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Abstract

Cereal endosperm starch is of great social and commercial importance, providing up
to 50% of dietary calories globally, whilst also being used to produce paper and
biodegradable polymers. Triticeae (e.g., wheat, barley and rye) grains have two types
of starch granules: large lenticular A-type granules and small spherical B-type
granules. Starch granule size distribution and composition influences nutritional and

functional quality, but the mechanisms determining these remain poorly understood.

Here | aimed to discover genetic factors influencing starch granule size distributions in
the Triticeae using natural variation in Aegilops tauschii, the wheat D-genome
progenitor. | discovered significant variation in starch granule size distributions within a
diversity panel of 117 Ae. tauschii accessions, which exceeded that observed in
domesticated wheat. | exploited this variation in a genome wide association study,
identifying ten novel genomic loci associated with B-type granules. By utilising publicly
available datasets and bioinformatic predictions, | identified 13 gene candidates within
these loci that might influence B-type granule formation. Interestingly, one of these
encodes for Limit Dextrinase (LDA), a starch debranching enzyme. | discovered two
LDA variants with increased enzymatic activity which are prevalent in Ae. tauschii
accessions with large B-type granules. However, complete elimination of LDA in
tetraploid wheat caused only minor effects on endosperm starch granules. Together,
this suggests that gain-of-function mutations in LDA influence B-type granule

formation, perhaps by affecting malto-oligosaccharide metabolism.

My work highlights the potential of Ae. tauschii to discover novel variation and new
gene candidates involved in starch granule formation in the Triticeae, and reveals a
role for LDA in influencing variation in starch granule traits. Further characterisation of
the novel gene candidates will extend our mechanistic understanding of A-type and B-
type granule formation. Furthermore, the loci could be integrated into breeding

programs to improve grain quality by modulating starch granule size.
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Chapter One - Introduction

1.1 Importance of starch

Starch is a polymer of glucose that is produced as semi-crystalline granules by plants,
algae and some protozoa, including Eimeria brunetti (Ryley et al., 1969) and the
parasite Toxoplasma gondii (Guérardel et al., 2005). The starch produced by plants is
an important resource for humans, and the calories from starchy crops, most notably
wheat (Triticum aestivum), rice (Oryza sativa) and potatoes (Solanum tuberosum),
make up an estimated 50% of our daily calories (Huang et al., 2021). Beyond food,
starch has many uses in industries, including production of paper, textiles, adhesives,
biofuels and biopolymers (Bertolini, 2009). Therefore, understanding starch synthesis
in plants is a key priority to improve starch yield and quality for food and industrial

uses.

During periods of light, green plants photosynthesize, fixing carbon in the atmosphere
into sugars and starch. The sugars provide an immediate energy source, whilst starch
is a storage carbohydrate for periods when photosynthesis is not possible. There are
two major classes of starch based on their metabolic purpose — transitory starch and
storage starch. Transitory starch is for short-term storage and is primarily found in
leaves for use during dark periods. It is synthesized in chloroplasts during the day and
degraded over the subsequent night. This process is highly regulated (Smith and
Zeeman, 2020). Firstly, there are tight controls over how much photosynthate is used
for transitory starch synthesis so that the plant can maximise carbon used for growth.
In Arabidopsis thaliana approximately 80% of photosynthate is used for growth
(Sulpice et al., 2014). Secondly, the rate of nighttime degradation is carefully controlled
such that the plant does not run out of energy before photosynthesis can
recommence. This degradation rate is constant over the course of a night yet it is
variable over different nights, such that if a plant experiences a shorter day and
anticipates a longer night, the degradation rate will be slower to ensure starch lasts
until dawn (Graf et al., 2010). This tight regulation helps avoid starvation during the

night and subsequent decreases in plant productivity and growth (Graf et al., 2010).

Whilst transitory starch is important for short-term use, storage starch is a long-term
energy storage molecule in tissues such as grains, pollen and tubers. It is synthesized
in non-photosynthetic plastids called amyloplasts (Sadali et al., 2019). Amyloplasts are
distinct from chloroplasts as they lack the photosynthetic membranes and machinery.
Storage starch is most abundant in grains and tubers, where it is utilised as an energy

source during germination and sprouting. Defects in storage starch synthesis in maize



(Zea mays) (Tsai and Nelson, 1966), barley (Hordeum vulgare) (Morell et al., 2003),
wheat (Fahy et al., 2022) and rice (Tang et al., 2016) cause shrunken grains,
demonstrating that starch is the major component of these grains. The amount of
storage starch in these tissues of crops has been selected for during domestication.
For example, the grain starch content of domesticated wheat, ~70% (Hannah, 2007),
is higher than those of wild wheat relatives, ~42-55% (Brandolini et al., 2015).

Other roles for starch include gravitropism in roots, whereby the sedimentation of
starch-containing amyloplasts causes downstream repolarisation of PIN-FORMED
(PIN) auxin transporters and differential growth (Chen et al., 2023b), and in pollen,

where it is essential for male fertility (Lee et al., 2016).

1.2 Starch structure

At the molecular level, starch consists of two polymers — amylose and amylopectin.
Amylopectin is the major component and is required for the formation of the granule
matrix. Amylose is the minor constituent and makes up less than 10% of starch
content in most leaf starches, and typically 20-30% in crop storage starches (Smith
and Zeeman, 2020). Both amylose and amylopectin consist of chains of a-1,4-linked
glucose subunits with a-1,6-linked branches, with the major difference being the
frequency of branch points. In amylose, branch points occur infrequently, facilitating
the formation of long, linear chains. Amylopectin has many more branch points
resulting in a racemose-like structure. The distribution of branch points within
amylopectin allows clusters of linear chains, with typically 12-15 glucose subunits
each, to align. Neighbouring chains within the clusters form double helix structures,
which interact with each other to create ordered crystalline arrays. Two different
allomorphic crystalline arrays exist: the A-type, which is found in cereal starches and
involves six helices forming a monoclinic unit with four water molecules, and the B-
type which is found in leaf, root and tuber starches which also requires six helices, but
instead forms a hexagonal unit with 36 water molecules (Bertoft, 2015). Interestingly
pea seed starch contains the B-type allomorph at the centre of its granules and the A-
type allomorph in surrounding regions. The presence of both A-type and B-type
allomorphs is commonly referred to as C-type crystalline starch (Bogracheva et al.,
1998). The a-1,6-linked branch points of amylopectin, which do not partake in double
helix formation, make up an amorphous lamella. The amorphous lamella alternates
with the crystalline arrays, with a periodicity of 9-10 nm, to form the semi-crystalline
amylopectin matrix (Smith and Zeeman, 2020) (Figure 1.1). Subsequent growth of the

amylopectin matrix leads to the formation of a semicrystalline insoluble starch granule.



The specifics as to how the amylopectin matrix is arranged is unclear, with two
opposing models: the cluster model and the building block backbone model (Figure
1.2). The first cluster models were proposed independently by Nikuni (1969) and
French (1972). They are characterised by the a-1,6-linked branches being localised in
clusters, rather than randomly throughout the starch granule, with non-reducing ends
of the glucan chains pointing to the periphery of the granule. Advances in imaging
amylopectin, in addition to biochemical assays and chain length profiling, has allowed
the original cluster models to be refined. Nowadays the cluster model is characterised
by clusters containing both short chains, with a degree of polymerisation (DP) of 6-35,
and long chains, with a DP of 236. These are subsequently linked in a mainly tandem
fashion, although rarely one cluster can branch into multiple clusters, and long chains
connect the individual clusters. Crucially, both long and short chains are found in the
amorphous lamellae (Nakamura and Kainuma, 2022). On the other hand in the
building block backbone model, which was first formalised by Bertoft (2013), long
chains form a backbone off which short chains branch. This backbone is located only
in amorphous regions with the short chains protruding at right angles and forming
crystalline arrays (Tetlow and Bertoft, 2020). A major difference between the models is
the direction and timing of short and long chain synthesis. Both are synthesized at the
same time and in the same direction in the cluster model, whereas short chains are
synthesised after the synthesis of a long-chain backbone to facilitate their
perpendicular placement under the backbone model (Nakamura and Kainuma, 2022).
Critics of the cluster model argue that it has not been proven, as individual clusters
have not been isolated and characterised (Bertoft, 2013). Meanwhile, critics of the
building block backbone model argue that there must be complex mechanistic
regulation for the temporal and spatial separation of long and short chain synthesis, for
which there is currently no experimental evidence (Nakamura and Kainuma, 2022).
Hence further experimental work, using the latest advances in high-resolution imaging,

is required to prove or disprove these models.

