total of 150 RILs
from 87 independent RIL families with a distribution of recombination events across the interval
betweerB00066522 andBSD0066623 were selected as priority lines for grain phenotyping of the
field samples (Figure 3.4b).
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Figure 3.4: Fine mapping of the 6A grain width interval using additional BRILs in 2016 SRR

(a) genetic map of the 6A QTL mapping interval based on the addiB@akcombinant inbred lines (RILs) displayed in (b). Markers highlighted in yellow were uset
screen lines during the generation of the RILs (Figure 3.3). Markers highlighted in green are the flanking markers for the fine-majpioktd igtairval defined by the
original RILs and circles/squares indicate markers that were genetically linked in the original RILs (FigurerBels Mahlighted in blue are the flanks for the grain

width interval defined by this RIL population. (b) Graphical genotypes of RIL groups with the number in brackets indicating the noddpemafent RILs in each RIL
group. (c) ANOVA adjusted mean grain widths for each RIL group across replicated 1m rows in 2016 field trials. Errethmatandard error of all lines within the RI
group. Bars are coloured according to classification as R-control (6A+; orange) or S-contragt{pike according to Dunnett’s test. Hatched bars were classified as 68
intermediate. Blue arrows indicate groups that define the blue highlighted markers as the flanking markers.



34.1.1.2 Additional RILstentatively fine map grain width to a 0.28 cM interval

For each of the 150 RILs, grains from the ten harvested spikes were phenotyped for grain
morphometric parameters. Measurements from RILs belonging to the same RIL family were
considered as replicates of a single independent RIL i.e. effectively 87 RILs grown in 3 field
blocks, with individual RILs providing within block replication. Independent RILs were assigned

to 18 RIL groups based on their genotypes across the interval beé28e@66522 and

BS00066623 (Figure 3.4b; number of independent RILs in each group shown in parentheses).
Significant differences in grain width were identified between RIL groups (Figure 3.4c). The R-
Control group had 3.38% wider grains than the S-Control group, similar to the differences observed
in the original RIL population and the 6A NILs (3.4.1.1, Table 2.2)o#% hoc Dunnett’s test was

used to classify each RIL group to a parental type, as described previously. Of the 18 RIL groups
only seven could be unambiguously assigned to a parental type. The remaining eleven RIL groups
were classified as non-significantly different from both the S- and R- control groups and #herefor
were considered intermediate (SR). However, using just the seven groups that could be assigned t
a parental type allowed the grain width phenotype to be mapped to a 0.28 cM interval between two
blocks of linked markers (Figure 3.4; highlighted in blue). The left flank of the interval
corresponded to two linked markers and the right flank to seven linked markers. In the original RIL
population, all nine markers were contained within Linkage block 2 (Figure 3.1a; squares).
Notably, the markers in the right flank contadlap-P2, suggesting that the 6A grain width

phenotype can be separated froaGW2_A. This interval was considered tentative as it was based

on a single year of data and the majority of RIL groups could not be assigned to a parental type.
However, if this tentative interval is correct then it would suggesfTd@tV2 A is not the gene
underlying the 6A QTL for grain width.

3.4.1.2 Determining physical positions of markers across the 6A grain width interval

Physical positions of the markers across the 6A interval were determined by using BLASTN to
align the marker sequences to the latest wheat genome reference sequence: Chinese Spring IWGSE
RefSeq v1.0 (Figure 3.5). The physical order of markers according to RefSeq v1.0 agreed with the

genetic order of markers according to both RIL populations.
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Figure 3.5: Physical positions of markers defining the grain width interval on chromosome 6A

Physical positions of markers on chromosome 6A according to IWGEEER v1.0. Markers

highlighted in green are flanks of the fine-mapped grain width interval defined by theabBgl

RILs (SR Gr1.1-1.13; Figure 3.1), markers highlighted in yellow were used in generation of
additional RILs (Figure 3.3) and markers highlighted in blue are flanks of the grain width interval
defined by the additional RILs in 2016 (Figure 3.4). Circles and squares indicate groups of markers
that were genetically linked in the original BRILs (Figure 3.1). Line graph (grey) shows rolling

mean of the number of genes located in 3 Mbp bins across chromosome 6A.
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The high confidence 4.6 cM grain width interval betwB&A0066522 andB300066623

corresponded to a 421.8 Mbp region according to RefSeq v1.0 (Figure 3.5; green markers). This
interval contained 2,901 TGACv1 gene models based omsiiico mapping to RefSeq v1.0

provided by David Swarbreck and Gemy Kaithakottil (Earlham Institute). The expressida pfofi
these genes was analysed using the wheat expVIP expression platform ¢Baryiz016). This

analysis showed that only 1,972 of the genes were expressed in any RNA-Seq sample in the
database (>0.5 transcripts per million (tpm), n = 418) and 1,742 of the genes were expressed in at

least one grain RNA-Seqg sample (>0.5 tpm, n = 147).

The tentative interval betwed@800041481 andHap-P2 considerably reduced the size of the

interval to 61.2 Mbp (Figure 3.5; blue markers), containing 396 TGACv1 gene models. Of these
396 genes, 266 were expressed above 0.5 tpm in any RNA-Seq sample in the expVIP expression
platform and 233 were expressed in at least one grain RNA-Seq sample. Whilst functional
annotations are available for these gene models, the intervals remain too large to begin speculating
on any candidate genes based on function.

The physical positions of the markers also provided insights into the genetic architecture
underlying the 6A QTL. The two linkage blocks identified in the original RIL population behaved
quite differently when assigned physical positions. Linkage block 1 (Figure 3.5, circles), containing
13 markers in the original RIL population, spanned a physical interval of 34.5 Mbp. Those markers
that remained linked in the larger RIL population spanned relatively small intervals, raogng fr

145 bp- 5.1 Mbp. The relatively close physical proximity of these markers could explain why
recombination was limited across this group. Conversely, Linkage block 2 (Figure 3.5, squares)
spanned a much larger physical interval of 227.6 Mbp, over a third of the total size of the
chromosome 6A pseudomolecule (618 Mbp). The seven markers that remained linked in the large
RIL population, includindgHap-P2, also covered a large distance (159.8 Mbp). This interval is
located at the centre of chromosome 6A and appears to cover a relatively gene poor region,
suggesting that this interval is centromeric. The limited recombination in this regiah coul

therefore be explained by lower rates of recombination in centromeric regions often observed in
Triticeae genomes (Akhunat al., 2003; Mascheet al., 2017).

Overall, the original RIL population enabled the fine-mapping of the 6A grain width effect to a 4.6

cM interval. This corresponded to a 421.8 Mbp interval encompassing a large centromeric linkage
block containing thédap-P2 marker forTaGW2_A. To overcome the issue of limited

recombination in this RIL population, a larger RIL population was generated. A single year of field
data for the larger population tentatively reduced the interval to 61.2 Mbp and separated the grain
width phenotype from thElap-P2 marker. The larger RIL population is being grown in field trials

in 2017 to obtain a more robust phenotype and the identification of additional markers across the

interval will allow further refinement of the mapping position.
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3.4.2 Genetic mapping of the 5A QTL for grain length
3.4.2.1 Grain length maps to a 6.6 cM interval on chromosome 5A

A set of 60 BGRILs showing recombination betwegwm293 andgwm186 were used to fine map

the grain length interval on chromosome 5A. These markers were selected as they were used for
generation of the 5A NILs and therefore encompass the interval to which the 5A TGW and grain
length effect were initially mapped. These 60 RILs were identified from a screen of 170 plants
(performed by James Simmonds) defining a genetic distance of 17.65 cM bgtvwe298 and

gwm186.

The genotypes of the 60 RILs were further defined by the addition of 33 SNP markers across the
interval betweergwm293 andgwm186. Genotyping with these 33 SNP markers defined the
recombination events in the 60 RILs and, similar to the 6A interval discussed previously, revealed
a linkage block of 14 markers along with several smaller groups of genetically linked markers
(Figure 3.6a).
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Figure 3.6: Initial fine-mapping of the 5A grain length QTL with BCRILs across four field trials Grain length.(mm)

(a) Genetic map of the 5A QTL mapping interval based on the original setoéB&@nbinant inbred lines (RILs) displayed in (b). Markers highlighted in green
the flanks for the fine-mapped grain length interval defined by this population. (b) Graggmo&ypes of RIL groups with the number in brackets indicating the
number of independent RILs in each RIL group. RILs were grouped based on their genotypes defined by having eithgerthikedlgaey; 5A-) or Badger-like
(purple; 5A+) allele at each marker shown across the interval. (¢) ANOVA adjusted medlengths for each RIL group across four field trials (1m plots 2014-
and 6m plots 2015-2016). Error bars are the standard error of all lines within the RIL groupeRatewed according to classification as C-control (5A-; grey)
control (5A+; purple) like according to a Dunnett’s test. Hatched bars were classified as intermediate (CB). Green arrows indicateRititigedups that define the 73
green highlighted markers as the flanks.



59 of the 60 RILs were unambiguously assigned to 15 RIL groups based on the genotype of each ©
the 33 markers across the interval betwgem293 andgwml86, shown graphically in Figure

3.6b. Lines with either the Charger (5A-; C-Control) or Badger allele (5A+; B-Coatrass all

markers within the whole interval were used as controls. Additionally, in some trials 5A NILs were
also used as controls (exact lines used in each trial are detailed in (Table 3.2)). The 59 RILs wer
grown and phenotyped for grain morphometric parameters across four field trials: 2014-2015 1m
plots and 2015-2016 6m plots. As grain length is the main driver of the TGW difference between
5A NILs (Chapter 2; Brintomt al., 2017), the grain length phenotype was used for fine-mapping.

Across trials and within each trial, significant differences in grain length befiésnwere

identified (P < 0.001Table 3.2). Overall, the B-Control group had 4.18% longer grains than C-
Control group (ranging 3.584.95%), reflective of the grain length differences observed between
5A NILs (4.04%, Table 2.8). In the same way as described previously for the 6ApBdt koc
Dunnett’s tests were used to classify RIL groups to a parental type. RIL groups significantly

different from the B-Control group and non-significantly different from the C-Control greup w
classed as Charger-like (5A-, short grains; Figure 3.6¢, grey bars). RIL groups significantly
different from the C-Control group and non-significantly different from the B-Control group wer
classed as Badger-like (5A+, long grains; Figure 3.6¢, purple bars). RIL groups that digfyot sat
both conditions were classed as intermediate (CB; Figure 3.6c, hatched bars). In this way, eight of
the RIL groups could be assigned to a parental type, whilst the remaining seven groups were
classed as intermediate. The eight groups that could be classed as either Charger okBadger-li
defined the grain length effect to a 7.49 cM interval between two groups of linked markars (Fig
3.6; green markers). The left flank includgem293 (the original left hand flank of the

introgressed interval) and the right hand flank consisted of 14 linked markers.

Six RIL groups had recombination between #verharkers located within the 7.49 cM interval but

all six were classed as intermediate and therefore could not be used to further fine maip the g
length phenotype. However, looking at the individual RILs that comprised the six intermediate RIL
groups showed that individual RILs had a range of classifications within a group, but within each
RIL itself the classifications were relatively stable across trials (Table B8.@hér words, unlike

in the initial 6A fine-mapping where the intermediate groups (SR Grl.2 and 1.9; Tgble 3.1
consisted of RIL lines that were themselves classed as intermediate, in this case with libe 5A R
intermediate groups were often classed as such because they contained RIL lines that had differen
classifications. For example, CB Grl.12 was classed as intermediate (CB) and contained three
independent RILs: HR-CB5, HR-CB30 and KIB29. HR-CB5 was classed as a B-type across all
trials and in each of the four trials individually. HR-CB30 was classed as CB overatl thined of

the four trials (B in 2016). Finally, HRB29 was classed as C-type overall and in two of the three
trials in which it was grown (CB in 2014).
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The phenotypic differences within a RIL group could be explained by the individual RILs within a
group having different recombination events but the marker density across the interval vigis not h
enough to identify this. For example, all lines in CB Grl1.12 have recombination between
B00186083 andJBRNASeq 1, but the exact location of the recombination may be different in

each of the three RILs. Further fine-mapping was therefore performed using the individual RIL
lines from RIL groups with recombination across the fine-mapped 7.46 cM interval. Figure 3.7
shows the 14 individual RILs with recombination across the 7.46 cM interval that could be
assigned unambiguously as C or B types. Using these 14 RILs, the grain length effect was fine-
mapped to a slightly narrower 6.59 cM interval betwB8d0182017 and a group of four linked
markers BA00228977, JBRNASeq_4, BA00165371, BAO0379554; Figure 3.7a, blue markers).

Several RILs classified as C or B had recombination within this interval but three of these RILs
suggested conflicting mapping positions. HR-CB9 placed the grain length phenotype to the left of
BS00186083, whilst HR-CB5 and HR=B58 mapped grain length to the rightR#00186083. The

grain length phenotype could therefore not be mapped to a narrower interval using this population.
It is also worth noting that eleven of the individual RILs were classed themselves asddem
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Table 3.2: ANOVA adjusted mean grain length and Dunnett's test classification of individual BICs used for initial 5A fine-mapping

2014 (1m plots)

2015 (1m plots)

2015 (6m plots)

2016 (6m plots)

Overall

6.813 CB
6.769 CB
6.757 CB
6.755 CB
6.736 C
6.712 C

6.771 CB

RIL group Class RIL Length (mm) Class | Length (mm) Class | Length (mm) Class | Length (mm) Class
HR-CB9 7.055 CB 6.805 CB - - 6.764
HR-CB10 7.043 CB 6.832 - - 6.702
HR-CB26 7.030 C 6.739 CB - - 6.741
CBGril CB HR-CB14 6.993 C 6.720 CB - - 6.729
HR-CB46 6.992 C 6.762 CB - - 6.685 C
HR-CB56 6.936 C 6.771 CB - - -
HR-CB11 7.067 6.644 C 6.725
HR-CB23 6.899 6.720 CB 6.552
HR-CB13 7.094 6.831 CB 6.790
CB Gr1.2 CB HR-CB54 7.065 CB 6.857 CB 6.744
HR-CB2 6.988 C 6.845 CB 6.670
HR-CB16 7.019 6.710 C 6.725
CBGrl.3 HR-CB24 7.195
HR-CB43 7.201
CB Grl4 HR-CB28 7.180
HR-CB35 7.191
HR-CB20 7.189
HR-CB53 7.259
CBGrL5 HR-CB12 7.221
HR-CB17 7.176
HR-CB57 7.144
CB Grl.6 HR-CB50 7.142

Table 3.2 continued on next page
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Table 3.2 con¥d from previous page 2014 (1m plots) 2015 (1m plots) 2015 (6m plots) 2016 (6m plots) Overall

RIL group Class RIL Length (mm) Class | Length (mm) Class | Length (mm) Class | Length (mm) Class | Length (mm) Class
HR-CB21 6.934 C - - - - - 6.682 C

CB Gr1.7 c HR-CB34 6.925 C - - - - - - 6.673 C
HR-CB31 6.898 C - - - - - - 6.634 C
HR-CB1 6.865 C - - - - - - 6.613 C
HR-CB33 7.004 C - - - - - - 6.752 CB
HR-CB45 6.985 C - - - - - - 6.733 CB
HR-CB39 6.986 C - - - - - - 6.721 CB
HR-CB40 6.970 C - - - - - - 6.718 CB

CB Grl.8 c HR-CB37 6.960 C - - - - - - 6.708 CB
HR-CB47 6.959 C - - - - - - 6.707 CB
HR-CB41 6.956 © - - - - - - 6.704 C
HR-CB36 6.955 C - - - - - - 6.703 C
HR-CB42 6.938 © - - - - - - 6.686 C
HR-CB32 6.938 C - - - - - - 6.686 C
HR-CB19 7.026 CB - - - - - - 6.774 CB
HR-CB3 6.872 C - - - - - - 6.620 C

CBGrl.9 C HR-CB60 6.883 C - - - - - - 6.618 C
HR-CB59 6.857 C - - - - - - 6.605 C
HR-CB52 6.819 C - - - - - - 6.567 C
HR-CB27 6.977 C 6.806 CB 6.582 CB - - 6.765 CB
HR-CB55 7.017 C 6.722 CB 6.590 CB - - 6.743 CB

CB Grl.10 CB HR-CB8 6.964 C - - - - - - 6.711 CB
HR-CB15 7.010 C 6.704 C 6.518 C - - 6.711 C
HR-CB22 6.981 @ 6.642 C 6.593 CB - - 6.703 C
HR-CB6 6.955 C - - - - ) - 6.690 CB

Table 3.2 continued on next pagt
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Table 3.2cont’d from previous page 2014 (1m plots) 2015 (1m plots) 2015 (6m plots) 2016 (6m plots) | Overall
RIL group Class RIL Length (mm) Class | Length (mm) Class | Length (mm) Class | Length (mm) Class | Length (mm Class
cBGri1l | cB HR-CB58 7.031 CB 6.876 - - 6.744 6.847
HR-CB25 7.043 CB 6.766 CB 6.575 CB 6.647 C 6.758 CB
HR-CB5 7.138 6.953 6.681 6.746 6.876
CBGr112 | CB HR-CB30 7.028 CB 6.788 CB 6.588 CB 6.711 6.782 CB
HR-CB29 7.050 CB 6.676 c 6.518 c - - 6.709 C
HR-CB7 7.150 7.016 - - 6.744 6.912
cBGri13 | cB HR-CB44 7.077 6.943 - - 6.823 6.898
HR-CB38 7.118 6.932 - - 6.807 6.897
HR-CB18 7.012 6.721 CB - - 6.683 C 6.739 CB
CBGrl.14 | CB HR-CB4 7.079 - - - - - - 6.827 CB
CB Gr115 . HR-CB48 7.128 - - - - - - 6.864 CB
HR-CB51 7.178 - - - - - - 6.926
HR-CB37-C 6.996 6.745 c 6.612 c - - 6.759 C
C-control c HR-CB7-C 6.746 c 6.684 c 6.430 c - - 6.616 c
(5A7) BC4-5 (NIL) - 6.551 € 6.419 € 6.597 c 6.603 c
BCs-17 (NIL) 6.895 C 6.559 C 6.434 c 6.564 c 6.607 C
HR-CB9-C 7.242 - - 6.996
B-control HR-CB38-C 7.202 - - 6.924
(5A%) BC4-6 (NIL) - - 6.819 6.893
BC.-19 (NIL) 7.213 6.814 6.880

Length (mm) are the ANOVA adjusted means of grain length in eatkariaverall in the final column) each incorporating at least five cef@s. Classifications were assigned using
Dunnett’s test to compare each line to a control (C-Control (5A-; short grains) and B-Control (5A+: long grains)): C = signifigadifferent from the B-Control and not significantly different
from the C-Control; B = significantly different from the C-Control adsignificantly different from the B-Control; CB = not significantly different frira C-Control or the B-Control.



(a) (8835 SBSESeRBIERNBE
ESSsS £8s58888888888¢8
52883 RRORRBRIBRRB88K
"F & ostn EaEE == z -
< B QRN L8R 83 S = 2o
S S =83 a43s8 =3 = 2 =%
% % X oo SESS oSS > =3 S E
a o 9R99 T 28 a @ S
] | I i | | T
I / / (c)
HR-CBA I} i i : i i L ——
HR-CB56 l{ t T i f | i ]
HR-CB11 I } : I : I { i-J 1 1
HR-CB23 I 1 1 i 1 | 1 L] il
HR-CB13 I i s e s
HR-CB54 l{ ; } ¥ : 2] i
HR-CB24 I | T I T |
HR-CB58 [ I
HR-CBS5 [ | O ——(
HR-CB29 [ | | ]
HR-CBT [ I ]
HR-CB44 [ | — — —
HR-CB38 [ | ——
HR-CB51 LI i e ——
C - Control [1 1 1 ] 1 1 ] |
B - Control I | e —— ——4
1 1 ] I I 1 | . . . | 3
6.5 6.6 6.7 6.8 69 7.0

Grain length (mm)

Figure 3.7: Fine-mapping of the 5A grain length interval using individual BRILs

(a) Genetic map of the 5A QTL mapping interval based on the original set@&8&@nbinant inbred lines (RILs). Markers highlighted in green are the flanks for t|
fine-mapped grain length interval defined by mapping with RIL groups. Markers highlighted aréltree flanks for the grain length interval defined using the indiv
RILs in (b). (b) Graphical genotypes of RILs showing the allele at each marker (Charger-lik&fgiey Badger-like (purple; 5A+)). (c) ANOVA adjusted mean gr:
lengths for each RIL across four field trials (1m plots 2014-2015 and 6m plots 2015-2016). Bars are actoudéy to classification as C-Control (5A-; grey) or B9
Control (5A+; purple) like according to a Dunnett’s test. Error bars are standard error of lines within the control groups (n = 4)/



3.42.2 Generation of a larger 5A RIL population

As with the 6A QTL, a larger RIL population was generated to further map the 5A grain length
QTL. In an initial screen of 1,140 BE; plants performed by James Simmonds, 310 HetRecs were
identified betwee®300075504 andBS00183958, defining a genetic distance of 13.60 cM (10.48

cM in the original RIL population described above). These markers encompassed the initial 7.49
cM fine-mapped grain length interval defined using the original RIL population. The genotypes of
the HetRecs were defined further by the addition of seven markers across the intgwval 3/a).

All 310 HetRec plants were self-pollinated and twelve progeny of each were screened to identify
HomRecs. Of the progeny originating from a single HetRec (i.e. independent RIL family) at least
two HomRecs (RILs) and a control line (a single parental type across the whole interval) were
selected where possible (Figure 3.8b). In total, 558 individual RILs from 272 independent RIL
families with recombination across the interval betwB800075504 andBS00183958 were

selected. In addition, 59 C and 64 B-Control lines were selected. All 558 RILs and six control lines
(3 x C-Control, 3 x B-Control) were grown in field trials in 2016 in single 1m rows replicated up to

five times depending on seed availability.
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Figure 3.8: Generation of the larger 5A RIL population

(a) Graphical genotypes of heterozygous recombinants (HetRecs) identified bBSveerb504
andBS00183958 from a screen of 1140 plants. Numbers on the right hand side are the total number
of HetRecs identified with each genotype. All HetRecs were selected to generate homozygous
recombinants (recombinant inbred lines; RILs). (b) Graphical genotypes of RILs selected after self
pollination of the selected HetRecs. Numbers are the independent RIL families (i.e. the number of
HetRec parents) with the total number of RILs with each genotype in parentheses. Markers
highlighted in green indicate the flanking markers of the initial 5A grain length ahteéefined

with original RIL groups (Figure 3.6). The blue marker indicates the left flank of thewear

grain length interval. The group of right flanking markd88{0228977, JBRNASeq_4,

BA00165371, BA0O0379554) was not run buis shown as a blue circle based on its genetic position

in the original RIL population (Figure 3.7
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34221 Increasing marker density in a subset of the larger 5A RIL population

A subset of 290 RILs from 114 RIL families with recombination betv&#39182017 and

BS00170187 were selected for further genotyping. The subset was genotyped using eight additional
markers within the interval not used for the screening of the larger RIL population. This gegotypi
showed that in this RIL population the linkage had been broken between the four markers that
defined the right flank of the 6.6 cM grain length interval in the original RIL population
(BA00228977, JIBRNASeq 4, BA00165371, BA00379554; Figure 3.9a). The linkage between
JBRNASeq 1, BS00048607, IBRNASeq 4, JIBRNASeq 3 was also partially broken, with two
independent RIL families having recombination betw@®RNASeq 1 and the other three markers
(0.11 cM). HoweveBS00048607, JBRNASeq 4, JBRNASeq 3 remained linked.

—BS00186083
— JBRNASeq 1
BS00048607
JBRNASeq_2
JBRNASeq_3
I JBRNASeq 4
|~ BA00228977
~ BAG0379554
- BAGO165371
—BS00170187

R S BB RSB

k T T T T 1
8.5 6.6 8.7 6.8 6.9 7.0

Grain length (mm)

Figure 3.9: Initial fine-mapping of grain length using the larger 5A RIL population

a) Genetic map of the 5A QTL mapping interval based on the additionakB@mnbinant inbred

lines (RILs) displayed in (b). Green marker: flank of the 7.49 cM grain length interval defined i
Figure 3.6, blue markers: flanks of the 6.6 cM grain length interval defined in Figure 3.7. (b)
Graphical genotypes of RIL groups with the number in brackets indicating the number of
independent RILs in each RIL group. (c) ANOVA adjusted mean grain length of each RIL group
across replicated 1m rows in 2016 field trials. Error bars are the standard error of alithires w
the RIL group. Bars are colouradcording to classification as C-Control (54rey) or B-Control
(5A+; purple like according to Dunnett’s test. Hatched bars were classified as intermediate (CB)
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3.4.2.2.2 Fine-mapping with the larger 5A RIL population suggests conflicting mapping

positions

The same subset of 290 RILs and six control lines were selected for assessment of grain
morphometric parameters from the 1m row field samples collected in 2016. As with the original 5A
RIL population, grain length was used as the parameter for fine-mapping. Independent RIL
families were grouped into 15 distinct RIL groups based on their genotype across the interval
betweerB00182017 andB00170187 (Figure 3.9b). Individual RILs within each independent

RIL family were considered as replicates of the same RIL. Significant differences ineggtin |

were observed between RIL groups (P < 0.001). The B-Control group had 4.11% longer grains
than the C-Control group, similar to the differences observed between controls in thal &/gi

RIL population and between 5A NILs. RIL groups were again classified as either C, B or
intermediate type usingpst hoc Dunnett’s test as described previously. In this way, six of the 15
groups were assigned unambiguously as a Charger or Badger type whilst the remaining nine group
were classed as intermediate (Figure 3.9c, hatched bars). However, the grain length interval,
previously mapped to betwe&$00182017 and the linkage block containid@RNASeq 4,

BA00228977, BA00165371 andBA00379554 (Figure 3.7a, blue markers) could not be defined

further using the six C or B RIL groups. As with the original 5A RIL population, different RIL
groups suggested that the grain length phenotype mapped to eitherBE01&6083. Five of the

RIL groups (CB2.6-2.10) positioned the grain length phenotype bet@A®G228977 and

BA00165371, to the right ofB300186083 (Figure 3.9) However, CB 2.15 suggested that the grain
length phenotype mapped to the BE0186083 and although this was only a single RIL group,

the group contained 23 independent RILs compared to a single RIL in CB2.6, the RIL group that

did not support this position.

Similar to the original 5A RIL population, individual RILs within the intermediate Rtwgs had

a range of classifications (Table 3.3). All RIL groups were therefore divided into sub-groups based
on the phenotype call of each RIL within the group. For example, RIL group CB 2.13 contained 21
independent RILs and was classified as intermediate (CB) overall. However, when looking at each
of the 21 RILs individually, six were classed as C, seven as B and eight as CB. RIL group CB 2.13
was therefore split into three sub-groups, CB 2.13-C, CB 2.13-B and CB 2.13-CB, containing six,
seven and eight RILs, respectively. In this way RILs were categorised into a total of 30 RIL sub-

groups, twelve of which were intermediate (CB).
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Table 3.3: ANOVA adjusted mean grain length and class of individual RILS in the larger 5A
RIL population used for fine-mapping

Overall group Call RIL N (sibling RILs) | Length (mm) Class
CB107 2 6.668 C
CB132 1 6.673 C
CB143 3 6.636 C
CB208 3 6.589 C
CB221 2 6.715 C
CB23 2 6.585 C
CB266 1 6.631 C
CB Gr2.1 CB CB35 2 6.596 C
CB80 2 6.665 C
CB280 2 6.732 CB
CB331 3 6.720 CB
CB378 1 6.706 CB
CB156 5 6.767
CB239 6 6.832
CB70 3 6.777
CB Gr2.2 cB CB295 3 6.725 CB
CB212 1 6.820
CB G2.3 cB CB121 3 6.742 CB
CB30 3 6.747 CB
CB152 1 6.654 C
CB235 2 6.688 C
CB351 2 6.704 C
CB14 1 6.731
CB273 3 6.732
CB28 1 6.715
CB31 4 6.748
CB374 3 6.753
CB47 3 6.752
CB117 1 6.766
CB157 2 6.797
CBGr2.4 CB161 4 6.769
(cont’d on next CB
page) CB202 3 6.769
CB210 2 6.760
CB215 2 6.792
CB216 1 6.754
CB317 1 6.841
CB328 4 6.810
CB345 2 6.770
CB347 2 6.748
CB43 2 6.764
CB59 2 6.795
CB61 1 6.812
CB73 1 6.844

Table 3.3cont’d on next page
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Table 3.3cont’d from previous page

Overall group Call RIL N (sibling RILs) | Length (mm) Class
CB75 3 6.760
CBGr2.4 CB78 2 6.826
(cont’d from CB CB82 5 6.851
previous page) CB92 4 6.768
CB96 3 6.774
CBGr25 cB CB277 1 6.725
CB381 3 6.775
CB Gr2.6 CcC CB324 1 6.701
CB Gr2.7 CB118 4 6.841
CB Gr2.8 CB243 2 6.871
CB326 3 6.854
CB Gr2.9 CcC CB3 6 6.626
CB Gi2.10 cc CB181 4 6.644 C
CB370 3 6.725 CB
CB12 2 6.692 C
CB Gr2.11 cB CB338 1 6.657 C
CB159 1 6.719 CB
CB271 4 6.701 CB
CB214 2 6.666 C
CB293 4 6.675 C
CB Gr2.12 CB CB318 3 6.678 C
CB45 3 6.725 CB
CB46 4 6.720 CB
CB130 3 6.697 C
CB142 1 6.693 C
CB147 3 6.673 C
CB21 2 6.712 C
CB267 1 6.680 C
CB274 1 6.650 C
CB135 1 6.729 CB
CB144 6 6.730 CB
CB160 5 6.718 CB
CB183 1 6.736 CB
CB Gr2.13 CB CB291 4 6.701
CB298 4 6.702
CB40 2 6.733
CB91 5 6.745
CB166 1 6.749
CB191 4 6.818
CB300 1 6.779
CB302 1 6.787
CB49 2 6.751
CB66 1 6.800
CB71 1 6.747

Table 3.3cont’d on next page
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Table 3.3cont’d from previous page

Overall group Call RIL N (sibling RILs) | Length (mm) Class

CB279 3 6.664 C

B Gr2.14 B CB366 1 6.694 C
CB136 3 6.727 CB

CB1 1 6.796 B

CB112 2 6.534 C

CB139 4 6.650 C

CB173 2 6.662 C

CB174 4 6.525 C

CB192 4 6.660 C

CB275 2 6.708 C

CB286 4 6.531 C

CB325 1 6.561 C

CB327 2 6.636 C

CB329 5 6.688 C

CB333 3 6.658 C

CB Gr2.15 cC CB353 2 6.597 C
CB380 2 6.613 C

CB41 3 6.593 C

CB51 3 6.654 C

CB54 1 6.658 C

CB57 3 6.682 C

CB11 4 6.699 CB

CB169 1 6.707 CB

CB190 2 6.715 CB

CB304 6 6.730 CB

CB330 2 6.727 CB

CB27 4 6.769 B

CB243C 1 6.636 C

C-Control CcC CB351C 1 6.584 C
CB202C 1 6.556 C

CB140C 1 6.908 B

B-Control BB CB43C 1 6.845 B
CB80C 1 6.835 B

Length (mm) are the ANOVA adjusted means of grain length. Classificationsassgmned
using Dunnett’s test to compare each line to a control (C-Control (5A-; short grains) and B-
Control (5A+: long grains)): C = significantly different from the B-Contmud aot
significantly different from the C-Control; B = significantly different frahe C-Control
and no significantly different from the B-Control; CB = intermediate i.esigutificantly
different from the C-Control or the B-Control, or significantly differennf both.



The 18 -C and -B sub-groups were used to further fine map the grain length effect (Figure 3.10).
Eleven of the sub-groups mapped grain length to the same interval as in the original RIL
population, betweeB300182017 andJBRNASeq 4 (5.10 cM, Figure 3.10, orange highlighted
groups). However, sub-groups with additional recombination in this interval again produced the
problem of two conflicting mapping positions. Using four sub-groups (CB2.1-B, CB2.2-B,
CB2.14-C and CB2.1&; Figure 3.10, yellow highlighted groups) along with the eleven orange
sub-groups mapped grain length to a 2.02 cM interval betB8@0182017 andBS00186083.

However, using three other sub-groups (CB2.4-C, CB2.13-B and CB2 Rigrure 3.10, pink
highlighted groups) along with the eleven orange sub-groups mapped grain length to a 2.65 cM
interval betwee®300048607, JIBRNASeq_2, IBRNASeq 3 (all linked) andIBRNASeq_4.

One explanation for the conflicting mapping results could be that they are based on a single year of
data, and so additional year datasets could provide further support to one of the mapping positions.
However, this phenomenon was also observed in fine-mapping with the original 5A RIL population
which wa assessed in four trials across three different years. An alternative explanation (the ‘two-

gene’ hypothesis) could be that both mapping positions are correct and that there are two genes

within the interval betweeBS00182017 andJBRNASeqg_4 that contribute additively to final grain

length.
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Figure 3.10: Fine-mapping of the 5A grain length effect using RIL sub-groups

a) Genetic map of the 5A QTL mapping interval based on the IB@erecombinant inbred line

(RIL) population. Markers highlighted in blue are the flanking markers of the 5A grain length
interval. Pairs of markers highlight in yellow and pink show the two conflicting grain length
mapping positions within this interval. (b) Graphical genotypes of RIL sub-groups with the number
in brackets indicating the number of independent RILs in each RIL group. (c) ANOVA adjusted
mean grain lengtbf each RIL group across replicated 1m rows in 2016 field trials. Error bars are
the standard error of all lines within the RIL group. Bars are coloured according to claesificati
C-Control (5A; grey) or B-Control (5A+purple like according to Dunnett’s test. Hatched bars

were classified as intermediate (CB). In (b) and (c) groups that are highlightebbim sepport

the mapping position between the two yellow markers, groups highlighted in pink support the
mapping position between the pink markers. Groups highlighted in orange support either position.
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3.42.3 The ‘two-gene hypothesis

If the ‘two-gene hypothesis’ is correct then one would expect that RILs showing recombination
between the two genes/loci would have an intermediate grain length phenotype compared to lines
with both the Charger or Badger alleles of each gene. The fact that many RILs with recombinatio
betweerB00182017 andJBRNASeq 4 in both the original and larger RIL populations could not

be allocated unambiguously to a parental type supports this hypothesis.

To examine this more explicitly, RILs in the larger population were allocated to groups according
to the genotype of each of the four markers defining the two internal mapping regions as defined by
fine-mapping with this population (RegionBS00182017 andBS00186083, Figure 3.11a-b,

yellow markers; Region B300048607/JBRNASeq_2/JBRNASeq 3 andJBRNASeq 4, Figure

3.11a-b, pink markers). For example, RILs with the Charger allele at all four markers were classed
CCCC whereas RILs with the Charger allele at the left flank of Reg{BS81D182017) and

Badger at the other three markers were classed as CBBB. Significant differences in gfain lengt
were observed between groups (P < 0.001). A Dunnett’s test using the CCCC and BBBB groups as
controls was used to categorise each group phenotypically. Four of the six groups with internal
recombination were classed as intermediate, as predicted liwihgeneé hypothesis. However,

two of the groups were classed as similar to the CCCC group.
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Figure 3.11: Genotype groups of RILs according to thieo-gene hypothesis

(a) Genetic map across the 5A grain length interval according to the larger 5A RIL population.
Blue markers show the overall grain length interval defined in Figure 3.7, yellow markees defi
Region 1 and pink markers define Region 2. (b) Graphical genotypes of the larger 5A RIL
population grouped according to the four markers that define the two internal mapping regions.
Numbers in brackets are the number of independent RILs in each group. (¢) ANOVA adjusted
mean grain length of each genotype group across replicated 1m rows in 2016 field trials. Error bars
are standard error of RILs within the group. Bars are coloured according to classific&200@s

(5A-; grey) or BBBB (5A+ purple like according to Dunnett’s test. Hatched bars are intermediate.

(d) Graphical genotypes of the original 5A RIL population grouped according to the four markers
that define the two internal mapping regions. Numbers in brackets are the number of independent
RILs in each group. () ANOVA adjusted mean grain length of each genotype group across four
field trials (1m plots 2014-2015 and 6m plots 2015-2016). Error bars are standard error of RILs
within the group. Bars are coloured according to classification as CCCCgi®4) or BBBB

(5A+; purple like according to Dunnett’s test. Hatched bars are intermediate.

90



Testing this hypothesis using the same population and data that was used to generate it could be
seen as a somewhat circular argument. To test the hypothesis in a more independent manner, the
same analysis was performed using the original RIL population. RILs could be allocated to seven
of eight possible groups; no RILs in the original population belonged to the BBCC group. Again,
significant differences in grain length were observed between groups (P < 0.001). In this
population, Dunnett’s tests using CCCC and BBBB groups as controls classed all groups with

internal recombination as having intermediate grain length phenotypes.