In storage starches, the amylopectin matrix is further organised into periodic growth
rings, which are thicker towards the centre of the starch granule (Bertoft, 2015). These
rings are typically hundreds of nanometres in size with each ring containing tens of the
aforementioned semi-crystalline repeats (Smith and Zeeman, 2020). Despite growth
rings being described from the early eighteenth century (Bertoft, 2015), it is not known
how they arise. One popular theory was that they reflected fluctuations in substrate
supply, and subsequently granule growth, across light-dark cycles. However, growth

rings persist under constant light in potato (Pilling and Smith, 2003) and barley



(Goldstein et al., 2017), seemingly dismissing this hypothesis. Other theories focus on
the circadian clock promoting differing rates of granule growth across a 24-hour period,
or on the frequency of amylopectin branching changing as the granule grows (Smith
and Zeeman, 2020). However, these theories require more thorough investigation.
Interestingly, granules in leaves lack growth rings due to their rapid turnover rates and

small size (Zeeman et al., 2002).

Much like the uncertainties on how the amylopectin matrix is arranged, the precise
location of amylose within the starch granule is also not known. X-ray scattering
provides evidence that amylose is in the amorphous regions of the amylopectin matrix
(Jenkins and Donald, 1995). This arrangement would minimise the disruption to
amylopectin packaging in the crystalline regions. However, amylose is closer to
amylopectin helices than other amylose chains in chemical crosslinking experiments
with wheat starch (Jane et al., 1992), suggesting the presence of at least some
amylose in the crystalline amylopectin-rich regions. Furthermore, the distribution of
amylose is not homogenous throughout the granule, with more amylose found at the
periphery of starch granules from wheat (Morrison and Gadan, 1987) and maize (Pan
and Jane, 2000). In potato, the situation is complex as some studies report increased
amylose at the granule periphery (Jane and Shen, 1993), whilst others argue the
opposite with more amylose at the granule core (Tatge et al., 1999). The DP of
amylose molecules varies across the granule, with molecules of lower DPs found at
the granule core (Pérez et al., 2009). The potential diversity in amylose location in the
starch granule may not be surprising given the enormous diversity in starch granule
morphology (Section 1.3). However, regardless of where it is located, amylose is not
necessary for proper granule structure, as amylose-free mutants in Arabidopsis
thaliana (Seung et al., 2015), potato (Jacobsen et al., 1989), wheat (Nakamura et al.,
1995) and rice (Zhang et al., 2012) have no other structural defects in their starch,

aside from the lack of amylose.

Beyond amylose and amylopectin themselves, another feature of starch granules is
the hilum or core. This is unique to storage starch granules and absent from leaf starch
granules for unknown reasons. The hilum is proposed to be the location of granule
initiation (Section 1.5.1) and is potentially the least organised area of the granule, as it
is highly susceptible to enzymatic degradation (Fuwa et al., 1978). It has been
proposed that both the hilum, and the previously mentioned growth rings, contain
amorphous regions. This explains why the overall crystallinity of starch granules can
be as low as 20% (Lopez-Rubio et al., 2008).
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Figure 1.1 Amylose and amylopectin organisation. (a) Amylose consists of chains
of a-1,4-linked glucose subunits with infrequent a-1,6-linked branches and adopts a
single helix structure. (b) Amylopectin consists of chains of a-1,4-linked glucose
subunits with frequent a-1,6-linked branches. Neighbouring chains within amylopectin
clusters form double helix structures. (c) Amylopectin double helices (cylinders) create
ordered crystalline arrays (~6 nm). The amorphous regions (~3 nm) contain the a-1,6-
linked branch points of amylopectin and amylose single helices. The amorphous
lamella alternates with the crystalline arrays, with a periodicity of 9-10 nm, forming the

semi-crystalline amylopectin matrix.
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Figure 1.2 The cluster and backbone models for organisation of the amylopectin
matrix. (a) Cluster model — long chains connect individual clusters of short chains;
both are synthesized at the same time and grow in the same direction (arrows). (b)
Backbone model — first, a long chain is synthesised (1), then short chains are

synthesized and placed perpendicularly to the long chain (2).

1.3 Starch granule diversity
There is large variation in starch granule morphology and number both across tissues

within a species, and between species.

There can be significant variation in transitory starch, both between chloroplasts of the
same tissue and between tissues of the same plant. Much of this work has been
conducted in Arabidopsis thaliana. When comparing chloroplasts of the same tissue,
there is often variation in the number of granules. In Arabidopsis thaliana mesophyll
chloroplasts, the mean number of granules per chloroplast is usually reported as five
to seven (Crumpton-Taylor et al., 2012). However, a recent study, using superior 3D
imaging technologies, revealed a much greater range from eight to 32 granules
detected in a single chloroplast (Blrgy et al., 2021). Beyond variation in granule
number, there are also differences in granule size between different tissues in
Arabidopsis thaliana, with starch granules in guard cells being more than two-fold
smaller, and also more numerous, than those in mesophyll cells (Liu et al., 2021b).
Whilst transitory starch has been greatly studied in Arabidopsis thaliana, how granules

vary in photosynthetic organs of different species has not yet been investigated.



The diversity in starch composition and structure is exemplified in storage starch,
where there is large interspecies diversity in starch granule morphology (Jane et al.,
1994). These starch granules can be broadly divided into three major morphological
classes — simple, bimodal and compound (Matsushima et al., 2013) (Figure 1.3) —
each are characterised by different granule initiation patterns. Simple granules (Figure
1.3a) are produced when there is a single granule initiation per amyloplast, this
granule morphology is found in major crops species including: maize (Zea mays)
endosperm, yam (Dioscorea spp.) tubers, potato (Solanum tuberosum) tubers, and
pea (Pisum sativum) seed embryos (Jane et al., 1994; Chen et al., 2021). Interestingly,
even within species with simple starch granules, there are differences in granule size
and shape. For instance, simple granules from potatoes are up to 75 ym in size and
are ellipsoid in shape, whilst those from pea seed embryos are reported as both
ellipsoid and disc-shaped and are up to 45 ym in diameter. Those from maize are
different again, having a polyhedral morphology and being smaller, up to 20 um (Chen
et al., 2021).

Whilst simple granules are found widely, bimodal granules (Figure 1.3b) are restricted
to the Triticeae, which contains the major crop plants: barley, rye (Secale cereale) and
wheat. Each individual granule is the result of one initiation, however, there are at least
two waves of granule initiation. The first wave occurs in the body of the amyloplast at
4-6 DPA (days post anthesis) and leads to the production of A-type granules, which are
large (20-30 ym) and lenticular. The second wave of granule initiation produces B-type
granules which are smaller, 2-7 um, and spherical (Bechtel et al., 1990). This second
wave of initiation is spatially and temporally separated from the first, occurring
approximately 10 days later, at least partially in amyloplast extensions known as
stromules (Bechtel et al., 1990; Langeveld et al., 2000; Matsushima and Hisano,
2019). Within species displaying a bimodal granule distribution, there is large diversity
in the relative amounts and number of A-type and B-type granules. This diversity is
exemplified in wild species which is discussed in Section 1.6. These different classes
of granules have large influences on the end uses of the starch (Section 1.6.1), so

understanding what controls the granule size distribution is a key objective.

Compound granules (Figure 1.3c), by contrast, are not formed from single initiations
but are the result of multiple granules initiating in a single amyloplast and fusing
together. The granules initiate at a similar time and as they grow the forces acting on
the growing granules and the surrounding amyloplast membrane pushes the granules

together into a centroidal Voronoi tessellation (Matsushima et al., 2015). Interestingly,



the granules do not completely fuse as microscopy reveals the presence of junction
sites (Buttrose, 1960) and the constituent granules easily fall apart during starch
purification. Some studies have observed the presence of septa between the
constituent granules, which is hypothesized to be the inner envelope membrane (Yun
and Kawagoe, 2010; Kawagoe, 2013). There are many reports of grass species
containing compound granules, with the most well-known being rice (Oryza sativa)
(Chen et al., 2021). Many early diverging grass species of the Poaceae have
compound granules, perhaps pointing to them being the ancestral granule state in this
family (Matsushima et al., 2013). There is interspecies diversity in the number of
granules contained within each compound granule, ranging from three (Tateoka, 1962)
to more than 12 (Matsushima et al., 2015).

Whilst these three classes of morphology explain most of the diversity seen in storage
starch, some species do not fit neatly into these as they contain granules from different
classes. Oat (Avena sativa) is a well described example of this, as its endosperm
starch contains both simple and compound granules (Saccomanno et al., 2017)
(Figure 1.3d). This pattern of granule morphology is not exclusive to oat and is found in
other genera including: Miscanthus, Digitaria and Chrysopogon (Tateoka, 1962).
Amongst these genera, there is variation in the ratios of compound to simple granules,
with more compound granules in Digitaria, more simple granules in Chrysopogon, and

roughly equal proportions in Miscanthus (Tateoka, 1962).