We designated the gene located in RegionGrai Length 1 (GL1) and the gene located in

Region 2 assrain Length 2 (GL2). The Badger alleles (5A+; long grains) are indicated using
uppercase letter§&5(1/GL2) and the Charger alleles (5A-; short grains) are indicated using
lowercase letterg(1/gl2). The classifications described above based on the four markers defining
Region 1 and Region 2 resulted in eight genotype groups. However, there are only four possible
combinations for the two genes themseN&is1/GL2, GL1/gI2, gl1/GL2 andgl1/gl2. The CCCC,
CCBB, BBCC and BBBB groups can be allocated immediately to these gene groups as they have
no recombination within either region and so are fixed for either the Charger or Badger allele of
each geneg(1/gl2, gll/GL2, GL1/gl2, and GLL/GL2, respectively). However, théBBB, BCCC,
CCCB, and BBBC groups are fixed for one of the genes but segregating for the other gene. For
example, RILs in the CBBB group are fixed for the Badger allele of the gene located in Region 2

(GL2) but have recombination within Region 1 and therefore could have either the Charger or

Badger allele oGL1 (i.e.%/GLz). This is reflected in Figure 3.11e where the CBBB group has a

higher mean grain length than the other intermediate groups, because it conta@IslhGtt? and
g11/GL2 lines.

To try and determine which of the gene groups each RIL belonged to, RILs within each group were
classified again using a Dunnett’s test, but with different controls. The same analysis was

performed on the original RIL population and the larger RIL population, although populations were
analysed separately. RILs were first split into those with recombination in Reggei%/glz and

%/GLZ) and those with recombination in Regiongl( % andGLl/%). Each of the genotype

groups were classified using the appropriate pair of controls defined by the possible gene groups

(outlinedin Table 3.4). For example, RILs in the CBBB group @%\IGLZ) could be either

gl/GL2 or GLY/GL2 and so lines in the CCBRIUGL2) and BBBB GL1L/GL2) groups were used

as controls. Due to the large number of RILs in the CQfLg(2) and BBBB GL1/GL2) groups,

only the lines which has previously been used as C and B controls were used as controls for these
groups. As previously, RILs were only classified if they were both significantly differentdnem
control and non-significantly different from the other. For example, in the CBBB group described
above RILs were only classedg@4/GL?2 if they were significantly different from tHeL1/GL2

control and non-significantly different from tigl/GL2 control. As previously, whilst most RILs
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could be unambiguously classified in this way, in some cases RILs did not satisfy both conditions

and were considered intermediate. In the CBBB example, an intermediate group is expressed as

%/GLZ because the region 1 ablgbmains uncertain. In the original RIL population no RILs were

in the BBCC group and therefore Gh.1/gl2 controls were available. Comparisons requiring a
GL1/gl2 control were therefore assigned using a single control and thus are lower confidence
(Table 3.3.

In total, 93 independent RILs from the larger RIL population were assigned to one of four gene
groups, whilst 27 lines could not be assigned. Gh#&GL2 group had 2.53% longer grains than
thegl1/gl2 group (Figure 3.12a), similar to but slightly lower than the differences seen between
NILs and control lines. As predicte@L1/gl2 andgl/GL2 groups had smaller increases in grain
length with respect to lines with the complete Chargdrdl2) than lines with BadgeiGQL1Y/GL2)
interval (1.37 % and 0.58 %, respectively). Tslel/gl2 group had a greater increase in grain
length than thgl/GL2 group.
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Table 3.4: Classification of RILs within two-gene genotype groups

Classifications
Population Genotyp Region nRILs Possible Control Gene group nRILs
e group gene groups groups used
BBCC
GL1/gl2 (GLYG2) GL1/gl2 6
BCCC 15 gl1/gl2 (;E;% glVgl2 5
GL1
CCBB
gl/GL2 (@UGLY) gl1/GL2 21
CBBB 23 | GLUGL2 (GE%%E@ GLUGL2 0
a2 2
Large RIL s
population CCBB
gl/GL2 (@lUGL2) gl1/GL2 17
cccB 21 gl1/gl2 (;Sg% glgl2 0
GL2
BBCC
GL1/gl2 (GLYG2) GL1/gl2 13
BBBC 31 | GLUGL2 (GE%EEZ) GLUGL2 1
GL2
GLY . 17
GL1/gl2 - GL1/gl2 5
gllgl2 ccce
BCCC 8 cc (glgl2) gl/gi2 3
GL1
CCBB
gly/GL2 (g11/GL2) gl1/GL2 1
CBBB 4 GL1/GL2 (Gii%ia GL1/GL2 4
N ZoGL2 0
Original RIL g
population CCBB
gl/GL2 (GUGL) gl1/GL2 2
ccce
cccB 2 oll/gl2 (@1/g12) oll/gl2 0
GL2
gy 0
GL1/gl2 - GL1/gl2 4
BBBB
BBBC 4 GL1/GL2 (GLUGL?) GLUGL2 0
cLy 2 -
gl2
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Figure 3.12 BC4 5A RIL lines phenotypically classified intiwo-gene groups

Boxplots showing the grain length of the larger 5A RIL population (a) and the original 5A RIL
population(b) classified using a Dunnett’s test into four gene groups: gl1/gl2 (grey): Charger
alleles ofgl1 andgl2; GL1/gl2 (yellow): Badger allele o5L1, Charger allele ofl2; gl1/GL2

(pink): Charger allele afl1, Badger allele o6L2; GLL/GL2 (purple): Badger allele dbL1 and
GL2. n is the number of independent RILs in each group.
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The same trend was seen in the original RIL population where all lines could be assigned to one of
the four gene groups (Figure 3.12b). TBel/GL2 group had 3.50 % longer grains than ghEgl2

group, more reflective of the differences in grain length observed between the 5A NILs. Again, the
GL1/gl2 andgl/GL2 groups had smaller increases in grain length compared withlifge2 group

than theGLL/GL2 group (1.60 % and 1.53 %, respectively). Similar to the larger RIL population,

the increase in th&L1/gl2 group was slightly higher than fgtl/GL2 although this was less
pronounced in the original RIL population. Less within group variation was observed in the

original RIL population than the larger RIL population possibly due to the fact that this consisted o

data from multiple trials.

Overall, despite some overlap in the range of grain lengths seen between each of the gene groups,
the data appears to fit the expectations of the two-gene hypothesis. The gene groups which carry a
single positive Badger allel&[1/gl2 andgl/GL2) have an intermediate grain length phenotype
compared to lines with both the Charger or Badger alleles at eachgif#g @ndGL1/GL2). The

fact that the percentage increases in grain length contributed by each of the individual genes do not
completely account for the increase seen with the Badger allele of both genes could suggest that
these genes act synergistically, although this is currently very speculative.

34.231 Further fine-mapping of GL1

Assuming that thé&wo-gené hypothesis is correct and assigning each RIL to a gene group based
on phenotype allowed the fine-mapping of grain length to proceed separa@lylfandGL2. To

do this, RILs were separated irfBh1 segregating RILs (i.e. the BCCC and CBBB groups) and
GL2 segregating RILs (i.e. the CCCB and BBBC groups).Gld, the grain length effect could

not be mapped any further at this stage as no additional markers could be identified between the
flanking markers BS00048607/JBRNASeq 2/JBRNASeq 3 andJBRNASeq 4). However, eight
additional markers were identified between the flanking marke®.tf(BS00182017 and

B300186083; Figure 3.13a)GL1 segregating RILs from both populations were genotyped with the
additional markers (Figure 3.13b,d). Three of the markers were linked B8206&82017, the

proximal (left hand) flanking marker @L1. Assessing the genotype of each RIL together with the
gene group classification described allowed grain length to be fine-mapped to a sligbthenarr
interval betweeS00182017 andBA00603545 in both population$1.86 cM compared to 2.01 cM
previously in the larger population; Figure 3.13; yellow interval). However, despite thiegefibe
additional markers across the interval, grain length could not be mapped further with cord&lence
again different RIL lines suggested conflicting mapping positions. Using just the high confidence
RILs from the original population i.e. RILs phenotyped across multiple trials that were classified
using two controls (HR-CB18, HR-CB44, HR-CB38 and BR-7), GL1 mapped between

JBHap011 andBAO0603545 (Figure 3.13de). However only two of the six lower confidence RILs

in the original population (RILs classified using a single control) supported this mappingrpositi

Similarly, only half of the RILs from the larger RIL population supported this mapping position,
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although only based on a single year of data. Overall, further refinem@hfia$ currently limited
by the number of lines with informative recombination in the original RIL population and

availability of phenotypic data for the larger RIL population.
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Figure 3.13: Fine-mapping of GL1

(a) Genetic map across the 5A grain length interval according to the larger 5A RIL population.
Blue markers define the overall grain length interval defined in Figure 3.7, yellow markeaes def
GL1 and pink markers definBL2. (b) and (d) show graphical genotypes of independent RILs with
recombination across Region 1 in the larger and original 5ARBCpopulations, respectively.
Number in brackets are the number of individual sibling RILs belonging to each family. (c) and (e)
show the ANOVA adjusted mean grain length of each RIL. Bars are coloured according to a
Dunnett’s test to the control groups shown. Pale purple bars were classified as B-like but are lower
confidence as only one control group (CC) was available. Error bars in (c) are standard error of
individual RILs within the independent RIL family. Error bars in (e) are standard error of RILS in
the control groups.
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3.4.2.4 Determining physical positions of markers across the 5A grain length

interval

The physical positions of the markers across the 5A grain length interval were determined by a
BLASTN of the marker sequences against RefSeq v1.0 (Figure 3.14). For the majority of markers,
the physical and genetic positions were in agreement (39 of 43 markers). However, the physical
order of a group of four markerBA00228977, JBRNASeq 4, BA00165371, BA00379554) did not

agree with the genetic order based on the larger RIL population. In the original RIL population,
these markers were linked and defined the right flank of the fine-mapped grain length interval. In
the context of thétwo-gené hypothesisJBRNASeq 4 defined the distal (right hand) flank GL2.
According to RefSeq v1.0 these four markers covered an interval of 14.6 Mbp in the order
BA00228977, JBRNASeq_4, BA00165371, BAO0379554. However, in the larger RIL population the
genetic order of these markers WBRNASeq_4, BA00228977, BA00379554, BA00165371 (Figure

3.9a), supported by 15 independent RILs. This suggests some small scale rearrangements on
chromosome 5A in the parental cultivars of the RIL populations (Charger and Badger) with respect
to the reference cultivar, Chinese Spring. For the purposes of determining the physicahsize of t
intervals and gene numbers, the genetic order was respectd8RMaISeq 4 was used as the

flanking marker of both mapping intervals.

The initial fine-mapping in the original 5A RIL population reduced the mapping interval from

367.5 Mbp gwm293-gwm186) to an interval of 295.2 Mbp betweB800075504 andBS00062427
containing 1,929 TGACv1 genes. The further fine-mapping with individual RILs and the larger

RIL population considerably reduced the size of the overall grain length mapping interval to 75.3
Mbp (BS00182017-JBRNASeq 4) containing 673 TGACv1 genes. Only 531 of these genes were
expressed above 0.5 tpm in any of the RNA-Seq samples in the wheat expVIP database (n = 418)

and 474 were expressed in at least one grain RNA-Seq sample (> 0.5 tpm; n = 147).

Within the overall grain length region, the initial intervals definBigl (BS00182017 -

BS00186083) andGL2 (JBRNASeq_3 — JBRNASeq 4) correspond to 45.5 Mbp and 10.5 Mbp,
respectively. The additional (tentative) fine-mappin@bf reduced this interval to 33.6 Mbp
(BSD0182017 — BA00603545) containing 311 TGACv1 genes. Just 241 of the genes were
expressed in an expVIP RNA-Seq sample and 220 were expressed in at least one grain RNA-Seq
sample. The 10.5 MbBL2 interval contained 106 TGACv1 genes, only 89 of which were
expressed in any expVIP RNA-Seq sample and 74 in at least one grain samplegBorr016).
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Figure 3.14: Physical positions of markers defining the grain length intervals on chromosome
5A

Physical positions of markers on chromosome 5A according to IWGSC RefSeq v1.0. Markers
highlighted in green are flanks of the fine-mapped grain length interval defined by the @@inal
RIL groups (Figure 3.6), and markers highlighted in blue are flanks of the grain length interval
defined by individual RILs (Figure 3.7). Yellow highlighted markers are the flant dbfand

pink highlighter markers are the flanks@if2. Line graph (grey) shows rolling mean of the
number of genes located in 3 Mbp bins across chromosome 5A.
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3.42.5 Haplotype analysis of the 5A grain length interval
34.251 The5Agrainlengthinterval isnot fixed in UK germplasm

Defining the physical positions of markers across the interval allowed a haplotype analysis to be
conducted to understand how the 5A grain length interval(s) behave in other UK wheat cultivars.
Exome capture data from 20 UK wheat cultivars was used to identify SNPs with respect to IWGSC
Chinese Spring Chromosome Survey Sequence (IWGSC, 2014) (Figureustiv/ars with

circles). The position of each SNP in RefSeq v1.0 was identified using BLAST. SNPs located
between 300-400 Mbp on the chromosome 5A pseudomolecule were selected as this region
encompassed the fine-mapped grain length interval. A total of 205 SNPs with respect to Chinese
Spring were identified in this 100 Mbp region, however 122 of these SNPs were monomorphic in
all 20 cultivars and therefore not informative for this analysis. The 83 remaining SNPs were
summarised into 22 groups of SNPs that showed the same pattern across the 20 cultivars and a
representative SNP was selected for each group (JB_Hap001-022; Figure 3.15). The 20 cultivars
were assigned to 12 distinct haplotype groups based on their genotypes across the 22 SNPs, with
over half of the cultivars contained within two groups (Group 2: four cultivars, Gragvédn

cultivars). To determine which haplotype groups the parental cultivars of the 5A QTL (Charger
(5A-) and Badger (5A+)) belonged to, KASP markers were designed for each of the 22 SNPs
(Appendix 2). Both the parental cultivars and a pair of 5A NILs were genotyped with the 22
haplotype markers. Using this genotyping Charger/5A- was assigned to Group 4, whilst
Badger/5A+ was assigned to Group 12 (Figure 3.15; grey and purple highlighted cultivars). The
fact that Charger and Badger fall into different haplotype groups suggests that the pésiiain
length allele(s) are not yet fixed in UK germplasm. Additionally, Charger belonged arghestl
haplotype group (4) whilst group 12 (containing Badger) was small and quite different from the
other haplotype groups. This could suggest that the Charger allele (i.e. the negativeebis allel
more prevalent within UK breeding programmes and so the selection of the Badger (postee) all
could offer improvements in grain size. An alternative explanation could be that selectiuan for
grain length effect has eroded the long range haplotype of group 12, hence the positive allele is
present in many cultivars but not visible in this analysis. However, there are nectaabination
breakpoints to suggest this alternative explanation in this data. Further analysiddititmal

cultivars and better defined mapping intervals will be required to establish exactly how this QTL

has been selected during the breeding process.
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Figure 3.15: Haplotype analysis across the 5A grain length interval

(a) Grey lines are position of SNPs JB_Hap001-022 on chromosome 5A according to RefSeq v1.0. Yellow lindardaaghedrkers of Region BE00182017 -
BS00186083) and pink lines are the flanks of Region]BRNASeq 3 — JBRNASeq 4). (b) Genotype of each of the SNPs JB_Hap001-022 in different wheat cul

‘1’ indicates a SNP with respect to the Chinese Spring reference, ‘0’ indicates the Chinese Spring allele and ‘.’ indicates a missing data point. Numbers are groups
cultivars with the same genotype across all 22 SNPs. Cultivars with circles indicate the 20 \discidtiwhich exome capture was available. Cultivars with ste 101
sequenced cultivars in the same haplotype group as Charger or Badger.



3.4.25.2 Charger and Badger have the same haplotypes as sequenced varieties

Three additional cultivars were also characterised with the 22 haplotype markees: Cigienza

and Robigus. These three cultivars were selected as they have been sequenced by the Earlham
Institute. Claire shared a haplotype with Charger (group 4; Figure 3.15, grey star) whilstaCadenz
had the same haplotype as Badger (group 12; Figure 3.15, purple star). Robigus was not identical t
any of the haplotype groups and was allocated to its own group (10) although it was highly similar
to groups 9 and 11. The fact that Charger and Badger have the same haplotypes as sequenced
cultivars means that the genome sequences of Claire and Cadenza can be used as proxies for the

parental cultivars of the 5A grain length QTL.
34.25.3 Regions1and 2 are not always inherited together

Haplotypes across the interval were assessed with respect to the two-gene hypothegis. Thirt
haplotype SNPs were located across@Ghé interval (Figure 3.15, yellow box) and ten were
polymorphic between Charger and Badger. Four of these SNPs (JBHap006, 008, 009, 011) were
used to genotype RILs in the further fine-mapping of Region 1 discussed previously (3.4.2.3.1).
Three haplotype SNPs were located in@ interval (Figure 3.15, pink box). However, only

JB Hap017 was polymorphic between Charger and Badger and this was located at the same
position as JBRNASeq_3, the distal flank@if2. The haplotype analysis suggested @lat and

GL2 are not always inherited together. For example, cultivars such as Avalon (group 1) and Invicta
(group 9) shared the Badger haplotype ac@iszhaplotype but did not have the Badger haplotype
acrossGL1. This suggests that Avalon and Invicta could have the Badger (5A+) allBle2dfut

not of GL1. No other haplotype groups had the Badger haplotype aBtdss

Overall, the 5A grain length effect was fine-mapped to an overall interval of 75.3 Mbp
(B00182017-JBRNASeq 4) containing 673 genes. Initial analysis of the larger RIL population
suggests that this interval contains two distinct but closely linked genes that haveiaa affdct

on grain length. This is supported by the original RIL population but further phenotypic data is
required to confirm the hypothesis. A haplotype analysis across 20 UK wheat cultivars showed that
the 5A grain length interval is not fixed in UK germplasm and suggested that the two genes
underlying the QTL are not always inherited together. Charger and Badger both share haplotypes
with wheat cultivars that have been fully sequenced, Claire and Cadenza, respectively. These
genomes can now be used as proxies for the parental genomes and will help to advance the fine-
mapping by revealing sequence variation that was not previously accessible, such as promoters an

other regulatory regions.
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3.5 Discussion

3.5.1 Fine-mapping reveals complex genetic architectures underlying both the 6A
and 5A QTL

The main aim of this chapter was to further define the genetic intervals underlying the 6A and 5A
QTL. In both cases this revealed complex underlying genetic architectures although in different

ways.
3.5.1.1 The 6A QTL maps to a large linkage block on chromosome 6A

Fine-mapping of the 6A grain width QTL defined a high confidence mapping interval of 4.6 cM in
the original RIL population, which contained large blocks of linked markers. The generation of a
much larger RIL population broke the linkage to a certain extent, but many markers remained
linked. Positioning the markers across this physical interval on the chromosome 6A
pseudomolecule from the newly released wheat genome (IWGSC RefSeq v1.0) revealed that this
4.6 cM interval corresponded to a very large physical interval of 421.8 Mbp, over two-thirds of the
chromosome 6A pseudomoleci@8 Mbp). A tentative sub-centimorgan (0.28 cM) interval was
defined using the larger RIL population, but this still corresponded to a large physical interval of
61.2 Mbp predicted to contain 488 genes. The 6A interval is located close to the centromere, and it
is well documented that centromeric regions are associated with lower rates of recomisination
Triticeae hence leading to extended linkage disequilibrium (LD; Akhenalv, 2003; Mascheet

al., 2017). However, the linkage appears to extend across a large proportion of chromosome 6A
and this could be due to additional factors as well as the centromeric position of the region. It
would be interesting to examine this region more closely the exome capture data used in the 5A
haplotype analysis to determine if this extended linkage also exists in other wheat cultivars. |
would also be interesting to assess more generally the genetic diversity that exsstéhicregion

in UK germplasm and other germplasm pools to see if there has been any particularly strong
selection placed on this region during the breeding process. The exome capture data available for

the 20 UK cultivars represents a valuable starting point for these studies.

The extended linkage across the 6A interval has important implications for association and
mapping studies aiming to identify genes located within this region. The high degree of linkage in
this interval could result in spurious associations of a trait with a polymorphism in acpecifi
candidate gene. The extended haplotype across the region would encompass hundreds of other
genes in addition to the candidate gene that could potentially be underlying the traitieading
incorrect conclusions. The results of the 6A QTL fine-mapping illustrate how the limited
recombination rate impedes positional cloning of genes within this region as the ragolutio

which traits can be mapped is not sufficiently high. Alternative mapping approaches thatsare not

dependent on recombination rate could be employed to overcome this, for example, the use of
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deletion lines. The quantitative and subtle nature of the phenotype, however, makes this analysis
difficult.

However, in the larger RIL population there are at least six independent RILs with recombination
across the tentative 0.28 cM grain width interval. Additional phenotypic data for the RIlb&will
obtained from the 2017 field trials which can be used to confirm this position. Additional markers
across the interval will also be identified to further define the 6A grain width effactaorower

physical interval. Within a breeding context, the fact that strong linkage exists &ésdaterval

suggests that the flanking markers identified within this PhD would be sufficientdie ey

select the 6A positive haplotype. Breeders should be aware however that in doing so they are also
selecting an additional 480 genes. It will be valuable to compare the sequenced UK cultivars to
examine the consequences of this strategy and to define differences in sequence across these lonc
range haplotypes.

3.5.1.2 There are potentially two genes underlying the 5A QTL that influence grain
length

Similar to the 6A QTL, the 5A grain length effect could only be mapped to a relatively large
physical interval of 75 MbBS00182017 andJBRNASeq_4 containing 673 genes. However, unlike

the 6A QTL, this was not due to limited recombination across the interval. The mapping was
instead limited by the fact that the majority of RILs across the interval had an inteenggdiat

length phenotype and therefore could not classified as a parental type. This effect was observed in
both RIL populations and across multiple independent trials. These results led to the hypothesis
that there are two tightly linked genes underlying the 5A QTL that have an additive or symergisti
effect on grain length. This could explain why the increase in grain weight conferred by this QTL
(6.9 %) is relatively large compared to other grain weight QTL in wheat that have more subtle
effects (Simmondst al., 2014; Farrét al., 2016).

The identification and separation of the two regions will allow fine-mapping of the grath leng
effect of the two genes to proceed separately. The selection of more appropriate controls for each
region has already allowed more RILs to be classified phenotypically which is essential for fine-
mapping (discussed below). Indeed, the separati@LbfandGL2 has reduced complexity within

the interval by dividing the large 75 Mbp region containing > 600 genes into two smaller regions

containing 241 and 80 genes, respectively.

The phenomenon of two closely linked loci affecting a trait has been observed in relation to other
traits in wheat. For example, two closely linked haplotype blocks on chromosome 5B were
identified that interact to influence root biomass (Voss-Bied., 2017). Interestingly, it seems that
one particular combination of alleles across these haplotype blocks dominates in European wheat
cultivars due to the strong selection of a QTL for heading date located between the two blocks.
Another example is the close physical proximityfaMKK3-A and the®M19-A genes on
chromosome 4A that both influence seed dormancy. These genes were initially both proposed as
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candidates for thBhs-Al pre-harvesting sprouting QTL on chromosome 4A. Although it was
subsequently shown thBaMKK3-A was the causal gene underlying Bie-Al locus (Shorinola
et al., 2017), transgenieM19-A lines demonstrate a role for these genes in the control of seed

dormancy as well (Barrem al., 2015).

It will be interesting to understand h@BL1 andGL2 interact on a mechanistic level to influence
grain length. For example, do they affect the same biological processes or distinct pathways?
Characterisation of recombinants that separate the two genes in a similar way tcstbeddtibed
in Chapter 2 would provide insights into this e.g. by profiling grain development andzeelsi
study examining pericarp cell size in a large number of the 5A RILs has been conducted using
material grown in 2017 field trials. Currently it is not known whether these genes alsmhave a
additive effect on the pericarp cell size, or whether this phenotype is associatedtvatiejokthe
genes. The interactions between genes could occur on a range of levels including physical
interaction at the protein level, genetic interaction by influencing steps of the samaypathyy
influencing independent pathways that both control grain length. Ultimately, identifiatd
functional annotation of the genes themselves will allow hypotheses about how they ioteeact t
generated and tested experimentally.

3.5.2 TaGW2_Adoes not map within the tentative 6A grain width interval

Another aim of this thesis is to determine wheffaBW2_A is the causal gene underlying the 6A
QTL. In Chapter 2 we identified phenotypic differences between 6A NILTaGdV2 A mutant

NILs suggesting that they act through different mechanisms. In the current chapter, this hypothesis
was tested genetically by using tHap-P2 promoter SNP discussed in Chapter 2¢Sal., 2011;

Zhang, Xet al., 2013) to mafgaGW2_A relative to the 6A QTL. The high confidence 4.6 cM grain
width interval defined by the original RIL population included ittap-P2 marker therefore not
eliminatingTaGW2_A as a candidate gene. However, as discussed above this interval corresponds
to a huge physical distance (421.8 Mbp) containing > 2,000 genes and extensive linkage. So
although this interval does not elimindt@GW2_A as a candidate, it equally does not provide
evidence thalaGW2_A is the underlying gene as there are so many other genes contained within
the interval. However, further fine-mapping using the larger RIL population defined a tentative
interval of 0.28 cM (61.2 Mb, 488 genes) that does not incla@\2_A. Two independent RIL
families had recombination events that separated the grain width phenotype fidap-th2

marker (Figure 3.4, SR Gr2.8). Both RILs had the Spark (6A-) allele of the Hap-P2 marker, but
were classified phenotypically as Rialto-like (6A+). Data from additional trials (ergnlea from

the 2017 field trials) will be required to confirm and increase confidence in these results. However,
taking together the genetic evidence presented here and the phenotypic differences in grain size
parameters and development described in Chaygtesn2s to suggest that tiaGW2_A is not the

gene underlying the 6A QTL and that they act through different mechanisms.
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3.5.3 Dissecting grain weight to more stable components allows near-qualitative
classification of RILs

For both the 6A and 5A QTL, fine-mapping was conducted using a more stable grain size
component than TGW (grain width and grain length, respectively). Dissecting the TGW effect int
these more stable components allowed RILs to be classified to a parental type in a
gualitative/binary manner i.e. narrow/short grains or wide/long grains. This was essestiable

the fine-mapping of the loci as a similar classification was not possible using We=ff&ct. This

was demonstrated in the original 6A RIL population as using the grain width phenotype allowed
eleven of thirteen RIL groups to be classified in a binary manner whilst this was only passible f
two of the same thirteen groups using the TGW effect (Figure 3.2).

However, even using the individual grain size components presented challenges as unambiguous
classification of lines to a parental type was not always possible. Although the effects on grain
width and length of the two QTL are very stable, they are still very subtle (~4 % difference
between control lines). Additionally, the differences in mean grain width/length beteretypes
actually represent overlapping distributions of grain size which can be difficult to sefagare

2.4, Figure 2.7). The subtle effects of grain size/weight QTL present a major challengeing defin
the mechanisms and genes underlying grain weight QTL in wheat. Grain size QTL that have been
successfully cloned in diploid species such as rice have much larger effects, often with >20%
differences between genotypes when examined in NILs (&ahg 2007). It has been proposed

that this is due to the full effects of a single gene being masked or buffered by the functional

redundancy conferred by homoeologous gene copies in polyploid wheat (@@lril2015a).

The ‘two-gené hypothesis for the 5A QTL proposes that the difficulty in classifying RILs with
recombination across the 5A interval to a parental type was due to the two genes having an additive
effect on grain size. Separating the two regions in this interval and selecting more appropriate
controls allowed more of tHRILs to be unambiguously classified to a specific ‘gene group’.

However, this exacerbates the issue described above as the differences between contals are ev
more subtle when considering the genes separately (~1%). In the Chapter 2, the grain length effect
of the 5A QTL was shown to be driven by increased pericarp cell length. Importantly, the effect on
pericarp cell size was shown to be independent of absolute grain length. This is therefore an even
more stable phenotype of the 5A QTL and could greatly assist with the allocation of RIL lines to a
parental/control type by reducing the phenotypic variation between grains that can mask the subtle
effect of the grain length phenotype. Pericarp cell size phenotyping of 5A RILs was conducted
during the 2017 field season and will be used to further define the 5A grain length intervals. It is
also possible that the two genes act through different mechanisms and that the cell length

phenotype will map to a single locus.
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3.5.4 The value of advances in wheat genomics resources for genetic mapping

The recent advances in wheat genomics resources were invaluable for the fine-mapping performed
in this chapter. The majority of SNP markers used were designed using data from genotyping of
NILs or parental cultivars with the 90k iSelect and 820k high density SNP arrays (Simehahds

2014; Winfieldet al., 2016; Brintoret al., 2017). Initially markers were selected based on their
predicted genetic positions (POPSEQ) but many SNPs were not positioned in these datasets. The
specific positioning of these SNPs with respect to the recently released wheat chromosome
pseudomolecules (RefSeq v1.0) allowed many more SNPs across the two mapping intervals to be
identified.

The positioning of markers onto the chromosome pseudomolecules allowed for the first time
insight into the physical sequence underlying the QTL mapping intervals. Although the annotation
of the IWGSC RefSeqv1.0 has only recently been made publically availalbhesihoo mapping

of the TGACv1 gene models (Clavigbal., 2017b) allowed identification of the genes within the
intervals. The TGACv1 gene models have also been functionally annotated, and expression data
across a wide range of conditions and tissues was examined using the wheat expVIP database
(Borrill et al., 2016). However, the mapping intervals of both QTL currently remain too large to

begin speculating on candidate genes based on predicted function and expression patterns.

One limitation of using the Chinese Spring reference genome to understand the 6A and 5A
intervals is that there will be differences between this cultivar and the parentarsulti the

QTL. This was already observed across the 5A region where there were some discrepancies
between the order of markers in the reference sequence and the genetic order determined using th
RIL populations. This could suggest some small scale rearrangements in this region in Charger
and/or Badger with respect to Chinese Spring. Alternatively, this could represeniretiners

genome sequence. In addition to rearrangements, there may also be other differences including the
presence/absence of certain genes. With this in mind, the wheat community is now moving towards
the development of a wheat pan-genome, with the complete genome sequences of several wheat
cultivars from across the world already being available and many more in production

(http://opendata.earlham.ac.uk/Triticum_aestivum/; Monteneigai, 2017).

To overcome the cost and time constraints imposed by whole genome sequencing of cultivars
reduced-representation sequencing, such as exome capture and RNA-Seq, can provide valuable
insights into the variation that exists between cultivars. In the current chapterSeiNdata of 5A

NILs was used to identify additional polymorphisms between NILs as additional markers for fine-
mapping (this experiment is discussed in more depth in Chapter 4). Additionally, SNP cafighg us
exome capture data of 20 UK cultivars also allowed haplotype groups across the 5A inteeval to
defined. This haplotype analysis suggested that the 5A grain length QTL is not fixed in UK
germplasm. This analysis also identified additional SNPs within the region and found that both

Charger and Badger share haplotypes across the 5A interval with wheat cultivars that have been
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fully genome sequenced. iBlopens up exciting new opportunities as it will essentially allow the
comparison of the full genome sequences of the 5A parents across the interval whereas previous
data had been limited just to the coding regions (RNA-Seq and exome capture). As no additional
coding region variations across the 5A regions could be identified between NILs/parents using
RNA-Seq and exome capture data, this could suggest that the causal SNPs are located in non-
coding regions, such as promoters or introns.
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4 Comparative transcriptomics of 5A NILs

All results described in this chapter have been submitted for publication and have been uploaded tc
the preprint server, bioRxiv as the following manuscript (Appengdix 3

Brinton J, Simmonds J, Uauy C. 2017Ubiquitin-related genes are differentially expressed in
isogenic lines contrasting for pericarp cell size and grain weight in hexaploid wheaivbioR
doi.org/10.1101/175471

4.1 Chapter summary

In this chapterRNA-Seqwas performed on 5A NILs to identify differentially expressed genes and
pathways that potentially influence pericarp cell size and grain weight. Grains werecairfjolur

and eight days post anthesis according to the 2014 time course described in Chapter 2. A specific
set of 112 transcripts were differentially expressed between 5A NILs at either time paittinigcl
seven genes located in the fine-mapped interval(s) defined in Chapter 3. Many of the wdgat gen
identified belong to families that have been previously associated with seed/grain development
other species. However, few of these wheat genes are the direct orthologues and none have been
previously characterised in wheat. Notably, differentially expressed transceisdentified at

almost all steps of the pathway associated with uliigoiediated protein degradation.
4.2 Introduction

Transcriptomics is a powerful tool to gain insights into the complex gene regulatory netvadrks t
underlie specific traits and biological processes. Several studies have used transcriptomics
approaches to look at the genes expressed during grain development in wheat (Laudencia-
Chingcuancat al., 2007; Waret al., 2008; Pellnyet al., 2012; Shewngt al., 2012; Liuet al.,

2014, Pfeiferet al., 2014a; Yuwet al., 2016). However, these studies have mostly focussed on the
later stages of grain development, often focussing on starch accumulation in the endosperm.
Additionally, many of these studies were performed using microarrays (Laudencia-Chingguanco
al., 2007; Waret al., 2008; Yuet al., 2016), which represent a fraction of the transcriptome and are
unable to distinguish between homoeologous gene copies. More recent studies have used RNA-Se
(Pellnyet al., 2012; Pfeifeet al., 2014a), which is an open-ended platform that provides
homoeologue specific resolution. However, the accuracy of RNA-Seq is dependent on the
availability of a high-quality reference sequence and accurate gene models. To date, the RNA-Seq
grain development studies have used either expressed sequence tags (ESTs &Peliy 2;

Liu et al., 2014) or the Chromosome Survey Sequence (CSS) (Riedler 2014a) as references.
However in hindsight, these annotations are incomplete with respect to the latest gene models
(IWGSC RefSeq v1.0; Clavijet al., 2017b). These novel resources (introduced in more detail in
Chapter ) provide new opportunities for more detailed and accurate transcriptomic studies in

wheat.
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A potential drawback of transcriptomic studies is that comparisons across varieties, tisisues or
points can result in a large number of transcripts being differentially expressed\bDiE}) this

informs our understanding of the biological mechanisms, it is difficult to prioritisefispgenes

for downstream analysis. Comparative transcriptomic approaches using more precisely defined
genetic material, tissues and developmental time points can aid in this by defining a smaller set of
differentially regulated transcripts. For example, a comparison of the flag leaf transcriptomes o
wildtype and RNAIi knockdown lines of thérain Protein Content 1 (GPC) genes was used to

identify downstream targets of tléPC TFs (Cantwet al., 2011). Similarly, the transcriptomes of

NILs segregating for a major grain dormancy QTL on chromosome arm 4AL were compared and
specific candidate genes underlying the QTL were identified (Bagtetq 2015). To our

knowledge, no such experiments have been performed on isogenic lines with a known difference

for grain size in wheat.

In this chapter, RNA-Seq was performed on the 5A grain length NILs characterised in Chapter 2.
In Chapter 2, we established that the QTL acts during early grain development and that 5A+ NILs
have significantly increased thousand grain weight (TGW; 7%), grain length (4%) andpeeita
length (10%) compared to 5A- NILs (Brintehal., 2017). The 5A NILs carry an introgressed

sgment of ~490 Mb and in Chapter 3 we fine-mapped the grain length effect to a 75 Mb region on
the long arm of chromosome 5A according to the IWGSC RefSeq v1.0. We also hypothesised that
this interval contains two geneSl(1 andGL?2) that have an additive effect on grain length. The
RNA-Seq experiment was only conducted on 5A NILs as we had clearly established the stage
during grain development when the first phenotypic differences between NILs appear and hence
hypothesised that this is when the 5A QTL acts. For the 6A NILs however, it was not possible to
define exactly the developmental stage at which the 6A QTL acts and consequently to select the

most appropriate sampling time.

The aim of this chapter was to identify biological pathways that potentially influeaitelgngth
and pericarp cell size by using RNA-Seq to identify genes that are differentially regulatedrbetw
the 5A- and 5A+ NILs.

4.3 Methods

4.3.1 Plant material

The 5ABC.NILs used in this chapter were characterised in Chapter 2 and have been described
previously (Brintoret al., 2017). One genotype each for the 5A- (Charger allele, short grains) and
5A+ NIL (Badger allele, long grains) were used (the same NIL pair as used for the cell size
measurements in Chapter 2). Plants were sampled at 4 (time point 1: T1) and 8 (time point 2: T2)
days post anthesis (dpa) during the 2014 developmental time course outlined in Chapter 2 (Brinton
et al., 2017). Briefly, plants were grown in 1.1 x 6 m plots (experimental units) in a complete

randomised block design with five replications, and spikes were tagged at full ear emergence. The
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three blocks with the most similar flowering time were used for sampling. For each genoge, thr
grains from three separate spikes from different plants within the experimentakumsampled.
Each biological replicate, therefore, consisted of the pooling of nine grains per genotype. Grains
were sampled from the outer florets (positions F1 and F2) from the middle section of each of the
three spikes. Grains were removed from the spikes in the field, immediately frozemdn liqu
nitrogen and stored a&06°C. In total, three biological replicates (from the three blocks in the field)

were sampled for each NIL at each time point.
4.3.2 RNA extraction and sequencing

For each biological replicate, the nine grains were pooled and ground together under liquid
nitrogen. RNA was extracted in RE buffer (0.1 M Tris pH 8.0, 5 mM EDTA pH8.0, 0.1 M NaCl,
0.5% SDS, 19p-mercaptoethanol) with Ambion Plant RNA Isolation Aid (Thermo Fisher
Scientific). The supernatant was extracted with 1:1 acidic Phenol (pH 4.3):Chloroform. RNA was
precipitated at -8@€ by addition of Isopropanol and 3M NA Acetate (pH 5.2). The RNA pellet was
washed twice in 70% Ethanol and resuspended in RNAse free water. RNA was DNAse treated and
purified using RNeasy Plant Mini kit (Qiagen) according to the manufacturer’s instructions. RNA

QC, library construction and sequencing were performed by the Earlham Institute, Norwich.
Library construction was performed on a PerkinElmer Sciclone using the TruSeq RNA protocol v2
(lllumina 15026495 Rev.F). Libraries were pooled (2 pools of 6) and sequenced on 2 lanes of a
HiSeq 2500 (lllumina) in High Output mode using 100bp paired end reads and V3 chemistry.