Although the large diversity in starch granules has been widely documented, there is a
poor understanding of why this diversity exists and the precise mechanisms of granule

initiation which underpin the diversity.



10 um
Figure 1.3 Variation in starch granule morphologies observed in storage starch.
Diagrammatic representations of (a) simple starch granules, (b) bimodal starch
granules, where the large granules are A-type granules and the smaller granules are
B-type granules, (c) compound starch granules and (d) compound and simple

granules. Scale bar = 10 ym for all parts of the figure.

1.4 Polymer synthesis
The biosynthesis of the starch polymers can be crudely divided into two parts. Firstly,
the formation of the glycosyl donor adenosine diphosphate-glucose (ADP-Glc), and

secondly the use of ADP-Glc to elongate growing amylose and amylopectin chains.

1.4.1 Synthesis of the glycosyl donor

In chloroplasts, starch synthesis is linked to carbon fixation in the Calvin cycle (Figure
1.4). The Calvin cycle intermediate, fructose 6-phosphate (F6P) is converted first into
glucose 6-phosphate (G6P) and then into glucose 1-phosphate (G1P), by the action of
phosphoglucose isomerase (PGl) and phosphoglucomutase (PGM), respectively. Both

reactions are thermodynamically reversible. G1P is subsequently converted to the



nucleotide activated sugar ADP-Glc, catalysed by ADP-Glc pyrophosphorylase
(AGPase) and releasing inorganic pyrophosphate (PPi). Unlike the previous reactions,
this reaction is non-reversible as PPi is readily hydrolysed to produce orthophosphate

(Pi) — a step that is thermodynamically unfavourable in the reverse direction.

ADP-Glc formation in non-photosynthetic tissues is not directly linked to the Calvin
cycle, so carbon is instead provided from sucrose (Figure 1.4). Sucrose is transported
into cells via plasma membrane sucrose transporters. In most tissues, sucrose is first
metabolised into fructose and uridine diphosphate-glucose (UDP-GIc) by sucrose
synthase. Fructose is converted to fructose 6-phosphate (F6P) by fructokinase and
subsequently to G6P by PGI, whereas UDP-Glc is first converted to G1P, by UDP-Glc
pyrophosphorylase. G1P can be imported into the plastid directly by a hexose-P
transporter, or alternatively converted to G6P by PGM in the cytosol. G6P is
transported into the plastid via the action of a plastid membrane localised Pi antiporter,
where it is reconverted to G1P by PGM. G1P in the plastid is utilised by the plastid
localised AGPase to produce ADP-Glc. This entire pathway is well described in a
review by Tetlow (2011). Interestingly, this process is different in the endosperm of
cereal grains where there is an additional form of AGPase localised in the cytosol
(Denyer et al., 1996; Thorbjagrnsen et al., 1996). The cytosolic AGPase provides 65-
95% of AGPase activity (Tetlow et al., 2004) and mutations specifically affecting the
cytosolic form cause significant reductions in starch content (Johnson et al., 2003; Wei
et al., 2017). Therefore, instead of hexose phosphates being transported into the
plastid, ADP-Glc is transported directly via the ADP-GIc/ADP antiporter BRITTLE 1
(Shannon et al., 1998; Patron et al., 2004).

In both transitory and storage starch synthesis, the AGPase reaction is highly
regulated as it is irreversible and thus, often referred to as the first committed step of
starch synthesis. AGPase is a heterotetramer consisting of two catalytically active
small and two regulatory large subunits. Expression of both subunits is controlled
temporally and spatially, with the expression affected by different environmental
factors, including sugar (Sokolov et al., 1998) and phosphate availability (Nielsen et
al., 1998).

In addition to transcriptional control, there is also post-translational control of AGPase
activity. There are differences between the post-translational control of AGPases in
photosynthetic vs non-photosynthetic tissues. In photosynthetic tissues, there is strong

allosteric control with AGPase activity enhanced by the metabolic intermediate

10



glycerate-3-phosphate (3PGA) and reduced by the binding of ADP or PPi (Ghosh and
Preiss, 1966). This allows AGPase activity to be linked to photosynthesis, as
photosynthesis results in a relative increase in the amount of 3PGA relative to PPi. In
non-photosynthetic tissues the extent of allosteric controls varies between tissues and
plants. On one hand, the AGPase in potato tubers experiences strong allosteric control
by 3PGA (Ballicora et al., 1995; Kavakli et al., 2001), whereas AGPase from pea
embryos is less responsive to 3PGA (Hylton and Smith, 1992). Similar to pea
embryos, evidence from wheat and barley endosperm extracts suggests that AGPase
activity, which is predominately due to the cytosolic form of the protein, is insensitive to
3PGA and PPi (Kleczkowski et al., 1993; Gomez-Casati and Iglesias, 2002).
Interestingly, when maize (Plaxton and Preiss, 1987) or rice (Sikka et al., 2001)
endosperm extracts are treated with 3PGA, an increase in AGPase activity is

observed.

Another form of post-translational control of AGPase activity is the influence of redox
state. Under oxidising conditions, a disulphide bridge forms between the two small
subunits which causes dimer formation and prevents enzyme activity (Ballicora et al.,
2000; Tiessen et al., 2002; Hadrich et al., 2012). This phenomenon was first
discovered in non-photosynthetic potato tubers but has since been demonstrated in
photosynthetic tissues too (Hendriks et al., 2003; Hadrich et al., 2012). Interestingly,
the key cysteine residues involved in disulphide bridge formation in potato tubers are
absent in the cytosolic AGPase in cereals (Figueroa et al., 2022). However, in rice
alternative cysteine residues are instead involved in disulphide bridge formation and

the enzyme is redox sensitive (Tuncel et al., 2014).
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Figure 1.4 Starch synthesis in photosynthetic and non-photosynthetic cells. In
photosynthetic cells (top), carbon is fixed from CO: in the Calvin cycle. Fructose 6-
phosphate (F6P), a Calvin cycle intermediate, is converted to glucose 6-phosphate
(G6P) by phosphoglucose isomerase (PGI) and then into glucose 1-phosphate (G1P),
by phosphoglucomutase (PGM). G1P is converted to ADP-Glucose (ADP-Glc)
catalysed by ADP-Glc pyrophosphorylase (AGPase) which can be utilised by starch

synthases (SSs) to elongate growing starch polymers. The growing polymer is acted
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on by branching enzymes (BEs) and debranching enzymes (DBEs) which ensure the
production of the correct starch structure. Triose-phosphates (Triose-P) are also
produced in the Calvin cycle and are exported into the cytosol via the triose-
phosphate/phosphate translocator (TPT). This is subsequently converted to fructose-
1,6-bisphosphate (F1,6BP) by aldolase (ALD), F6P by fructose-1,6-bisphosphatase
(FBPase), G6P by PGI, G1P by PGM and uridine diphosphate-glucose (UDP-GIc) by
UDP-glucose pyrophosphorylase (UGPase). UDP-Glc and F6P are funnelled into
sucrose synthesis, first being converted into sucrose-phosphate (Sucrose-P) by
sucrose-phosphate synthase (SPSase), which is metabolised to sucrose by sucrose-
phosphate phosphatase (SPPase). Sucrose can be transported symplastically over
long distances to non-photosynthetic tissues for the synthesis of storage starch
(bottom). Once there, sucrose is metabolised to UDP-GIc and fructose, catalysed by
sucrose synthase (SuSy). Alternatively, ADP-Glc can be produced instead of UDP-Glc
(not shown). Fructose is converted to F6P by fructokinase (FK) and G6P and G1P by
the actions of PGl and PGM respectively. UDP-GIc is converted directly to G1P by
UGPase. In cereal endosperm cells (bottom left), a cytosolic AGPase catalyses AGP-
Glc formation, which is imported into the amyloplast by BRITTLE1 (BT1), where it can
be used by SSs, BEs and DBEs for starch synthesis. Whereas in other storage
tissues, e.g. tubers (bottom right), G1P and G6P are imported into the amyloplast by
hexose-P transporters (purple circles). In the amyloplast, G6P is converted to G1P by
PGM which is converted to ADP-Glc by a plastid localised AGPase. As in cereal
endosperms, ADP-Glc is then utilised by SSs, BEs and DBEs for starch synthesis.

1.4.2 Synthesis of amylose and amylopectin

Synthesis of starch polymers requires three classes of enzymes: starch synthases
(SSs), starch branching enzymes (SBEs) and starch debranching enzymes (DBESs).
Whilst the overall enzymatic activities are consistent between tissues and plants, there
are differences in the specific isoforms present, the expression of the different
isoforms, and how the proteins are targeted to the site of starch synthesis. In addition
to these enzymes, some non-enzymatic proteins have also been reported to be
involved in amylopectin synthesis - most notably the tryptophan rich proteins, EARLY
STARVATION1 (ESV1) and LIKE EARLY STARVATION 1 (LESV) (Feike et al., 2016;
Yan et al., 2024). ESV1 and LESV bind directly to glucans on the starch granule
surface, which alters the crystallinity and effects the binding of DBEs and SSs (Singh
et al., 2022).

13



1.4.2.1 Starch Synthases

ADP-Glc acts as a substrate for SSs, which elongates growing starch polymers or free
malto-oligosaccharides (MOS). There are at least five classes of SSs in plants, which
all contain a glycosyltransferase (GT) 5 domain (Drula et al., 2021) and most contain
an additional GT1 domain (Pfister and Zeeman, 2016) (Figure 1.5).

One of the SSs, called GRANULE BOUND STARCH SYNTHASE (GBSS), is
responsible for amylose synthesis. Plants with no or reduced GBSS activity have no or
low amylose contents, respectively (Seung, 2020). This is true for both transitory
starch in leaves (Seung et al., 2015) and storage starch in tissues such as: potato
tubers (Hovenkamp-Hermelink et al., 1987), peas (Denver et al., 1995), cassava roots
(Ceballos et al., 2007) and the endosperms of barley (Patron et al., 2002), wheat
(Nakamura et al., 1995) and rice (Zhang et al., 2012). Interestingly there are two
paralogs of GBSS in monocots, coined GBSS/ and GBSSI/, which arose due to a
whole genome duplication event around 251 million years ago (Cheng et al., 2012). It
is GBSSII that is analogous in function to Arabidopsis thaliana GBSS and is found in
leaves, whilst GBSS/ is an endosperm specific isoform (Cheng et al., 2012). GBSS is
unique as it is almost exclusively bound to the growing starch granule, targeted by the
coiled-coil protein PROTEIN TARGETING TO STARCH 1 (PTST1) (Seung et al.,
2015). This targeting is necessary for proper GBSS activity. Knocking out PTST1 or
disrupting the GBSS-PTST1 interaction in Arabidopsis thaliana results in no or
significantly reduced amylose, respectively (Seung et al., 2015; Seung et al., 2020).
The role of PTST1 in cereal endosperms is less clear. In rice, PTST1 interacts with
both GBSSI and GBSSII, but the amylose content of starch in rice ptst1 mutants is
only 2% lower than that of wild-type plants (Wang et al., 2020). Therefore, PTST1
appears to only play a minor role in amylose synthesis in rice. In contrast, barley ptst1
plants had no amylose and were completely starchless (Zhong et al., 2018),

suggesting that in barley PTST1 has an essential role in the starchy endosperm.

Three of the other SSs (SS1, SS2 and SS3) are involved in amylopectin synthesis
whilst the others (SS4 and SS5) are linked to granule initiation (Section 1.5). SS1 acts
on the shortest amylopectin chains (Delvallé et al., 2005), while SS2 acts on
intermediate length chains (Zhang et al., 2008), and SS3 has roles in the production of
both very short and long amylopectin chains (Wang et al., 1993; Zhang et al., 2005).
However, the situation is rarely this simple: for instance in Arabidopsis thaliana ss1
mutants, SS3 partially compensates for the lack of SS1 activity, suggesting that SS3

can use some of the SS1 substrates (Szydlowski et al., 2011). Moreover, biochemical

14



studies reveal that some SSs can form complexes with each other and other enzymes
which could influence their activity. In the maize endosperm, SS2a interacts with SS3,
STARCH BRANCHING ENZYME (SBE) 2a and SBE2b (Hennen-Bierwagen et al.,
2008), while in cassava roots SS2 interacts with SBE2 and ISOAMYLASE (ISA) 2 (He
et al., 2022). To further add to the complexity, there are differences in the expression of
the different SS isoforms both between plants, and between different tissues of the
same plant. For example, SS1 is the major SS in potato leaves (Kossmann et al.,
1999), but the isoform is not expressed in maize leaves (Knight et al., 1998); whereas
in the maize endosperm SS1 and SS2 constitutes most of the SS activity (Cao et al.,
1999).

AtGBSS - - —» Amylose Synthesis

AtsS1[ n B —» Amylopectin Synthesis

AtSS2[ | [ B —» Amylopectin Synthesis

AtsS3 mml [ N M | N m —» Amylopectin Synthesis
AtSS4 | | | B —» Granule Initiation
AtSS5 —» Granule Initiation

1(Ea

DPIastidiaI transit peptide DGchosyltransferase-5 domain
DGchosyItransferase-1 domain DCoiIed-coil domain

[ |carbohydrate binding module 25

Figure 1.5 The six SSs in Arabidopsis thaliana have distinct domain structures
and roles. Domains are represented as coloured boxes: turquoise = plastidial transit
peptide, orange = glycosyltransferase-5 domain, pink = glycosyltransferase-1 domain,
grey = coiled-coil domain and purple = carbohydrate binding module 25. Where the
domain has not been characterised, it is marked with a *?’. Roles of the proteins in
Arabidopsis thaliana are listed to the right. Scale bar = 100 amino acids. This figure is

adapted from Pfister and Zeeman (2016) under a CC-BY license.
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1.4.2.2 Starch branching enzymes

Whilst SSs can add ADP-Glc residues to the growing amylopectin chains, they cannot
catalyse the formation of the a-1,6-linkages which form the branching points. This is
carried out by starch branching enzymes (SBEs), which hydrolyse a-1,4-linkages and
link the reduced end to a C6 hydroxyl group (Drummond et al., 1972). SBEs have a
distinct structure with a carbohydrate binding module (CBM) 48 towards their N-
terminus and a glycoside hydrolase (GH) 13 domain at their C-terminus (Tetlow and
Emes, 2014) (Figure 1.6). SBEs can be subdivided into two broad classes based on
their amino acid sequences: SBE1s and SBE2s. Most plants have both classes
although there is no SBE1 class enzyme in Arabidopsis thaliana (Goren et al., 2018).
The different SBE classes have varying preferences for their substrates. SBEIs have
high activity for amylose, whilst SBE2s are more likely to use amylopectin as a
substrate (Guan and Preiss, 1993; Morell et al., 1997; Rydberg et al., 2001). A further
complexity in cereals is that the SBE2 class is subdivided into SBE2a and SBE2b.
These two classes are differentially expressed, with different plants showing different
patterns. In maize SBE2b is the major endosperm expressed SBE, with SBE2a being
expressed in vegetative tissues and embryonic tissue (Gao et al., 1997), in barley
SBEZ2a is expressed highly in both the leaves and the endosperm (Sun et al., 1998)
and in wheat, SBE2b expression is low in the endosperm, whereas SBEZ2a is highly
expressed in the endosperm (Regina et al., 2005). However, in wheat the protein
localisation also needs to be accounted for as SBE2b localises with endosperm starch
granules, whilst SBE2a is mainly found in the amyloplast stroma (Regina et al., 2005).
Hence SBE2b may have a greater influence on amylopectin branching of starch
granules than SBE2a. This highlights the importance of considering gene expression,

protein abundance and localisation.

Mutations in SBEs cause defects in amylopectin. Perhaps the most famous sbhe
mutant is Mendel’s wrinkled pea which has a transposon insertion in SBE1. This
causes a reduction in the ratio of amylopectin to amylose (Bhattacharyya et al., 1990).
SBE mutations have also been described in other plants, including the amylose
extender (ae) mutation in maize SBE2b. This causes high-amylose starch and has
been selected for during maize domestication (Whitt et al., 2002). Similar high-
amylose, low-amylopectin phenotypes are seen in sbe2b mutants of rice (Nishi et al.,
2001), sbe2a mutants of tetraploid wheat (Hazard et al., 2012), and barley lines where
SBEZ2a and SBEZ2b have been silenced via RNAi (RNA interference) (Regina et al.,
2010).
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Figure 1.6 The two classes of SBEs have a similar domain structure. An example
of a class 1 SBE (SBE1) and a class 2 SBE (SBE2) are shown, as Arabidopsis
thaliana does not have a class 1 SBE, BE1 from maize is shown instead. Domains are
represented as coloured boxes: turquoise = plastidial transit peptide, purple =
carbohydrate binding module 48, orange = catalytic a-amylase family domains and
pink = glycoside hydrolase (GH) 13 domain. The typical substrate preference of the
proteins is listed to the right. Scale bar = 100 amino acids. This figure is adapted from
Pfister and Zeeman (2016) under a CC-BY license.