Initial quality assessment of the reads was performed using fastQC (Andrews, 2010).
4.3.3 Read alignment and differential expression analysis

Reads were aligned to two reference sequences from the same wheat variety, Chinese Spring: the
Chromosome Survey Sequence (CSS; IWGSC, 2014) downloadeéifisembl plants release 29)

and the TGACv1 reference sequence (Clastijal., 2017b). Read alignment and expression
quantification were performed using kallisto-0.42.3 (Beasi., 2016) with default parameters, 30
bootstraps (-b 30) and theseudobam option. Kallisto has previously been shown to be suitable

for the alignment of wheat transcriptome data in a homoeologue specific manner éBalrrill

2016).

Differential expression analysis was performed using sleuth-0.28.0 (PiraesiteR017) with
default parameters. Transcripts with a false-discovery rate (FDR) adjusted P-value ) & @alte
were considered as differentially expressed. Transcripts with a mean abundance of < 0.5 tpm in all

four conditions were considered not expressed and were therefore excluded from further analyses.

For each condition, the mean tpm of all three biological replicates was calculated. All heatmaps
display mean expression values as normalised tpm, on a scale of 0 to 1 with 1 being the highest
expression value of the transcript. Read coverage for gene models was obtained using bedtools-

2.24.0 genome cov (Quinlan & Hall, 2010) for each pseudobam file and then combined to get a
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total coverage value of each position. Coverage across a gene model was plotted as relative
coverage on a scale of 0 to 1, with 1 being equivalent to the highest level of coverage for the gene

model in question.
4.3.4 GO term enrichment

The R package GOseq v1.26 was used (Yatafy, 2010) to test for enrichment of gene ontology
(GO) terms in specific groups of DE transcripts. Over-represented GO terms with a Benjamini
Hochberg FDR adjusted P-value of < 0.05 were considered to be significantly enriched.

4.3.5 Functional annotation

Functional annotations of transcripts were obtained from the TGACv1 annotation (€laijo
2017Db). Additionally, for coding transcripts BLASTP against the non-redundant NCBI protein
database and conserved domain database were performed, in each case the top hit based on e-val
was retained. In cases where all three annotations were in agreement, the TGAC annotation is
reported. In cases where the three annotations produced differing results, all annotations are
reported. Orthologues in other species such as Arabidopsis and rice were obtairteuséroioh

plants release 36. Eight of the 112 DE transcripts had no annotation or protein sequendy similari
with other species. The remaining 104 DE transcripts were manually categorised based on their
predicted function. Transcripts that fell into a category of size & slgssed as ‘other’. For the
non-coding transcripts, BLASTN was used to identify potential miRNA precursors using a set of
conserved and wheat specific mMiRNA sequences obtained fronet{8lun2014). The -task blastn-
short option of BLAST for short sequences was used and only hits of the full length of the miRNA
sequence with no mismatches as were considered as potential precursors. The psRNAtarget tool

(http://plantgrn.noble.org/psRNATargewas used to determine the miRNA targets.

4.3.6 Identification of transcription factor binding sites

1,000 bp of sequence upstream of the cDNA start site was extracted to search for tamscripti

factor binding sites (TFBS). Transcripts with < 1,000 bp upstream in the reference sequence were
not used in the analysis. The FIMO tool from the MEME suite (v 4.11.4; @aht 2011) was

used with a position weight matrix (PWM) obtained from plantPAN 2.0
(http://plantpan2.itps.ncku.edu.tw/; Chenal., 2016). FIMO was run with a P-value threshold of
<le-4 (default), an increased max-stored-scores of 1,000,000 to account for the size of the datase
and a-motif-pseudo of 1e-8 as recommended for use with PWMs (&ehg 2016). The

background model was generated using the fasta-get-markov command of MEME on all extracted

promoter sequences.
4.3.7 Enrichment testing
Fisher’s exact test was performed to test for enrichment of different categories of transcripts

relative to all expressed transcripts using R-3.2.5. For functional annotation categories,egririchm

112


http://plantgrn.noble.org/psRNATarget/

testing was only performed on categories that could be extracted using GO terms and key words
based on their annotation in the TGAC reference. Only DE transcripts that could be exsiacied u
this method were used in the enrichment tests. For example, 12 DE transcripts identified were
associated with ubiquitin. The annotation of these transcripts was obtained through a aambinat

of the TGAC annotation and manual annotation. However, only seven of these transcripts could be
extracted using GO terms and key words from the whole reference annotation. Therefore, only

seven transcripts were used for the enrichment test.
4.4 Results

4.4.1 RNA-sequencing of 5A near isogenic lines

RNA-seq was performed on whole grains from two of the 5A grain length NILs (Chapter 2;
Brintonet al., 2017). The time point when NILs showed the first significant differences in grain
length (8 dpa; T2) and the preceding time point (4 dpa; T1) were selected to captteadiffen

gene expression occurring during this period (Figure 4.1). We hypothesised that although there was
no significant difference in the grain length phenotype at T1, phenotypic differences were

beginning to emerge and gene expression changes influencing this may already be occurring. Over
362 M reads across all 12 samples were obtained (two time points, two NILs, three biological
replicates), with individual samples ranging from 15.0 M to 53.6 M reads and an average of 30.2 M
reads (standard error £ 3.5 M reads) per sample (Table 4.1). Reads were aligned to two different
transcriptome sequences from the reference wheat cultivar, Chinese Spring: the IWGSC
Chromosome Survey Sequence (CSS; IWGSC, 2014) and TGACv1 (TGAC; @aalija2017b)
reference. On average across samples, 69.8 + 0.3 % of reads aligned to the CSS reference, whilst
84.4 + 0.2 % of reads aligned to the TGAC reference.
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Figure 4.1 Differentially expressed genes between 5A NILs across time

RNA-seq was carried out on whole grain RNA samples taken in 4 different conditions: 5A- (short
grains) and 5A+ (long grains) NILs at 4 days post anthesis (dpa; T1) and 8 dpa (T2). These were
selected as the time point when the first significant difference (P < 0.01, asterisks) iemy#in |

was observed between 5A- (grey, dashed line, short grains) and 5A+ (purple, solid line, long
grains) and the preceding time point. Differentially expressed (DE) transcripts werkeid éot

four comparisons (g value < 0.05). Coloured boxes indicate the numbers of DE transcripts
identified for each comparison using alignments to either the IWGSC Chinese Spring Chromosome
Survey Sequence (CSS) or the TGACv1 (TGAC) Chinese Spring reference transcriptomes. Tw
‘across time’ comparisons: 5A- L} (grey box; comparing T1 and T2 samples of the 5A- NIL) and

5A+ T} (purple box; comparing T1 and T2 samples of the SA+ NIL), and two ‘between NIL’

comparisonsT1 24; (orange box; comparing 5A- and 5A+ NILs at T1) aa4" (green box;
comparing 5A- and 5A+ NILs at T2).
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Table 4.1: Mapping summary of RNA-Seq samples

CSS gene models

TGAC gene models

Genotype  Time point  Replicate Reads psetlj—\:jeoaa?iZned ps:ﬁ)drg:Icianed pset?deoi(ljizned psgﬁ)(jrgZﬁggsned
5A - 1 1 24,443,658 17,072,939 69.85 20,549,681 84.07
5A - 1 2 34,441,799 23,349,288 67.79 28,483,090 82.70
5A - 1 3 23,462,705 16,220,597 69.13 19,664,859 83.81
5A - 2 1 21,333,672 14,839,724 69.56 18,052,324 84.62
5A - 2 2 14,967,302 10,632,519 71.04 12,803,552 85.54
5A - 2 3 35,522,754 25,491,523 71.76 30,297,336 85.29
5A + 1 1 19,267,564 13,520,181 70.17 16,317,352 84.69
5A + 1 2 22,299,102 15,479,234 69.42 18,780,525 84.22
5A + 1 3 30,531,539 20,789,582 68.09 25,436,453 83.31
5A + 2 1 51,637,607 36,192,489 70.09 43,739,451 84.70
5A + 2 2 53,575,232 37,956,887 70.85 45,497,914 84.92
5A + 2 3 30,553421 21,604,895 70.71 25,984,674 85.05

Total 362036355 253149858 - 305607211 -
Mean 30,169,696 21,095,822 69.87 25,467,268 84.41
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4.4.2 Comparison between Chinese Spring reference transcriptomes

A transcript was defined as expressed if it had an average abundance of > 0.5 tpm in at least one o
the four conditions (2 NILs x 2 time points). This resulted in 62.5 % (64,020) and 37.1% (101,652)
of the transcripts being expressed in the CSS and TGAC transcriptomes, resp&fively.

transcripts (q value < 0.05) were defined using sleuth (Pimerdk] 2017) and four pairwise
comparisons were performed: two ‘across time’ and two ‘between NIL’ comparisons. The ‘across

time’ analyses consisted of a comparison between T1 and T2 samples of the 5A- NIL (hereafter
symbolised asA- 11; Figure 4.1, grey) and the corresponding comparison for the 5A+ NIL

samples (hereaftéiA+1}; Figure 4.1, purple). In both cases, the T1 sample was used as the control
condition, so transcripts were considered as upregulated or downregulated with respect to T1. The
‘between NIL’ analyses consisted of a comparison between the SA- and 5A+ NILs at T1 (hereafter

T1 2A%; Figure 4.1, orange), and a comparison between the 5A- and 5A+ NILs at T2 (hereafter

T2 243 Figure 4.1, green). In both cases, the recurrent parent 5A- NIL was used as the control
genotype. In all cases, more DE transcripts were identified in the TGAC compared with the CSS
transcriptome, and similar trends were observed for both references across the four comparisons
(Figure 4.).

The comparison with the fewest DE transcrifits {4+; 32 and 88 DE transcripts for CSS and
TGAC, respectively) was selected to conduct a more in depth analysis of the alignments and
references. For all DE transcripts from each alignment the equivalent transcript/gene model was
identified in the other reference sequence uEimgmbl plants release 35 and the gene models
were compared (Table 4.2).
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Table 4.2: Comparison between TGAC and CSS gene models

TGAC transcript ID CSS transcript ID DE in TGAC? TGAC qvalue DEinCSS? CSS gvalue Comparison class
TRIAE_CS42 5AL_TGACv1l 378188 AA1251790. Traes S5AL_CA424FE08.2 Y 2.92E02 N 1.00E+00 CSS 3' truncation
TRIAE_CS42 2DL_TGACv1 157942 AA0502830. Traes 2DL_E1640BFDC.1 \4 4.21E02 N 1.00E+00 CSS 5' and 3' truncation
TRIAE_CS42 5AL_TGACvl 374078 AA1189690. Traes SAL_8BF894427.2 Y 6.35E07 N 1.00E+00 CSS 5' and 3' truncation
TRIAE_CS42 5AL_TGACv1 374446 AA1200420. Traes 5AL_0573B44BE.1 \4 2.81E02 N 1.00E+00 CSS 5'and 3 truncation
TRIAE_CS42 5AL_TGACv1 374560 AA1203240. Traes 5AL_32B5C730F.1 Y 3.22E02 N 1.00E+00 CSS 5' and 3' truncation
TRIAE_CS42_5AL_TGACv1_377520_AA1247660. Traes 5AL_55BBOBEFC.1 Y 4.71E02 N 1.00E+00 CSS 5'and 3' truncation
TRIAE_CS42_5AL_TGACv1_377986_AA1250630. Traes_5AL_999D96884.1 Y 6.14E08 Y 1.62E09 CSS 5' and 3" truncation
TRIAE_CS42_5AL_TGACv1_378334_AA1252720. Traes_5AL_1639C7ABO.1 Y 1.59E410 N NA CSS 5'and 3' truncation
TRIAE_CS42_5AS_TGACv1_393493_AA1273190 Traes_5AS_9D5B8EA01.1 Y 7.60E10 Y 1.69E12 CSS 5' and 3' truncation
TRIAE_CS42_5DL_TGACv1_433728 AA1420750. Traes 5DL_531A38273.1 Y 1.63E02 N NA CSS 5' and 3' truncation
TRIAE_CS42 7DS_TGACv1 622195 AA2034920 Traes 7DS_E14CFC6F2.2 Y 1.48E04 Y 3.77E05 CSS 5' and 3' truncation
TRIAE_CS42_5AS_TGACv1_392838_AA1265240 Traes_5BL_6C1EFA808.1 Y 1.60E07 Y 4.03E02 CSS 5' and 3' truncation + chromosorr
TRIAE_CS42_5AS_TGACv1_392838_AA1265240 Traes_5BL_6C1EFA808.1 Y 2.92E02 Y 4.03E02 CSS 5'and 3' truncation + chromosorr
TRIAE_CS42 5BS TGACv1 427448 AA1393420 Traes 1AS 2B7CD7B59.1 Y 7.13E07 N 1.00E+00 CSS 5' and 3' truncation + chromosorr
TRIAE_CS42_5AL_TGACv1_373986_AA1186560. Traes_5AL_3AA4476D6.1 Y 2.24E05 Y 6.41E51 CSS 5' truncation
TRIAE_CS42 5AL_TGACvl_373986_AA1186560. Traes_5AL_3AA4476D6.1 Y 4.64E07 Y 6.41E51 CSS 5' truncation
TRIAE_CS42 5AL_TGACv1_373995 AA1186970. Traes 5AL D57725ABD.1 N 1.00E+00 Y 2.03E05 CSS 5' truncation
TRIAE_CS42_5AL_TGACv1_374080_AA1189800. Traes 5AL_F1F202C88.1 Y 1.65E36 Y 4.13E29 CSS 5' truncation
TRIAE_CS42_5AL_TGACv1_374080_AA1189810. Traes 5AL_5DE16F8EA.2 Y 6.35E07 Y 1.20E40 CSS 5' truncation
TRIAE_CS42_5AL_TGACv1_374097_AA1190260. Traes 5AL 1F7681FE3.1 Y 4.64E07 NA NA CSS 5' truncation
TRIAE_CS42 5AL_TGACvl_374319 AA1196780. Traes_5AL_FCDD18A4D.1 \4 1.92E03 \4 2.36E03 CSS 5' truncation
TRIAE_CS42_5AL_TGACv1_374542 AA1202810. Traes_5AL_00CCA4E7C6.1 Y 3.61E07 Y 3.69E411 CSS 5' truncation

Table 4.2 continued on next pagt
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Table 4.2 continued from previous page

TGAC transcript ID CSS transcript ID DEIin TGAC? TGACqvalue DEinCSS? CSSgvalue Comparison class
TRIAE_CS42_5AL_TGACv1_375361 AA1220430. Traes 5AL_385883702.1 Y 4.21E02 Y 3.33E04 CSS 5' truncation
TRIAE_CS42_5AL_TGACv1_375845_AA1227980. Traes_5AL_2EDDF65BE.2 Y 1.00E03 Y 7.99E06 CSS 5' truncation
TRIAE_CS42 5AL_TGACv1_375845 AA1227990. Traes_5AL_AC299D3FF.1 Y 4.83E415 Y 7.37E411 CSS 5' truncation
TRIAE_CS42_5AL_TGACv1_376402_AA1236390. Traes 5AL_DD1665D87.2 Y 7.07E04 Y 2.34E02 CSS 5' truncation
TRIAE_CS42 5AL_TGACvl 376619 AA1239170. Traes 5AL_B8B668113.1 N 1.00E+00 Y 4.52E02 CSS 5' truncation
TRIAE_CS42 5AL TGACvl 376953 AA1242690. Traes 5AL_FO9ABAECA.2 Y 1.53E43 Y 9.28E38 CSS 5' truncation
TRIAE_CS42_1AS_TGACv1_019083_AA0060340 NC Y 1.42E05 NC NC CSS missing
TRIAE_CS42_2AL_TGACv1_095650 AA0313320. NC Y 4.87E04 NC NC CSS missing
TRIAE_CS42_2AL_TGACv1_095650_ AA0313330. NC Y 4.94E03 NC NC CSS missing
TRIAE_CS42_2AL_TGACv1_ 095956 AA0316040. NC Y 5.16E09 NC NC CSS missing
TRIAE_CS42_2AL_TGACv1_095956_AA0316050. NC Y 1.11E-10 NC NC CSS missing
TRIAE_CS42_2DS_TGACv1_177196_AA0568430 NC Y 4.57E06 NC NC CSS missing
TRIAE_CS42_2DS_TGACv1_177488 AA0578600 NC Y 4.65E02 NC NC CSS missing
TRIAE_CS42_3AS_TGACv1_211411_AA0689940 NC Y 1.29E02 NC NC CSS missing
TRIAE_CS42_3DL_TGACv1_250330_AA0866270 NC Y 2.65E02 NC NC CSS missing
TRIAE_CS42_3DL_TGACv1_250633_AA0871340. NC Y 9.45E04 NC NC CSS missing
TRIAE_CS42_4BL_TGACv1_321219 AA1057420. NC \4 2.23E02 NC NC CSS missing
TRIAE_CS42 5AL_TGACv1_374025 AA1188070. NC Y 8.44E04 NC NC CSS missing
TRIAE_CS42 5AL_TGACv1_374097_AA1190230. NC \4 2.32E05 NC NC CSS missing
TRIAE_CS42 5AL_TGACv1_374249 AA1195190. NC Y 8.01E26 NC NC CSS missing
TRIAE_CS42_5AL_TGACv1_374374_AA1198360. NC Y 8.15E04 NC NC CSS missing
TRIAE_CS42_5AL_TGACv1_374446_AA1200410. NC Y 4.06E410 NC NC CSS missing
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Table 4.2 continud from previous page

TGAC transcript ID CSS transcript ID DEIinTGAC? TGACqvalue DEinCSS? CSSgvalue Comparison class
TRIAE_CS42_5AL_TGACv1_374657_AA1205780. NC Y 4.65E02 NC NC CSS missing
TRIAE_CS42 5AL_TGACv1_374675_AA1206250. NC Y 1.63E02 NC NC CSS missing
TRIAE_CS42_5AL_TGACv1_375085_AA1215790. NC Y 5.97E04 NC NC CSS missing
TRIAE_CS42 5AL_TGACv1_ 375493 AA1222690. NC Y 1.83E06 NC NC CSS missing
TRIAE_CS42 5AL_TGACv1l_ 375721 AA1226170. NC Y 3.46E04 NC NC CSS missing
TRIAE_CS42 5AL_TGACvl 375857 AA1228100. NC \4 3.43E03 NC NC CSS missing
TRIAE_CS42 5AL_TGACv1l_ 376076 AA1231790. NC Y 1.08E903 NC NC CSS missing
TRIAE_CS42 5AL_TGACvl 376877 AA1241920. NC Y 2.33E02 NC NC CSS missig
TRIAE_CS42 5AL_TGACv1_376877_AA1241930. NC Y 2.47E30 NC NC CSS missing
TRIAE_CS42_5AL_TGACv1_376953_AA1242680. NC Y 1.62E47 NC NC CSS missing
TRIAE_CS42 5AL_TGACv1_376953_AA1242690. NC Y 1.59E43 NC NC CSS missing
TRIAE_CS42 5AS_TGACv1l 393235 AA1270150 NC Y 3.09E05 NC NC CSS missing
TRIAE_CS42_5AS_TGACv1_393473_AA1272910 NC Y 1.80E05 NC NC CSS missing
TRIAE_CS42_5AS_TGACv1_393577_AA1274040 NC Y 1.13E26 NC NC CSS missing
TRIAE_CS42_5AS_TGACv1_393580_AA1274130 NC Y 1.17E48 NC NC CSS missing
TRIAE_CS42_5AS_TGACv1_393696_AA1275280 NC Y 1.67E35 NC NC CSS missing
TRIAE_CS42 5AS_TGACv1_393726_AA1275550 NC \4 3.48E40 NC NC CSS missing
TRIAE_CS42 5AS_TGACv1_ 393783 AA1275990 NC Y 4.55E22 NC NC CSS missing
TRIAE_CS42 5AS_TGACv1_393897_AA1277010 NC \4 7.13E07 NC NC CSS missing
TRIAE_CS42 5AS_TGACv1_ 394352 AA1279770 NC Y 1.79E04 NC NC CSS missing
TRIAE_CS42_5AS_TGACv1_394531_AA1280840 NC Y 6.00E03 NC NC CSS missing
TRIAE_CS42_5AS_TGACv1_395074_AA1282530 NC Y 6.69E18 NC NC CSS missing

Table 4.2 continued on next pagt
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Table 4.2 continued from previous page

TGAC transcript ID CSS transcript ID DEIinTGAC? TGACqvalue DEinCSS? CSSgvalue Comparison class
TRIAE_CS42_5AS_TGACv1_395084 AA1282570 NC Y 7.37E03 NC NC CSS missing
TRIAE_CS42_5AS_TGACv1_402215 AA1284070 NC Y 2.32E-05 NC NC CSS missing
TRIAE_CS42_6AL_TGACv1_471516_AA1510240. NC Y 3.11E03 NC NC CSS missing
TRIAE_CS42_6BL_TGACv1_503194 AA1627460. NC Y 1.12E05 NC NC CSS missing
TRIAE_CS42 7AS_TGACvl 571015 AA1843630 NC Y 1.55E02 NC NC CSS missing
TRIAE_CS42 7BL_TGACvl 577371 AA1873630. NC \4 5.06E05 NC NC CSS missing
TRIAE_CS42_7BS_TGACv1 592547 AA1940160 NC Y 2.39E04 NC NC CSS missing
TRIAE_CS42_7DS_TGACv1_621701_AA2023630 NC Y 6.64E05 NC NC CSS missing

TRIAE_CS42 U TGACv1l 641674 AA2101090.1 NC Y 6.67E-05 NC NC CSS missing
TRIAE_CS42_2BS_TGACv1_148693 AA0494610  Traes_2BS_009718F07.2 Y 2.65E02 N 1.00E+00 CSS split
TRIAE_CS42_2BS TGACv1_148693_AA0494610 Traes_2BS 2272AAEE2.2 Y N 1.00E+00 CSS split
TRIAE_CS42 5AL_TGACv1_374231_AA1194360. Traes_5AL_C1E3FCB4F.1 Y 4.60E03 N 1.00E+00 CSS split
TRIAE_CS42_5AL_TGACv1_374231_AA1194360. Traes 5AL CDI19FF15F.1 Y N 1.00E+00 CSS split
TRIAE_CS42_5AL_TGACv1_374321_AA1196890. Traes 5AL_4B1DD2A62.1 Y 3.09E412 N NA CSS split
TRIAE_CS42_5AL_TGACv1_374321_AA1196890. Traes 5AL_1D8F705CE.1 Y Y 2.27E05 CSS split
TRIAE_CS42_5AL_TGACv1_374321_AA1196890. Traes_5AL_2EC36FC33.1 Y Y 1.89E411 CSS split
TRIAE_CS42 5AL_TGACvl_374321 AA1196890. Traes 5AL_E24DCCFFO0.1 Y N 1.10E01 CSS split
TRIAE_CS42 5AL_TGACvl_375394 AA1220930. Traes 5AL_67878B82B.1 Y 0.00E+00 N 1.00E+00 CSS split
TRIAE_CS42 5AL_TGACv1_375394 AA1220930. Traes 5AL_0C2D144B0.1 \4 N 1.00E+00 CSS split
TRIAE_CS42_5AS_TGACvl_393119 AA1268700 Traes 5AS_AF0876292.1 Y 3.11E03 N 1.00E+00 CSS split
TRIAE_CS42_5AS_TGACv1_393119 AA1268700 Traes_5AS_25E2451D6.1 Y N 1.00E+00 CSS split
TRIAE_CS42_7AL_TGACv1_556075_AA1754700. Traes 7AL _A29227860.2 Y 1.25E02 N 1.00E+00 CSS split
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Table 4.2 continued from previous page

TGAC transcript ID CSS transcript ID DEIinTGAC? TGACqvalue DEinCSS? CSSgvalue Comparison class

TRIAE_CS42 7AL_TGACv1l 556075 _AA1754700. Traes 7AL 773C8ECS8C.1 N NA CSS split
TRIAE_CS42_5AL_TGACv1_374233_AA1194500. Traes S5AL_158704A70.1 N NA Y 5.32E413 CSS structure change
TRIAE_CS42 5AL_TGACv1l 374413 AA1199590. Traes 5AL A9CF39101.1 Y 3.27E02 N 1.00E+00 CSS structure change
TRIAE_CS42 1BS TGACvl 049354 AA0149980 Traes 1BS C59E4945B.2 \4 4.32E02 \4 3.00E02 No change
TRIAE_CS42 5AL_TGACvl 375845 AA1227940. Traes 5AL_1C4AB8F62.1 N 1.00E+00 Y 2.40E903 No change
TRIAE_CS42 5AL_TGACvl 376107 AA1232210. Traes 5AL_70C442FE1.2 N NA \4 2.27E03 No change
TRIAE_CS42 5AS_TGACvl 392558 AA1260860 Traes 5AS_34C5341E4.1 Y 3.90E47 Y 3.57E51 No change
TRIAE_CS42 _5AS _TGACv1_394776_AA1281770 Traes 5AS_78CA97493.2 Y 1.43E06 Y 6.58E07 No change
TRIAE_CS42 5AS TGACv1 394776 _AA1281770 Traes 5AS _78CA97493.2 Y 4.11E02 Y 6.58E07 No change
TRIAE_CS42 5AS TGACv1l 393572 _AA1273920 Traes 5AS_BD279FFF4.2 Y 2.41E413 Y 6.05E16 TGAC 5' truncation

NC Traes_5AL_78644A5C4.1 NC NC Y 3.20E08 TGAC missing

NC Traes_5AL_BAB11D9B4.3 NC NC Y 2.10E02 TGAC missing

NC Traes_5BS_3B409615C.1 NC NC Y 1.95E05 TGAC missing

NC Traes_2AS_8F1446457.2 NC NC Y 1.19E04 TGAC missing

NC TRAES3BF002600020CFD _t: NC NC Y 4.44E02 TGAC missing
TRIAE_CS42_5AL_TGACv1_374727_AA1207530. Traes_5AL_F8182F2FB.1 Y 2.43E03 Y 2.15E02 CSS fused
TRIAE_CS42 5AL_TGACv1_ 374727 AA1207540. Traes 5AL_F8182F2FB.1 N 1.00E+00 Y CSS fused
TRIAE_CS42 5AL_TGACv1_376411 AA1236550. Traes 5AL_58BA759B9.5 Y 1.06E410 Y 1.82E64 CSS fused
TRIAE_CS42 5AL _TGACv1l 376411 AA1236560. Traes 5AL 58BA759B9.5 Y 1.20E03 Y CSS fused
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For 64 of the TGAC DE transcripts no equivalent CSS DE transcript was identified, either because
there was no corresponding CSS gene model (47 transcripts) or the expression change between
NILs was non-significant for the CSS transcript. Analogously, eleven CSS DE transcripts did not
have an equivalent TGAC gene model DE, five of which were due to there being no corresponding
TGAC gene model annotated. Combining both sets identified 42 groups of equivalent gene models,
26 of which were differentially expressed in both alignments. Comparing these 42 groups and
taking into account fused and split gene models within each dataset, there were 97 gene models in
both datasets (50 CSS + 47 TGAC) (Figure 4.2a, Table 4.2). Of these, only six were identical
between the CSS and TGAC references. All other discrepant gene models fell under categories
included truncations in either reference, gene models that were split/fused in one reference
sequence, and gene models that differed drastically in their overall structure.
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Figure 4.2: Comparison between CSS and TGACv1 gene models

a) Discrepancies identified between gene models in the CSS and TGAC reference sequences and
the number of gene models falling into categories. Panels b), ¢) and d) show specific examples of
discrepancies. In each panel, a representation of the unspliced gene model is shown with exons as
coloured boxes, untranslated regions as white boxes, and introns as thin lines. Graphs show the
relative read coverage across the spliced transcript with the structure represensaecinagigally

directly above each graph. The number in brackets shows the maximum absolute read depth for
each gene model. > and < in the gene structures indicate the direction of transcription and a ‘DE’

indicates that the gene model was differentially express&tl i, (q value < 0.05). For each

panel transcript names are shown in the coloured legends.
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For all discrepant gene models, transcriptome read mapping and an interspecies comparison was
used to determine which gene model seemed most plausible. Figure 4.2b shows an example of the
most commonly identified discrepancy where a gene model was truncated in the CSS reference
(pink) relative to the TGAC reference (grey). The DE TGAC gene model was supportesl by thi
transcriptome data as read coverage was observed across the whole gene model whilst the covera
across the CSS gene model dropped at the position where an intron is predicted in the TGAC
model. Another common discrepancy was a single gene model in one reference being split into
multiple gene models in the other reference. Figure 4.2c shows an instance where a single DE
TGAC gene model comprised four separate CSS gene models. In this case, all five gene models
had coverage across the entire gene body, however the single TGAC gene model was more similat
to proteins from other species, suggesting that this single gene model was most likelyTdoerect.

final example (Figure 4.2d) shows two TGAC gene models that were fused into a single CSS gene
model. The coverage across the CSS gene model was inconsistent, with most reads concentrated |
the 3’ untranslated region (UTR). The two TGAC gene models had more consistent coverage

across the entire gene models and were both supported by protein alignments with other species.
Interestingly, only the shorter TGAC gene model was DE (Figure 4.2d, grey), suggesting that
differential expression of the CSS gene model was driven by the reads mapping tatthe 3ut

UTR rather than the coding regions of the transcript (Figure 4.2d, pink). Taking totpetiiect

that a higher percentage of reads mapped to the TGAC gene models and that many more of the
examined TGAC gene models were supported by interspecies comparison and expression data the

the CSS gene models, all further analysis used the alignments to the TGAC gene models only.

4.4.3 Many DE transcripts during early grain development are shared between
NILs

3,151 and 2,789 DE transcripts were identified across early grain developrfiant-inand

5A+ X respectively (Figure 4.1, Figure 4.3a). The DE transcripts were evenly distributed across
the 21 chromosomes, showing no overall bias towards any chromosome group or subgenome
(Figure 4.3b). Approximately 60% (1,832) of the DE transcripts were shared betwegnand

5A+ T} (Figure 4.3a) and 84% (1,532) of the shared transcripts were upregulated across time
(Figure 4.3c). 41 significantly enrich&lO terms were identified in the upregulated transcripts

(Table 4.3). Sixteen of the GO terms were associated with biological process and could be grouped
under three parent GO terms: metabolic process (G0:0008152), defence response (GO:0006952)
and biological regulation (GO:0065007) (Table; &§ure 4.3c). Within metabolic process we

found terms associated with carbohydrate (GO:0005975) and pyruvate metabolism (GO:0006090),
vitamin E (G0O:0010189) and triglyceride biosynthesis (G0:0019432), mRNA catabolism
(G0:0006402), proteolysis (GO:0006508) and phosphorylation (GO:0016310). Downregulated
transcripts (300) were enriched for seven GO terms, four of which were associated witlkcddiolog

process: potassium ion transport (GO:0006813), signal transduction (GO:0007165), phosphorelay
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signal transduction (G0O:0000160) and carbohydrate metabolism (GO:0005975) (Figure 4.3c, Table
4.4). The overlap between enriched GO terms in the upregulated and downregulated transcripts
(e.g. carbohydrate metabolism) suggests that different aspects of these processes are being

differentially regulated during this early stage of grain development.

Many transcripts identified were only DE across early grain development in one of the two

genotypes (i.e. unique to either the- -2 or 5A+ 1, comparisons). However, many of these
transcripts were borderline non-significant in the opposite genotype comparison diislydhe

fact that the distributions of g values were skewed towards significance (Figure 4.4iprsdigit

the uniquely DE transcripts were enriched for GO terms similar to the shared tran§ahde 4.5,

Table 4.6). Some GO terms, however, were only enriched in the uniquely DE transcripts, for
example, cell wall organisation or biosynthesis (GO:0071554) and response to abiotic stimulus
(G0:0009628). Overall, these results suggest that although there were some differences between
genotypes, broadly similar biological processes were taking place in the grains of both the 5A NILs
at the early stages of grain development.
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Figure 4.3: Overview of differentially expressed transcripts

a) Venn diagram of differentially expressed (DE) transcripts (g < 0.05) identified in 4g@airw
comparisonsT1 24, (orange)T2 247 (green)5A- 1) (grey) andsA+ L} (purple). b) Number of DE
transcripts located on each chromosome for all comparison$AFHg and5A+ 1} DE transcripts

(top graphs) are evenly distributed across all 21 chromosomes wiiérdgsandT2 23 DE

transcripts (bottom graphs) are concentrated on chromosome 5A. c) Heatmap of normalised tpm
(transcripts per million) of common DE transcript$i- 1} and5A+ 11 (n = 1,832). Hierarchical
clustering separated these into transcripts that were upregulated (n = 1,532) and dowdr@gslat
300) across time. Significantly enriched GO terms (biological function only) for each group are
shown on the right of the heatmap.
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Table 4.3: Enriched gene ontology (GO) terms in common upregulated transcripts differentigtisesged (DE) in theA- T and 54+ T} comparisons (n = 1,532)

GO term DE transcripts | Total transcripts Term ID Ontology Adjusted P-value
G0:0006952 72 162 defence response BP 3.07E83
G0:0000160 32 292 phosphorelay signal transduction sysfétfgical regulation BP 1.21E45
G0:0006508 64 1455 Proteolysig/etabolic process BP 8.87E412
G0:0006465 8 27 signal peptide processiffgtabolic process BP 1.02E906
G0:0055114 90 3409 oxidation-reduction proce&§tabolic process BP 1.24E05
G0:0005975 46 1455 carbohydrate metabolic procé4ggbolic process BP 2.52E04
G0:0006402 6 27 MRNA catabolic procegétabolic process BP 2.52E04
G0:0010189 3 3 vitamin E biosynthetic proce¥gtabolic process BP 3.22E-04
G0:0010252 3 5 auxin homeostasféelogical regulation BP 2.62E903
G0:0009058 17 372 biosynthetic procegétabolic process BP 4.22E03
G0:0016310 7 66 phosphorylatiorftetabolic process BP 4.22E03
G0:0019432 3 6 triglyceride biosynthetic proce¥gtabolic process BP 4.63E03
G0:0006090 4 20 pyruvate metabolic proce¥gabolic process BP 1.27E02
G0:0006012 5 43 galactose metabolic procddggabolic process BP 2.61E02
G0:0005991 2 3 trehalose metabolic procgégabolic process BP 3.60E02
G0:0019310 2 3 inositol catabolic procegdtabolic process BP 3.60E02
G0:0030014 6 16 CCR4NOT complex CcC 1.22E05
G0:0005787 5 14 signal peptidase complex CcC 1.55E04
G0:0030904 3 8 retromer complex CcC 1.15E02
G0:0004857 56 164 enzyme inhibitor activity MF 9.44E57
G0:0004869 23 67 cysteine-type endopeptidase inhibitor activity MF 1.77E22
G0:0004190 36 308 aspartic-type endopeptidase activity MF 1.39E418

Table 4.3continued on next page
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Table 4.3continued from previous page

GO term DE transcripts | Total transcripts Term ID Ontology Adjusted P-value
G0:0004871 15 104 signal transducer activity MF 1.42E08
G0:0016813 6 10 hydrolase activity, acting on carbon-nitrogen (but not pepbdads, in linear amidines MF 5.91E07
G0:0045735 9 40 nutrient reservoir activity MF 1.34E06
G0:0008233 12 96 peptidase activity MF 4.38E06
G0:0004867 7 24 serine-type endopeptidase inhibitor activity MF 7.52E06
G0:0020037 33 767 heme binding MF 1.29E05
G0:0030170 18 273 pyridoxal phosphate binding MF 2.82E05
G0:0016705 25 523 oxidoreductase activity, acting on paired donors, with incorgorati reduction of molecular oxyge MF 6.06E05
G0:0051741 3 3 2-methyl-6-phytyl-1,4-benzoquinone methyltransferase iggtiv MF 3.22E04
G0:0050242 4 11 pyruvate, phosphate dikinase activity MF 1.32E03
G0:0005506 27 738 iron ion binding MF 2.20E03
G0:0008483 8 84 transaminase activity MF 3.04E03
G0:0008237 7 66 metallopeptidase activity MF 4.22E03
G0:0008234 11 222 cysteine-type peptidase activity MF 3.45E02
G0:0004555 2 3 alpha,alpha-trehalase activity MF 3.60E02
G0:0050113 2 3 inositol oxygenase activity MF 3.60E02
G0:0016772 7 99 transferase activity, transferring phosphorus-containing groups MF 3.87E02
G0:0003978 4 29 UDP-glucose 4-epimerase activity MF 4.23E02
G0:0004553 26 881 hydrolase activity, hydrolyzing O-glycosyl compounds MF 4.84E02

DE transcripts =DE transcripts associated with the GO term, Total transcripts = all transcripts associtdted3@tterm. BP = Biological Process, CC = Cellular Component, MF = Moleaiiatién.
Superscripts are a common parent GO term. Adjusted P-values were calasiagetthe Benjamini Hochberg procedure.
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Table 4.4 Enriched gene ontology (GO) terms in common downregulated transcripts differentially expresggdriBhe 54- I and 54+ T, comparisons (n = 300)

GO term DE transcripts | Total transcripts Term ID Ontology Adjusted P-value
G0:0005975 17 1455 carbohydrate metabolic proceéibolic process BP 1.61E03
G0:0000160 8 292 phosphorelay signal transduction sysféfgical regulation BP 1.61E03
G0:0007165 8 404 signal transductiofiological regulation BP 1.18E02
G0:0006813 3 33 potassium ion transpgtgtion transport BP 4.03E02
G0:0004553 15 881 hydrolase activity, hydrolyzing O-glycosyl compuis MF 1.84E04
G0:0043531 18 1396 ADP binding MF 2.97E04
G0:0005249 3 21 voltage-gated potassium channel activity MF 1.18E02

DE transcripts =DE transcripts associated with the GO term, Total transcripts = all transcripts associdted3@tterm. BP = Biological Process, MF = Molecular Functiopef&gripts are a common
parent GO term. Adjusted P-values were calculated using the Benjaminiddggtbcedure.
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Figure 4.4 Distributions of q values of uniquely differentially expressed transcripts in fae 7

and 54+ I} comparisons

a) Distribution ofSA- 1} g values for transcripts that were differentially expressed (DE) only in the
5A+ X} comparison (and not tHe\- 1} comparison). b) Distribution &fA- 1} g values for DE
transcripts across time in tha- I} comparison only. The fact that both distributions are skewed

towards lower g values shows suggests that many of the DE genes within a single comparison wer:
borderline non-significant in the opposite comparison.
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Table 4.5 Enriched gene ontology (GO) terms in transcripts uniquely differentially expressed (DE) irs#hd} comparison (n = 1,319)

GO term DE transcripts | Total transcripts Term ID Ontology Adjusted P-value
G0:0005975 53 1455 carbohydrate metabolic procedgabolic process BP 8.71E08
G0:0042546 10 77 cell wall biogenesis BP 3.97E05
G0:0010411 64 xyloglucan metabolic proced§tabolic process BP 5.56E05
G0:0006073 9 71 cellular glucan metabolic procgégabolic process BP 9.07E05
G0:0000160 17 292 phosphorelay signal transduction sysfétfgical regulation BP 9.07E05
G0:0019538 8 64 protein metabolic procedftabolic process BP 3.50E04
G0:0009664 5 22 plant-type cell wall organisation BP 1.41E03
G0:0009765 8 91 photosynthesis, light harvestiffgtabolic process BP 4.06E03
G0:0009688 3 6 abscisic acid biosynthetic proce#gbolic process BP 5.06E03
G0:0009415 3 6 response to water BP 5.06E03
G0:0006952 9 162 defence response BP 3.22E02
G0:0034551 2 3 mitochondrial respiratory chain complex Il assembly BP 4.37E02
G0:0009638 2 3 phototropism BP 4.37E02
G0:0055114 68 3409 oxidation-reduction procegftabolic process BP 4.88E02
G0:0005576 13 132 extracellular region CC 1.77E05
G0:0005618 12 130 cell wall CcC 5.56E05
G0:0048046 10 84 apoplast CcC 5.56E05
G0:0004553 37 881 hydrolase activity, hydrolyzing O-glycosyl compounds MF 9.15E07
G0:0004857 13 164 enzyme inhibitor activity MF 8.72E05
G0:0016762 9 72 xyloglucan:xyloglucosyl transferase activity MF 9.07E05
G0:0004556 5 23 alpha-amylase activity MF 1.59E03
G0:0009540 3 6 zeaxanthin epoxidase [overall] activity MF 5.06E03

Table 4.5 continued on next pagt
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Table 4.5 continued from previous page

GO term DE transcripts | Total transcripts Term ID Ontology Adjusted P-value
G0:0020037 25 767 heme binding MF 5.06E03
G0:0004871 8 104 signal transducer activity MF 7.69E03
G0:0005506 22 738 iron ion binding MF 8.71E08

DE transcripts =DE transcripts associated with the GO term, Total transcripts = all transcripts associtiied3@tterm. BP = Biological Process, MF = Molecular Functiopeferipts are a common
parent GO term. Adjusted P-values were calculated using the Benjaminiddggitbcedure.