1.4.2.3 Starch debranching enzymes

There is one additional class of enzymes involved in amylopectin synthesis - the
starch debranching enzymes (DBEs). These cleave misplaced a-1,6-linkages to
regulate overall amylopectin structure, in a process known as “trimming” (Smith and
Zeeman, 2020). Like the SBEs, the DBEs also have a N-terminal CBM48 domain
(Pfister and Zeeman, 2016) (Figure 1.7). DBEs can be separated into two types — the
isoamylase (ISA) type and the limit dextrinase (LDA) type. The major distinguishing
factor is that only the LDA type can degrade pullulan (Pfister and Zeeman, 2016); a
compound produced by Aureobasidium fungi composed of maltotriose subunits joined
with a-1,6-linkages (Wei et al., 2021). The ISA class contains three distinct forms:
ISA1, ISA2 and ISA3. LDA, sometimes called pullulanase (PUL), is the only example
of a LDA type DBE in plants.

The key role of ISA1 in amylopectin synthesis is demonstrated by the accumulation of
the highly branched soluble polymer phytoglycogen instead of starch in the isa1
mutants of: Arabidopsis thaliana (Wattebled et al., 2005), maize (James et al., 1995)
and barley (Burton et al., 2002). Interestingly, ISA2 lacks the key residues required for
catalytic activity (Hussain et al., 2003). Nevertheless, ISA2 has an important role in
some plants as Arabidopsis thaliana isa2 plants are almost phenotypically identical to

isa1 plants (Delatte et al., 2005). Thus, it has been proposed that ISA2 may be instead
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important for ISA1 stability by forming a heteromultimer (Hussain et al., 2003).
However, the situation in the cereal endosperm is different. Maize isa2 plants
accumulate much less phytoglycogen than maize isa? plants (Kubo et al., 2010).
Likewise, in wild-type maize endosperm homomeric ISA1 complexes are detected
(Kubo et al., 2010). Thus, in cereal endosperms it has been suggested that ISA1
homomultimers can conduct most ISA functions, which contrasts with cereal leaves
and potato tubers where ISA2 is also needed (Kubo et al., 2010). Whilst ISA1 and
ISA2 partake in amylopectin debranching, ISA3 and LDA are primarily involved in
transitory starch degradation in Arabidopsis thaliana (Pfister and Zeeman, 2016).
However, in cereals they may have a small influence on amylopectin branching. Rice
Ida mutants have longer amylopectin chains (approximately 3 glucose residues longer
compared to wild-type) in their endosperm starch (Fujita et al., 2009) and isa3 mutants
have more highly branched amylopectin (Yun et al., 2011). Maize Ida mutants have an
accumulation of branched glucans (Dinges et al., 2003). However, this is difficult to
generalise more widely as reports of /da and isa3 mutants are missing in many key

species, including wheat.
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Figure 1.7 The two types of DBEs have a similar domain structure. An example of
ISA-type and LDA-type DBEs from Arabidopsis thaliana. Domains are annotated
according to Arabidopsis thaliana and are not identical to the annotations in cereals
(Chapter Five). Domains are represented as coloured boxes: turquoise = plastidial
transit peptide, purple = carbohydrate binding module 48, orange = catalytic a-amylase
family domains and pink = domain of unknown function. Scale bar = 100 amino acids.

This figure is adapted from Pfister and Zeeman (2016) under a CC-BY license.
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1.5 Granule Initiation

1.6.1 The process of granule initiation

Whilst the synthesis of amylose and amylopectin is well understood, less is known
about how starch granules initiate. This process is sometimes called ‘priming’ or
‘nucleating’ and influences granule number and morphology. At a mechanistic level,
granule initiation does not rely on a glucosylated protein primer (Seung and Smith,
2019). Instead, it is a spontaneous event dependent on glucan substrates and various
proteins (Section 1.5.2.4). Granule initiation is dependent on nucleation of glucan
substrates, which can occur in a homogenous or heterogeneous manner (Geddes and
Greenwood, 1969) (Figure 1.8). In homogenous nucleation, nucleation is carried out
by the glucan substrates (or MOS) themselves independent of external factors. Glucan
substrates are constantly moving in the plastid and structurally similar parts of the
glucan chains align to generate a small, ordered structure. This has stability and can
act as the starting point for granule growth. In contrast, during heterogenous
nucleation an external factor (e.g., a protein), stabilises the glucan molecules directly
allowing subsequent growth. Regardless of the nucleation mechanism, for growth to
occur, there needs to be crystallisation of the starch polymers. This has been proposed
to happen spontaneously from a coacervate, which is a liquid-liquid phase separated
droplet composed of organic molecules (Badenhuizen, 1963). This process of
nucleation and crystallisation has been studied in vitro and can be somewhat
replicated by manipulating temperature (Ziegler et al., 2005). However, the resulting
structures, called spherulites, do not completely resemble starch granules as they lack
growth rings and are difficult to form with branched glucan substrates. So, whilst in
vitro studies provide insight to the chemical and physical changes that could occur
within glucan substrates during granule initiation, it does not provide a model of these

processes in vivo which is still a major gap in our understanding.

In plant tissues, granule initiation can be further divided into primary and secondary
events (Figure 1.8). Primary starch granule initiation describes the initiation of a
granule in plastids without pre-existing granules or granule-derived glucans.
Secondary granule initiation occurs when starch granules initiate in plastids already
containing starch granules or glucans, which can act as a source of glucan substrates.
The frequency at which primary initiation occurs in chloroplasts is unknown, and
secondary initiations may dominate. Within a single chloroplast in an Arabidopsis
thaliana leaf, under normal day:night regimes, a few small starch granules are visible
at the end of the night period. These most likely serve as a source of glucans for

secondary granule initiations in the following light period (Blrgy et al., 2021).
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Therefore, during normal diurnal starch turnover, most granule initiations are
secondary. Even in newly developed chloroplasts granule initiations are more likely to
be secondary, as when chloroplasts divide by binary fission both daughter chloroplasts
often contain a starch granule (Mai et al., 2019). The frequency of daughter
chloroplasts that do not inherit a starch granule has not been measured. Even so,
these chloroplasts are likely to contain small glucans in some form which could act as
substrates for granule initiation. In non-photosynthetic tissues, the amount of primary
granule initiations is just as uncertain. Similar to leaf chloroplasts, amyloplasts of
potato tubers divide by binary fission and each daughter amyloplast may receive a
starch granule, such that any subsequent initiations in this amyloplast are considered
secondary (Mingo-Castel et al., 1991). Likewise in rice, whose amyloplasts divide at
multiple places at once giving a ‘beads-on-a-string’ like appearance, newly formed
amyloplasts may already possess starch granules (Yun and Kawagoe, 2009). In
Triticeae, secondary initiations result in the formation of B-type granules (Section 1.3),
although whether all A-type granules stem from primary initiations has not been

demonstrated.

De novo
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Figure 1.8 Granule initiation requires nucleation of glucan substrates.

A diagrammatic representation of a plastid undergoing granule initiation. Glucan
substrates (MOS, yellow hexagons) can stem from de novo production (primary
granule initiation) or from degradation of pre-existing starch granules (orange)
(secondary granule initiation). Homogenous nucleation occurs when structurally similar
parts of the glucan chains align to generate a small, ordered structure that acts as the
starting point for granule growth. Heterogenous nucleation occurs when an external
factor, for example a protein (blue), stabilises the glucan molecules directly facilitating

growth of a starch granule.
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1.5.2 Granule initiation in photosynthetic tissues

Much of the early work to understand how granules initiate was conducted on
transitory starch in Arabidopsis thaliana leaves. However, recent work has started to
investigate granule initiation in photosynthetic tissues of other species, with a focus on

crop species such as wheat, barley and rice.

1.6.2.1 The role of starch synthases in granule initiation in Arabidopsis thaliana

The first protein to be implicated in granule initiation in Arabidopsis thaliana was SS4.
Arabidopsis thaliana ss4 mutants have mostly zero, or less frequently one or two,
granules per chloroplast compared to the typical five to seven granules (Roldan et al.,
2007; Crumpton-Taylor et al., 2013; Malinova et al., 2017) (Figure 1.9a,b).
Interestingly, the small number of granules in ss4 mutants also have a different
morphology, being more round in shape compared to normal lenticular morphology
(Roldan et al., 2007; Crumpton-Taylor et al., 2013). Hence, SS4 not only influences

granule number but also granule size and shape.