Table 4.6 Enriched gene ontology (GO) terms in transcripts uniquely differentially expressed (DE) is#el} comparison (n = 957)

GO term DE transcripts | Total transcripts Term ID Ontology Adjusted P-value
G0:0005978 7 45 glycogen biosynthetic proce¥gabolic process BP 2.16E04
G0:0005975 35 1455 carbohydrate metabolic proce&gabolic process BP 1.41E03
G0:0055114 58 3409 oxidation-reduction procegtabolic process BP 3.29E02
GO0:0010155 3 10 regulation of proton transpdiition transport BP 3.37E02
G0:0004553 30 881 hydrolase activity, hydrolyzing O-glycosyl compounds MF 2.09E05
G0:0008878 6 28 glucose-1-phosphate adenylyltransferase activity MF 2.16E04
G0:0016491 39 2012 oxidoreductase activity MF 3.29E02

DE transcripts =DE transcripts associated with the GO term, Total transcripts = all transcripts associtdted3@tterm. BP = Biological Process, MF = Molecular Functiopef&gripts are a common
parent GO term. Adjusted P-values were calculated using the Benjaminiddggtbcedure.
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4.4.4 DE transcripts between NILs are concentrated on chromosome 5A

88 and 91 DE transcripts were identified between the NI itk andT2 347, respectively,

many fewer than identified iA- T} or 5A+ 1. This was expected as the NILs are genetically very
similar and therefore the difference in developmental stage between the T1 and T2 time points
results in greater changes in gene expression. Of these 179 DE transcripts, 67 were common
betweerT1 {3 andT2 A7, whereas 45 DE transcripts between genotypes were unique and
identified only at a single time point (resulting in 112 DE transcripts between NILs at any time

point Figure 4.3a, Figure 4.5a). No GO terms were significantly enriched in these groups. Of the

67 common DE transcripts, 54 (80%) were located on chromosome 5A (Figure 4.3b, Fig)ire 4.5
whilst in both the T1 and T2 unique groups less than 50% were located on chromosome 5A (Figure
4.5a). Similar numbers of DE transcripts were more highly expressed in either genotype, with no

distinct patterns observed between the unique or common groups.

Of the 74 DE transcripts located on chromosome 5A all were located within the 491 Mbp
introgressed region of the NILs (Figure 4.5b). Higher numbers of DE transcripts werddadentif
regions of increased SNP density between the 5A NILs. In the previous chapter, the grain length
effect was fine-mapped to a 75 Mbp interval on 5AL (betwegi9182017 (317 Mbp) and
JBRNASeq 4 (393 Mb)) and eight of the DE transcripts were located within this interval. Six of the
transcripts were located ®L1 interval and two in th&L2 interval with respct to the ‘two-gene’
hypothesis proposed in Chapter 3 (Figure 4.5b). Of the eight transcripts, three were higre hig
expressed in the 5A+ NILs (5Adn transcripts), two of which were transcript variants of the same
gene (a kinesin-like protein; only .2 variant shown in Figure 4.5b). The othegb#enscript was
annotated as a putative retrotransposon protein. One of the five transcripts more highly expressed
in the 5A- NIL (5A+igh transcripts) had no annotation and the remaining four were annotated as a
non-coding RNA, a RING/U-box containing protein, a TauE-like protein and a DUF810 family
protein.
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Figure 4.5 Differentially expressed transcripts between 5A NILs at T1 and T2

a) Heatmap of normalised tpm (transcripts per million) of DE (differentially egpth transcripts
between NILsT1 34: andT2 33, comparisons). Transcripts are first grouped based on whether
they Were differentially expressed at both time poifits3; andT2 327 common) or at only T1 or

T2 (T1 337 unique and2 34 unique, respectively), and then whether they are located on
chromosome 5A or not. b) Location of DE transcripts on chromosome 5A (black lines on grey
rectangle). Line graph (blue) shows rolling mean of the number of transcripts located in Ws1bp bi
across chromosome 5A, alongside heatmap which shows the number of 90k iSelect SNPs betweer
the 5A- and 5A+ NILs in similar sized bins. Orange lines on the SNP heatmap define the 491 Mbp
introgression which differs between then NILs. Blue lines on the chromosome indicate the
positions of the flanking markers of the overall fine-mapped region of the 5A grain length QTL
(BS00182017 and JBRNASeq_4). The yellow and pink lines indicate the internal flaak$ of
andGL2, respectively (BS00186083 and JBRNASeq_3) of tlwe-gené hypothesis. Bar charts

show the mean tpm values at T1 and T2 of DE transcripts located in the fine-mapped region (5A-
NILs in grey, 5A+ NILs in purple). Only one transcript variant (.2) of the kinesin-like gene is
shown. Error bars are standard error of the three biological replicates.
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4.4.5 DE transcripts outside of chromosome 5A are enriched in specific
transcription factor binding sites

As all the DE transcripts on chromosome 5A were located within the 491 Mbp introgressed region,
it is possible that the differential expression was a direct consequence of sequerioe variat
between the NILs e.g. in the promoter regions. However, the 38 DE transcripts located outside of
chromosome 5A have the same nucleotide sequence as they are identical by destdhs (BC
confirmed with 90k iSelect SNP array data; Bringbal., 2017). It was hypothesised that these DE
transcripts located outside of the 5A introgression are downstream targets of genes, such as
transcription factors (TFs), located within the 5A introgression.

To assess this, transcription factor binding sites (TFBS) were identified inoiineter regions of
these 38 DE transcripts. The TFBS identified in this group of transcripts were assodia@t w
distinct TF families (Table 4.7), five of which were enriched relative to all egptktranscripts
(Table 4.7; adjusted P < 0.05). The enriched TFBS families were C2H2, Myb/SANT, AT-Hook,
YABBY and MADF/Trihelix.

Table 4.7: Enriched transcription factor binding sites in the promoters of differentially expressed
located outside of 5A

TFBS family trgnustiir?;tssggsi) Al exp(rne:slsgf ggg)s cripts Adjusted P-value
C2H2 36 77987 0.021
Myb/SANT 38 88575 0.021
AT-Hook 38 90203 0.028
YABBY 15 19447 0.034
MADF;Trihelix 13 16632 0.042

Values are the number of transcripts in which binding sites associated evithdtified transcription factor (TF)
family are present. Adjusted P-values were calculated using the Benjaraimétg procedure

To determine potential candidates for upstream regulators all annotated TFs located within the
introgressed region on chromosome 5A were identified (Betrdl., 2017). A total of 200

annotated TFs were identified, belonging to 35 TF families (Table 4.8). Of these, fouegamili
(across 29 genes) overlapped with enriched TFBS families. Four of the 29 TFs were located within
the fine-mapped grain length interval on chromosome 5A, including C2H2, MYB and

MYB_related TFs (Table 4.8). Of these, the MYB and MYB_related TFs were located within the
GL1 interval. None of the TFs located in {B&2 interval overlapped with TF families with

enriched binding sites in the outside 5A DE transcripts.
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Table 4.8 Transcription factors identified in the 5A NIL introgression

Number of genes

TF family Introgression  Overall grain length interval GL1 interval GL2 interval
AP2 2 - - -
B3 14 1 - -
bHLH 18 - - -
bzIP 13 3 1 -
C2H2* 10 2 - -
C3H 4 - - -
CO-like 1 1 1 -
CPP 2 - - -
DBB 1 - - -
Dof 3 1 1 -
E2F/DP 1 - - -
EIL 1 - - -
ERF 30 3 - -
FAR1 20 2 2 -
G2-like 6 3 1 -
GATA 1 - - -
GeBP 1 - - -
GRAS 3 - - -
HB-other 1 - - -
HD-ZIP 4 - - -
HSF 3 - - -
LBD 3 1 1 -
MIKC 2 - - -
MYB* 10 1 1 -
MYB_ related* 8 1 1 -
NAC 13 2 2 -
NF-YC 1 - - -
SBP 1 - - -
SRS 1 - - -
TALE 1 - - -
TCP 3 - - -
Trihelix* 1 - - -
WOX 2 1 1 -
WRKY 11 6 4 2
ZF-HD 4 - - -

A * indicates that transcription factor (TF) binding sites associated withRHamily were
significantly enriched in the promoters of transcripts that were differengigtiyessed between NIL
and located outside of chromosome 5A

136



4.4.6 Functional annotation of DE transcripts

Having analysed DE transcripts between NILs based on chromosome location, the 112 DE
transcripts were examined based on their functional annotations. Multiple categories dfaarmota
were identified including transcripts associated with ubiquitin-mediated proteiadigipn, cell
cycle, metabolism, transport, transposons and non-coding RNAs (Table 4.9; full annotations in
Table 4.11). Few categories were exclusively located on/outside 5A or had exclusively higher
expression in either the 5A- or 5A+ NIL.

Table 4.9 Categories of DE transcripts between NILs based on predicted function

Category tr;:?st::?irp?; Adj\l/J;tljag P- 5A/not 5A NIL with QE_?ggixpression:
non-coding RNA 15 0.141 10/5 6/9
transposon-associated 14 0.008 4/10 5/9
ubiquitin 12 0.008 10/2 8/4
cell cycle 5 - 5/0 2/3
histone-related 5 - 3/2 3/2
heat shock 5 - 3/2 2/3
protease 4 - 3/1 3/1
transport 4 - 3/1 2/2
metabolism 5 - 5/0 4/1
homeobox 4 0.001 3/1 1/3
cell wall 3 - 2/1 2/1
transcription 3 - 2/1 0/3
non-translating 2 - 0/2 1/1
peroxisome 2 - 0/2 0/2
other* 20 - 14/6 11/9
No annotation 8 - 4/4 5/3

Adjusted P-values displayed are based on an enrichment test of therfaincaitegories relative to all
expressed transcripts followed by P-value adjustment using thenlienidochberg procedure indicates
that an enrichment test was not performed as categories were based on bespatierenriancludes
transcripts with annotations that could not be grouped by function tign sanscripts. ** only the seven
transcripts that were annotated as ubiquitin-related in the TGAC annotation were hseenridhment tesi
(see methods).
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The category with the most DE transcripts was non-coding RNA (ncRNA, 15 transcripts), although
this was not significantly enriched relative to all expressed transcripts. All nCRINgctipts were
classed as long non-coding RNAs (>200bp; Guttman & Rinn, 2012). Four of the ncRNAs
overlapped with coding transcripts (two in the antisense direction) and one ncRNA was a putative
MiRNA precursor (Ta-miR132p, 5’-3’ mature sequence: TATAAACTTGGTCAAAGTTTG; Sun

et al., 2014). Thirteen transcripts (belonging to nine genes) were identified as putatate td
Ta-miR132-3p in the TGAC reference but none of these target transcripts were difgrenti
expressed in this dataset (Table 4.10). The second largest transcript category was transposon-
associated (14 transcripts; adjusted P = 0.008), whereas the third largest category was DE
transcripts related to ubiquitin and the proteasome (12 transcripts; P = 0.008). DE transcripts
annotated as homeobox were also enriched (4 transcripts; adjusted P = 0.001). Interestingly,
homeodomain TFBS were identified in the promoters of 27 of the 38 outside 5A DE transcripts
although this was not significantly enriched (adjusted P = 0.166).

Table 4.10: Putative targets of Ta-miR132-3p

Transcript TGAC Annotation
TRIAE CS42 2AL TGACv1l 093400 AA0279320 Protein phosphatase 2C containing protein
TRIAE_CS42_2BL_TGACv1_ 134090 AA0443680
TRIAE_CS42 2BL_TGACv1l 134090 AA0443680
TRIAE_CS42 2BS TGACv1 146052 AA045415(Q Glycosyltransferase

Germin-like protein 4-1, Uncharacterized prote

Mitochondrial import inner membrane
TRIAE_CS42_6BS_TGACv1_516121_AA167390C translocase subunit tim22, Uncharacterized
protein

TRIAE_CS42 7AS_TGACV1 569800 AA1824270 ABC transporter C family member 10,
- - = - - Uncharacterized protein

TRIAE_CS42 7BL_TGACv1 577198 _AA1868480  'SCIGUCY-IRNA synthetase, cytoplasmic,
- - = - - Uncharacterized protein

TRIAE_CS42_7DL_TGACvV1_603074_AA1975250  |SCIGUCYI-IRNA synthetase, cytoplasmic,
- - = - - Uncharacterized protein

TRIAE_CS42_7DS_TGACv1_622139 AA203350(
TRIAE_CS42_7DS_TGACv1_622139 AA203350(
TRIAE_CS42_7DS_TGACv1_622139 AA203350(0
TRIAE_CS42_7DS _TGACv1 622139 AA203350(0

TRIAE CS42 U TGACv1l 641065 AA2084010.] Glycosyltransferase

Shikimate kinase, Uncharacterized protein
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Table 4.11: Functional annotation of differentially expressed transcripts in the4; and 72 34, comparisons

Transcript ID Chr Position TimeDEoint N”_exvritrzgsi?ohrfr Category Annotation Source
TRIAE_CS42_5AS_TGACv1_393645_AA1274860. 1A 428,214,494 T2 5A+ non-coding RNA ncRNA TGAC
TRIAE_CS42_1BL_TGACv1_032057_AA0124830.] 1B 261,775,404 T2 5A+ non-coding RNA ncRNA TGAC
TRIAE_CS42_1BL_TGACv1_030315_AA0086470.] 1B 290,813,728 T2 5A+ non-coding RNA NcRNA TGAC
TRIAE_CS42_2AS_TGACv1_112274_AA0334670. 2A 313,287,504 T2 5A+ non-coding RNA ncRNA TGAC
TRIAE_CS42_3DL_TGACv1_250633_AA0871340.] 3D 279,882,343 T1 5A- non-coding RNA NCRNA TGAC
TRIAE_CS42_3DL_TGACv1_250330_AA0866270.] 3D 608,417,264 | T1+T2 5A- non-coding RNA NcRNA TGAC
TRIAE_CS42_5AS_TGACv1_393897_AA1277010. 5A 85,149,732 TL+T2 5A- non-coding RNA NCRNA TGAC
TRIAE_CS42_5AS_TGACv1_393783_AA1275990. 5A 104,011,459 | T1+T2 5A+ non-coding RNA ncRNA TGAC
TRIAE_CS42_5AS_TGACv1_394352_AA1279770.| 5A 139,518,885 | T1+ T2 5A+ non-coding RNA ncRNA TGAC
TRIAE_CS42_5AS_TGACv1_393726_AA1275550. 5A 162,029,855 T1+T2 5A+ non-coding RNA ncRNA; repeat associated TGAC
TRIAE_CS42_5AL_TGACv1_375857_AA1228100.1 5A 334343515 | T1+T2 5A- non-coding RNA NCRNA TGAC
TRIAE_CS42_5AL_TGACv1_376953_AA1242680.] 5A 427,317,205 | T1+T2 5A- non-coding RNA NcRNA TGAC
TRIAE_CS42_5AL_TGACv1_374498_AA1201570.] 5A 434,793,971 T2 SA+ non-coding RNA ncRNA TGAC
TRIAE_CS42_5AL_TGACv1_376877_AA1241920.] 5A 447,314,890 T1 5A- non-coding RNA NCRNA TGAC
TRIAE_CS42_5AL_TGACv1_374413_AA1199590.] 5A 475,323,308 | T1+T2 5A+ non-coding RNA NcRNA TGAC
TRIAE_CS42_1AS_TGACv1_019083_AA0060340. 1A | 27,390,992 | T1+T2 5A- oo Repeat associated TGAC
TRIAE_CS42_1BS_TGACv1_049354 AA0149990. 1B 185,585,375 T2 5A+ ‘;asgz%?:t‘é’c‘j Retrotransposon-like Manual
TRIAE_CS42_2AL_TGACvVL_095650_AA0313320.] 2A | 398,328221 | TL+T2 5A- ransposon AT-hook m°tif'C°”tf‘ei?rigt?aﬁ:sé‘j;‘éﬁ_‘ﬁfetive' Putaieibase; | TOAC
TRIAE_CS42_2DS_TGACvL_177196_AA0568430| 2D 174,418,517 | TL1+T2 5A+ t;asgf)%?ast%g Repeat associated TGAC
TRIAE_CS42_3AS_TGACv1_211411 AA0689940. 3A 547,984,779 T1 5A+ t;igz%?:tzg_ Transposon protein, putative, mutator sub-class TGAC
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TRIAE_CS42_4BL_TGACv1_321219 AA1057420.] 4B 527,725,294 | 114712 5A- t;igi‘;?ast‘;g' Replication factor-A carboxy-terminal domain protein TGAC
transposon- -
TRIAE_CS42_5AS_TGACv1_393577_AA1274040.] 5A 71,474,627 T1+T2 5A+ associated Retrotransposon protein; Ty3-gypsy subclass TGAC
TRIAE_CS42_5AS _TGACv1_394531 AA1280840.] 5A 199,145,177 T1 5A- transppson- zinc ion binding, nucleic acid binding; putativéroéransposon TGAC;
associated Manual
transposon- ) .
TRIAE_CS42_5AL_TGACv1_374025_AA1188070.1 5A 328,818,968 T1 5A+ associated Retrotransposon, putative, Tyl-copia subclass TGAC
TRIAE_CS42 5AL_TGACvL1 374249 AA1195190.] 5A 436,603,964 | T1+T2 5A+ tfg’:)%?:t‘gc‘] Transposon protein, CACTA, En/Spm sub-class TGAC
| transposon- .
TRIAE_CS42_5DL_TGACv1_433728 AA1420750.] 5D 443,143,427 Tl 5A+ associated Transposon-related, RICESLEEPER 2-like Manual
‘ transposon-
TRIAE_CS42_5DL_TGACv1_435337_AA1449220.] 5D 458,092,027 T2 5A- associated Transposon-related Manual
) transposon- -
TRIAE_CS42_6AL_TGACv1_471516_AA1510240.] 6A 555,225,210 T1+T2 5A+ associated Retrotransposon protein-like Manual
transposon- .
TRIAE_CS42_7DS_TGACv1_621701_AA2023630. 7D 28,807,835 T1 5A+ associated Transposon protein, Mutator sub-class TGAC
TRIAE_CS42_1BS_TGACv1_049354_AA0149980. 1B 185,548,016 T1+T2 5A- ubiquitin UBCc domain; E2 ubiquitin conjugating enzyme Manual
TRIAE_CS42_5AL_TGACv1_375493 AA1222690.] 5A 265,539,274 T1+T2 5A- ubiquitin BTB/POZ domain-containing protein TGAC
TRIAE_CS42_5AL_TGACv1_374542_AA1202810.4 5A 333,439,847 T1+T2 5A- ubiquitin RING/U-box superfamily protein; putative E3 ligase &C;’r?l?ail
TRIAE_CS42_5AL_TGACv1_375361_AA1220430.] 5A 413,416,970 T1+T2 5A- ubiquitin RAD23, ubiquitin receptor, proteasome associated Manual
TRIAE_CS42_5AL_TGACv1_374374_AA1198360.] 5A 421,856,090 T1+T2 5A- ubiquitin F-box protein-like Manual
TRIAE_CS42 5AL TGACv1 374097 AA1190230.] 5A 439,551,515 T1+T2 5A+ ubiquitin Ubiquitin, Polyubiquitin 14; NEDD8-like protein RUB1 Lﬁﬁfgl
TRIAE_CS42_SAL_TGACv1_374675_AA1206250.] 5A | 439,853,084 T1 5A- ubiquitin RING/U-box SUPe”am"grgtfgitr?'m Zinc finger proteiid TGAC
TRIAE_CS42 5AL TGACv1_ 378415 AA1253190.] 5A 470,075,745 T2 5A+ ubiquitin F-box protein TGAC
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DE expression
TRIAE_CS42_5AL_TGACv1_377520_AA1247660.] 5A 475,464,797 T1+T2 5A+ ubiquitin elF3 n terminal; PCI/PINT associated module Manual
TRIAE_CS42_5DL_TGACv1_434064_AA1428250.] 5D 207,168,354 T2 S5A+ ubiquitin E3 ubiquitin protein ligase SDIR1 TGAC
TRIAE_CS42 5AS TGACv1 402215 AA1284070.] NA NA T1+T2 5A- ubiquitin Ubiquitin, Polyubiquitin 4 TGAC
TRIAE_CS42_5AS_TGACv1_393696_AA1275280.] NA NA T1+T2 5A- ubiquitin Polyubiquitin, Ubiquitin TGAC
TRIAE_CS42_5AS_TGACv1l_393572_AA1273920.] 5A 73,805,941 T1+T2 5A- cell cycle Kinesin-like protein TGAC
TRIAE_CS42 5AL _TGACv1l 373986 _AA1186560.2 5A 336,456,148 T1+T2 5A+ cell cycle Kinesin-like protein TGAC
TRIAE_CS42_5AL_TGACv1_373986_AA1186560.3 5A 336,456,148 T1+T2 5A+ cell cycle Kinesin-like protein TGAC
TRIAE_CS42 5AL TGACV1 374322 AA1196910.] 5A | 408,190,618 ™ 5A- cell cycle IMP dehydrogenase/GMP reductase; HAUS augmin-like | TGAC;
complex subunit 5 Manual
TRIAE_CS42_5AL_TGACv1l_376411 AA1236560.] 5A 473,423,951 T1+T2 5A+ cell cycle SHAGGY-like kinase Manual
TRIAE_CS42_3AL_TGACv1l_195567_AA0651320.] 3A 746,292,914 T2 5A+ histone-related Histone H2A Manual
TRIAE_CS42_5AS_TGACv1_394776_AA1281770.] 5A 248,528,260 T1+T2 5A- histone-related Histone deacetylase 14 isoform Manual
TRIAE_CS42_5AS_TGACv1_394776_AA1281770.] 5A 248,528,260 T1+T2 5A- histone-related Histone deacetylase 14 isoform Manual
TRIAE_CS42_5AL_TGACV1_374195 AA1193180.] 5A | 477,29558 T2 5A+ histone-related 2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase | TGAC;
- - = — - superfamily protein; Lysine-specific demethylase JIMJ30 Manual
TRIAE_CS42_U_TGACv1_643349 AA2131010.1| Un 103,526,863 T2 5A- histone-related Histone superfamily protein; Histone H4 superfamily Lﬁﬁgél
TRIAE_CS42_5AL_TGACv1_376851_AA1241550.4 5A 414,772,190 T2 5A+ heatshock TPR repeat-containing thioredoxin TDX; heatshocktesl &C;’r?l?ail
TRIAE_CS42_5AL_TGACv1l_ 375394 AA1220930.4 5A 474,541,233 T1+T2 S5A+ heatshock HSP90 superfamily Manual
TRIAE_CS42_5AL_TGACv1_375394_AA1220930.f 5A 474,541,233 T2 5A+ heatshock HSP90 superfamily Manual
TRIAE_CS42_4DL_TGACv1_343485 AA1135140.] Un 100,323,297 T2 5A- heatshock HSP70, DnaK Manual
TRIAE_CS42_7BL_TGACv1_578302_AA1892720 | NA NA T2 5A- heatshock Retrotransposon putative; HEAT-STRESS-ASSOCIATED 3 | 0~
TRIAE_CS42_2DS_TGACv1_177488_AA0578600., 2D 13,913,395 T1 5A- protease Protease domain; ankryin repeats Manual
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TRIAE_CS42_5AL_TGACv1_374321_AA1196890.] 5A 422,062,336 T1+T2 5A- protease Aspartyl aminopeptidase; Zinc peptidase-like superfamily -I\I;I(;ﬁfa;l
TRIAE_CS42 5AL_TGACv1_375845 AA1227990.] 5A 444,535,471 T1+T2 5A- protease Abi superfamily, CAAX protease Manual
TRIAE_CS42_5AL_TGACv1_374078_AA1189690.] 5A 476,435,013 T1+T2 5A+ protease Serine carboxypeptidase-like protein 9 TGAC
TRIAE_CS42_5AS_TGACv1l_ 393493 AA1273190. 5A 77,084,934 T1+T2 5A+ transport Calcium transporting ATPase TGAC
TRIAE_CS42 5AL _TGACv1 375949 AA1229270.2 5A 387,399,431 T2 5A- transport TauE superfamily Manual
TRIAE_CS42_5AL_TGACv1_374155_AA1191930.] 5A 448,605,465 T2 5A- transport Potassium transporter TGAC
TRIAE_CS42_7AL_TGACv1l_556075_AA1754700.] 7A 567,001,946 T1 5A+ transport ABC transporter G family Manual
TRIAE_CS42 5AS TGACv1l_ 395074 AA1282530.] 5A 143,730,436 T1+T2 5A+ metabolism Glyoxylate reductase TGAC
TRIAE_CS42_5AL_TGACv1_376402_AA1236390.] 5A 404,531,058 T1+T2 5A- metabolism Acetate-CoA ligase Manual
TRIAE_CS42_5AL_TGACvL 374560 _AA1203240.] 5A | 417,045,347 T1 5A- metabolism Dihydr°'ipr;’f&C;fjg’h“y%%C;;ﬁ'g::igeé]a;ixcompom”t TGAC
TRIAE_CS42_5AL_TGACv1_374231_AA1194360.] 5A 438,141,289 T1+T2 5A- metabolism Monogalactosyldiacylglycerol synthase Manual
TRIAE_CS42_5AS_TGACv1_393119_AA1268700., 5D 180,466,588 T1+T2 5A- metabolism quinolinate synthase TGAC
TRIAE_CS42_5AS_TGACv1_392838_AA1265240.] 5A 181,399,775 T1+T2 5A+ homeobox Homeobox protein knotted-1-like 2 TGAC
TRIAE_CS42_5AS TGACv1l_ 392838 _AA1265240.] 5A 181,399,775 T1+T2 5A+ homeobox Homeobox protein knotted-1-like 2 TGAC
TRIAE_CS42_5AL_TGACv1l_374741_AA1207970.] 5A 463,451,614 T2 5A- homeobox homeobox-leucine zipper protein TGAC
TRIAE_CS42_7BL_TGACv1_577371_AA1873630.] 7B 692,600,853 T1+T2 5A+ homeobox Homeobox protein knotted-1-like 2 TGAC
TRIAE_CS42_5AL_TGACv1l_ 375085 AA1215790.] 5A 475,524,596 T1+T2 S5A+ cell wall Fascilin-like arabinogalactan protein Manual
TRIAE_CS42_5AL_TGACv1_374319 AA1196780.] 5A 476,667,345 T1+T2 5A- cell wall Pectin lyase-like superfamily protein; Polygalactuseike -Il\;li':fail
TRIAE_CS42_7DS_TGACv1_622195 AA2034920. 7D 106,414,593 T1 5A- cell wall Callose synthase Manual
TRIAE_CS42_5AL_TGACv1_378188_AA1251790.] 2B 667,276,330 T1+T2 5A+ transcription Farl-related sequence 5-like protein TGAC
TRIAE_CS42_4DS_TGACv1_361025_AA1159110. 4D 79,211,678 T2 5A+ transcription LIM-domain binding protein, SEUSS orthologue Manual
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TRIAE_CS42_5AS_TGACv1_392558 AA1260860. 5A 185,647,816 | T1+7T2 5A+ transcription SSXT protein; GRF1-interacting-factor IA(;QJC;I
TRIAE_CS42 2DL_TGACv1_157942_AA0502830.] 2D 614,383,115 T1 5A+ non-translating Non-translating TGAC
TRIAE_CS42_7AS_TGACv1_571015_AA1843630.] 7A 32,210,288 T1+T2 5A- non-translating Non-translating TGAC
TRIAE_CS42_5AL_TGACv1_374446_AA1200410.] 5A 473,092,584 T1+T2 5A+ peroxisome Putative peroxisomal targeting signal 1 receptor TGAC
TRIAE_CS42 5AL_TGACv1_374446_AA1200420.] 5A 473,195,032 T1 5A+ peroxisome Putative peroxisomal targeting signal 1 receptor TGAC
TRIAE_CS42_2AL_TGACv1_095650_AA0313330.] 2A 398,347,440 T1 5A- other homologie of yeast autophagy 18 (ATG18) G TGAC
TRIAE_CS42_2AL_TGACv1_095956_AA0316040.] 2A 398,971,137 T1 5A- other DEA(D/H)-box RNA helicase family protein TGAC
TRIAE_CS42 2AL_TGACv1l_095956 AA0316050.] 2A 398,979,949 T1+T2 5A- other DNA binding protein-like TGAC
TRIAE_CS42_2BS_TGACv1_148693 AA0494610., 2B 58,987,101 T1 5A- other transducin family protein, WD-40 repeat family Manual
TRIAE_CS42_3DL_TGACv1_254173 AA0896070.] 3D 276,574,630 T2 5A+ other IQM1; Calmodulin binding Manual
TRIAE_CS42_5AS_TGACv1_393235_AA1270150.] 5A 138,079,992 T1+T2 5A+ other Hydroxyproline-rich glycoprotein family protein TGAC
TRIAE_CS42_5AS_TGACv1_393580_AA1274130.] 5A 155,209,029 T1+T2 5A+ other Endoplasmic reticulum, stress-associated Ramp4 TGAC
TRIAE_CS42_5AL_TGACv1l_ 374163 AA1192120.] 5A 284,690,697 T2 5A- other Rho GTPase-activating protein gacA TGAC
TRIAE_CS42_5AL_TGACv1_374727_AA1207530.1] 5A 388,637,659 TL+T2 5A- other DUF810 family protein TGAC
TRIAE_CS42_5AL_TGACv1l_376076_AA1231790.] 5A 403,283,773 T1 5A+ other tyrosine-tRNA ligase 1 Manual
TRIAE_CS42_5AL_TGACv1_376953_AA1242690.] 5A 427,319,739 T1+T2 5A- other Hypersensitive induced response protein 3 TGAC
TRIAE_CS42_5AL_TGACv1_376953_AA1242690.] 5A 427,320,059 T1+T2 5A- other Hypersensitive induced response protein 3 TGAC
TRIAE_CS42_5AL_TGACv1_374097_AA1190260.] 5A 439,569,122 T1+T2 S5A+ other DNA-3-methyladenine glycosylase TGAC
TRIAE_CS42_5AL_TGACv1l_ 375721 AA1226170.] 5A 439,767,852 T1+T2 S5A+ other Betl-like SNARE 1-1 TGAC
TRIAE_CS42_5AL_TGACv1_378334_AA1252720.] 5A 444,849,607 T1+T2 5A- other Vacuolar processing enzyme 4 TGAC
TRIAE_CS42_5AL_TGACvL 376411 AA1236550.] 5A | 473,427,021 | T1+T2 5A+ other ”b°”“C'e°SidediphOSphfggt::id“Ctase large subunit partial -\, ()
TRIAE_CS42_5AL_TGACv1_374080_AA1189800.] 5A 473,625,152 T1+T2 5A+ other Vacuolar protein sorting-associated protein; Sec3rfapdy &2?5;
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TRIAE_CS42_5AL_TGACv1_374080_AA1189810.] 5A 473,637,539 T1+T2 5A+ other Glycosyltransferase protein 2-like TGAC
TRIAE_CS42 5AL_TGACv1_377986_AA1250630.] 5A 524,318,116 T1+T2 5A- other Generative cell specific-1; Hapless 2 -Il\;li':l?a;l
TRIAE_CS42_6BL_TGACv1_503194_AA1627460.] 6B 623,718,695 T1+T2 5A- other Allene oxide cyclase 4 TGAC
TRIAE_CS42_4BS_TGACv1_327817_AA1075010., 4B 95,073,178 T2 5A- No annotation NA NA
TRIAE_CS42_5AS_TGACv1_395084 AA1282570. 5A 70,454,003 T1+ T2 5A- No annotation NA NA
TRIAE_CS42_5AS_TGACv1l_393473_AA1272910.] 5A 237,953,207 T1+T2 5A- No annotation NA NA

TRIAE_CS42_5AL_TGACv1_374657_AA1205780.1 5A 328,545,606 T1 5A- No annotation NA NA
TRIAE_CS42_5AL_TGACv1_375845_AA1227980.] 5A 444,539,760 T1 5A- No annotation NA NA
TRIAE_CS42_5AL_TGACv1l_376877_AA1241930.] 5A 447,310,958 T1+T2 5A- No annotation NA NA
TRIAE_CS42_5BS_TGACv1_427448 AA1393420. 5B 52,914,927 T1+T2 5A+ No annotation NA NA

TRIAE_CS42_U_TGACv1_641674_AA2101090.1| 6B 719,335,147 T1 5A+ No annotation NA NA
TRIAE_CS42 7BS _TGACv1 592547 AA1940160. 7B 198,610,669 T1+T2 5A+ No annotation NA NA

* indicates that the transcript is located in the fine-peapinterval for grain length. Chromosome (Chr) ansitfpm of the transcripts are based orirasilico mapping of TGACv1 gene models to IWGSC RefSeq vNA (

indicates that no position could be assigned using thisadgtNA in the annotation and source columns ind#tat no annotation could be obtained.
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The DE transcripts related to ubiquitin were of particular interest as ubiquitin-eckgiatein
turnover has previously been associated with the control of seed/grain size in wheatn@etm

al., 2016) and other species including rice and Arabidopsis (Btsth 2006; Songt al., 2007,

Xia et al., 2013). The pathway acts through the sequential action of a cascade of enzymes (see
Figure 4.6a legend) to add multiple copies of the protein ubiquitin (Ub) to a substrate {attés
then targeted for degradation by the proteas@getranscripts were identified at almost all steps
of this pathway (excluding E1): two ubiquitin proteins and one ubiquitin-like protein, one E2
conjugase, six potential E3 ligase components and two putative components of the proteasome
(Figure 4.6). In addition to these, we also identified four DE transcripts annotated as proteases
(Figure 4.6), which are known substrates regulated by this pathwagt 8Du2014; Donget al.,

2017; Huanget al., 2017) and that influence organ size through the regulation of cell proliferation.
Most of the components of the ubiquitin pathway that were differentially expressed were more
highly expressed in the 5A- NIL (11/16, including proteases) (Figure 4.6b).
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Figure 4.6 Differential regulation of the ubiquitin pathway in 5A NILs

a) Differentially expressed (DE) transcripts with functional annotations relatedoaitinbi

mediated protein turnover were enriched relative to the whole genome (a). This pathway acts to ad
multiple copies of the protein Ubiquitin (Ub) to a substrate protein through the satjaetitin of

a cascade of three enzymes: E1 (Ub activating enzymes), E2 (Ub-conjugating enzymes) and E3
(Ub ligases). The tagged substrate is then targeted for degradation by the 26S proteasome and the
Ub proteins are recycled. The E3 ligases are the most diverse of the three enzymes and both single
subunit proteins and multi-subunit complexes exist. A subset of these classes is shown in the grey
box in (a), selected based on the annotations of DE transcripts. Single subunit E3 ligases have an
E2-interacting domain (e.g. Bex, RING, etc. (...)) and a substrate-recognising domain. Multi-

subunit complexes also have E2-interacting complexes and substrate-recognising subunits (e.g. F-
box, BTB, etc. (...)). In the context of organ Size control, some proteases have been identified as
downstream targets of this pathway (e.g. DAL, UBP15¢2il, 2014; Donggt al., 2017)). b)

Heatmap of normalised tpm of DE transcripts associated with ubiquitin, the proteasome and
proteases.
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4.5 Discussion

In this chapter, RNA-Seq was performed on the developing grains of 5A NILs. In Chapter 2 we
established that these NILs have a difference in pericarp cell size, grain length angiimal g
weight and that the first phenotypic differences between NILs arose during early grain
development (Brintoet al., 2017). The aim of this chapter was to identify genes that are
differentially expressed between 5A NILs at these early stages of grain development in order to
identify specific genes and pathways that affect pericarp cell size and grain size at the

transcriptional level.
4.5.1 The importance of a high-quality reference sequence

The RNA-Seq data was initially mapped to two different reference transcriptomean@Ss

TGAC. The TGAC outperformed the CSS transcriptome both in terms of the number of reads that
aligned and in the gene models themselves. This was most likely due to the significant
improvement in terms of sequence contiguity of the TGAC reference over the CSS (N50= 88.8 vs

< 10 kb, respectively), allowing more accurate prediction of gene models. The resuls of thi

chapter highlight the practical importance of this improvement as 64 more DE transenipt

detected using the TGAC reference, in most cases, due to the absence of a corresponding gene
model in the CSS reference (46 transcripts). There were also cases where incorrect gene models ir
the CSS reference led to misleading results. For example, in the CSS fused gene model case study
(Figure 4.2d) a single DE transcript from the CSS reference had a large accumulation of reads
mapping to the 3> UTR. This gene was the orthologue of Arabidopsis NPY1, which plays a role in
auxin-regulated organogenesis (Cheng., 2007) and could therefore be related to the control of
grain size. However, in the TGAC reference, in addition td\iR¥1 orthologue, an alternative

gene model was annotated in place of the 3° UTR. This alternative gene model was differentially
expressed whilst thidPY1 orthologue was expressed at a very low level and was not differentially

expressed.

As shown in Chapter 3, the improvements in scaffold size, contiguity and gene annotation open up
new opportunities in wheat research. Here the new physical sequence was used to assign locations
to 107 of 112 DE transcripts identified between NILs, allowing us to determine which DE
transcripts were located within the QTL fine-mapped interval(s) defin€tapter 3. Likewise,

the analysis of promoter sequences enabled new hypothesis generation for this specific biological
process and will also aid in the understanding of how promoter differences across genomes affect
the relative transcript abundance of the different homoeologues. It will also be interesting to

explore the differences in the promoter sequences between the sequenced ‘parental” varieties

(Claire and Cadenza, as defined in Chapter 3) in light of the results of the current diiegste

results exemplify the importance of correctly annotated gene models and improved genome

assemblies in gaining a more accurate view of the underlying biology.
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4.5.2 Differential expression analysis provides an insight into the biological

processes occurring during early grain development

Grains were sampled at 4 and 8 dpa to encompass the developmental stage at which the first
significant difference in grain length between 5A NILs is observed. During this stagesegia

grain size are largely driven by cell expansion in the pericarp @egta 2005; Radchukt al.,

2011), consistent with the finding that increased pericarp cell size underlies the differiemale in
grain length (discussed previously in Chapter 2). These time points are also relatively early
compared to other grain related RNA-Seq studies which have focussed on later grain filling
processes (Pellmgt al., 2012; Pfeifeet al., 2014b; Yuet al., 2016) The ‘across time’ comparisons

(5A — 13 and5A + 13) identified > 2,700 DE transcripts in each NIL, and there was a large
overlap in the biological processes being differentially regulated. Most of the DE transcripts we
upregulated over time and many of these were associated with metabolism and biosynthesis
consistent with grains undergoing a period of rapid growth and the start of endosperm
cellularisation at this stage of development (Shestvgy., 2012). Transcripts associated with
proteolysis and mRNA catabolism were also upregulated across time consistent with increases in
specific proteases and other hydrolytic enzymes at this stage of grain development (Dominguez &
Cejudo, 1996). These could be indicative of programmed cell death which occurs in both the
nucellus and pericarp of the developing grain up to 12 dpa (Raéthluk2011; Radchukt al.,

2017). An upregulation of transcripts associated with defence response and oxidation-reduction
process was also identified, consistent with previous reports of accumulation of proteins associated
with defence against both pathogens and oxidative stress during thenghsgiages of grain
development (Kaspar-Schoenefetdl., 2016). Transcriptional studies always have the caveat that
changes in gene expression may not translate to changes in protein level (Pires & Conant, 2016).
However, proteomic analyses of similar stages of grain development have identified teatthifer
regulation of similar ontologies (Kaspar-Schoeneétld., 2016; Yanget al., 2017) suggesting

that these transcriptional changes are reflective of overall protein status in the grai

4.5.3 Comparative transcriptomics as a method to identify candidate genes

underlying the 5A grain length QTL

The use of highly isogenic material allowed the direct comparison of the effect of the 5A
introgression on gene expression at each time pbindy;. andT2 24;). This resulted in a defined

set of 112 DE transcripts between genotypes. The majority &f; andT2 24: DE transcripts
were located on chromosome 5A and all of these were located within the 5A introgression. This is
expected given that the sequence variation in the NILs was restricted to the chromosome 5A

region.

DE transcripts located within the fine-mapped interval(s) on chromosome 5A represent good

candidates for further characterisation. The kinesin-like gene and RING/U-box superfamily prote
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are particularly strong candidates based on their functional annotations. Previoushsivelies
demonstrated that kinesin-like proteins can regulate grain length and cell expansion through
involvement with microtubule dynamics (Kitagaetaal., 2010; Liet al., 2011; Fujikureet al.,
2014). The RING/U-box protein is a putative E3 ligase, a class of enzymes which have been
associated with the control of grain size @aGW2_A discussed in the previous chapters and
discussed in more detail later (Sa@l., 2007; Simmondst al., 2016).

It is premature, however, to speculate on the identity of a 5A causal gene(s) at this stage. It is
difficult to predict whether DE transcripts in the fine-mapped interval are truly assdevith the
effect of the 5A QTL or are simply a consequence of sequence variations between the parental
cultivars, i.e. ‘guilt by association’. A relevant example was the recent use of transcriptomics to

define a candidate gene underlying a grain dormancy ®@WL19) (Barreroet al., 2015).

Subsequent studies showed that a different gene in close physical proXaiitgK3) (Toradaet

al., 2016) was responsible for the natural variation observed (Shoetr@la2017). The mis-
interpretation of the transcriptomics data was due to complete linkage betweenRMLDBene

and the causalaMKK3 gene in the germplasm used in the original study. Additionally, the causal
gene(s) underlying the 5A QTL may not be differentially expressed between the 5A NILs and
could be a result of allelic variation that alters the function of the gene independent s$iexpre
level. The SNP calling performed using the RNA-Seq data described in the previous chapter did
not identify coding region polymorphisms between any genes predicted to be located within the
interval(s). Analysis of the genomic sequences of the two ‘parental’ varieties will provide further
insights but ultimately further fine-mapping of the 5A loci will be required to identify the

underlying gene(s).

4.5.4 DE transcripts outside chromosome 5A are candidates for downstream targets
of the 5A QTL

DE transcripts outside of chromosome 5A were considered as candidates for downstream targets o
genes located in the 5A introgression because the differential expression are unlikely tcskave ari
through sequence variation. These included genes located in the A, B and D genomes implying tha
there is cross-talk at the transcriptional level between the three genomes. In the promotses of the
genes, there was enrichment of TF binding sites associated with TF families that have all
previously been shown to play diverse roles in the control of organ developmenét(8arg005;
Kaplan-Levyet al., 2012). For example YABBY genes, a plant specific family of TFs, play a

critical role in patterning and the establishment of organ polarity (Sasbjam 2010) and fruit

size (Conget al., 2008). Another example are the C2H2 TRIBBIN andJAGGED, which are

involved in determining carpel shape in Arabidopsis (Dinreti@)., 2006). AT-Hook TFs play

roles in floral organ development in both maize and rice (Gallastatti, 2011; Jiret al., 2011)

and modulate cell elongation in the Arabidopsis hypocotyl (Sttedt 2008). Few of theseF
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families have been characterised in wheat, and although these interactions need to be

experimentally validated, they could be potential targets for the manipulation of geain siz
4.5.5 DE transcripts have functions related to the control of seed/organ size

Studies in species such as rice and Arabidopsis have shown that seed size is regulated by a compl
network of genes and diverse mechanisms, ultimately through the coordination of cell paniiferati
and expansion (reviewed in Huaetgal ., 2013; Li & Li, 2015). 5A+ NILs have significantly longer
pericarp cells, suggesting that the underlying gene influences cell expansion (Chaptéo2eB8

al., 2017). Genes that physically modify the cell wall have been shown to directly control cell
expansion (reviewed in Cosgrove, 2005) and three of the DE transcripts between 5A NILs have
potential roles in cell wall synthesis and remodelling. There were also a number of DE transcripts
associated with the cell cycle and the control of cell proliferation. During seed development, a
number of cell cycle types in addition to the typical mitotic cycle are observed. One such
alternative cycle type is endoreduplication, characterised by the replication of chromosomes in the
absence of cell division, which is associated with cell enlargement (reviewed ineDalnt@014)

Two of the DE transcripts were the closest wheat orthologues of Arabidopsis genes that have
specific roles in organ developmeniGRF-interacting factorGIF) andSEUSS (SEU). In

Arabidopsis, the GIF genes interact with GROWTH-REGULATING FACTOR (GRF) TFs and

act as transcriptional co-activators to regulate organ size through cell ptiolifdtaeeet al .,

2009). Conversely\§EU acts a transcriptional co-repressor and interacts with important regulators

of development to control many processes, including floral organ developmersdt @8a@010).

Seed development requires the coordination of processes across multiple tissues, namely the seed
coat, endosperm and embryo. The development and growth of these tissues is inherently
interlinked, and it has been proposed that the mechanical constraint imposed by the maternal seed
coat/pericarp places an upper limit on the size of the seed/grain (AdaraskP009; Hasaset al .,

2011; Brintonet al., 2017). Epigenetic regulation appears to play an important role in the cross-talk
and coordination of these tissues (Locasgtid., 2014). The differential expression of 34 non-

coding transcripts, transposons and histone-related transcripts between NILs could suggest a
difference in epigenetic status associated with the control of pericarp cell size. Addition&b work
characterise these non-coding RNAs would be warranted to establish their role in grain

development.

The ubiquitin-mediated control of seed/grain size has been documented in a number of species
(reviewed in Li & Li, 2014), including wheat (Yamggal., 2012; Simmondst al., 2016). DE

transcripts associated with the ubiquitin pathway were significantly enriched in theLSATHE

pathway tags substrate proteins with multiple copies of the ubiquitin protein through theiaequent
action of a cascade of enzymes: E1 (Ub activating), E2 (Ub conjugases) and E3 (Ub ligases). The
ubiquitinated substrate proteins are then targeted to the 26S proteasome for degradation (Hershko
& Ciechanover, 1998)TaGW2_A, described in previous chapters as a potential candidate
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underlying the 6A grain width QTL, is a RING-type E3 ligase. As previousbustied, the rice

and Arabidopsis orthologues of this ge@W@ andDA2, respectively) act to influence grain/seed

size through the modulation of cell proliferation. Another E3 liga8£)1/BB also negatively

regulates seed size in Arabidopsis (Dischl., 2006). In general, the E3 ligase determines the
specificity for the substrate proteins (Hershko & Ciechanover, 1998)AadndEOD1 may have
different substrate targets, however they converge and both target the ubiquitin-activated protease
DA1. DA1 also negatively regulates cell proliferation and acts synergistically wittD#gtand

EOD1, although it is not clear whether the two E3 ligases act via independent genetic pathways or
as part of the same mechaniéfia et al., 2013; Vanhaeren et al., 2016; Dong et al., 2017).

UBP15 (a ubiquitin specific protease) is a downstream target of this pathway and conversely acts
as a positive regulator of seed size through the promotion of cell proliferaticet 8Du2014).

Other ubiquitin-associated regulators of organ/grain size have been identified, including
components of the 26S proteasome, enzymes with deubiquitinating activity and proteins that have
been shown to bind ubiquitin vitro (Wenget al., 2008; Kurepat al., 2009; Huangt al., 2017)

The DE transcripts associated with this pathway are not direct orthologues of these previously
characterised genes. As such the functional characterisation of these putative novel components
could provide new insights into the ubiquitin-mediated control of grain size in cereals. A gubset o
these genes have been selected for further characterisation using TILLING mutants, discussed
further in Chapter 5.
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5 General discussion

The overall aim of this thesis was to understand the mechanisms that control grain length and widtf
in hexaploid wheat through the characterisation of two distinct grain weight QTL located on
chromosomes 5A and 6A. Specifically, this PhD combined phenotypic characterisation, genetic

mapping and transcriptomics to answer the following questions:

e Do the 5A and 6A QTL increase grain weight via the same or different mechanisms?
¢ What are the genes/pathways underlying the 5A and 6A QTL?
e |IsTaGW2_Athe gene underlying the 6A QTL?

5.1 Mechanisms and genes underlying the 6A and 5A QTL

As determined in Chapter 2, the 6A and 5A QTL act to increase grain weight through different
mechanisms, consistent with previous reports that these grain size parameters are under
independent genetic control (Geghsl., 2010). The 5A QTL acts primarily to increase grain
length during early grain development, but post-fertilisation, through increased pericarpecell si
The 5A QTL also has a pleiotropic effect on grain width during late grain development, which is
smaller than the effect on length. This late-season width effect is potentially mateséms
environmental variation and determines the magnitude of the final grain weight increase. On the
other hand, the 6A QTL acts during very early grain development, perhaps before fertilisation (i.e.
during carpel development), and specifically increases grain width, with no differencesdbrerv
final grain length. Although no cell size/number data was obtained for the 6A QTL, we
hypothesised that this is likely to be an effect on cell number due to the timing of initiadigea

differences, although this has not yet been tested experimentally.
5.1.1 Genes and pathways underlying the 6A QTL

Speculating on the identity of candidates for the causal genes underlying the 6A QTL remains
challenging, as the high confidence fine-mapped interval contains > 2,000 genes and even the
tentative narrower interval contains > 400 genes. The carpel/grain developmentaiuiges

showed that the QTL acts during the very early stages of carpel/grain development, highlighting
the importance of this early stage in determining final grain weight (discussed farseetion

5.1.4). However, it was not possible to define the exact time during development when these
differences are first established and this meant that we could not select time point&fSe&N
studies in the same way as for the 5A QTL. This means that we have limited information about
genes that might be regulated differently between 6A NILs and therefore related to theifinal gra
weight phenotype.

Based on previous studies that show that predominantly cell proliferation is occurring aythe ver
early stages of grain development (Deeal., 2005; Radchukt al., 2011), we hypothesise that the

6A QTL acts to influence cell number. Studies in species including rice and Arabidopsis have
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identified genes that influence seed/grain weight through the control of cémmtbdn. These

genes have a diverse range of functions including transcription factors, G-protein signalling,
phytohormone signalling, cell cycle components, cytochromes and proteases (Mizukami & Fischer,
2000; Schruffet al., 2006; Adamsket al., 2009; Huangt al., 2009; Qiet al., 2012; Xiaet al.,

2013; Duet al., 2014) For example, in riceSPL TF, OsSPL16, was found to influence grain size
through positive regulation of cell proliferation by modulating the expression ofrcertai

components of the cell cycle machinery (Wahgl., 2012). Negative regulators of cell

proliferation have also been identified as important for the control of grain size, such &8s the E
ubiquitin ligase GW2 (Songet al., 2007), the A genome wheat orthologue of whithGQW2_A)

was considered as a potential candidate gene for the 6A QTL.

5.1.1.1 Is TaGW2_Athe causal gene underlying the 6A QTL?

One of the aims of this thesis was to determine wh@#@W2_A is the causal gene underlying

the 6A QTL as it mapped within the original 6A grain weight QTL interval (Simmeinals,

2014). This hypothesis was assessed phenotypically and genetically in Chapters 2 and 3. Taking
together all the evidence we concluded Fa®BW2_A is unlikely to be the gene underlying the 6A
QTL and that they act through different mechanisms (Chapter 3). The main lines of evidence

leading to this conclusion were that:

e TaGW2_A maps outside of the 0.28 cM fine-mapped 6A grain width interval

o TaGW2_A has no coding region polymorphisms in the parental varieties, Spark and Rialto
(Simmondset al., 2014; non-coding polymorphisms discussed further later)

e TaGW2_A NILs have significantly different final grain width and length (two experiments)
whilst differences in final grain length were not observed in 6A NILs (three experiments)

o TaGW2_A NILs have differences in carpel/grain length throughout carpel/grain
development but differences in carpel/grain length were rarely observed between 6A NILs

e TaGW2_A NILs have clear differences in carpel width and length at heading, whereas no

significant differences in carpel size or weight were observed between 6A NILs at heading

However, this conclusion is subject to confirmation of the 0.28 cM fine-mapped interval using
additional phenotypic data from the larger 6A RIL population from the 2017 field trials. This
confirmation is particularly critical because the high confidence 4.6 cM fine-mapped interval does
includeTaGW2_A and it cannot be excluded as the causal gene based on phenotypic differences
alone, as discussed in Chapter 2. One of the main argumeiitg&32_A as the causal gene
underlying the 6A QTL, aside from its effect on grain weight in general, is the presence of an A/G
promoter SNP at the -593 bp position between the parental varieties, Spark and Rialto (Simmonds
et al., 2014). Previous work in wheat and other species has shown that SNPs in regulatory regions
(i.e. non-coding sequence) can underlie major QTL and be responsible for dramatic phenotypic
differences. For example, a single SNP in the 5 regulatory region of theqSH1 gene in rice was

found to underlie a major QTL for seed shattering (Koreshi., 2006).The-593 bp SNP in the
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upstream region cfaGW2_A has previously been associated with grain width and TGW in

Chinese germplasm, however studies have generated contradictory resefta .(2011; Zhang,

X etal., 2013). These studies used association analysis in similar panels of Chinese germplasm to
identify a putative effect of thEaGW2_A promoter SNP on TGW. Sat al. found that the A allele

at the -593 position was associated with increased grain weight, whilst @ranfpund that the

G allele was associated with increased grain weight. This could be explained by the exfended

that exists in thdaGW2_A region given its proximal position on chromosome 6A as observed in

the 6A RIL populations in Chapter 3. This would determine extended haplotypes that could
encompass hundreds of genes in additioreteW2_A, any of which could underlie the observed

variation in grain weight.

Direct manipulation oTaGW2_A through induced (Simmondsal., 2016; Chapter 2) and natural
missense mutations (Yaegal., 2012) has clearly established a rol&@a&W2_A on grain size in
wheat. Molecular studies have also shown that the ubiquitination activity @Weds conserved

in TaGW2_A (Bednarelet al., 2012). However, it is still an open question as to whether the
association effects in the two contradictory studies are due to allelic differeisW2_A itself

or in a linked gene across the haplotype block. Indeed, the same logic can be applied to the 4.6 cM
fine-mapped grain width interval on chromosome 6A in this thesis: in a region that contains >
2,000 genes it is not possible to say whellaW2_A is the causal gene or not regardless of the
presence of the promoter SNP. This is reminiscent of the cloning of the pre-harveshgpailti
(Phs-Al; discussed previously in Chapter 3.5.1.2) whvH9-Al was incorrectly identified as the
causal gene due to the presence of a promoter deletion and a demonstrated effect of the gene on
grain dormancy through direct manipulation (Barreral., 2015). However, it was subsequently
shown thaPM19-Al was in fact linked to the true causal gefaVIKK3, in the germplasm studied
resulting in a spurious association with the QTL phenotypePMitd promoter deletion (Shorinola
etal., 2017).

If data from the 2017 field trials confirm thBaGW2_A maps separately from the 6A QTL this

will open up some interesting new avenues for potential further studies. An important question to
ask will be precisely which aspects of grain development the 6A gene@wl_A affect. Given

that the two pairs of NILs seem to have similar phenotypic differences, it is possiblettved th
genes may influence the same processes. Characterisation of the NILs on a cellular level during
carpel/grain development will provide insights into this and these studies are currentiyaynde
Additionally, it would be interesting to understand how the two genes interact and whether
beneficial alleles of both genes can be combined to give additive or synergistic incréaSeg. i

If so, then this could have implications in breeding as well as providing mechanistic insight.
Currently, breeders are selecting for a large physical region on chromosome 6A, encompassing

both the 6A grain weight effect afdGW2_A. The separation of these two loci could allow for
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novel combinations of alleles to be deployed, although this would still be limited by the low rates

of recombination observed across this region on chromosome 6A.
5.1.1.2 Future steps to identify genes and pathways underlying the 6A QTL

The fact that genes with so many diverse functions can influence cell proliferaties ihak

premature to speculate on the identity of a candidate gene from 488 genes solely based on predicte
function. In addition to the additional phenotypic data for the larger RIL population, the marker
density across the interval will also be increased. No gene based SNP calling has yet been
conducted on the 6A NILs/parental cultivars and this will be performed using exome capture data.
This will be useful for identifying additional markers and also will identify genes witmgatly
deleterious mutations, which could assist in prioritising candidate genes for further istadierl

to identify non-coding polymorphisms, a promoter capture array will also be employed to access
variation in the 2 kb upstream of all genes in this region and this will again help to identify
additional markers and potential candidate genes. As more complete genome sequences of
additional wheat varieties become available, sequence variation in other regulatorg veti

also be explored.

5.1.2 Genes and pathways underlying the 5A QTL

More insight was gained into the potential genes and mechanisms underlying the 5A QTL during
this PhD. We found that the 5A QTL acts primarily to increase grain length and this was associated
with increased cell length in the pericarp. The first differences in grain length wereasbaerv

around 12 dpa (8 15 dpa across years, ~ 6.5 mm), which is consistent with a role of the QTL in

cell expansion as cell proliferation in the pericarp decreases shortly aftesdgdtili (Dreeet al.,

2005; Radchulet al., 2011). Similar to the 6A anthGW2_A data, the results from the 5A NILs
emphasise the importance of the early stages of grain development in determining tmaifinal g

size.

Overall, these results suggest that the gene(s) underlying the 5A QTL either direutiyemtly
regulate cell expansion in the pericarp, a mechanism that is known to be a key determinant of
grain/seed size in several species. Some genes, such as expansins and XTH (xyloglucan
endotransglucosylase/hydrolases), affect cell expansion directly by physically modifying
“loosening the cell wall (reviewed in Cosgrove, 2005), and the expression of these enzymes has
been associated with pericarp cell expansion in wheat and barley (Eizn2010; Radchukt

al., 2011; Munoz & Calderini, 2015). The properties of the cell wall can also be modified, for
example accumulation of certain tannins in the cell wall can change its competence for elongation.
The Arabidopsis WRKY transcription factdrJG2, regulates some steps of the tannin biosynthesis
pathway ttg2 mutants have smaller seeds due to smaller cells in the seed coat, likely due to a
reduced capacity of the cell wall for elongation due to altered tannin levels (Jehakp2002;
Garciaet al., 2005). In rice SRS3, a kinesin 13 protein, was shown to regulate grain length through
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cell size likely through the regulation of microtubule dynamics (Kitagavah, 2010). Other

genes regulate pericarp/seed coat cell size through more indirect mechanisms, fae dxaungh

the regulation of sugar metabolism and subsequent accumulation in the vacuolet EDhB®05;
Ohtoet al., 2009) and endoreduplication (Chevattal., 2014). Many of the genes identified
within the fine-mapped region(s) for grain length have functional annotations diortifese

genes, but as with the 6A QTL, the intervals remain too large to speculate on the identity of the

causal gene(s) based on function alone.

As discussed briefly in Chapter 4, seed/grain development requires the coordination oéprocess
across the pericarp/seed coat, endosperm and embryo. It has been proposed in multiple species, tt
the size of the maternal pericarp/seed coat exerts its influence on final geddy pizysically

restricting endosperm growth (Calderéhial., 1999; Adamsket al., 2009; Hasaeet al., 2011).

Grain size in rice is limited by the size of the spikelet hull in an analogous way €Sang@005)

In wheat, both pericarp width (Gegatsal., 2010; Simmondst al., 2016) and length (Lizaret al.,

2010; Hasamt al., 2011) have been proposed as key determinants of final grain size. The results
from this thesis support this idea and we hypothesise that the 5A cell expansion effect increases the
physical space available for endosperm growth during the middle and late stages of grain
development. This increased physical capacity could then lead to the increase in grain width that is
only established at the later stages of grain development, consistent with the time during grain
development associated with grain filling and endosperm growth (Olsen, 2001; halyry

2012). It is not clear whether the increased capacity for grain filling is utilised bysimgehe

rate or duration of grain filling in 5A+ NILs. A more detailed time course of grain development

with more frequent time points and continuing until the final grain weight had been achieved would
be required to determine this. Additionally, time courses would ideally be measured in degree days
rather than absolute days to properly calculate grain filling rates, especially inccdenpare

across years whilst accounting for environmental variation in temperature. Unfortunately,
uninterrupted weather data from the weather station at Church farm across the entire 8me cour

was not available in any year.

It has been shown that the cross-talk between the endosperm and pericarp/seed coat extends beyc
purely mechanical constraints and increased cell size in the seed coat/pericarp can be achieved as
an indirect effect of increased endosperm growth. For exampleAttkdJ (IKU) genes act to

promote endosperm growth in Arabidopsikst mutants have smaller seeds due to reduced
endosperm growth and indirectly reduce cell elongation in the integument/seed coatdiGarcia

2003). The indirect effect on cell size in the seed coat (a maternal tissue) was determined by
demonstrating thaku double mutants pollinated with WT pollen had WT-like seeds, therefore
showing that théku mutations do not have a direct effect on the maternal integument. Already this
could suggest a level of communication between the two tissues (@alcj&2003). Thd KU

genes interact on a genetic basis Witlis2 (described above) ankl ttg2 double mutants have
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seeds even smaller thiw mutants, due to th#g2 mutation compromising the elongation

capacity of integument cell walls hence restricting endosperm growth further. rhaciordance

with the size of the pericarp imposing a physical constraint on endosperm. However, combining the
iku mutations with lines that have reduced cell proliferation in the integuments (due to
overexpression dfIP RELATED PROTEIN2) did not show an additive effect on seed size and

instead the reduction in cell number in the integument was compensated for by increased cell
elongation (Garciat al., 2005). This suggests that in some cases the size of the pericarp/seed coat
can be adjusted to accommodate the growth of the endosperm, providing additional evidence there
must be communication/signalling between the tissues. An example of communication from seed
coat to endosperm/embryo in cereals can be seen in the control of seed dormancy. A group of three
genes, known as the R genes, are responsible for determining grain colour specifically by
controlling pigmentation in the seed coat. It is proposed that a pleiotropic effect of the seed coat
pigmentation is to regulate grain dormancy (Flintham, 2000). The exact nature of the
communication between tissues is not fully understood. Whilst much progress has been made in
species such as Arabidopsis, with roles demonstrated for phytohormones, epigenetic factors and
sugars (amongst others; reviewed in Noweick., 2010; Locasciet al., 2014; Radchuk &

Borisjuk, 2014), still relatively little is understood about the molecular basis of ghialkng in

cereals. Caution should be exercised when translating insight gained from Arabidopsis irgo cereal
as it is possible that not all these processes and mechanisms are conserved, particularlgras the
fundamental differences in the final composition of the seed/grain. For example, the Arabidopsis
endosperm consists of a single cell type whilst the endosperm of mature wheat grains contains four

major cell types (Olsen, 2001).

From the results presented in this thesis, it is therefore not possible to say conclusitbbrthe
increased pericarp cell size in 5A+ NILs is due to a direct effect on cell expansion in the pericarp or
an indirect effect of increased endosperm growth. As discussed previously, the early stage at whi
the grain length phenotype appears would suggest a direct effect on pericarp cell size, but this will
need to be confirmed genetically. This could be tested through the assessment of pericarp cell size
in F1 hybrids from reciprocal crosses between 5A- and 5A+ NILs. As the pericarp is an exclusively
maternal tissue, if the 5A QTL directly affects cell size in the pericarp thgrals resulting from

a 5A+ NIL pollinated by a 5A- NIL would have the 5A+ large pericarp cell size phenotype, whilst
the reciprocal cross would not. Conversely, if the 5A QTL affects pericarp cell size agactindi

effect of endosperm growth then onlydfains from the 5A- NIL pollinated by the 5A+ NIL

would have the large pericarp cell size phenotype. These experiments are currently being
conducted. Usually, studies of this nature are challenging in wheat as the subtle phenotypic
differences associated with QTL in polyploids can be masked by the phenotypic variation observed
between individual Fgrains (e.g. ~ 5% difference in grain size components in the case of the 5A

and 6A QTL). However, the robust effect on pericarp cell size in the 5A NILs that is independent
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of absolute grain length could overcome this and opens up new opportunities for parent of origin

studies in wheat.

It would also be interesting to assess how the development of the endosperm is affected by the 5A
QTL. Whilst the work in this PhD has provided insights into the mechanisms underlying both QTL
by breaking down overall grain yield into its constituent parts in the form of specificsiga
components, the understanding remains mostly on a whole grain level, both from the phenotype
and transcriptome points of view. The next steps to take would be to dissect this down even further
to look at the individual tissues within the grain such as the endosperm, embryo and pericarp.
Indeed, even breaking the grain down into the three main tissues remains quite a simplistic view as
each tissue is composed of several different layers and cell types (Figuievto8ld be very

interesting to examine these tissues microscopically during carpel/grain development t@uodders
the effects of the QTL in more mechanistic detail and this could be complemented by tissue
specific expression studies.

5.1.2.1 Genes selected for further characterisation using TILLING mutants

Combining information about the 5A QTL obtained from the phenotypic characterisation, genetic
mapping and transcriptomic study we selected a subset of 14 genes to characterise further throug
the generation of TILLING mutants (Table 5.1). We identified lines in the exome-sequenced
tetraploid TILLING population (Krasilevet al., 2017) with deleterious mutations in A and B
homoeologues of each of the genes and generated double mutants where possible. These candida
genes were largely selected from the set of DE genes identified in the transcriptoipicased

on their location in the fine-mapped interval or having a functional annotation potergiatlyd to

the control of grain size. One gene was selected due to having a missense SNP between NILs and
being located in the 5A grain length fine-mapped reg@l(interval). These selections were

made using the 2014 CSS gene models, before the more complete TGAC gene models were
available. Hence, some omissions might have been made due to the lack of information at the time

of selection.
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Table 5.1: Genes selected to generate double knock-out mutants in the tetraploid TILLING lines

TGAC gene name Annotation Reason
TRIAE_CS42 5AL_TGACv1_373986_AA118656( Kinesin-like protein DE&%’E"O”
TRIAE_CS42_5AL_TGACv1_375266_AA121886C Trehalose-6-Phosphate DE; function
TRIAE_CS42_5AL_TGACv1_375845_AA122794C RING domain DE; function
TRIAE_CS42 5AL_TGACv1l 375845 AA122799( Abi superfamily, CAAX protease DE; function

UBCc domain; E2 ubiquitin conjugating

TRIAE_CS42 1BS TGACv1 049354 AA014998
- — o = - — enzyme

DE; function

TRIAE CS42 SAL TGACVL 374542 AA120281( RING/U-box superf_amlly protein; putative DE; function
— —OAL_ — — E3 ligase &GL1

TRIAE CS42 SAL TGACVL 374321 AA119689( /'SPartyl aminopeptidase; Zinc peptidase e ¢ o ovion
— - = - - like superfamily

Ubiquitin, Polyubiquitin 14; NEDD8-like

TRIAE_CS42_5AL_TGACv1_374097_AA119023( protein RUB1

DE; function

RAD23, ubiquitin receptor, proteasome
associated
TRIAE_CS42_5AS_TGACv1_392558 AA126086  SSXT protein; GRF1-interacting-factor  DE; function

TRIAE_CS42_5AL_TGACv1_376107_AA123221C RNA-binding protein 25; splicing related DE; function

TRIAE_CS42_5AL_TGACv1_375361_AA122043( DE; function

TRIAE_CS42_5AL_TGACv1 374727 _AA120753( DUF810 family protein DE; GL2
TRIAE_CS42_5AL_TGACv1_ 375949 AA122927( TauE superfamily DE; GL2
TRIAE_CS42 5AL_TGACvL 377065 AA124368( TATA binding protein SNP; GL2

DE = differentially expressed in the 5A RNA-Seq experiment, SipRedicted missense SNP between 5A N{kis1

= located in th&sL1 fine-mapped intervalGL2 = located in th&L2 fine-mapped interval, function = selected basel
on function related to grain/organ size, * indicates that the gene wastBb&aniginal CSS analysis but not in the
TGAC reference (mutants were selected prior to the release of the TGAQehcefe

For each gene, the A and B single mutant lines have been crossed (by visiting fellow Abdul Kader
Alabdullah) and Fseeds self-pollinated to generatg@é&pulations segregating for the mutations in
various combinations. The Bopulations are currently being phenotyped for grain size

components to see if there are any associations with the mutated genes. In this way we will be able
to determine if any of these genes have a potential role in the control of grain size.ditikpos

that none of the selected genes are the causal gene(s) underlying the QTL, particularlyihas only f

of them lie within the fine-mapped interval(s). However, any genes that are found to be associated
with differences in grain size components will be interesting novel candidates to ehseact

further in the context of grain size control in wheat.
5.1.3 Maternal control of grain size

All three pairs of NILs assessed (5A, 6A araGW2_A) point towards the maternal control of

final grain size. Differences in carpel size were observed bethagaW?2_ A NILs before heading
suggesting thataGW2_A acts on maternal tissue. Borderline non-significant differences in carpel
size were observed between 6A NILs, suggesting that this QTL could also act on maternal tissue

before fertilisation. Although differences in grain length were established aftlksdéon in 5A
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NILs, the QTL is associated with larger cells in the pericarp, a maternal tissue. Although as

discussed above, this may or may not be as a result of a direct effect on pericarp cell expansion.

The maternal control of seed/grain size has been demonstrated both genetically and phenotypically
in many species including Arabidopsis, rice, wheat and maize (ldaabn2011; Li & Li, 2015;

Zhanget al., 2016). Studies have shown that the maternal control of seed/grain size can be exerted
through a range of mechanisms, affecting cells in maternal tissues both pre- or post-tettilisati

For example, the Arabidopsis ge&,UH acts maternally to increase seed size through the

positive regulation of cell proliferation in the integument (Adaneski., 2009) and studies

suggest that this function is conserved in the wheat ortholdg@P78A (Maet al., 2016).

Conversely, the ArabidopskRF2 gene acts as a negative regulator of seed size with a loss-of-
function mutant producing 20-40% heavier seeds. The increase in seed weight was associated witr
increased numbers of cells in the seed coat as a result of increased cell proliferagon in t
integument/ovule before fertilisation (Schreffal., 2006). Similarly GW2 in rice and its

orthologue in ArabidopsiddA2) influence grain/seed size through restriction of cell proliferation

in the maternal tissue (Soregal., 2007; Xiaet al., 2013). This is consistent with the results from

this thesis and Simmondsal. (2016) thalTaGW2_A acts on maternal tissue, although the effect

on cell size and number has not yet been determidt. a target 0DA2 in Arabidopsis, also

acts synergistically witibA2 to limit cell proliferation in the integument (X&tal., 2013; Donggt

al., 2017). Genes have also been identified that act maternally to influence cell expansion in
maternal tissue, for exampldG2 andAP2 (discussed above; Garatal., 2005; Ohtaet al.,

2005).