SS4 has a coiled-coil domain near its N-terminus in addition to its GTS and GT1
domains (Figure 1.5), and these different domains have distinct functions. The C-
terminal region (containing both GT domains) has a key role in promoting granule
initiation. In Arabidopsis thaliana, expression of the SS4 C-terminus in the ss4 mutants
partially rescues the granule number phenotype, increasing the number of chloroplasts
containing multiple granules (Lu et al., 2017). However, despite the increased number
of granules, the granules still have a round rather than a lenticular morphology, hence
suggesting that the N-terminal region containing the coiled-coil domain is important for
determining granule morphology (Lu et al., 2017). The N-terminus also has an
additional role in ensuring the correct localisation of SS4 to distinct subchloroplastic
puncta (Gamez-Arjona et al., 2014). It has been hypothesized that SS4’s punctate
localisation is important for lenticular granule morphology by restricting SS4 catalytic

activity to specific locations within the chloroplast (Lu et al., 2017).

The small number of starch granules seen in ss4 mutants may be initiated by SS3, as
$s3 ss4 double mutants are starchless (Szydlowski et al., 2009). However, ss3 single
mutants have no defect in granule number (Zhang et al., 2005). The mechanism by
which SS3 carries out granule initiation in the absence of SS4 is unclear. SS3 has
enzymatic activity (Busi et al., 2008), but it is not reported to interact with any other
proteins involved in starch granule initiation (Mérida and Fettke, 2021). Moreover, it is

usually localised around the periphery of starch granules (Gamez-Arjona et al., 2014;
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Gamez-Arjona and Mérida, 2021) rather than the distinct punctate localisation of many
of the starch granule initiation proteins, although its localisation in the ss4 background

has not been investigated.

In addition to SS4 and SS3, the non-catalytic SS5 also plays a role in granule initiation
in Arabidopsis thaliana. ss5 mutants have a reduced number of starch granules with
an average of two to three per chloroplast (Abt et al., 2020) (Figure 1.9c¢). SS5is a
noncanonical starch synthase, as it lacks the GT1 domain (Figure 1.5) and has no
enzymatic activity (Abt et al., 2020). Thus, it cannot be playing an enzymatic role in the
granule initiation process. The ss4 ss5 double mutant has a more extreme phenotype
than either single mutant, with more chloroplasts containing no starch granules (Abt et
al., 2020). So, whilst the mechanistic role of SS5 is still unclear, it seems most likely

that it does not function through SS4.

1.5.2.2 The role of coiled-coil proteins in granule initiation in Arabidopsis thaliana
Other coiled-coil proteins, aside from SS4, also have roles in granule initiation.
PROTEIN TARGETING TO STARCH 2 (PTST2), a homolog of PTST1 (Section 1.4.2),
has a coiled-coil domain and a carbohydrate binding module 48 (CBM48), and
interacts with SS4. Arabidopsis thaliana ptst2 mutants have, on average, zero or one
large starch granule in their mesophyll chloroplasts, although this is less severe than
the ss4 phenotype (Seung et al., 2017) (Figure 1.9d). Unlike ss4 mutants, the
morphology of the granules is discoid and flat much like the wild-type (Seung et al.,
2017; Liu et al., 2021a). PTST2 interacts with MOS through its CBM48 domain. It has
been proposed that PTST2 may provide MOS substrates to SS4 for elongation and
formation of a granule initial. This explains how PTST2 has such strong effect on

granule number despite having no enzymatic activity (Seung et al., 2017).

PTST2 has a close homolog in some species, including Arabidopsis thaliana, named
PTST3. Arabidopsis thaliana ptst3 plants have an average of two granules per
chloroplast (Seung et al., 2017) (Figure 1.9¢e). This phenotype is less severe than the
ptst2 mutants. However, combining the ptst3 mutation with the ptst2 mutation
increases the severity of the ptst2 phenotype and ptst2 ptst3 Arabidopsis thaliana
mutants have more chloroplasts with zero starch granules compared to ptst2 plants
(Seung et al., 2017) (Figure 1.9f). This is also accompanied by changes in granule
morphology with ptst2 ptst3 mutants having rounded granules like the ss4 mutant
(Seung et al., 2017). Unlike for PTST2, an interaction between SS4 and PTST3 has

not been demonstrated so its precise role in granule initiation is unclear. Regardless,
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PTST3 probably carries out its role with a lower efficiency than PTST2 given the strong
reduction in granule number phenotype in ptst2 plants. Instead, PTST3 may act with
PTST2 directly to determine granule morphology, which is supported by the fact that
PTST3 interacts with PTST2 (Seung et al., 2017).

PTST2 binds to two other coiled-coil proteins: MAR-BINDING FILAMENT PROTEIN 1
(MFP1) and MYSOIN-RESEMBLING CHLROPLAST PROTEIN (MRC). Both are
involved in granule initiation in chloroplasts as Arabidopsis thaliana mfp1 and mrc
mutants both have reduced granule number in mesophyll chloroplasts (Seung et al.,
2018; Vandromme et al., 2019) (Figure 1.9g,h). Moreover, overexpressing MFP1 in
Arabidopsis thaliana causes significantly more granules per chloroplast (Sharma et al.,
2024). MFP1 has a distinct punctate localisation; it associates with the thylakoid
membranes via its N-terminal transmembrane domain, whilst its C-terminal coiled-coil
domain protrudes into the stroma (Jeong et al., 2003). This localisation pattern is
important for correct PTST2 and SS4 localisation. Ectopic placement of MFP1 to the
inner envelope results in mislocalisation of both PTST2 and SS4 to the inner envelope,
and the production of starch granules at the stromal periphery of this membrane
(Sharma et al., 2024). Whilst the role of MFP1 is starting to be understood, the specific
role of MRC has not yet been deciphered. Nevertheless, MRC is likely to have an
important role as the mrc phenotype is stark with an average of one granule per
chloroplast (Figure 1.9h). Moreover, it localises to distinct puncta, like other granule
initiation proteins, and it interacts with PTST2, SS4 and SS5 (Seung et al., 2018;
Vandromme et al., 2019; Abt et al., 2020).

It has been hypothesized that the five coiled-coil proteins aforementioned — SS4,
PTST2, PTST3, MFP1 and MRC — form an ‘initiation complex’ (Seung and Smith,
2019). MFP1 would act to localise the other granule initial proteins, PTST2 would
provide MOS which SS4 would elongate further ensuring that starch granule initiation
occurs at specific controlled locations in the chloroplast. Much is still unknown about
this complex, such as: the specific roles of MRC and PTST3, the relative stoichiometry
of the proteins in the complex, whether any other proteins are involved in the complex

and the stability of the complex.
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Figure 1.9 Mutating genes involved in starch granule initiation causes defects in
granule number and morphology. Light microscopy sections of Arabidopsis thaliana
leaves collected at the end of the day. Starch granules are stained black against grey
chloroplasts. Median granule number per chloroplast section and granule morphology
is reported below each image. (a) Wild-type (WT) Col-0, (b) starch synthase 4, (c)
starch synthase 5, (d) protein targeting to starch 2, (e) protein targeting to starch 3, (f)
protein targeting to starch 2 and protein targeting to starch 3, (g) mar-binding filament
protein 1 and (h) myosin-resembling chloroplast protein. Scale bars = 10 ym. Images
are adapted from Seung et al. (2017), Seung et al. (2018) and Abt et al. (2020) under
CC-BY licenses. The wild-type looked comparable between all papers so for simplicity

only one wild-type image is displayed here.
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1.5.2.3 Other proteins implicated in granule initiation in Arabidopsis thaliana

In addition to SS4 there is another enzyme implicated in granule initiation in
Arabidopsis thaliana - the plastidial a-glucan phosphorylase (PHS1). This enzyme
catalyses a reversible reaction to extend glucan chains using G1P or degrade glucan
chains to release G1P. PHS1 interacts with SS4 (Malinova et al., 2018), however
Arabidopsis thaliana phs1 mutants have no differences in granule number per
chloroplast (Malinova et al., 2013). It is only when additional genes are knocked out in
parallel with PHS1, such as maltose exporter 1 (MEX1) or the disproportionating
enzyme 2 (DPEZ2) which is involved in cytosolic maltose metabolism, that a reduction
in granule number per chloroplast is observed (Malinova et al., 2013). Curiously, these
phenotypes might be dependent on the environment as continuous light abolishes the
phenotype in dpe2 phs1 mutants and increases granule number per chloroplast
(Malinova et al., 2017; Malinova and Fettke, 2017). Therefore, it could be that PHS1
partakes in the granule initiation process but has either a minor role or an importance

only under certain conditions.

1.5.2.4 Granule initiation in photosynthetic tissues of plants beyond Arabidopsis
thaliana
Although much of the gene discovery has been conducted in Arabidopsis thaliana, the
mechanisms appear to be largely conserved in the photosynthetic tissues of other
plants. SS4 also promotes granule initiation in wheat leaves, with fewer granules per
chloroplast in hexaploid wheat mutants of the D genome ortholog of SS4 (Guo et al.,
2017). Similarly in knockout mutants of tetraploid durum wheat (Triticum turgidum cv.
Kronos), 80% of chloroplasts had no starch granules (Hawkins et al., 2021). Likewise,
durum wheat mrc mutants had a significant reduction (~50%) in granule number per
chloroplast, although it is less severe than that reported in Arabidopsis thaliana (Chen,
2022).