Programmed cell death (PCD) in the pericarp tissue has also been shown to be important for the
maternal control of grain size. It has been proposed that PCD is an important step for enlargement
of the pericarp to accommodate endosperm growth. Downregulat\hGiiOLAR-

PROCESSING ENZYME 4 (VPE4) by RNAI in barley resulted in delayed PCD in the pericarp and
consequently smaller grains (Radctatilal., 2017). One of the DE genes between 5A NILs was
annotated a¥PE4 (Table 4.11) and taking this together with the differential regulation observed of
proteolytic components, this could suggest a role of PCD in regulation of grain size in the 5A NILs.
However, the most extensive PCD occurs during the later stages of grain development (Btadchuk
al., 2011; Radchukt al., 2017) and so this could be a downstream effect. Differences in the
progression of PCD in 5A NILs could be identified by a histological analysis of developing grains
as in Radchukt al. (2017). However, this might be challenging due to the number of samples that

may be required to detect subtle differences between NILs.

The assignment of the 5A, 6A aldGW2_A effects to the maternal parent will need to be
confirmed genetically and this could be determined with trexperiments described above. The
maternal parent may contribute to final seed size through other mechanisms in addition to the

presence of the pericarp/seed coat and the mechanical constraints it imposes. The mother plant
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plays many important roles in the development of the grain/seed including provisioningeaftaut

to the developing grain, responses to the environment during grain development and the imprinting
of genes after fertilisation, all of which have been shown to influence final graifdisizussed in
Zhanget al., 2016). If the effects of either the 6A or 5A QTL can be assigned to the maternal

parent then it will be interesting to understand exactly how the maternal parent contoibiges

final phenotype. Identifying genes that act maternally to influence grain size could hantagdg

in a breeding context, particularly with respect to hybrid seed generation.
5.1.4 Importance of early grain development

Regardless of the putative direct maternal effects of the 5A and 6A QTL, all three pairs of NILs
highlight the importance of early carpel/grain development in determining finalsizain

consistent with previous studies in wheat and other cereals (Caleatini1999; Golaret al.,

2015; Simmondst al., 2016). However, despite the importance of these early stages, relatively
little is known about the mechanisms underlying early grain development. Studies have
characterised these stages phenotypically to a certain extene{late2005; Radchukt al .,

2011) but most characterisation has focussed on the later stages of grain development, mainly on
endosperm development. The same is especially true in terms of characterisation on the
transcriptional and molecular level, as discussed briefly in Chapter 4. Although numerous wheat
grain RNA-Seq studies have been performed, very few have focussed on stages of grain
development as early as those described in Chapter 4. This is evidenced by the fact that of 148
grain RNA-Seq samples in the wheat expVIP database only six were taken at stages earlier than 8
dpa, four of which formed part of the same study (Giktesl., 2012; Choulett al., 2014).

Additionally, there are no RNA-Seq samples in the expVIP database from ovules i.e. pre-anthesis
(Borrill et al., 2016). The results from this thesis strongly suggest that understanding the
mechanisms underlying these early stages will be critical to identify ways to manipudaggdin

size. Based on the ability of grains to compensate for early events in grain development, it is
tempting to speculate that manipulating genes and pathways that affect these early stages could

provide grain size increases that are more robust to environmental variation.

5.2 Potential consequences of increasing grain size and pleiotropic
effects of the 5A and 6A QTL

Increases in grain weight are often associated with pleiotropic effects either on thesghaim on
other plant organs. When considering the pleiotropic effects of QTL, the effects could be due to
other genes within the QTL interval. Alternatively, they could be due to the gene(s) controlling

grain size themselves, either as an indirect result of increasing grain size oreas eff@ict of the

gene in another part of the plant.
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5.2.1 Pleiotropic effects on yield components

Despite grain weight being more stably inherited than overall yield itself, increaseminvgight

have previously been associated with negative pleiotropic effects on other yield components such
as grain number and spike number (Kuahel., 2007). However, results from this PhD and other
studies have shown that these components are not inherently linked and can be genetically
separated (Griffithst al., 2015). Indeed, the fact that alterations in spike and grain number have
downstream effects on grain size, likely due to competition for resources, does not necessarily
mean that changes in grain size will affect grain and spike number. During this PhD, these
components were assessed in the 5A and 6A NILs. In the 6A NILs there were no consistent
negative effects across years on either grain number or spike (tiller) number, although there were
some negative effects in individual years (Table 2.3). This was consistent with tlripEuidies

of these NILs (Simmonds al., 2014). In terms of the 5A NILs, 5A+ NILs had significantly

reduced grain and tiller number across years although these effects were both driven by particularly
strong effects in a single year (Table 2.9). We hypothesised that the combination of these smaller
negative effects could explain why neither the 6A or 5A NILs had consistent differences in final
grain yield, despite consistent increases in TGW. Alternatively, our evaluation of yield components
based on a ten spike sampling might not be robust enough to allow us to detect differences. This
could be due to the fact that we usually select ten spikes, corresponding to the main tiller in most
cases. For these spikes, we observe increase in spike yield (Tablal2e32.9). However, by

using this sampling strategy we could be missing pleiotropic effects on spikes further behind in
development (e.g. third or fourth spike), which could arise from compensation effects from the
larger grains in the main spikes of the 6A+ and 5A+ NILs. The negative effects on other yield
components could either be as a result of additional genes in the introgressed regions of the NILs ©
as an effect of the causal genes themselves. For example, a minor QTL for tiller number was
identified in the 6A introgression, but this mapped distal to the QTL for TGW (Simnebads

2014). This suggests that in the 6A NILs the pleiotropic effect on tiller number is due taranothe

gene in the interval rather than an effect of the 6A causal gene itself.
5.2.2 Pleiotropic developmental effects

We also observed developmental differences between 6A NILs, including differences in flowering
time and senescence, with 6A+ NILs flowering earlier and senescing later. This could suggest that
the 6A QTL is associated with an extended grain filling period. However, this was not assessed
directly and it has previously been shown that an increase in the time between flowering and
senescence (green canopy duration; GCD) does not always result in an increased duration of gra
filling (Borrill et al., 2015b). Similar to the tillering effect, a QTL for GCD was identified in the 6A
NIL introgression but did not show any correlation with TGW in the original QTL analysis and so
the two traits are likely to be under independent genetic control (Simrabalds2014). That said,

some genes that influence grain/seed size in other species have also been shown to affect other
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developmental traits such as senescence and flowering time. For example, in Araliidpaigs

a negative regulator of seed size but also promotes senescence with mutants having larger seeds
and delayed senescence €tal., 2008; Vanhaeree al., 2016). Additionally DAL also affects the

size of other organs in addition to the seed, for example it acts as a negative regulasibaafipet

leaf size suggesting that it is a general regulator of organ growth rather thdicapeseed size.

It is not known whether the 5A and 6A genes have grain specific effects or whether they could be
general regulators of organ size, for example, these genes could influence leaf and rodssize. Th
could have implications both in positive and negative ways. For example, a non-grain specific
effect could be seen as wasteful with resources going into non-grain biomass production.
Alternatively, plants with larger leaves could have increased photosynthetic capacity through
increased area for light interception (reviewed in Leing., 2006) and a larger root system could

also be beneficial. If these genes do have similar effects on the development of grains and leaves
e.g. the 5A gene(s) could increase cell expansion in both tissues, then this could be a useful tool fo
determining the mechanism by which the genes act. The leaf could act as a more tractable system
for performing experiments than the grain, and this has proven to be a useful tool for understanding
the function of genes that control seed size in Arabidopsis and maize $ugh, &A2 andBIG

BROTHER (Rachel prior pers comm; Vanhaeetral., 2016; Xieet al., 2017).It would be useful

to investigate this possibility in subsequent studies and determine if putative effextfieiently

strong and robust to be properly quantified.
5.2.3 Pleiotropic effects on grain nutrient composition

An avenue that was not explored in this PhD was the effect of these QTL on the composition of the
grain itself, aside from increasing the overall size and weight. For example, we did not examine the
effect that manipulating the grain size has on the micronutrient, protein or starch cbthent

grain. Negative correlations between grain weight and grain protein content have been documentec
(Simmonds, 1995), proposed to be a dilution effect of increased starch in the grain. It is therefore
possible that the increases in grain weight associated with the 6A and 5A QTL could be associated
with a decrease in nutritional value and quality. Based on the fact that both QTL act during very
early grain development, before grain filling and starch accumulation has begumrt(&8re2005;
Shewryet al., 2012), | would hypothesise that these QTL act to enhance grain filling capacity

rather than a particular aspect of grain filling itself. Therefore, | would expegrén filling

process to proceed in the same way, with the relative proportions of protein, starch and

micronutrients etc. remaining roughly the same.
5.2.4 Understanding the causes of pleiotropic effects

These pleiotropic effects could be assessed in the 5A and 6A NILs, but this could be challenging
for a number of reasons. It will not be possible using the NILs to separate effects that are due to the

causal gene(s) themselves from those effects that area a result of other genes within the
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introgressed intervals. Additionally, as the phenotypic differences between NILs are very subtle it
may be difficult to separate truly biological effects from random biologicahtiani. Identifying

the causal gene(s) will allow larger variation to be explored and open new opportunities for
studying the function of the gene in more detail. Techniques such as RNAIi, CRISPR or TILLING
(reviewed in Uauy, 2017) will provide routes to explore a wide range of variation in the imglerly
genes ranging from understanding the effects of knock-out mutations to exploring how more subtle

allelic variations can affect gene function.
5.3 Combining beneficial alleles

Understanding the specific biological mechanisms and genes underlying the 5A and 6A QTL
allows hypotheses about combining beneficial alleles of genes to be generated and tested in an

informed and targeted way. This can occur on many different levels.
5.3.1 Combining homoeologues

Identifying the causal genes of the 5A and 6A QTL will allow the B and D homoeologues to be
identified. This will be important due to the subtle effects of grain weight QTL in lwsapheat
compared to grain weight QTL in diploid spesf{Borrill et al., 2015a; Uauy, 2017).

Simultaneously modulating the function of all three homoeologues has the potential to expand the
range of phenotypic variation and achieve effects comparable to those in diploids, for example
NAM-BL1, the gene underlying the GPC QTL discussed previously (eaaly, 2006; Avniet al.,

2014). The increased phenotypic range will be important both for understanding gene function and
also for providing breeders with novel allelic combinations as simultaneous beneficiabnsuirat

all three homoeologues are unlikely to occur naturally. Alternatively, the threzetogues may

not have completely redundant functions as certain copies may have diverged in function and/or
regulation. Although the causal genes underlying the 5A and 6A QTL have not yet been identified,
this concept is being explored with the 5A candidate genes discussed above (Table 5.1).
Additionally, studies in the lab are currently investigating the effects of combia@g/2_A with
TILLING knock-out mutations in the B and D homoeologuEsGQW2_B and_D). Other groups

have also generated lines with mutations in all tie€e\WW2 homoeologues using CRISPR (Liang

et al., 2017), which provide an alternative and complementary method to understand the function

and interaction between the homoeologues.
5.3.2 Combining components of pathways involved in grain size regulation

Different components of the same pathway could be combined to give additive effects on grain
size. As discussed above, in ArabidopBi8l is a target of the E3 ubiquitin ligaB&2.

Individually, both act to negatively regulate organ size through the suppression of cellgtiofifer
anddal da2 double mutants have a synergistic effect on organ sizes(’dlg 2013; Donggt al.,

2017). Combining components of the same pathway may not always provide additive/synergistic

effects and mutations could be epistatic (i.e. the phenotypic effect of one gene is dependent on the
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presence of the second modifier gene). Regardless, identifying specific pathways will allow the
function of different components to be investigated and manipulated to fine-tune the final grain
size. The ubiquitin-related differentially expressed genes from the 5A RNA-Seq study represent

good candidates for initial investigation in this way.

Additionally, genes affecting different pathways and grain size components could be combined to
give additive/synergistic effects. For example, combining genes that regulate cell exparsion wit
genes regulating cell proliferation or genes that increase grain length with genesdaskimggain
width. In the lab, NILs have been generated that combine the 5A QTL (grain length; cell
expansion) and the 6A QTL (grain width; possibly cell proliferation) in a common genetic
background. Initial results suggest that combining the two QTL does have an additive effect on
grain weight through increased grain width and grain length. In the 2017 field trials we also
assessed the cell size phenotype of these NILs, the results of which are currently being analysed.
We hypothesise that NILs with both the 5A and 6A QTL will have increased cell number and cell
size. Interestingly, combining the two QTL seems to have a ‘stabilising’ effect on the final grain

weight. In 2016, the 6A grain width effect did not perform well alone and 6A+ NILs did not have
significantly increased grain weight (Table 2.2). However, combining the 5A QTL and 6A QTL

still had significantly higher grain weight than the 5A QTL alone, suggesting that there eould b
some interaction between the two QTL. This was also seen when analysing historical data from the
UK public Avalon x Cadenza population (Simmonds, unpublished results). Identifying the genes

underlying these QTL will allow the exact nature of this interaction to be investigatieerfur
5.3.3 Combining grain size genes with other aspects of plant development

Combining genes that affect different yield components could provide a solution to overcome the
negative pleiotropic effects associated with increasing individual yield components. For example,
increases in grain number are often associated with decreases in grain size and consequently no
increase in overall grain yield is achieved. Combining a gene that increases grain number and a
gene that influences grain size could act to increase grain numbstrmduihtaining or enhancing

the grain size. Similar approaches could be taken to maintaining or increasing the nuwaliomal

of the grain.

Lastly, whilst this thesis has focussed on the genetic mechanisms underlying grain size and yield,
the agronomic aspects should not be ignored. Breeders select to maximise yield under specific
planting densities and agronomy conditions. When developing NILs, we modify a single region of
the genome which is extremely useful to study the trait in question (grain size in this thesis)

could alter the overall balance of the canopy that was selected to maximise yield. Theisfore, it
likely that changes in agronomy practices may be required to maximise the chance that tlee positiv
effect on grain size seen in NILs will translate into yield. This is currently ltestgd for the

2017-2018 field season by modifying seeding rates and fertilisation regimes to better understand

the interactions between genetics, environment and agronomy management.
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5.4 Concluding statement

Overall, this thesis has provided new insights into the mechanisms controlling grain size in wheat
through the characterisation of two distinct grain size QTL in multiple differeyg.\Wde results
presented here highlight the importance of early grain development in determining finalzagrain si
in wheat, and provide direct genetic evidence for the importance of the pericarp tissue. Fine-
mapping of the two QTL revealed complex underlying genetic architectures. Although the causal
genes were not identified, the intervals were reduced and the new flanking markers have been
shared with breeders to facilitate more efficient selection of the beneficial regi@SATh
transcriptomic study identified differentially expressed genes and pathways that couldhedinv

in the control of grain size, a subset of which are now being functionally characterised.

Ultimately, identifying the genes and pathways that control grain size and understanding how they

interact will allow breeders to manipulate and fine-tune final grain yield in wheat in naysl w
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Summary

e Crop yields must increase to address food insecurity. Grain weight, determined by grain
length and width, is an important yield component, but our understanding of the underlying
genes and mechanisms is limited.

e We used genetic mapping and near isogenic lines (NILs) to identify, validate and fine-map a
major quantitative trait locus (QTL) on wheat chromosome 5A associated with grain weight.
Detailed phenotypic characterisation of developing and mature grains from the NILs was per-
formed.

¢ We identified a stable and robust QTL associated with a 6.9% increase in grain weight. The
positive interval leads to 4.0% longer grains, with differences first visible 12 d after fertiliza-
tion. This grain length effect was fine-mapped to a 4.3 ¢cM interval. The locus also has a
pleiotropic effect on grain width (1.5%) during late grain development that determines the
relative magnitude of the grain weight increase. Positive NILs have increased maternal peri-
carp cell length, an effect which is independent of absolute grain length.

¢ These results provide direct genetic evidence that pericarp cell length affects final grain size
and weight in polyploid wheat. We propose that combining genes that control distinct biolog-

ical mechanisms, such as cell expansion and proliferation, will enhance crop yields.

Introduction

By 2050, it is predicted that the human population will have
exceeded 9 billion people (United Nations, 2015). This is driving
an increased demand for food production that is exacerbated by
the use of crops for fuel and animal feed, and the pressures on
agricultural systems resulting from climate change. With land for
agricultural expansion being limited, increasing crop yields pro-
vides a sustainable route towards meeting this demand. However,
rates of yield increase have slowed in recent years and are cur-
rently insufficient to achieve the estimated doubling in crop pro-
duction that will be required by 2050 (Tilman ezal, 2011; Ray
etal., 2013). Projections show that increasing productivity on
existing farmlands would increase the available food supply and
lower prices, significantly reducing the number of people at risk
of hunger globally (Rosegrant ezal, 2013). With one in nine
people currently living under food insecurity (FAO ezal., 2015),
it is urgent that we identify ways to increase crop yields.

Final crop yield is a complex quantitative trait strongly influ-
enced by interacting genetic and environmental factors. For
cereal crops, sced/grain weight (measured as thousand grain
weight, TGW) is a major yield component and is more stably
inherited than final yield itself (Kuchel ez 4/, 2007). Grain weight
is largely defined by the size of individual grains and the morpho-
metric components of grain area, length and width. A number of
genes controlling these traits have been cloned from major grain
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weight quantitative trait loci (QTL) in rice (Fan etal, 20065
Song etal., 2007; Weng etal., 2008; Wang et al., 2012). For
example, GW2, a RING-type E3 ubiquitin ligase, acts as a nega-
tive regulator of cell division and was identified as the gene
underlying a major QTL for rice grain width and weight (Song
etal., 2007). These studies, in addition to those in model species,
have shown that seed size is controlled through diverse mecha-
nisms and genetic pathways (reviewed by Xing & Zhang, 2010;
Li & Li, 2015). In Arabidopsis, the AINTEGUMENTA (ANT)
transcription factor increases seed size through increased cell pro-
liferation (Mizukami & Fischer, 2000), whilst the APETELA2
(AP2) transcription factor regulates seed size by limiting cell
expansion (Ohto efal, 2005). Other genes include those
involved in phytohormone biosynthesis and signalling (Riefler
et al., 2006; Schruff ez al., 2006; Jiang et al., 2013) and G-protein
signalling pathways (Huang ez al, 2009). Interestingly, many of
these genes have been shown to act maternally (reviewed by Li &
Li, 2015) and it has been proposed that the seed coat/pericarp (a
maternal tissue) sets an upper limit to the final size of the seed/
grain (Adamski ez /., 2009; Hasan ez al., 2011; Xia ez al., 2013).
Despite these advances, our understanding of the control of
grain size is more limited in important crop species such as wheat
(Triticum aestivum). Wheat provides ¢. 20% of the calories con-
sumed by humans and more protein globally than all types of
meat combined (FAO, 2017). Many QTL for grain weight and,
more recently, individual grain size/shape components have been
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identified in wheat (Breseghello & Sorrells, 2007; Gegas ez al.,
2010; Simmonds et al., 2014; Farre etal., 2016; Kumar ezal.,
2016). However, no mechanistic insight has been provided for
these QTL, few have been validated (Simmonds ez 4/., 2014) and,
as yet, none have been cloned.

A major challenge to validate and define the mechanisms gov-
erning grain weight QTL in polyploid wheat has been that their
effects are often subtle compared with QTL identified in diploid
species such as rice (Uauy, 2017). One explanation is that wheat
has a more limited capacity for increasing grain size than rice. An
alternative, and more likely, scenario is that the effect of variation
in an individual gene is masked by functional redundancy from
homocologous gene copies (Borrill ez al., 2015); bread wheat is a
hexaploid species with three homoeologous genomes (A, B and
D) that share 96-98% sequence similarity across genes (Krasileva
etal., 2013). In addition, the size (17 Gb) and highly repetitive
nature of the wheat genome has meant that, until recently, the
genomic resources available in wheat have been limited. How-
ever, in the last few years there has been a radical change in the
wheat genomics landscape with resources now including com-
plete genome sequences and high-quality gene models (IWGSC
REFSEQ v.1.0; IWGSC, 2014; Clavijo ez al., 2017), transcriptomic
databases (Pearce et al., 2015b; Borrill ez al., 2016), high-density
single nucleotide polymorphism (SNP) arrays (Wang ez al,
2014; Winfield ez 4l., 2016) and exome-sequenced mutant popu-
lations (Krasileva ez al., 2017).

In this study, we identified a stable and robust QTL for grain
weight in hexaploid wheat, which is driven by an increase in grain
length. The QTL affects cell expansion in the grain and acts to
increase the length of cells in the pericarp (maternal seed coat).
We genetically mapped the effect to an interval on chromosome
5A, and used the latest wheat genome sequences and gene models
to define the genes within the physical space. This detailed char-
acterisation of the QTL provides direct genetic evidence that
pericarp cell expansion affects final grain size, offering new
insights into the mechanisms controlling grain weight in poly-
ploid wheat.

Materials and Methods

Plant material

A doubled haploid (DH) mapping population was developed
from the cross between two UK hexaploid winter wheat
(Triticum aestivum L.) cultivars, ‘Charger’ and ‘Badger’. The
population was created using the wheat X maize technique from
F; plants (Laurie & Bennett, 1988) and comprised 129 individ-
uals, 92 of which were genotyped and used for evaluation. The
5A QTL was validated with the development of near isogenic
lines (NILs). Two DH lines (CB53 and CB89) homozygous for
the positive Badger loci across the complete linkage group were
crossed to Charger and heterozygous F; plants were backcrossed
to the Charger recurrent parent for four generations (BCy).
Heterozygous plants were selected at each generation using
markers Xgwm293 and Xguwm186. After BC, and BCy, heterozy-
gotes were self-pollinated and NILs homozygous for the
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alternative alleles across the interval were extracted (BC,F, and
BC4F,). In total, 10 BC, NILs were generated, six of which car-
ried the Xgwm293 to Xgqwml86 Badger-positive interval. An
additional 12 BC4 NILs were generated from the two DH lines
(six Badger and six Charger interval). Two representative BCy4
NILs with alternative haplotypes were genotyped with the 90K
iSelect array (Wang eral, 2014) to confirm the introgression
and identify additional segregating genomic regions. Recombi-
nant BC4F, plants between the flanking markers were also
selected and self-pollinated for the development of homozygous
BC4F3 recombinant inbred lines (RILs). Screening 170 plants
with flanking markers Xgwm293 and Xguwml86 yielded 60
recombinants within the interval, defining a genetic interval of

17.65 cM.

Genetic map construction and QTL analysis

The Charger x Badger genetic map was developed using simple
sequence repeat (SSR) markers. From 650 SSRs tested, 239 from
the JIC/psp (Bryan etal., 1997; Stephenson ezal, 1998), IPK
Gatersleben/gwml gdm (Roder et al., 1998; Pestsova et al., 2000),
Wheat  Microsatellite  Consortium/wme  (http://wheat.pw.
usda.gov/ggpages/SSRIWMC/), Beltsville Agricultural Research
Station/barc (Song et al., 2005) and INRA/cfa/cfd (Guyomarc’h
et al., 2002) collections were polymorphic between parental lines.
Consensus maps (Somers ez al., 2004) were used to select 212
SSR markers which maximised genome coverage with an approx-
imate marker density of one SSR every 20 cM. In addition, nine
sequence-tagged microsatellite profiling (STMP) markers (Hay-
den & Sharp, 2001) were incorporated into the map. To increase
marker density, 75 Kompetitive Allele Specific Primers (KASP)
markers were utilised. Markers with assigned chromosome loca-
tions (Allen ezal, 2011) were targeted to fill gaps in the genetic
map.

DNA extractions and genotyping procedures were performed
as in Simmonds ezal. (2014). Likewise, map construction, QTL
detection and muld-trait multi-environment (MTME) analysis
was conducted as in Simmonds ezal. (2014). Significant QTL
effects were detected above a 2.5 log-of-odds (LOD) threshold
(QTL Cartographer default).

SSR and KASP markers used in the QTL analyses were posi-
tioned with respect to the newly released Chinese Spring
sequence through a Brast search of 100-300 bp encompassing
each SNP against the International Wheat Genome Sequencing
Consortium (IWGSC) RerSEQ v.1.0 (hteps://wheat-urgi.versaille
s.inra.fr/Seq-Repository/Assemblies). In most cases, the order on
the reference sequence agreed with the genetic order in the
Charger x Badger population. For discrepancies, we used the
genetic position to order markers. In cases of no hits to the
REFSEQ v.1.0 assembly, we inferred a physical position based on
the two closest markers and the relative distance of all three mark-
ers based on their centiMorgan positions. Similarly, physical
positions of all iSelect SNPs were obtained using Brast to align
the surrounding sequence (201 bp) to the REFSEQ v.1.0 assembly.
TGACv1 gene models were positioned on RErSEQ v.1.0 with
GMAP (Wu & Watanabe, 2005) using best hit position and
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95% minimum similarity cut-off (D. Swarbreck and G.
Kaithakottil, Earlham Institute, Norwick, UK).

Field evaluation and phenotyping

The DH population was evaluated in the field in a randomised
complete block design with three replications at five sites (Nor-
wich and Sandringham, England; Balmonth, Scotland; Bohn-
shausen, Germany; and Froissy, France (Simmonds ez al., 2014)).
The experiments were continued for 3 yr (2001-2003) at Nor-
wich and Sandringham, and 2 yr (2002-2003) at the other three
sites. The field trials were sown in large-scale yield plots (1.1 x
6 m) and treated with standard farm pesticide and fertiliser appli-
cations to reproduce commercial practice. All trials were sown by
grain number for comparable plant densities per plot (275
seeds m ™~ %). Plots were measured for final plot yield after adjust-
ment for plot size, and TGW was calculated by counting and
weighing 100 seeds from each plot.

The NILs were evaluated at Norwich in 2012 and 2013 (10
BC, NILs), 2014 (12 BC4 NILs) and 2015 and 2016 (four BCy4
NILs), while BC4 RILs were analysed in 2014-2016. For both
NIL and RIL experiments, a randomised complete block design
was used with five replications. NILs were grown in large-scale
yield plots (1.1 x 6 m), whereas RILs were grown in 1.1 X 1 m
plots in 2014 and large-scale yield plots in 2015 and 2016. Final
grain yield (adjusted by plot size and moisture content) was
determined for NILs across the 5 yr. Developmental traits were
also measured for NILs in 2012-2016, although not all traits
were measured in each year (Supporting Information Table S1).
For all NILs (2012-2016) and RILs (2014-2016), grain mor-
phometric measurements (grain width, length, area) and TGW
were recorded on the MARVIN grain analyser (GTA Sensorik
GmbH, Neubrandenburg, Germany) using ¢ 400 grains
obtained from the harvested grain samples. For all NILs (2012~
2016), 10 representative spikes per field plot were also measured
for spike yield components (spikelet number, number of viable
spikelets, spike length, grain number per spike, spike yield and
seeds per spikelet), TGW and grain morphometric parameters.
The data from the 10 representative spikes were consistent with
the whole plot values.

Grain developmental time courses

The BC4 NILs grown in 2014-2016 were used for the grain
developmental time courses. Two Charger (5A—) and two
Badger (5A+) NILs were used, and the same NILs were used in
all three years. We tagged 65 ears per NIL across each of four
blocks in the field at full ear emergence (peduncle just visible) to
ensure sampling at the same developmental stage. Ten spikes per
NIL, per block, were sampled at each of five (2014) or six (2015—
2016) time points. The 2014 time points included 4, 8, 12, 18
and 27 d post-anthesis (dpa). The 2015 time points included
anthesis (0 dpa), and 4, 7, 12, 19 and 26 dpa. The 2016 time
points included 0, 3, 8, 10, 15 and 21 dpa. Ten grains were sam-
pled from each spike from the outer florets (positions F; and F,)
of spikelets located in the middle of the spike. Grains were
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weighed to obtain fresh weight, assessed for morphometric
parameters (grain area, length and width) on the MARVIN grain
analyser and then dried at 37°C to constant weight (dry weight).
For each block at each time point, a total of ¢. 100 grains were
sampled (10 spikes x 10 grains) per NIL. However, for the statis-
tical analysis the average of each NIL within each block was used
as the phenotypic value as the individual grains and spikes were
considered as subsamples.

Cell size measurements

One representative 5SA— and 5A+ BCy NIL was used for cell size
measurements. We selected mature grains from three blocks of
the 2015 harvest samples based on a variety of criteria. For each
NIL, we selected nine grains of average grain length from the
whole harvest sample from each block (groups SA—/5A+ aver-
age). For the SA— NIL, an additional nine grains were selected
that had grain lengths equivalent to the average of the 5A+ NIL
sample (5A— large). For the 5A+ NIL an additional nine grains
were selected that had grain lengths equivalent to the average of
the 5SA— NIL sample (5A+ small). We also selected grains of
average length from three blocks of the 2016 harvest (nine grains
were selected from each block per genotype). Grains were stuck
crease-down on to 12.5 mm diameter aluminium specimen stubs
using 12mm adhesive carbon tabs (both Agar Scientific,
Stansted, UK), sputter coated with gold using an Agar high-
resolution sputter coater and imaged using a Zeiss Supra 55 scan-
ning electron microscope. The surface (pericarp) of each grain
was imaged in the top and bottom half of the grain, with images
taken in at least three positions in each half. All images were
taken at a magnification of x500. Cell length was measured
using the Fiji distribution of IMAGE] (Schindelin eral, 2012)
(Fig. S1). Cell number was estimated for each grain using
grain length/average cell length. For the statistical analyses, we
considered the average cell length of each individual grain as a
subsample within the block.

Statistical analysis

DH lines homozygous across the genetic interval for the two
major QTL, Qtgw-cb.2B (Xgwm259-Xstm119tgag) and Qrgw-
cb.5A (Xqwm443-XBS00000435) were classified by genotype.
Using this classification, general linear model ANOVAs were per-
formed for TGW incorporating environment and year as factors
for each individual QTL, and for lines with both increasing alle-
les compared with those with neither. Pearson’s correlation coef-
ficient was calculated to assess the correlation between yield and
TGW. All analyses performed on DH lines was carried out using
MinTAB v.17.3.1 (Minitab Inc., Coventry, UK).

The NILs and RILs were evaluated using two-way ANOVAs,
with the model including the interaction between environment
and the 5A QTL. RIL groups were assigned as having a Charger-
or Badger-like grain length phenotype using a post hoc Dunnett’s
test to compare with C- and B-control groups. Similarly, two-
way ANOVAs, including genotype and block, were conducted

for the developmental time courses and cell size measurements.
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Analyses were performed using GENSTAT, 15" edition (VSN
International, Hemel Hemstead, UK) and R v3.2.5.

Results

A QTL on chromosome 5A is associated with increased
grain weight

A genetic map was developed for the Charger x Badger DH pop-
ulation comprising 296 polymorphic molecular markers. Linkage
analysis resulted in 32 linkage groups that were assigned to 21
chromosomes, covering a genetic distance of 1296 <M. The only
chromosome with no marker coverage was 6D.

QTL analysis identified two regions with consistent variation
for TGW, chromosomes 2B (Qtgw-cb.2B) and 5A (Qtgw-cb.54),
based on the mean LOD score across environments (Fig. 1) and
co-localisation of significant QTL (Table S2). Qzgw-cb.2B was
identified in seven of the 12 sites yr™ ' environments, providing a
mean of 11% of the explained variation when significantly
expressed and a mean additive effect of 1.26 g per 1000 grains,
with Charger providing the increasing allele. The peak LOD for
the QTL was located at markers XgwmI148 and XguwmlI20
depending on the environment. Qtgw-cb.5A was also significant
at seven of the 12 environments and accounted for 15.5% of the
phenotypic variation with a mean additive effect of 1.6 g per
1000 grains. The peak for Qtgw-ch.5A was defined by markers

Number of SNPs

50+
0

Fig. 1 Quantitative trait loci (QTL) analysis
and near-isogenic line (NIL) development.
Circos diagram showing the whole genome
QTL scan and single nucleotide
polymorphism (SNP) variation. Outer track is
the mean log-of-odds (LOD) score for
thousand grain weight (TGW) across all
environments measured. The red line shows
an LOD threshold of 2.5. Wheat
chromosome groups are represented in
different colours beneath the QTL scans. The
most significant and stable QTL identified
was on chromosome 5A (boxed segment).
Inner tracks correspond to heatmaps
representing the number of iSelect SNPs in
30 Mb windows showing variation between
Charger and Badger, parents of the doubled
haploid population (outer) or a
representative pair of 5A—/5A+ NILs
(innermost). Physical positions of all markers
(including those used in the QTL scan and
iSelect markers) were determined using the
IWGSC RerSea v.1.0 sequence.
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Xgwm293 (20.6 M) and Xbarc180 (25.3 cM; Fig. 2a), with
Badger providing the increasing allele.

Analysis of DH lines homozygous across the wider QTL
regions for both Qgw-cb.2B (Xgwm259-Xstm119tgag) and Qrgw-
cb.5A (Xgwm443-XBS00000435) demonstrated that the increas-
ing alleles of each individual QTL provided a significant 4.1%
and 5.5% increase in TGW (2<0.001), respectively. DH lines
containing both QTL (#2=9) produced a 10% increase
(P<0.001) over lines with neither (z=10), suggesting Qzguw-
¢b.2B and Qtgw-ch.5A are additive when combined.

There was a significant correlation (2<0.001) between grain
yield and TGW across all datasets, but significant QTL were only
co-located for both traits in France 2003 (2B) and England-
Norwich 2002/Scotland 2002(5A) (Table S3). This suggests that
although TGW was an important component regulating yield in
this DH population, it was also influenced by other yield compo-
nents. As Qrgw-cb.5A had a larger mean additive effect and
accounted for more of the phenotypic variation than Qzgw-cb.2B,
we selected Qrgw-cb.5A for further analyses.

MTME analysis defines Xgwm?293 as the peak marker of
Qtgw-cb.5A

MTME analysis was conducted on chromosome 5A for both
TGW and grain yield. For TGW, markers above the significance
threshold (LOD>2.5) ranged from Xgwm293 (20.6cM) to
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Fig.2 Chromosome 5A genetic/physical map and thousand grain weight (TGW) multi-trait multi-environment (MTME) analysis. (a) Genetic and physical
map of wheat chromosome 5A. The left-hand side represents the genetic map, comprising two linkage groups with calculated distances between markers
in centiMorgans (linkage group 1: 0-74.4 cM; linkage group 2: 0-30.2 cM). The right-hand side represents the physical map according to the Chinese
Spring IWGSC RerSeq v.1.0 sequence. Markers highlighted in orange indicate those used for near isogenic line (NIL) development. (b) MTME quantitative
trait loci (QTL) analysis of the 5A QTL for TGW across Linkage group 1. The red line indicates a log-of-odds (LOD) threshold of 2.5. (c) Markers with
significant additive effects are shown for each environment for those markers above the LOD threshold in (b). The intensity of the colour (yellow to brown)
indicates the level of the significance as indicated by the legend. E-N, England-Norwich; E-S, England, Sandringham; F, France; G, Germany; Sc, Scotland.

XBS00015653 (33.7 cM) with the peak being at Xguwm293
(Fig. 2b,c). At least one of the markers within the identified
region was significant at each of the 12 environments, with
Badger always providing the beneficial alleles. For yield, MTME
analysis identified a significant QTL in the Qzgw-cb.5A region,
with the peak marker (Xgwm293) being the same as for TGW.
Significant increases in the additive effect of Badger were
observed in seven environments (Fig. S2), contrasting with only
two in the previous single-environment analysis. It is worth not-
ing that in two environments (England-Sandringham 2001 and
2003), the alternative parent Charger had a borderline significant
effect on yield in the MTME analysis. Taken together, these
results suggest that the Badger Qrgw-cb.5A interval is associated
with a consistent effect on TGW across environments which
often, but not always, translates into a yield benefit.

NILs differing for Qtgw-cb.5A show a 6.9% difference in
TGW

To independently validate and further investigate the effect of
Qrgw-cb.5A (hereafter 5SA QTL) on TGW, BC, and BC,4 NILs
differing for the QTL region were developed using markers
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Xqwm293 and Xgwm186 and Charger as the recurrent parent.
Pairs of BC4 NILs carrying the Charger (SA—) or Badger (5A+)
segment were genotyped using the iSelect 90K SNP array (Wang
etal., 2014) and found to be 97.2% similar, only showing varia-
tion in 221 markers across the 5A QTL, compared with 7973
SNPs between the parents (Fig. 1, inner tracks). These NILs
therefore provide a valuable resource for specifically studying the
effects of the 5A QTL in more depth.

Across 5 yr of replicated field trials, 5A+ NILs showed an aver-
age increase in TGW of 6.92% (P£<0.001) ranging from 4.00 to
9.28% (Table 1), and significant in all years. The difference in
TGW was associated with a yield increase of 1.28% in 5A+ NILs
across all years, although this effect was not significant
(P=0.093). The effect varied across years with a significant yield
increase of 2.17% (P=0.046) in 2014 and nonsignificant effects
0f 0.02-1.72% in the other four years. The positive effect of the
QTL on yield was similarly subtle in the DH population as
described previously.

We measured the NILs for a series of spike yield component
traits to determine possible pleiotropic effects associated with the
5A+ TGW effect. Within most years, there was no significant
effect of the 5A+ allele on spike yield components such as spikelet
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Table 1 Mean thousand grain weight (TGW), yield and grain morphometric parameters of 5A near isogenic lines (NILs)

Year Genotype TGW (g) Yield (kg per plot) Grain area (mm?) Grain length (mm) Grain width (mm)
2012 5A— 38.027 4.408 18.755 6.625 3.475
5A+ 41.554 4.437 19.930 6.900 3.557
9.28%*** 0.66%" 6.26%*** 4.15%*** 2.35%**
2013 5A— 40.772 6.157 19.969 6.705 3.674
5A+ 43.544 6.159 20.979 6.963 3.727
6.80% *** 0.02%" 5.06 % *** 3.86%*** 1.44%***
2014 5A— 47.368 6.495 21.493 6.798 3.930
5A+ 50.729 6.636 22.579 7.063 3.979
7.09%*** 2.17%* 5.05%*** 3.90%*** 1.25%**
2015 5A— 42.734 7.582 18.044 6.426 3.479
5A+ 46.201 7.712 19.293 6.730 3.554
8.11%*%* 1.72%"™ 6.93%*** 4.72 %% 2.16%***
2016 5A— 49.292 5.974 19.829 6.580 3.735
5A+ 51.266 6.064 20.610 6.816 3.745
4.00%* 1.50%" 3.94%** 3.58%*** 0.27%"™
Overall 5A— 43.639 6.123 19.618 6.627 3.659
5A+ 46.659 6.201 20.678 6.894 3.712
6.92 % *** 1.28%" 5.41 % *** 4.04 % *** 1.45% *+x1

"Percentages (%) indicate amount gained in 5A+ NILs compared with 5A— NiLs. Asterisks indicate significance determined by ANOVA for either each
year, or across all years (final row). ns, nonsignificant; *, P<0.05; **, P<0.01;*** P<0.001; 2012-2013, BC,-NILs; 2014-2016, BC4-NILs.

number, seeds per spikelet or grain number per spike (Table S4).
However, when all years were analysed together, we observed a
significant reduction in grain number (—3.55%, P=0.04) and
seeds per spikelet (=3.37%, P=0.015) associated with the 5A+
interval. This statistical significance was driven by a particularly
strong negative effect in 2016 as grain number and seeds per
spikelet were nonsignificant in the preceding four seasons (2012—
2015). Overall, however, the 5A+ interval is associated with a
consistent small decrease in these spike yield components.

Taking into account the 6.92% effect of the 5A+ QTL on
TGW and the tendency for decreases in some spike yield compo-
nents, the overall spike yield increased by 2.33% (P=0.032)
across the five years. However, similar to grain number and seeds
per spikelet, the statistical significance is driven by a single year
(2014) despite overall positive effects in another three years
(2012, 2013, and 2015). We also measured tiller numbers and
found a significant reduction of 4 tillers m ™" in the 5A+ NILs
across 2 yr (P=0.008) (Table S1). No effect was seen for spikelet
number and additional phenology traits (Table S4). Taken
together, these results suggest that the SA+ interval has a consis-
tent positive effect on TGW and that the effects on yield are
modulated by a series of smaller compensating negative effects on
yield components such as grain number, seeds per spike and tiller
number.

The TGW increase in 5A+ NILs is primarily due to increased
grain length

TGW is determined by individual components including physi-
cal parameters such as grain length and width. To understand the
relative contribution of these components to the increase in
TGW, NILs were assessed for these grain morphometric parame-
ters (length, width and area) using a two-dimensional imaging
system (Table 1). 5A+ NILs had significantly increased grain

© 2017 The Authors
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length (£<0.001), width (£<0.001) and area (2<0.001) com-
pared with 5A— NILs across all years with the exception of width
in 2016. On average, the 5A+ QTL increased grain length by
4.04% (P<0.001), ranging from 3.58 to 4.72% (£<0.001 in all
years). The effect on width was smaller, averaging 1.45%
(P<0.001; range 0.27-2.35%) and significant in four out of five
years (Table 1). The effects on length and width combined to
increase grain area by an average of 5.41% (P<0.001), signifi-
cant in all five years. These results were based on combine har-
vested grain samples and were also confirmed in 10 representative
single ear samples taken before harvest. TGW of the 10 spikes
correlated  strongly with the whole plot samples (r=0.84,
P<0.001) and showed a similar difference between NILs
(6.00%, P<0.001; Table S4). Across datasets, the effect of the
5A+ QTL on grain length was more than twice the size of the
effect on grain width. This fact, together with the more consistent
effect on grain length across years (coefficient of variation
length = 10.6%; width =55.3%; TGW =27.8%; Table S5) sug-
gests that the increase in grain length is the main factor driving
the increase in grain area and TGW.

We compared the distribution of grain length and width using
data from individual seeds to determine whether the QTL affects
all grains uniformly. Violin plots for length showed variation in
distribution shape among years (Fig. 3). However, within years
the 5A— and 5A+ grain length distributions were very similar in
shape, suggesting that the QTL affects all grains uniformly and in
a stable manner across the ear and within spikelets. In all years,
the 5A+ grain length distributions were shifted higher than the
5A— NILs with an increase in longer grains and fewer shorter
grains, in addition to the higher average grain length (Fig. 3).
Grain width distributions were also very similar in shape within
years, but had a less pronounced shift between NILs (Fig. S3),
consistent with the overall smaller effect of the SA QTL on grain
width.
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The 5A QTL region acts during grain development to
increase grain length

To determine when differences in grain morphometric parame-
ters between NILs are first established, we conducted grain devel-
opment time courses of two 5A— and two 5A+ BC,; NILs.
Grains were sampled in 2014, 2015 and 2016 from field plots at
anthesis and at five further time points across grain development
until the difference in grain size had been fully established. Data
from 2015 are shown in Fig. 4 as a representative year (samples
taken at anthesis (0 dpa), and at 4, 7, 12, 19 and 26 dpa). The
first significant difference in grain length was observed at 12 dpa
with 5A+ NILs having 1.5% longer grains than 5A— NILs
(P=0.034). This effect increased to 4.4% at 19 dpa (£<0.001)

and was maintained at 26dpa (4.5% increase, P<0.001;
Fig. 4a). No significant effects on grain width were observed until
26dpa when 5A+ NILs increased grain width by 1.7%
(P=0.015; Fig.4b). Significant differences in grain area were
detected at 19 dpa (5.7% increase; P<0.001; data not shown)
and this difference was maintained at the final time point, 26 dpa
(6.1%, P<0.001). By the final time point, 5A+ NILs also had
significantly heavier grains (3.7%, P=0.01; Fig.4c). These
effects were all consistent with the grain size and weight differ-
ences observed in mature grains in 2015 (Table 1) and were also
observed in 2014 and 2016 (Figs S4, S5). The fact that the
effects on width, area and weight are all after the first significant
difference on grain length in all three years further supports grain
length as the main factor driving the increase in grain weight.
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Fig. 4 Grain development time course of 5A— and 5A+ near isogenic lines (NILs). (a) Grain length, (b) grain width and (c) grain dry weight of 5A— (grey,
dashed line) and 5A+ (purple, solid line) BC, wheat NILs during grain development with samples taken at anthesis (0 d post-anthesis, dpa), and 4, 7, 12, 19
and 26 dpa in 2015 field trials. *, P<0.05; *** P <0.001. Error bars show + SEM.
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5A+ NILs have increased pericarp cell length independent
of absolute grain length

We used scanning electron microscopy to image pericarp cells
and determine cell size of BC4 5A— and 5A+ grains. Mature
grains from the 2015 field experiment were selected from a SA—
and 5A+ NIL pair based on their grain length and using a variety
of criteria to allow for distinct comparisons (Fig. 5). First, we
compared grains of average length from the 5A— and 5A+ NIL
distributions (Fig. 5a). We found that average 5A+ grains had an
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8.33% significant increase in mean cell length (2= 0.049) com-
pared with average 5A— grains and that this was reflected in a
shift in the whole distribution of 5A+ cell lengths (Fig. 5a). Next,
we compared cell lengths in grains of the same size from 5A—
and 5A+ NILs. We selected relatively long grains from the 5SA—
NIL distribution (Fig. 5b; orange) that had the same grain length
as the average 5A+ grains. This comparison showed that 5A+
grains still had longer cells (9.53%, P=0.015) regardless of the
fact that the grain length of the two groups was the same

(6.8 mm; Fig. 5b). We also made the opposite comparison by
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Fig.5 Comparisons of cell length between 5A— and 5A+ near isogenic lines (NILs). Density plots of cell length measurements from 27 grains per genotype
group; dashed line represents the mean. ‘Grain length’ insets show the average grain length of each group of grains used for measurements. The increase
in cell length of 5A+ wheat NILs relative to cell length of 5A— grains is shown as a percentage along with the P-values calculated using ANOVA to compare
means of the two groups displayed. (a) Wheat grains of average length from 5A— and 5A+ NILs, (b) average 5A+ grains and equivalent 5A— grains,

(c) average 5A— grains and equivalent 5A+ grains, (d) long 5A— grains (length equivalent to average 5A+ grains) and short 5A+ grains (grain length

equivalent to average 5A— grains).
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selecting relatively short grains from the 5A+ NIL distribution
(Fig. 5¢; green) and comparing them with average 5A— grains.
Similar to before, the 5A+ grains had longer cells (8.61%),
although this effect was borderline nonsignificant (£=0.053;
Fig. 5¢). Finally, a comparison of long 5A— grains and short 5A+
grains again showed that cells were longer in 5A+ grains (9.81%,
P=0.011), even though the 5A+ grains used in this comparison
were 7.65% shorter than the SA— grains. Within-genotype com-
parisons of cell length between grains of different lengths showed
no significant differences in mean cell length (Fig. S6). The
results were confirmed in 2016 where average 5A+ grains had a
24.6% significant increase in mean cell length compared with
average 5A— grains (2<0.001; Fig. S7). These results indicate
that the 5A+ region from Badger increases the length of pericarp
cells independent of absolute grain length. Using grain length
and mean cell length to calculate cell number, we determined
that the average length grains of both 5A— and 5A+ had the same
number of cells in 2015. However, in 2016, SA— NILs had sig-
nificantly more cells than 5A+ NILs (Fig. S8).

The grain length QTL maps to a 75 Mb/4.3 cM genetic
interval

We used a set of 60 homozygous RILs to map the grain length
phenotype to a narrower genetic interval within the 5A QTL
region (17.65 cM, 367 Mbp). KASP markers were developed for
25 additional SNPs between the two original QTL flanking
markers (Xgwm293 and Xgwm186; Fig. 6a) based on data from

New
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the iSelect genotyping of BC4 NILs and 820K Axiom Array
genotyping of Charger and Badger (Winfield ez /., 2016). Based
on the genotype of these 25 markers, 49 of the RILs were
assigned to 11 distinct recombination groups represented as
graphical genotypes in Fig. 6(a). Control RILs were selected
based on having either the Charger (5A—) or Badger (5A+) geno-
types across the interval (C-control and B-control, respectively).

RILs were phenotyped for grain length in three field seasons
and we found significant differences between RIL groups
(P£<0.001). The overall average grain length of the B-control
group was 4.06% higher than the C-control group (2<0.001;
Fig. 6b), consistent with the differences in grain length observed
between the NILs (Table 1). Each RIL group was classified based
on Dunnett’s tests to both control groups: for example, an RIL
group was classified as Charger-like only if it was both signifi-
cantly different from the B-control @nd nonsignificantly different
from the C-control. Using this classification, we assigned unam-
biguously the 11 RIL groups to a parental type and genetically
mapped the grain length phenotype between markers
XBS00182017 and XBA00228977 (Fig.6). This represents a
genetic distance of 4.32 cM corresponding to a physical interval
of 74.6 Mb in the Chinese Spring REFSEQ v.1.0 sequence.

This 74.6 Mb interval contains 811 TGACvl gene models
(Clavijo etal., 2017) based on in silico mapping to the Chinese
Spring reference (Notes S1). We analysed the expression profile
of these genes on the wheat expVIP expression platform (Borrill
etal., 2016) and found that 439 of these genes are expressed (> 2
transcripts per million) in at least one grain RNA-seq sample

= ~ ~ ~ o O
2 s 5 & § =8
@ S 2 & B 32Se
S = 8 § I 388
=3 =3 =1 =3 oS OO0
=2 g S 2 2aa
T n TR
© NE=—= "
50 Mb
Group 1 (1) 1 |
Group 2 (4) |
Group 3 (4) [ —— ]
o Group4(1) T b
5 Group 5 (8) IL | 1 H
S Group6(2) [ | _—I
D__il Group 7 (4) [ g 14
Group 8 (6) I —
Group 9 (5) IR
Group 10 (10) ] I ——
Group 11 (4) e = e
C-control (2) [ i H B i i ] B 5 X —
B-control (2) -——i
1 | Iml 1 1 I 1 I | = = = - . 1
6.5 66 6.7 6.8 6.9 70 71

Grain length (mm)

Fig. 6 Grain length maps to a 4.3 cM interval on wheat chromosome 5A. (a) Graphical genotypes of recombinant inbred line (RIL) groups with the number
of lines in each group shown in parentheses. RILs were grouped based on their genotypes defined by having either the Charger-like (grey) or the Badger-
like (purple) allele at each marker shown across the interval. Markers highlighted in orange indicate markers used for near isogenic line (NIL) development.
(b) ANOVA adjusted mean grain length of RIL groups across all experiments. Bars are coloured based on a Charger- or Badger-like phenotype, determined
by Dunnett's test. Purple, Badger-like; grey, Charger-like. Error bars represent SEM.
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(n=147). The developmental time courses suggest that the 5A
QTL acts at ¢. 12dpa and we found 405 of these transcripts
expressed in grain samples taken at around this time (4-15 dpa,
n=159), with 298 genes expressed in the pericarp tissue (Pearce
etal., 2015a) (Notes S1; Fig. S9).

Discussion

In this study we identified a stable and robust QTL associated
with a 6.9% increase in grain weight. This increase is driven by
longer grains associated with increased pericarp cell length. In
wheat and barley pericarp cell division decreases shortly after fer-
tilization (2—6 d; Drea ez al., 2005; Radchuk ez al.,, 2011) and cell
expansion plays the predominant role in increasing pericarp size
during grain development. Our results are consistent with a role
of the 5A gene on pericarp cell expansion given that significant
differences in grain size are only observed 12 d after fertilization,
once cell expansion has begun. However, we cannot discard an
overlapping late effect on cell division given the conflicting results
in final pericarp cell number between years.

Opverall, our results suggest that the gene underlying this locus
regulates, either directly or indirectly, cell expansion in the peri-
carp (seed coat), a mechanism that is known to be a key determi-
nant of grain/seed size in several species. Some genes, such as
expansins and XTH (xyloglucan endotransglucosylase/hydro-
lases), affect cell expansion directly by physically modifying or
‘loosening’ the cell wall (reviewed by Cosgrove, 2005), and the
expression of these enzymes has been associated with pericarp cell
expansion in wheat and barley (Lizana eral, 2010; Radchuk
etal, 2011; Munoz & Calderini, 2015). Other genes regulate
pericarp/seed coat cell size indirectly, for example through the
regulation of sugar metabolism and subsequent accumulation in
the vacuole (Ohto ez 4l., 2005) and endoreduplication (Chevalier
etal., 2014). Our results provide direct genetic evidence that
pericarp cell expansion affects final grain size and weight in poly-
ploid wheat.

The maternal control of grain/seed size has been well docu-
mented in rice and Arabidopsis (Li & Li, 2015), as well as in
wheat through physiological and genetic studies (Hasan ez al,
2011; Simmonds ez al., 2016). This can affect cell proliferation
and/or cell expansion of maternal tissues, such as the wheat
pericarp, both before and after fertilisation (Garcia ez al., 2005;
Adamski eral, 2009; Ma ezal., 2016). For example, GW2 in
rice and its orthologue in Arabidopsis (DA2) affect grain/seed
size through suppression of cell proliferation (Song ez 4l., 2007;
Xia etal, 2013). Similarly in wheat, a knock-out mutant of
the GW2 orthologue has larger carpels than wild-type plants,
suggesting that the gene acts on maternal tissue before fertilisa-
tion (Simmonds etal, 2016). The effect of the wheat GW2
gene on cell size and number has not been determined
however.

The direct assignment of the 5A effect to the maternal parent
will require additional studies, including analysis of F; hybrids
from reciprocal crosses. These studies are not routinely per-
formed in wheat given that the phenotypic variation between
individual F; grains often surpasses the relatively subtle
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phenotypic effects of most grain size QTL (usually <5% in
wheat). The identification of a robust effect on pericarp cell
length in this study, which is independent of the individual grain
size, opens up a new approach to explore these parent-of-origin
effects in polyploid wheat.

It has been proposed, in multiple species, that the size of the
pericarp/seed coat determines final grain size by restricting
endosperm growth (Calderini ezal, 1999; Adamski ez al., 2009;
Hasan ezal.,, 2011). This is analogous to the way in which grain
size in rice is limited by the size of the spikelet hull (Song ez al.,
2005). Both the length (Lizana ezal, 2010; Hasan ezal., 2011)
and the width (Gegas ez al., 2010; Simmonds ez al., 2016) of the
pericarp have been proposed as key determinants of final grain
weight in wheat. Our results provide genetic evidence for the
importance of the maternal pericarp tissue and show that length
is the underlying component for the 5A locus. Across three years,
the difference in grain length between NILs was the first grain
size component difference to be established. Only after this did
we observe any differences in grain width, weight or grain filling
rate. These differences in grain length were extremely consistent
across years (despite average TGW values ranging from 39.8 to
50.3 g) compared with the more variable differences in grain
width and weight. Based on these results we hypothesise that the
5A locus increases grain weight by a primary effect on grain
length, which confers the potential for further enhancements by
pleiotropic effects on grain width. The grain length effect is
genetically controlled and stable across environments, whereas
the pleiotropic effect on grain width occurs later in grain develop-
ment and is more environmentally dependent and variable. The
final magnitude of the 5A grain weight increase (ranging from
4.0 t0 9.3%) is thus determined by the extent to which the late-
stage pleiotropic effect on grain width is manifested and the
potential exploited. This could explain why the grain width
increase was significantly correlated with the increase in TGW
(r=0.98, P=0.004) whilst grain length was not (r=0.71,
P=0.18).

By dissecting TGW to a more stable yield component (grain
length) we were able to classify RILs in a qualitative/binary man-
ner (i.e. ‘short’ or ‘long’ grains) which enabled the fine mapping
of the 5A locus to a genetic distance of 4.3 cM. We identified .
400 genes in this interval that are expressed in the grain, several
of which have annotations associated with genes implicated in
the control of grain/seed size. Although it is premature to specu-
late on potential candidate genes, identification of the causal
polymorphism will provide functional insight into the specific
mechanism by which pericarp cell size and grain weight are con-
trolled in polyploid wheat.

The consistent effect of the 5A locus on grain length and
weight did not always translate into increased yield. In the origi-
nal DH analysis, the 5A TGW effect co-located with final yield
in seven of the 12 environments. This overall positive trend was
also reflected in the NILs, although yield increases were only sig-
nificant in 2014. We concluded that the effects on yield are mod-
ulated by a series of smaller negative effects on other yield
components which could be due to additional genes within the
broader 5A region. Alternatively, it could be that the full
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potential of the grain length effect will be realised only under cer-
tain environments or in combination with other genes.

By understanding the biological mechanism by which the 5A
locus achieves increased grain size, hypotheses can be generated
to combine genes in an informed and targeted way. For example,
we are combining the 5A grain length/pericarp cell expansion
effect with the 72GW2 mutants which affect grain width (pre-
sumably through pericarp cell proliferation) to determine if they
act in an additive or synergistic manner. Identifying the 5A gene
will also allow the function of the homoeologous copies on chro-
mosomes 5B and 5D to be determined. This is important
because the effects of grain weight QTL in polyploid wheat are
often very subtle compared with those in diploid species (Borrill
etal., 2015; Uauy, 2017). Modulating the function of all three
homoeologues simultaneously holds the potential to expand the
range of phenotypic variation and achieve effects comparable to
those in diploids, for example NAM-B1 (Uauy et al., 2006; Avni
etal., 2014; Liang ez al., 2014). Ultimately, identifying the genes
and alleles that control specific yield components and under-
standing how they interact amongst them and with the environ-
ment will allow breeders to manipulate and fine-tune wheat yield
in novel ways.
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Appendix 2

Primer table of KASP markers developed during the PhD

Marker name  Primer Sequence (5'-3")

Hap-P2 GAAGGTGACCAAGTTCATGCTAGGGTGAGACGAAAATAAATCGA
GAAGGTCGGAGTCAACGGATTAGGGTGAGACGAAAATAAATCGG
GGACTTGGTAGCTTTCACTTTATGA
GAAGGTGACCAAGTTCATGCTCCTCTTGCATCATCACTACCAC
GAAGGTCGGAGTCAACGGATTCCTCTTGCATCATCACTACCAT
CCTGCTGGTGTTAGTGGATCT
GAAGGTGACCAAGTTCATGCTGCCTCCCATCCTTTGACGAG
GAAGGTCGGAGTCAACGGATTGCCTCCCATCCTTTGACGAA
GTGCTATCTTGGACATCTTGTCT
GAAGGTGACCAAGTTCATGCTTGTAATTTGTTTGCTGCAGAGAC
GAAGGTCGGAGTCAACGGATTTGTAATTTGTTTGCTGCAGAGAA
CTTAGCAGATGGTTCTTTAGTATGC
GAAGGTGACCAAGTTCATGCTTACTGCCTCTCCTTTCAGCCC
GAAGGTCGGAGTCAACGGATTTACTGCCTCTCCTTTCAGCCT
CCATTTCAGGTCTTGGCTGGTAT
GAAGGTGACCAAGTTCATGCTCACTTTCTCATTGCAATGCCATA
GAAGGTCGGAGTCAACGGATTCACTTTCTCATTGCAATGCCATG
TTAGAAAATTCGATGATGCACACT
GAAGGTGACCAAGTTCATGCTCCTGAGAGCTATCACCCTCC
GAAGGTCGGAGTCAACGGATTCCTGAGAGCTATCACCCTCT
GCTCTCTTCTCTTCCTTTCGTAC
GAAGGTGACCAAGTTCATGCTAGAGTGGAGAGGAAGACCGG
GAAGGTCGGAGTCAACGGATTAGAGTGGAGAGGAAGACCGA
TCACCGCGGCAATGGCTA
GAAGGTGACCAAGTTCATGCTAAGGCGATTTCTCAACAGGAT
GAAGGTCGGAGTCAACGGATTAAGGCGATTTCTCAACAGGAC
ATGCCTTCCTACTTCCCTGG
GAAGGTGACCAAGTTCATGCTGCACAAAACCAGAGCTAAACCG
GAAGGTCGGAGTCAACGGATTGCACAAAACCAGAGCTAAACCA
GGCTGTTTATTGCAGTTGCC
GAAGGTGACCAAGTTCATGCTGGCAGTGCAGGATACGGT
GAAGGTCGGAGTCAACGGATTGGCAGTGCAGGATACGGC
AGCGTAGAAAAGCCACAAGAAG
GAAGGTGACCAAGTTCATGCTAACGGCAATTAATATCGATGGAAG
GAAGGTCGGAGTCAACGGATTAACGGCAATTAATATCGATGGAAA
GCACCACACAGTTAGCTTAAAGAT
GAAGGTGACCAAGTTCATGCTTGAACCCAACGAAGCAGAATC
GAAGGTCGGAGTCAACGGATTTGAACCCAACGAAGCAGAATT
GCGGCGAAATTTATGTGGTTG
GAAGGTGACCAAGTTCATGCTACCTTTCACATAAATTTGAGGTGT
GAAGGTCGGAGTCAACGGATTACCTTTCACATAAATTTGAGGTGC
ACTCTCGGGTTAAATACAGAACA
GAAGGTGACCAAGTTCATGCTTCCAGCATGTGATTAACTACGATAT
GAAGGTCGGAGTCAACGGATTTCCAGCATGTGATTAACTACGATAA
AGTTGCTATTCCAGTTTTCCCAT

Tn

JBRNA_Seql

JBRNA_Seq2

JBRNA_Seq3

JBRNA_Seq4

JBHap001

JBHap002

JBHap003

JBHap004

JBHap005

JBHap006

JBHap007

JBHap008

JBHap009

JBHap010

OI T OITOITOITOITOITOITOITOITOI TOI TOITOI TOITOI



Marker name  Primer Sequence (5'-3")

JBHap011 GAAGGTGACCAAGTTCATGCTTCCTGTTGACACAGAAAGATCAGC
GAAGGTCGGAGTCAACGGATTTCCTGTTGACACAGAAAGATCAGT
AACTGTAACCGACTCGGAGC
GAAGGTGACCAAGTTCATGCTACTATGCTCGATTCTCAACACAA
GAAGGTCGGAGTCAACGGATTACTATGCTCGATTCTCAACACAC
TCGTTGAACAATGCAGTGCA
GAAGGTGACCAAGTTCATGCTGTTTCAACAAGACCTCCCGG
GAAGGTCGGAGTCAACGGATTGTTTCAACAAGACCTCCCGA
ACATGAAGCTCTCTGCCTG
GAAGGTGACCAAGTTCATGCTGTCTCCTGATTTTGGTCGTGC
GAAGGTCGGAGTCAACGGATTGTCTCCTGATTTTGGTCGTGT
AGATTTGCCAGATATCGATGACA
GAAGGTGACCAAGTTCATGCTCCTCTTGCATCATCACTACCAC
GAAGGTCGGAGTCAACGGATTCCTCTTGCATCATCACTACCAT
CCTGCTGGTGTTAGTGGATCT
GAAGGTGACCAAGTTCATGCTGCCTCCCATCCTTTGACGAG
GAAGGTCGGAGTCAACGGATTGCCTCCCATCCTTTGACGAT
GTGCTATCTTGGACATCTTGTCT
GAAGGTGACCAAGTTCATGCTTGTAATTTGTTTGCTGCAGAGAC
GAAGGTCGGAGTCAACGGATTTGTAATTTGTTTGCTGCAGAGAA
CTTAGCAGATGGTTCTTTAGTATGC
GAAGGTGACCAAGTTCATGCTGGACGGGTTAACAACAGTACAATAG
GAAGGTCGGAGTCAACGGATTGGACGGGTTAACAACAGTACAATAT
CCTCAACTATCAGGCTGGGA
GAAGGTGACCAAGTTCATGCTTGCCTCTGCTGTGATGGT
GAAGGTCGGAGTCAACGGATTTGCCTCTGCTGTGATGGG
CAACGTTAATACTTCTGCACTTACA
GAAGGTGACCAAGTTCATGCTTTCTTGCACATTCTTTAATGGAGAG
GAAGGTCGGAGTCAACGGATTTTCTTGCACATTCTTTAATGGAGAT
TTGAGACTCTGGATCATGCG
GAAGGTGACCAAGTTCATGCTGGCCATAATTCTTTTGAAAGCACG
GAAGGTCGGAGTCAACGGATTGGCCATAATTCTTTTGAAAGCACA
TCAGGAACGCCCTCTCCG
GAAGGTGACCAAGTTCATGCTTACTGCCTCTCCTTTCAGCCC
GAAGGTCGGAGTCAACGGATTTACTGCCTCTCCTTTCAGCCT
CCATTTCAGGTCTTGGCTGGTAT

Tn

JBHap012

JBHap013

JBHap014

JBHap015

JBHap016

JBHap017

JBHap018

JBHap019

JBHap020

JBHap021

JBHap022

OI T OITOITOITOITMTOITOITOITOITOITOITOIT

The primer column indicates the primer type. F = FAM, H = HEX and C = common. F and H
primers are labelled probes, with the first 21 bp of each F and C primer sequence being the ¢
probe sequences
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Abstract

Background

There is an urgent need to increase global crop production. Identifying and combining genes
controlling indidviual yield components, such as grain weight, holds the potential to enhance crop
yields. Transcriptomics is a powerful tool to gain insights into the complex gene regulatory networks
that underlie such traits, but relies on the availability of a high-quality reference sequence and
accurate gene models. Previously, we identified a grain weight QTL on wheat chromosome 5A (5A
QTL) which acts during early grain development to increase grain length through cell expansion in
the pericarp. In this study, we performed RNA-sequencing on near isogenic lines (NILs) segregating
for the 5A QTL and used the latest gene models to identify differentially expressed (DE) genes and

pathways that potentially influence pericarp cell size and grain weight in wheat.

Results

We sampled grains at four and eight days post anthesis and found genes associated with
metabolism, biosynthesis, proteoloysis and defence response to be upregulated during this stage of
grain development in both NILs. We identified a specific set of 112 transcripts DE between 5A NiLs at
either time point, including seven potential candidates for the causal gene underlying the 5A QTL.
The 112 DE transcripts had functional annotations including non-coding RNA, transpon-associated,
cell-cycle control, and ubiquitin-related processes. Many of the wheat genes identified belong to
families that have been previously associated with seed/grain development in other species.
However, few of these wheat genes are the direct orthologs and none have been previously
characterised in wheat. Notably, we identified DE transcripts at almost all steps of the pathway
associated with ubiquitin-mediated protein degradation. In the promoters of a subset of DE
transcripts we identified enrichment of binding sites associated with C2H2, MYB/SANT, YABBY, AT-

HOOK and Trihelix transcription factor families.
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37 Conclusions

38 In this study, we identified DE transcripts with a diverse range of predicted biological functions,
39  reflecting the complex nature of the pathways that control early grain development. Further
40  functional characterisation of these candidates and how they interact could provide new insights

41  into the control of grain size in cereals, ultimately improving crop yield.

22 Keywords

43 Wheat, RNA-seq, Ubiquitin, Grain weight, Pericarp, Transcriptomic, Grain size, near isogenic lines

as  Background

45  Crop production must increase to meet the demands of a global population estimated to exceed

46 nine billion by 2050 [1]. Indeed, one in nine people currently live under food insecurity [2]. With

47  limited opportunity for agricultural expansion, increasing yields on existing land could significantly
48  reduce the number of people at risk of hunger [3]. It is estimated that at least a 50% increase in crop
49  production is required by 2050 [4, 5], however current rates of yield increase are insufficient to

50 achieve this goal [6]. It is therefore critical and urgent that we identify ways to increase crop yields.

51  Final crop yield is influenced by the interaction of many genetic and environmental factors. This

52  complexity hinders its study and has meant that the mechanisms controlling this trait are not well

53  understood. Grain weight, however, an important component of final yield, is more stably inherited
54  and is better understood than yield itself [7]. Grain weight is mainly determined by grain size, which
55 itselfis controlled by the coordination of cell proliferation and expansion processes. Studies in both
56  crop and model species have shown that these processes are regulated by a wide range of genes and
57 molecular mechanisms (reviewed in [8, 9]). Control at the transcriptional level has been

58  demonstrated, with the rice transcription factor (TF) OsSPL16 influencing grain size through cell

59 proliferation [10], whilst a WRKY domain TF, TTG2, influences cell expansion in the integument of
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the Arabidopsis seed [11]. Important pathways relating to protein turnover have also been
identified, for example the E3 ubiquitin-ligase, GW2, which negatively regulates grain weight and
width in rice through the control of cell division [12]. GW2 orthologues in other species, including
Arabidopsis and wheat, also act as negative regulators of seed/grain size suggesting that these
mechanisms may be conserved across species [13, 14]. Other pathways/mechanisms which affect
grain size include microtubule dynamics [15, 16], G-protein signalling [17, 18] and phytohormone

biosynthesis and signalling [19-21].

Wheat is a crop of global importance, accounting for approximately 20 % of the calories consumed
by the human population [22]. However, our understanding of the mechanisms controlling grain size
remains limited in wheat, compared to rice and Arabidopsis. Comparative genomics approaches
have provided some insight [13, 23] and many quantitative trait loci (QTL) associated with grain size
and shape components (grain area, length and width) have been identified [24-29]. However, none
of these QTL have been cloned and little is understood about the underlying mechanisms.
Previously, we identified a QTL associated with increased grain weight on wheat chromosome 5A.
Using BC,4 near isogenic lines (NILs) we determined that the QTL acts during the early stages of grain
development to increase grain length through increased cell expansion in the pericarp [29]. This and
other studies [13, 30, 31] suggest that the early stages of grain/ovule development are important for

determining final grain size/shape in wheat.

Transcriptomics is a powerful tool to gain insights into the complex gene regulatory networks that
underlie specific traits and biological processes. Several studies have used transcriptomics
approaches to look at the genes expressed during grain development in wheat [32-38]. However,
these studies have mostly focused on the later stages of grain development, often focusing on starch
accumulation in the endosperm. Additionally, many of these studies were performed using
microarrays [33, 36, 37], which represent a fraction of the transcriptome and are unable to

distinguish between homoeologous gene copies. More recent studies have used RNA-seq [35, 34],


http://dx.doi.org/10.1101/175471
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint first posted online Aug. 11, 2017; doi: http://dx.doi.org/10.1101/175471. The copyright holder for this preprint (which was not

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

peer-reviewed) is the author/funder. It is made available under a CC-BY-NC 4.0 International license.

which is an open-ended platform that provides homoeolog specific resolution. However, the
accuracy of RNA-seq is dependent on the availability of a high-quality reference sequence and
accurate gene models. Until recently, the large (~17 Gb) and highly repetitive nature of the
hexaploid wheat genome meant that genomic resources were limited and incomplete. However, this
has changed drastically in the last few years with the release of several whole genome sequences
and annotations [39-42]. To date, the RNA-seq grain development studies have used either
expressed sequence tags (ESTs) [35, 38] or the Chromosome Survey Sequence (CSS) [34] as
references. However in hindsight, these annotations are incomplete with respect to the latest gene
models [41, 39]. These novel resources provide new opportunities for more detailed and accurate

transcriptomic studies in wheat.

A potential drawback of transcriptomic studies is that comparisons across varieties, tissues or time
points can result in a large number of transcripts being differentially expressed. While this informs
our understanding of the biological mechanisms, it is difficult to prioritise specific genes for
downstream analysis. Comparative transcriptomic approaches using more precisely defined genetic
material, tissues and developmental time points can aid in this by defining a smaller set of
differentially regulated transcripts. For example, a comparison of the flag leaf transcriptomes of
wild-type and RNAi knockdown lines of the Grain Protein Content 1 (GPC) genes was used to identify
downstream targets of the GPC TFs [43]. Similarly, the transcriptomes of NILs segregating for a major
grain dormancy QTL on chromosome arm 4AL were compared and specific candidate genes
underlying the QTL were identified [44]. To our knowledge, no such experiments have been

performed on isogenic lines with a known difference for grain size in wheat.

In this study, we performed RNA-seq on NILs segregating for a major grain weight QTL on
chromosome arm 5AL. Previously, we showed that the QTL acts during early grain development and
that NILs carrying the positive 5A allele (5A+ NILs) have significantly increased thousand grain weight

(TGW; 7%), grain length (4%) and pericarp cell length (10%) compared to NILs carrying the negative
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5A allele (5A- NILs) [29]. The NILs carry an introgressed segment of ~490 Mb and using recombinant
inbred lines we fine-mapped the grain length effect to a 75 Mb region on the long arm of
chromosome 5A according to the IWGSC RefSeq v1.0. The aim of the present study was to identify
biological pathways that potentially influence grain length and pericarp cell size by using RNA-seq to

identify genes that are differentially regulated between the 5A- and 5A+ NILs.

Results

RNA-sequencing of 5A near isogenic lines

We performed RNA-seq on whole grains from two 5A NiLs which contrast for grain length [29]. We
chose the time point when NILs show the first significant differences in grain length (8 days post
anthesis (dpa); T2) and the preceding time point (4 dpa; T1) to capture differences in gene
expression occurring during this period (Figure 1). We hypothesised that although there was no
significant difference in the grain length phenotype at T1, phenotypic differences were beginning to
emerge and gene expression changes influencing this may already be occurring. We obtained over
362 M reads across all 12 samples (two time points, two NILs, three biological replicates), with
individual samples ranging from 15.0 M to 53.6 M reads and an average of 30.2 M reads (standard
error £ 3.5 M reads) per sample (Table 1). We aligned reads to two different transcriptome
sequences from the Chinese Spring reference accession, the IWGSC Chromosome Survey Sequence
(CSS) [40] and TGACv1 (TGAC) [41] reference. On average across samples, 69.8 + 0.3 % of reads

aligned to the CSS reference, whilst 84.4 + 0.2 % of reads aligned to the TGAC reference.

Comparison between Chinese Spring reference transcriptomes

We defined a transcript as expressed if it had an average abundance of > 0.5 transcripts per million
(tpm) in at least one of the four conditions (2 NILs x 2 time points). This resulted in 62.5 % (64,020)
and 37.1% (101,652) of the transcripts being expressed in the CSS and TGAC transcriptomes,

respectively. We defined differentially expressed (DE) transcripts (q value < 0.05) using sleuth [45]
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and performed four pairwise comparisons: two ‘across time’ and two ‘between NIL' comparisons.
The ‘across time” analyses consisted of a comparison between T1 and T2 samples of the 5A- NIL
(hereafter symbolised as 5A- 13; Figure 1, grey) and the corresponding comparison for the 5A+ NIL
samples (hereafter 5A+ 13; Figure 1, purple). In both cases, the T1 sample was used as the control
condition, so transcripts were considered as upregulated or downregulated with respect to T1. The

‘between NIL analyses consisted of a comparison between the 5A- and 5A+ NILs at T1 (hereafter

T1 iﬁ;; Figure 1, orange), and a comparison between the 5A- and 5A+ NILs at T2 (hereafter T2 iﬁ;;
Figure 1, green). In both cases, the recurrent parent 5A- NIL was used as the control genotype. In all
cases, more DE transcripts were identified in the TGAC compared with the CSS transcriptome, and

similar trends were observed for both references across the four comparisons (Figure 1).