The granule initiation protein which has been characterised in the largest number of
species is PTST2. Its roles in leaves have been investigated in: tetraploid durum
wheat (where it is called B-GRANULE CONTENT 1, BGC1), barley (where it is called
FLOURY ENDOSPERM 6, FLOG6), Brachypodium distachyon (Watson-Lazowski et al.,
2022) and rice (where it is also called FLO6) (Zhang et al., 2022). Like Arabidopsis
thaliana, mutants in all these species have fewer granules per chloroplasts (Watson-
Lazowski et al., 2022). However, the phenotypes are not completely identical with
differences in granules size and starch content, which has been attributed to

differences in leaf sugar metabolism (Watson-Lazowski et al., 2022).
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There are some genes involved in granule initiation in Arabidopsis thaliana leaves that
do not have orthologues in other plant families. Notably, there are no PTST3 or SS5
homologs in the grass subfamily of the Pooideae (Watson-Lazowski et al., 2022).
Hence, not everything learnt from Arabidopsis thaliana can be directly applied to other
species, demonstrating the importance of studying granule initiation in a wide range of

plants.

1.6.3 Granule initiation in non-photosynthetic tissues

Much of what is known about starch granule initiation in non-photosynthetic tissues
centres around endosperms and tubers, with much less known about granule
formation in pollen or roots. In both endosperm and tubers, granule initiation requires
some of the same proteins involved in granule initiation in photosynthetic tissues.
However, the specific roles or timing of expression of the genes often differs to give

rise to the aforementioned diversity in granule morphology (Section 1.3).

1.5.3.1 Granule initiation in plants with compound granules

Much of the early work on granule initiation in non-photosynthetic tissues was
conducted on rice. In rice there are two SS4 paralogs: SS4a and SS4b (Dian et al.,
2005). Mutation of ss4b alone leads to no defects in endosperm starch (Toyosawa et
al., 2016). This could stem from the fact that SS4b is predominantly expressed in
leaves whilst SS4a is the major endosperm SS4 (Dian et al., 2005). The endosperm
starch phenotypes of ss4a rice plants has not yet been characterised, perhaps due to
the compromised growth of these plants (Jung et al., 2018). Despite the lack of
phenotype in ss4b mutants, combining the ss4b mutation with a ss3a mutation alters
granule morphology from compound to spherical granules (Toyosawa et al., 2016).
This suggests the importance of SS3 and SS4 in determining correct granule
morphology. However, from this mutant alone, it is difficult to dissect the roles of SS3
and SS4 so it would be important to examine endosperm starch in ss4a ss4b and ss3a

S$s3b mutants.

The role of PTST2, called FLO6 in rice, has also been investigated. Rice flo6 mutants

have severe defects in compound granule formation, with smaller granules and altered
morphology — they are more irregular in shape with rough surfaces (Peng et al., 2014).
Interestingly, this phenotype is similar to the rice lesv phenotype, which also has small
granules that do not pack together tightly (Yan et al., 2024). LESV interacts with FLO6
which is important for the targeting of ISA1 to starch granules (Yan et al., 2024).
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Whether this interaction is important for granule initiation is unclear and the storage

starch phenotype of lesv mutants needs to be studied more broadly.

As in Arabidopsis thaliana leaves where PHS1 may have a conditional role, the effect
of the phs1 (also called pho1) mutation in rice seems to be dependent on temperature.
When grown at 30°C rice phs1 grains were comparable to wild-type. Yet when grown
at 20°C, between 68-78% of grains had a shrunken endosperm (Satoh et al., 2008).
This was associated with a 20-fold reduction in endosperm starch content and the
starch granules were smaller and more spherical (Satoh et al., 2008). The
temperature-dependency of the phenotype might be due to the existence of a factor
that can only compensate for the lack of PHS1 at high temperatures, although such

factor has not yet been discovered.

There are some proteins that influence granule initiation in compound granule
formation in rice but have no reported roles in granule initiation in photosynthetic
tissues. This includes SUBSTANDARD STARCH GRAIN 4 (SSG4) and
SUBSTANDARD STARCH GRAIN 6 (SSG6), which when mutated cause larger starch
granules in the compound granules of the endosperm (Matsushima and Hisano,

2019). This demonstrates how starch granule initiation varies across different tissues.

1.5.3.2 Granule initiation in plants with simple granules

Our understanding of initiation of simple granules is at a less advanced state
compared to that described for compound granule formation in rice. This mainly stems
from a lack of mutants in many of the granule initiation genes in plants like potato and
maize. However, lines with altered expression can provide insight into the potential
importance of these genes. Overexpressing the Arabidopsis thaliana SS4 in potato
increased potato tuber starch content but had no effect on granule size or shape.
However, granule number was not measured, so it is difficult to conclude whether
overexpressing SS4 lead to a greater starch content via increasing the number of

granule initiations (Gamez-Arjona et al., 2011).

Altered expression has also been used to assess the role of PHS1 in maize and
potato. The shrunken4 maize mutant, which has a 70% reduction in PHS1 activity, has
one third of the starch of a wild-type grain (Tsai and Nelson, 1969). Hence PHS1 may
play an important role in starch formation, and possibly granule initiation in maize.
However, a more in-depth characterisation of starch granule morphology and number

in the shrunken4 plants is needed to confirm or refute this. PHS1 has also been
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knocked down in potato tubers to 8-12% of wild-type activity levels. Under low
temperature conditions (15°C), these plants have changes in starch granule structure,
but no differences in starch granule number (Orawetz et al., 2016). A similar knock
down study also in potato tubers, revealed a role for PHS1 in MOS metabolism,
suggesting that this could influence granule initiation through the generation of the
nucleation structure (Flores-Castellanos and Fettke, 2022). Recently, a phs1 mutant in
potato was isolated, which had a greater number of starch granules than the wild-type
and the granules had reduced size (Sharma et al., 2023). Together this suggests that
PHS1 is involved in granule initiation in potato tubers, although a mechanism has not

yet been proposed.

An example of a complete knockout of a starch granule initiation gene in a plant that
produces simple granules is Brachypodium distachyon bgc1 (ptst2) mutants.
Brachypodium distachyon is a grass outside the Triticeae, but within the Pooideae.
Loss of bgc1 causes small compound granules to form in the endosperm instead of
simple granules (Watson-Lazowski et al., 2022). It will be interesting to see if this
phenotype is consistent in other plants such as maize and potato, or whether BGC1

adopts different roles in different species.

1.6.3.3 Granule initiation in plants with bimodal granules

Like in leaves, SS4 also plays a key role in granule initiation in the wheat endosperm.
Durum wheat ss4 mutants have abnormal granule initiation patterns, resulting in
multiple granules initiating per amyloplast and these fuse to form compound granules
(Hawkins et al., 2021) (Figure 1.10a,b). The compound granules appear during early
grain development and are detected from at least 8 DPA. Hence in wild-type
endosperm tissue, SS4 must be important in restricting A-type granule initiation to one
initiation per amyloplast. The occurrence of multiple initiations in the absence of SS4 in
the endosperm contrasts the phenotype in leaves where absences of SS4 results in

reduced initiations. How SS4 restricts granule initiation in the endosperm is unknown.

In addition to SS4, the role of SS3 in endosperm starch formation in the Triticeae has
also been investigated. Hexaploid wheat has two SS3 paralogs — SS3a and SS3b. It is
SS3a that is more strongly expressed in the endosperm, peaking at approximately 12
DPA (Li et al., 2000). When ss3a is knocked out in hexaploid wheat, A-type and B-type
granules are still observed, but the A-type granules are significantly smaller (Fahy et

al., 2022). Interestingly, the morphology of A-type granules is also altered, and many
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have irregular shapes or protrusions. Notably, no compound granules were observed

in the ss3 plants.

The durum wheat ss4 endosperm starch phenotype is strikingly similar to the full
knockout phenotype of bgc? in durum and hexaploid wheat. This is characterised by
abnormal starch granules with diverse shapes and sizes (polymorphous starch) due to
the initiation and then fusion of multiple granules (Chia et al., 2017; Chia et al., 2020;
Hawkins et al., 2021) (Figure 1.10c). In hexaploid wheat, BGC1 has a dosage effect,
as plants lacking the A and D genome copies (--BB--) do not have wild-type or
polymorphous starch phenotype, but instead exhibit fewer B-type granules. Combining
the phenotypes of the double and triple mutants suggests that BGC1 promotes B-type
granule formation. It also has a role in A-type granule initiation, where it acts in
conjunction with SS4 to ensure there is only one A-type granule per amyloplast thus
preventing the formation of polymorphous starch (Chia et al., 2020; Hawkins et al.,
2021). This is also consistent in barley where full knockouts of BGC1 also have

polymorphous starch (Saito et al., 2018).