We selected the comparison with the fewest DE transcripts (T1 z:; 32 and 88 DE transcripts for CSS
and TGAC, respectively) to conduct a more in depth analysis of the alignments and references. For all
DE transcripts from each alignment we identified the equivalent transcript/gene model in the other
reference sequence using Ensembl plants release 35 and compared the gene models (Additional file
1). For 64 of the TGAC DE transcripts we did not identify an equivalent CSS DE transcript, either
because there was no corresponding CSS gene model (47 transcripts) or the expression change
between NILs was non-significant for the CSS transcript. Analogously, eleven CSS DE transcripts did
not have an equivalent TGAC gene model DE, five of which were due to there being no
corresponding TGAC gene model annotated. Combining both sets, we identified 42 groups of
equivalent gene models, 26 of which were differentially expressed in both alignments. Comparing
these 42 groups and taking into account fused and split gene models within each dataset, there
were 97 gene models in both datasets (50 CSS + 47 TGAC) (Figure 2a, Additional file 1). Of these, only
six were identical between the CSS and TGAC references. All other discrepant gene models fell under
categories included truncations in either reference, gene models that were split/fused in one

reference sequence, and gene models that differed drastically in their overall structure.
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For all discrepant gene models we used transcriptome read mapping and an interspecies comparison
to determine which gene model seemed most plausible. Figure 2b shows an example of the most
commonly identified discrepancy where a gene model was truncated in the CSS reference (pink)
relative to the TGAC reference (grey). The DE TGAC gene model was supported by our transcriptome
data as we observed read coverage across the whole gene model whilst the coverage across the CSS
gene model dropped at the position where an intron is predicted in the TGAC model. Another
common discrepancy was a single gene model in one reference being split into multiple gene models
in the other reference. Figure 2¢ shows an instance where a single DE TGAC gene model comprised
four separate CSS gene models. In this case, all five gene models had coverage across the entire gene
body, however the single TGAC gene model was more similar to proteins from other species,
suggesting that this single gene model was most likely correct. The final example (Figure 2d) shows
two TGAC gene models that were fused into a single CSS gene model. The coverage across the CSS
gene model was inconsistent, with most reads concentrated in the 3’ untranslated region (UTR). The
two TGAC gene models had more consistent coverage across the entire gene models and were both
supported by protein alignments with other species. Interestingly, only the shorter TGAC gene
model was DE (Figure 2d, grey), suggesting that differential expression of the CSS gene model was
driven by the reads mapping to the putative 3’ UTR rather than the coding regions of the transcript
(Figure 2d, pink). Taking together the fact that a higher percentage of reads mapped to the TGAC
gene models and that many more of the examined TGAC gene models were supported by
interspecies comparison and expression data than the CSS gene models, we decided to continue our

analysis using the alignments to the TGAC gene models only.

Many DE transcripts during early grain development are shared between NILs

We identified 3,151 and 2,789 DE transcripts across early grain development in 5A-13 and 5A+ 13,
respectively (Figure 1, Figure 3a). The DE transcripts were evenly distributed across the 21

chromosomes, showing no overall bias towards any chromosome group or subgenome (Figure 3b).
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Approximately 60% (1,832) of the DE transcripts were shared between 5A-1! and 5A+ 12 (Figure 3a)
and 84% (1,532) of the shared transcripts were upregulated across time (Figure 3c). We identified 41
significantly enriched gene ontology (GO) terms in the upregulated transcripts (Additional file 2).
Sixteen of the GO terms were associated with biological process and could be grouped under three
parent GO terms: metabolic process (GO:0008152), defence response (GO:0006952) and biological
regulation (GO:0065007) (Figure 3c). Within metabolic process we found terms associated with
carbohydrate (GO:0005975) and pyruvate metabolism (GO:0006090), vitamin E (GO:0010189) and
triglyceride biosynthesis (G0:0019432), mRNA catabolism (GO:0006402), proteolysis (GO:0006508)
and phosphorylation (G0:0016310). Downregulated transcripts (300) were enriched for seven GO
terms, four of which were associated with biological process: potassium ion transport (GO:0006813),
signal transduction (GO:0007165), phosphorelay signal transduction (GO:0000160) and
carbohydrate metabolism (GO:0005975). The overlap between enriched GO terms in the
upregulated and downregulated transcripts (e.g. carbohydrate metabolism) suggests that different
aspects of these processes are being differentially regulated during this early grain development

stage.

We also identified many transcripts that were only DE across early grain development in one of the
two genotypes (i.e. unique to either the 5A- T3 or 5A+ 1 comparisons). However, many of these
transcripts were borderline non-significant in the opposite genotype comparison illustrated by the
fact that the distributions of g-values were skewed towards significance (Additional file 3).
Additionally, the uniquely DE transcripts were enriched for GO terms similar to the shared
transcripts (Additional file 2). Some GO terms, however, were only enriched in the uniquely DE
transcripts, for example, cell wall organisation or biosynthesis (GO:0071554) and response to abiotic
stimulus (GO:0009628). Overall, these results suggests that although there were some differences
between genotypes, broadly similar biological processes were taking place in the grains of both the

5A NILs at the early stages of grain development.
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DE transcripts between NlILs are concentrated on chromosome 5A

We identified 88 and 91 DE transcripts between the NiLs in T1 :2; and T2 :2;, respectively, many
fewer than identified in 5A-13 or 5A+ J3. This was expected as the NiLs are genetically very similar

and therefore the difference in developmental stage between the T1 and T2 time points results in

greater changes in gene expression. Of these 179 DE transcripts, 67 were common between T1 z:

and T2 :2“ whereas 45 DE transcripts between genotypes were unique and identified only at a single
time point (resulting in 112 DE transcripts between NILs at any time point). No GO terms were
significantly enriched in these groups. Of the 67 common DE transcripts, 54 (80%) were located on
chromosome 5A, whilst in both the T1 and T2 unique groups less than 50% were located on
chromosome 5A (Figure 4a). Similar numbers of DE transcripts were more highly expressed in either

genotype, with no distinct patterns observed between the unique or common groups.

We looked specifically at the positions of the 74 DE transcripts located on chromosome 5A and
found that all were located within the 491 Mbp introgressed region of the NiLs (Figure 4b). Higher
numbers of DE transcripts were identified in regions of increased SNP density between the 5A NILs.
Previously, we fine-mapped the grain length effect to a 75 Mbp interval on 5AL (between
BS00182017 (317 Mbp) and BA00228977 (392 Mbp; [29]) and eight of the DE transcripts were
located within this interval. Three of these transcripts were more highly expressed in the 5A+ NiLs
(5A+hgh transcripts), two of which were transcript variants of the same gene (a kinesin-like protein;
only .2 variant shown in Figure 4b). The other 5A+y; transcript was annotated as a putative
retrotransposon protein. One of the five transcripts more highly expressed in the 5A- NIL (5A-pgn
transcript) had no annotation and the remaining four were annotated as a non-coding RNA, a

RING/U-box containing protein, a TauE-like protein and a DUF810 family protein.
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DE transcripts outside of chromosome 5A are enriched in specific transcription

factor binding sites

As all the DE transcripts on chromosome 5A were located within the 491 Mbp introgressed region, it
is possible that the differential expression was a direct consequence of sequence variation between
the NILs e.g. in the promoter regions. However, the 38 DE transcripts located outside of
chromosome 5A have the same nucleotide sequence as they are identical by descent (BC4 NILs
confirmed with 90k iSelect SNP marker data [29]). We hypothesised that these transcripts are
downstream targets of DE genes, such as transcription factors (TFs), located within the 5A

introgression.

To assess this, we identified transcription factor binding sites (TFBS) present in the promoter regions
of these 38 DE transcripts. We identified TFBS associated with 91 distinct TF families present in this
group of transcripts (Additional file 4), five of which were enriched relative to all expressed
transcripts (Table 2; FDR adjusted P < 0.05). The enriched TFBS families were C2H2, Myb/SANT, AT-

Hook, YABBY and MADF/Trihelix.

To determine potential candidates for upstream regulators we identified all TFs located within the
introgressed region on chromosome 5A [46]. We identified a total of 200 annotated TFs, belonging
to 35 TF families. Of these, four families corresponding to 29 TF overlapped with enriched TFBS
families. Four of the 29 TFs were located within the fine-mapped grain length region on
chromosome 5A, including C2H2, MYB and MYB_related TFs (Additional file 5). However, none of

them were DE between NILs at the two time points.

Functional annotation of DE transcripts

Having analysed DE transcripts between NILs based on chromosome location, we looked at the 112
DE transcripts based on their functional annotations (Additional file 6). We identified multiple

categories including transcripts associated with ubiquitin-mediated protein degradation, cell cycle,
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metabolism, transport, transposons and non-coding RNAs (Table 3). Few categories were exclusively

located on/outside 5A or had exclusively higher expression in the either the 5A- or 5A+ NIL.

The category with the most DE transcripts was non-coding RNA (ncRNA, 15 transcripts), although
this was not enriched relative to all expressed transcripts. All ncRNA transcripts were classed as long
non-coding RNAs (>200bp, [47]) and we found that four of the ncRNAs overlapped with coding
transcripts (two in the antisense direction) and one ncRNA was a putative miRNA precursor (Ta-
miR132-3p; [48]). We identified 13 transcripts as putative targets of Ta-miR132-3p in the TGAC
reference but none of these target transcripts were differentially expressed in our dataset. The
second largest transcript category was transposon-associated (14 transcripts; FDR-adjusted p =
0.008), whereas the third largest category was DE transcripts related to ubiquitin and the
proteasome (12 transcripts; p = 0.008). DE transcripts annotated as homeobox were also enriched (4
transcripts; FDR-adjusted p = 0.001). Interestingly, we identified homeodomain TFBS in 27 of the 38
outside 5A DE transcripts although this was not significantly enriched (FDR-adjusted p = 0.166,

Additional file 4).

The DE transcripts related to ubiquitin were of particular interest as ubiquitin-mediated protein
turnover has previously been associated with the control of seed/grain size in wheat [13] and other
species including rice and Arabidopsis [14, 12, 49]. The pathway acts through the sequential action
of a cascade of enzymes (see Figure 5a legend) to add multiple copies of the protein ubiquitin (ub) to
a substrate protein that is then targeted for degradation by the proteasome. We identified
differential expression of transcripts at almost all steps of this pathway (excluding E1): two ubiquitin
proteins and one ubiquitin-like protein, one E2 conjugase, six potential E3 ligase components and
two putative components of the proteasome (Figure 5). In addition to these, we also identified four
DE transcripts annotated as proteases (Figure 5), which are known substrates regulated by this

pathway [50-52] and that influence organ size through the regulation of cell proliferation. Most of
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the components of the ubiquitin pathway that were differentially expressed were more highly

expressed in the 5A- NIL (11/16, including proteases) (Figure 5b).

Discussion

In this study, we performed RNA-seq on the grains of 5A NILs with a known difference in pericarp
cell size, grain length and final grain weight. We previously determined that the first phenotypic
differences between NILs arose during early grain development [29]. We hypothesised that
differences in gene expression between NILs during these early stages would allow us to identify
specific genes and pathways that that affect pericarp cell size and grain size at the transcriptional

level.

The importance of a high-quality reference sequence

We initially mapped the RNA-seq data to two different reference transcriptomes: CSS and TGAC. We
found that TGAC outperformed the CSS transcriptome both in term of the number of reads that
aligned and in the gene models themselves. This was most likely due to the significant improvement
in terms of sequence contiguity of the TGAC reference over the CSS (N50=88.8 vs < 10 kb,
respectively), allowing more accurate prediction of gene models. Our study highlights the practical
importance of this improvement as we detected 64 more DE transcripts using the TGAC reference, in
most cases, due to the absence of a corresponding gene model in the CSS reference (46 transcripts).
We also identified cases where incorrect gene models in the CSS reference led to misleading results.
For example, in the CSS fused gene model case study (Figure 2d) a single DE transcript from the CSS
reference had a large accumulation of reads mapping to the 3" UTR. This gene was the orthologue of
Arabidopsis NPY1, which plays a role in auxin-regulated organogenesis [53] and could therefore be
related to the control of grain size. However, in the TGAC reference, in addition to the NPY1

orthologue, an alternative gene model was annotated in place of the 3’ UTR. This alternative gene
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model was differentially expressed whilst the NPY1 orthologue was expressed at a very low level and

was not differentially expressed.

The improvements in scaffold size, contiguity and gene annotation open up new opportunities in
wheat research. Here we used the new physical sequence to assign locations to 107 of 112 DE
transcripts identified between NILs, allowing us to determine which DE transcripts were located
within the QTL fine-mapped interval. Likewise, the analysis of promoter sequences enabled new
hypothesis generation for this specific biological process and will also aid in the understanding of
how promoter differences across genomes affects the relative transcript abundance of the different
homoeologs. This exemplifies the importance of correctly annotated gene models and improved

genome assemblies in gaining a more accurate view of the underlying biology.

Differential expression analysis provides an insight into the biological

processes occurring in early grain development

We sampled grains at 4 and 8 dpa to encompass the developmental stage at which the first
significant difference in grain length between 5A NiLs is observed. During this stage, increases in
grain size are largely driven by cell expansion in the pericarp [54, 55], consistent with our previous
finding that increased pericarp cell size underlies the difference in final grain length. These time
points are also relatively early compared to other grain related RNA-seq studies which have focused
on later grain filling processes [36, 56, 35]. The ‘across time’ comparisons (5A- 13 and 5A+ I3
identified > 2,700 DE transcripts in each NIL, and there was a large overlap in the biological
processes being differentially regulated. We found that most DE transcripts were upregulated over
time and many of these were associated with metabolism and biosynthesis consistent with grains
undergoing a period of rapid growth and the start of endosperm cellularisation at this stage of
development [32]. Transcripts associated with proteolysis and mRNA catabolism were also
upregulated across time consistent with increases in specific proteases and other hydrolytic enzymes

at this stage of grain development [57]. These could be indicative of programmed cell death which
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occurs in both the nucellus and pericarp of the developing grain up to 12 dpa [54]. We also identified
an upregulation of transcripts associated with defence response and oxidation-reduction process,
consistent with previous reports of accumulation of proteins associated with defence against both
pathogens and oxidative stress during the early-mid stages of grain development [58].
Transcriptional studies always have the caveat that changes in gene expression may not translate to
changes in protein level [59]. However, proteomic analyses of similar stages of grain development
have identified the differential regulation of similar ontologies [58, 60] suggesting that these

transcriptional changes are reflective of overall protein status in the grain.

Comparative transcriptomics as a method to identify candidate genes

underlying the 5A grain length QTL

The use of highly isogenic material allowed the direct comparison of the effect of the 5A

5

Sﬁ;). This resulted in a defined set

introgression on gene expression at each time point (T1 g: and T2

of 112 DE transcripts between genotypes. The majority of T1 z:; and T2 22; DE transcripts were
located on chromosome 5A and all of these were located within the 5A introgression. This is

expected given that the sequence variation in the NILs was restricted to the chromosome 5A region.

DE transcripts located within the fine-mapped interval on chromosome 5A represent good
candidates for further characterisation. The kinesin-like gene and RING/U-box superfamily protein
are particularly strong candidates based on their functional annotations. Previous studies have
demonstrated that Kinesin-like proteins can regulate grain length and cell expansion through
involvement with microtubule dynamics [15, 16, 61]. The RING/U-box protein is a putative E3 ligase,
a class of enzymes which have been associated with the control of grain size (discussed in more

detail later; [12, 13]).

It is premature, however, to speculate on the identity of a 5A causal gene(s) at this stage. It is

difficult to predict whether DE transcripts in the fine-mapped interval are truly associated with the
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effect of the 5A QTL or are simply a consequence of sequence variations between the parental
cultivars, i.e. ‘guilt by association’. A relevant example was the recent use of transcriptomics to
define a candidate gene underlying a grain dormancy QTL (PM19) [44]. Subsequent studies showed
that a different gene in close physical proximity (TaMKK3) [62] was responsible for the natural
variation observed [63]. The mis-interpretation of the transcriptomics data was due to complete
linkage disequilibrium between the DE PM19 gene and the causal TaMKK3 gene in the germplasm
used in the original study. Additionally, the causal gene may not be differentially expressed between
the 5A NILs and could be a result of allelic variation that alters the function of the gene independent
of expression level. Ultimately, further fine-mapping of the 5A locus will be required to identify the

underlying gene.

DE transcripts outside chromosome 5A are candidates for downstream targets

of the 5A QTL

We considered DE transcripts outside of chromosome 5A as candidates for downstream targets of
genes located in the 5A introgression because the differential expression could not have arisen
through sequence variation. These included genes located on the A, B and D genomes implying that
there is cross-talk at the transcriptional level between the three genomes. We identified, in the
promoters of these genes, enrichment of TF binding sites associated with TF families which have all
previously been shown to play diverse roles in the control of organ development [64, 65]. For
example YABBY genes, a plant specific family of TFs, play a critical role in patterning and the
establishment of organ polarity [66] and fruit size [67]. Another example are the C2H2 TFs, NUBBIN
and JAGGED, which are involved in determining carpel shape in Arabidopsis [68]. AT-Hook TFs play
roles in floral organ development in both maize and rice [69, 70] and modulate cell elongation in the
Arabidopsis hypocotyl [71]. Few of these transcription factor families have been characterised in
wheat, and although these interactions need to be experimentally validated, they could be potential

targets for the manipulation of grain size.
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DE transcripts have functions related to the control of seed/organ size

Studies in species such as rice and Arabidopsis have shown that seed size is regulated by a complex
network of genes and diverse mechanisms, ultimately through the coordination of cell proliferation
and expansion (reviewed in [8, 9]). 5A+ NILs have significantly longer pericarp cells, suggesting that
the underlying gene influences cell expansion [29]. Genes that physically modify the cell wall have
been shown to directly control cell expansion (reviewed in [72]) and we identified three DE
transcripts that have potential roles in cell wall synthesis and remodelling. We also identified a
number of DE transcripts associated with the cell cycle and the control of cell proliferation. During
seed development, a number of cell cycle types in addition to the typical mitotic cycle are observed.
One such alternative cycle type is endoreduplication, characterised by the replication of
chromosomes in the absence of cell division, which is associated with cell enlargement (reviewed in
[73]). Two of the DE transcripts were the closest wheat orthologues of Arabidopsis genes that have
specific roles in organ development: a GRF-interacting factor (GIF) and SEUSS (SEU). In Arabidopsis,
the GIF genes interact with the GROWTH-REGULATING FACTOR (GRF) TFs and act as transcriptional
co-activators to regulate organ size through cell proliferation [74]. Conversely, SEU acts a
transcriptional co-repressor and interacts with important regulators of development to control many

processes, including floral organ development [75].

Seed development requires the coordination of processes across multiple tissues, namely the seed
coat, endosperm and embryo. The development and growth of these tissues is inherently
interlinked, and it has been proposed that the mechanical constraint imposed by the maternal seed
coat/pericarp places an upper limit on the size of the seed/grain [30, 76, 29]. Epigenetic regulation
appears to play an important role in the cross talk and coordination of these tissues [77]. The
differential expression of 34 non-coding transcripts, transposons and histone-related transcripts

between NILs could suggest a difference in epigenetic status associated with the control of pericarp

17


http://dx.doi.org/10.1101/175471
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint first posted online Aug. 11, 2017; doi: http://dx.doi.org/10.1101/175471. The copyright holder for this preprint (which was not

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

peer-reviewed) is the author/funder. It is made available under a CC-BY-NC 4.0 International license.

cell size. Additional work to characterise these non-coding RNAs would be warranted to establish

their role in grain development.

The ubiquitin-mediated control of seed/grain size has been documented in a number of species
(reviewed in [78]), including wheat [13, 79]. DE transcripts associated with the ubiquitin pathway
were significantly enriched in the 5A NILs. The pathway tags substrate proteins with multiple copies
of the ubiquitin protein through the sequential action of a cascade of enzymes: E1 (Ub activating), E2
(Ub conjugases) and E3 (Ub ligases). The ubiquitinated substrate proteins are then targeted to the
26S proteasome for degradation [80]. GW2, a RING-type E3 ligase, negatively regulates cell division
and was identified as the causal gene underlying a QTL for grain width and weight in rice [12]. The
Arabidopsis orthologue, DA2, acts via the same mechanism to regulate seed size in Arabidopsis [14].
Another E3 ligase, EOD1/BB also negatively regulates seed size in Arabidopsis [49]. In general, the E3
ligase determines the specificity for the substrate proteins [80] and DA2 and EOD1 may have
different substrate targets, however they converge and both target the ubiquitin-activated protease
DA1. DA1 also negatively regulates cell proliferation and acts syngergistically with both DA2 and
EOD1, although it is not clear whether the two E3 ligases act via independent genetic pathways or as
part of the same mechanism [14, 81, 50]. UBP15 (a ubiquitin specific protease) is a downstream
target of this pathway and conversely acts as a positive regulator of seed size through the promotion
of cell proliferation [51]. Other ubiquitin-associated regulators of organ/grain size have been
identified, including components of the 26S proteasome, enzymes with deubiquitinating activity and
proteins that have been shown to bind ubiquitin in vitro [82, 52, 83]. The DE transcripts associated
with this pathway are not direct homologs of these previously characterised genes. As such the
functional characterisation of these putative novel components could provide new insights into the

ubiquitin-mediated control of grain size in cereals.
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Conclusions

In this study we have both generated candidates for the causal gene underlying the 5A QTL, and
have also identified potential downstream pathways controlling grain size. A subset of these
candidates is being tested functionally using TILLING mutants [84] and other approaches to provide
novel insights into the control of grain size in cereals. Ultimately identifying the individual
components and pathways that regulate grain size and understanding how they interact will allow us

to more accurately manipulate final grain yields in wheat.

Methods

Plant material

The 5A B4 NILs used in this study have been described previously [29]. Briefly, the NILs were
generated from a doubled haploid population between the UK cultivars ‘Charger’ and ‘Badger’ using
Charger as the recurrent parent. The NiLs differ for an approximately 491 Mbp interval on
chromosome 5A. We used one genotype each for the 5A- (Charger allele, short grains) and 5A+ NIL
(Badger allele, long grains). Plants were grown in 1.1 x 6 m plots (experimental units) in a complete
randomised block design with five replications, and spikes were tagged at full ear emergence [29].
The three blocks with the most similar flowering time were used for sampling. Plants were sampled
at 4 (time point 1: T1) and 8 (time point 2: T2) days post anthesis (dpa) based on the 2014
developmental time course outlined in [29]. For each genotype, we sampled three grains from three
separate spikes from different plants within the experimental unit. Each biological replicate
therefore, consisted of the pooling of nine grains per genotype. Grains were sampled from the outer
florets (positions F1 and F2) from the middle section of each of the three spikes. Grains were
removed from the spikes in the field, immediately frozen in liquid nitrogen and stored at -80°C. In
total, three biological replicates (from the three blocks in the field) were sampled for each NIL at

each time point.
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RNA extraction and sequencing

For each of the three biological replicate, the nine grains were pooled and ground together under
liquid nitrogen. RNA was extracted in RE buffer (0.1 M Tris pH 8.0, 5 mM EDTA pH8.0, 0.1 M NacCl,
0.5% SDS, 1% B-mercaptoethanol) with Ambion Plant RNA Isolation Aid (Thermo Fisher Scientific).
The supernatant was extracted with 1:1 acidic Phenol (pH 4.3):Chloroform. RNA was precipitated at -
80FIC by addition of Isopropanol and 3M NA Acetate (pH 5.2). The RNA pellet was washed twice in
70% Ethanol and resuspended in RNAse free water. RNA was DNAse treated and purified using
RNeasy Plant Mini kit (Qiagen) according to the manufacturer’s instructions. RNA QC, library
construction and sequencing were performed by the Earlham Institute, Norwich (formerly The
Genome Analysis Centre). Library construction was performed on a PerkinElmer Sciclone using the
TruSeq RNA protocol v2 (lllumina 15026495 Rev.F). Libraries were pooled (2 pools of 6) and
sequenced on 2 lanes of a HiSeq 2500 (lllumina) in High Output mode using 100bp paired end reads

and V3 chemistry. Initial quality assessment of the reads was performed using fastQC [85].

Read alignment and differential expression analysis

Reads were aligned to two reference sequences from the same wheat accession, Chinese Spring: the
Chromosome Survey Sequence (CSS; [40] downloaded from Ensembl plants release 29) and the
TGACv1 reference sequence [41]. We performed read alignment and expression quantification using
kallisto-0.42.3 [86] with default parameters, 30 bootstraps (-b 30) and the —pseudobam option.
Kallisto has previously been shown to be suitable for the alignment of wheat transcriptome data in a

homoeolog specific manner [87].

Differential expression analysis was performed using sleuth-0.28.0 [45] with default parameters.
Transcripts with a false-discovery rate (FDR) adjusted p-value (q value) < 0.05 were considered as
differentially expressed. Transcripts with a mean abundance of < 0.5 tpm in all four conditions were

considered not expressed and were therefore excluded from further analyses.
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For each condition the mean tpm of all three biological replicates was calculated. All heatmaps
display mean expression values as normalised tpm, on a scale of 0 to 1 with 1 being the highest
expression value of the transcript. Read coverage for gene models was obtained using bedtools-
2.24.0 genome cov [88] for each pseudobam file and then combined to get a total coverage value of
each position. Coverage across a gene model was plotted as relative coverage on a scale of Oto 1,

with 1 being equivalent to the highest level of coverage for the gene model in question.

GO term enrichment

We used the R package GOseq v1.26 [89] to test for enrichment of GO terms in specific groups of DE
transcripts. We considered over-represented GO terms with a Benjamini Hochberg FDR adjusted p-

value of < 0.05 to be significantly enriched.

Functional annotation

Functional annotations of transcripts were obtained from the TGACv1 annotation [41]. Additionally,
for coding transcripts we performed BLASTP against the non-redundant NCBI protein database and
conserved domain database, in each case the top hit based on e-value was retained. In cases where
all three annotations were in agreement, the TGAC annotation is reported. In cases where the three
annotations produced differing results, all annotations are reported. Orthologues in other species
such as Arabidopsis and rice were obtained from Ensembl/ plants release 36. Eight of the 112 DE
transcripts had no annotation or protein sequence similarity with other species. We manually
categorised the remaining 104 DE transcripts based on their predicted function. Transcripts that fell
into a category of size 1 were classed as ‘other’. For the non-coding transcripts, we used BLASTN to
identify potential miRNA precursors using a set of conserved and wheat specific miRNA sequences
obtained from Sun et al, 2014 [48]. We used the -task blastn-short option of BLAST for short
sequences and only considered hits of the full length of the miRNA sequence with no mismatches as

potential precursors. We used the psRNAtarget tool (http://plantgrn.noble.org/psRNATarget/) to

determine the miRNA targets.
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Identification of transcription factor binding sites

We extracted 1,000 bp of sequence upstream of the cDNA start site to search for transcription factor
binding sites (TFBS). Transcripts with < 1,000 bp upstream in the reference sequence were not used
in the analysis. We used the FIMO tool from the MEME suite (v 4.11.4; [90]) with a position weight

matrix (PWM) obtained from plantPAN 2.0 (http://plantpan2.itps.ncku.edu.tw/; [91]). We ran FIMO

with a p value threshold of <le-4 (default), increased the max-stored-scores to 1,000,000 to account
for the size of the dataset, and used a —motif-pseudo of 1e-8 as recommended by Peng et al [92] for
use with PWMs. We generated a background model using the fasta-get-markov command of MEME

on all extracted promoter sequences.

Enrichment testing

To test for enrichment of different categories of transcripts relative to all expressed transcripts we
performed Fisher’s exact test using R-3.2.5. For functional annotation categories, enrichment testing
was only performed on categories that could be extracted using GO terms and key words based on
their annotation in the TGAC reference. Only DE transcripts that could be extracted using this
method were used in the enrichment tests. For example, we identified 12 DE transcripts associated
with ubiquitin. The annotation of these transcripts was obtained through a combination of the TGAC
annotation and manual annotation. However, only seven of these transcripts could be extracted
using GO terms and key words from the whole reference annotation. Therefore, only seven

transcripts were used for the enrichment test.
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Figure legends

Figure 1: Differentially expressed genes between 5A NILs across time.

RNA-seq was carried out on whole grain RNA samples taken in 4 different conditions: 5A- (short
grains) and 5A+ (long grains) NILs at 4 days post anthesis (dpa; T1) and 8 dpa (T2). These were
selected as the time point when the first significant difference (P <0.01, asterisks) in grain length
was observed between 5A- (grey, dashed line, short grains) and 5A+ (purple, solid line, long grains)
and the preceding time point. Differentially expressed (DE) transcripts were identified for four
comparisons (g-value < 0.05). Coloured boxes indicate the numbers of DE transcripts identified for
each comparison using alignments to either the IWGSC Chinese Spring Survey Sequence (CSS) or the
TGACv1 (TGAC) Chinese Spring reference transcriptomes. Two ‘across time’ comparisons: 5A- 13

(grey box; comparing T1 and T2 samples of the 5A- NIL) and 5A+ 12 (purple box; comparing T1 and T2
samples of the 5A+ NIL), and two ‘between NIL" comparisons: T1 :: (orange box; comparing 5A- and

5A+ NiLs at T1) and T2 gi; (green box; comparing 5A- and 5A+ NILs at T2).

Figure 2 Comparison between CSS and TGACv1 gene models

a) Discrepancies identified between gene models in the CSS and TGAC reference sequences and the
number of gene models falling into categories. Panels b), c) and d) show specific examples of
discrepancies. In each panel, a representation of the unspliced gene model is shown with exons as
coloured boxes, untranslated regions as white boxes, and introns as thin lines. Graphs show the
relative read coverage across the spliced transcript with the structure represented diagrammatically
directly above each graph. The number in brackets shows the maximum absolute read depth for

each gene model. > and < in the gene structures indicate the direction of transcription and a ‘DE’

indicates that the gene model was differentially expressed in T1 gﬁ; (g value < 0.05). For each panel

transcript names are shown in the coloured legends.
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810  Figure 3: Overview of differentially expressed transcripts

811  a)Venn diagram of differentially expressed (DE) transcripts (q < 0.05) identified in 4 pairwise

812  comparisons: T1 g: (orange), T2 22; (green), 5A-13 (grey) and 5A+ 13 (purple). b) Number of DE
813  transcripts located on each chromosome for all comparisons. The 5A-J3 and 5A+ 3 DE transcripts
814  (top graphs) are evenly distributed across all 21 chromosomes whereas T1 gi; and T2 2£; DE

815  transcripts (bottom graphs) are concentrated on chromosome 5A. ¢) Heatmap of normalised tpm
816  (transcripts per million) of common DE transcripts in 5A- T2 and 5A+ 13 (n = 1,832). Hierarchical

817  clustering separated these into transcripts that were upregulated (n = 1,532) and downregulated (n
818  =300) across time. Significantly enriched GO terms (biological function only) for each group are

819  shown on the right of the heatmap.
820
821  Figure 4: Differentially expressed transcripts between 5A NiLs at T1 and T2

822  a)Heatmap of normalised tpm (transcripts per million) of DE (differentially expressed) transcripts
823  between NiLs (T1 iﬁ; and T2 §§; comparisons). Transcripts are first grouped based on whether they
824  were differentially expressed at both time points (T1 z: and T2 ::; common) or at only T1 or T2

825 (T1 :2; unique and T2 22; unique, respectively), and then whether they are located on chromosome
826  5A or not. b) Location of DE transcripts on chromosome 5A (black lines on grey rectangle). Line graph
827  (blue) shows rolling mean of the number of transcripts located in 3 Mbp bins across chromosome
828  5A, alongside heatmap which shows the number of 90k iSelect SNPs between the 5A- and 5A+ NILs
829  in 3 similar sized bins. Orange lines on the SNP heatmap define the 491 Mbp introgression which
830  differs between then NiLs. Red lines on the chromosome indicate the positions of the flanking

831  markers of the fine-mapped region of the 5A grain length QTL (BS00182017 and BA00228977). Bar

832  charts show the mean tpm values at T1 and T2 of DE transcripts located in the fine mapped region
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(5A- NILs in grey, 5A+ NILs in purple). Only one transcript variant (.2) of the kinesin-like gene is

shown. Error bars are standard error of the three biological replicates.

Figure 5: Differential regulation of the ubiquitin pathway in 5A NILs

a) Differentially expressed (DE) transcripts with functional annotations related to ubiquitin-mediated
protein turnover were enriched relative to the whole genome (a). This pathway acts to add multiple
copies of the protein Ubiquitin (Ub) to a substrate protein through the sequential action of a cascade
of three enzymes: E1 (Ub-activating enzymes), E2 (Ub-conjugating enzymes) and E3 (Ub ligases). The
tagged substrate is then targeted for degradation by the 26S proteasome and the Ub proteins are
recycled. The E3 ligases are the most diverse of the three enzymes and both single subunit proteins
and multi-subunit complexes exist. A subset of these classes is shown in the grey box in (a), selected
based on the annotations of DE transcripts. Single subunit E3 ligases have an E2-interacting domain
(e.g. U-box, RING, etc. (...)) and a substrate-recognising domain. Multi-subunit complexes also have
E2-interacting complexes and substrate-recognising subunits (e.g. F-box, BTB, etc. (...)). In the
context of organ size control, some proteases have been identified as downstream targets of this
pathway (e.g. DA1, UBP15 [50, 51]). b) Heatmap of normalised tpm of DE transcripts associated with

ubiquitin, the proteasome and proteases.
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849 Tables

850  Table 1 Mapping summary of RNA-seq samples

CSS gene models TGAC gene models
Genotype " Replicate Reads Read's % reafis Read's % reafjs
point pseudoaligned pseudoaligned pseudoaligned pseudoaligned
5A - 1 1 24443658 17072939 69.85 20549681 84.07
5A - 1 2 34441799 23349288 67.79 28483090 82.70
5A - 1 3 23462705 16220597 69.13 19664859 83.81
5A - 2 1 21333672 14839724 69.56 18052324 84.62
5A - 2 2 14967302 10632519 71.04 12803552 85.54
5A - 2 3 35522754 25491523 71.76 30297336 85.29
5A + 1 1 19267564 13520181 70.17 16317352 84.69
5A + 1 2 22299102 15479234 69.42 18780525 84.22
5A + 1 3 30531539 20789582 68.09 25436453 83.31
5A + 2 1 51637607 36192489 70.09 43739451 84.70
5A + 2 2 53575232 37956887 70.85 45497914 84.92
5A + 2 3 30553421 21604895 70.71 25984674 85.05
Total 362036355 253149858 - 305607211 -
Mean 30169696 21095822 69.87 25467268 84.41
851
852

853  Table 2: Enriched transcription factor binding sites in promoters of DE transcripts located outside

854  of 5A

855  Values are the number of transcripts in which binding sites associated with the specified

856 transcription factor (TF) family are present.

Observed in all Expected in outside  Observed in outside FDR adjusted
TF family expressed transcripts 5A DE transcript 5A DE transcripts p-value
(n=101,653) (n=38) (n=38)

C2H2 77987 29 36 0.021
Myb/SANT 88575 33 38 0.021
AT-Hook 90203 34 38 0.028
YABBY 19447 7 15 0.034
MADF;Trihelix 16632 6 13 0.042

857
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858  Table 3: Categories of DE transcripts between NiLs based on predicted function

859  Adjusted p-values displayed are based on an enrichment test of the functional categories relative to
860  all expressed transcripts. - indicates that an enrichment test was not performed as categories were

861  based on bespoke annotations. * includes transcripts with annotations that could not be grouped by
862  function with other transcripts. ** only the 7 transcripts that were annotated as ubiquitin-related in

863  the TGAC annotation were used in the enrichment test (see methods).

number of Adjusted NIL with higher expression:

Category transcripts p-value 5A/not 5A 5A-/5A+
non-coding RNA 15 0.141 10/5 6/9
transposon-associated 14 0.008 4/10 5/9
ubiquitin 12%* 0.008 10/2 8/4
cell cycle 5 - 5/0 2/3
histone-related 5 - 3/2 3/2
heat shock 5 - 3/2 2/3
protease 4 - 3/1 3/1
transport 4 - 3/1 2/2
metabolism 5 - 5/0 4/1
homeobox 4 0.001 3/1 1/3
cell wall 3 - 2/1 2/1
transcription 3 - 2/1 0/3
non-translating 2 - 0/2 1/1
peroxisome 2 - 0/2 0/2
other* 20 - 14/6 11/9
No annotation 8 - 4/4 5/3
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Additional files

Additional file 1.xIsx - Comparison of CSS and TGAC gene models.
Additional file 2.xIsx — Enriched GO terms in the across time comparisons

Additional file 3.docx — g-value distributions of uniquely differentially expressed transcripts across

time
Additional file 4.xIsx — Transcription factor binding sites identified in outside 5A DE transcripts
Additional file 5.xIsx — Transcription factors present in the 5A introgression

Additional file 6.xIsx — Functional annotation of DE transcripts between NILs
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