Whilst BGC1 has roles in both A- and B-type granule initiation, other proteins involved
in granule initiation in leaves appear to have specific roles in the initiation of either
granule type. Expression analysis revealed that MRC is specifically expressed during
early grain development, up to 10 DPA, which coincides with A-type granule formation
(Chen et al., 2023a; Chen et al., 2024). Durum mrc mutants have smaller A-type
granules and a higher percentage volume of B-type granules (Figure 1.10d). The
smaller A-type granules corresponded with the earlier emergence of B-type granules in
the mutant, which were detected from 10 DPA. Thus MRC has been co-opted to
control B-type granule initiation during endosperm starch formation by inhibiting B-type
granule formation during early grain development (Chen et al., 2024). This is in direct
contrast to its role in photosynthetic tissue where it promotes granule initiation. As
coiled-coil proteins are involved in protein-protein interactions, it has been proposed
that the differing effects of MRC on granule initiation in wheat leaf chloroplasts versus
endosperm amyloplasts might be a result of interactions with different proteins (Chen,
2022). However, the interaction partners of MRC in the endosperm need to be

identified to confirm this.
PHS1 exemplifies a protein with either no, or a very minor, role in granule initiation in

Arabidopsis thaliana and durum wheat leaf chloroplasts (Malinova et al., 2013; Kamble

et al., 2023). However, it is important in the endosperm. Durum wheat phs7 mutants
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have fewer and larger B-type granules in the endosperm compared to the wild-type
(Kambile et al., 2023) (Figure 1.10e). Yet there is no effect on A-type granules,
demonstrating a unique role for PHS1 in B-type granule formation. It has been
hypothesized to elongate MOS substrates released from A-type granules during B-
type granule initiation (Kamble et al., 2023). Whilst no phs1 mutant has been
characterised in barley, the PHS1 protein abundance in barley endosperm is strikingly
similar to that of wheat (Cuesta-Seijo et al., 2017). This could suggest that the role of

PHS1 is conserved across the Triticeae.

Reverse genetics has also been used to identify genes involved in granule formation in
barley using missense TILLING (Targeting-Induced Local Lesions In Genomes)
mutants. Mutations in LIMIT DEXTRINASE (LDA) or SS1 resulted in significantly
altered percentage of B-type granules with an increase in the /da mutant and both
increases and decreases in the ss7 mutants, depending on the specific mutation
(Sparla et al., 2014). These findings might seem contradictory; however, the TILLING
strategy can generate both loss of function and gain of function alleles. Therefore,
analysis of a single mutant phenotypes makes it impossible to conclude the specific
effect of either LDA or SS1 on granule initiation, apart from the fact that they likely
participate in the process. No full knockouts have been described for either LDA or
SS1in barley or any other Triticeae species, so how these fit into our model of starch

granule initiation is not clear.

Granule initiation in the Triticeae occurs in a spatiotemporal pattern, which involves
changes in amyloplast morphology. There is therefore interest in how plastid
morphology affects granule initiation. One protein of particular interest is PARALOG
OF ARC6 (PARC 6; where ARC stands for Accumulation and Replication of
chloroplasts) which is a component of the plastid division machinery (Glynn et al.,
2009). Consistent with its role in plastid division, the parc6 knockout mutants of durum
wheat have larger amyloplasts in the endosperm (Esch et al., 2023). This is
accompanied by larger A-type and B-type granules compared to the wild-type plants
(Esch et al., 2023). Additionally, parc6 plants have an increase in B-type granule
content, which is due to both the increase in the size of the B-type granules and an
increase in the relative number of B-type granules (Esch et al., 2023). Hence, altering
amyloplast size alters both the number of granules initiated and how big these

granules can grow.
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Through these genetic studies, a working model of granule initiation in the Triticeae
has been developed (Figure 1.11). In this model A-type granules are initiated soon
after anthesis with involvement from SS4 and BGC1. Whether the A-type granule
initiation is a primary or secondary initiation (Section 1.5.1) is unknown, as de novo
MOS production has not been demonstrated. B-type granule initiation is repressed
during early grain development by MRC. As MRC expression decreases, B-type
granules start to initiate in the main body of the amyloplast and stromules. This
process relies on BGC1 and PHS1. The initiation of B-type granules are secondary
initiation events (Section 1.5.1) as they rely on pre-existing MOS primers, which are
most likely released directly from A-type granules through the activity of DBEs.
However, there are still large gaps in our understanding of granule initiation. One of
the most obvious gaps is which enzymes generate the MOS primers for B-type

granule formation, and what controls the overall ratio of A-type to B-type granules?
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Figure 1.10 Mutations in key granule initiation genes disrupts normal A-type and
B-type formation in the endosperm of durum wheat. Scanning electron
micrographs of purified endosperm starch from (a) wild-type durum (T. turgidum)
wheat, (b) starch synthase 4, (c) b-granule content 1, (d) myosin-resembling
chloroplast protein and (e) phosphorylase 1, where all mutants are in the durum wheat
background. Some polyhedral granules in the bgc1 starch are highlighted with red
arrows. Descriptions of the starch granule phenotype are provided underneath each
micrograph. Scale bars = 10 um in (a), (b), (c) and (e) and 40 um in (d). Images are
adapted from Hawkins et al. (2021), Chen et al. (2024) and Kamble et al. (2023) under
CC-BY licenses. The wild-type looked comparable between all papers so for simplicity

only one wild-type image is displayed here.
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Figure 1.11 Current model of granule initiation in the Triticeae. Model based on
Figure 9 from Kamble et al. (2023). A-type granules are initiated early, soon after 0
DPA, with involvement from SS4 and BGC1, whilst MRC represses B-type granule
development during this stage. At approximately 15-20 DPA, B-type granules are
initiated in the main body of the amyloplast, stromules and surrounding vesicles. This

relies on PHS1 and BGC1 and may be primed by MOS released from A-type granules.

1.6 Studying granule initiation in the Triticeae

Previous studies have been effective in identifying some genes involved in the
initiation of A- and B-type granules in wheat, but there are still many unanswered
questions. For example, what determines granule size and morphology? And what
affects the levels of MOS that fuel granule initiations? Addressing these unknowns is

where my attention will turn for the remainder of the thesis.

1.6.1  Why study granule initiation in the Triticeae?

Identifying genes involved in the granule initiation process is of high priority especially
in the endosperm of the Triticeae, given the important implications of A- and B-type
granules on grain quality. The majority, approximately 67%, of Triticeae starch is used
directly as food (BeMiller and Whistler, 2009). The rest is funnelled into feed for
livestock or industrial uses, including the production of paper, adhesives and
biodegradable polymers (BeMiller and Whistler, 2009). Whilst A-type and B-type
granules do not appear to have any physiochemical differences (Saccomanno et al.,
2022), the overall granule size distribution of Triticeae starch influences the end use as

high or low B-type granule contents are desirable for specific applications.

In the food industry, the granule size distribution affects breadmaking and noodle

production, with high B-type granule contents being negatively correlated with overall
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quality (Soulaka and Morrison, 1985; Park et al., 2005; Guo et al., 2014). Conversely,
pasta firmness, a key quality trait, increases when made with reconstituted flours
containing a high proportion of B-type granules (Soh et al., 2006). Beyond food, B-type
granule content is important for the brewing industry as B-type granules are resistant
to digestion during malting and can gelatinise. This affects wort viscosity and results in
a hazy beer (Bathgate and Palmer, 1972; Tillett et al., 1993).

Outside the food industry, B-type granule content can also affect the mechanical
characteristics of biodegradable films, which are a potential alternative to plastics.
Starch films made from only A-type granules had 14% greater elongation than those
made from only B-type granules (Montafio-Leyva et al., 2008). In papermaking, small
B-type granules are advantageous for coating paper as they can fill pores on the
paper’s surface (Shevkani et al., 2017). In contrast, for the production of carbonless
copy paper large, = 22 ym, A-type granules can act as a protective material; they are
desirable for this as they are approximately 2.5 times the size of the micro-
encapsulated ink particles (Bond et al., 1975; BeMiller and Whistler, 2009).

As granule size distribution has such a large impact on starch end uses, dissecting the
genetic determinants of this trait remains a high priority. This knowledge could allow
creation of novel size distributions in commercially relevant cultivars through genetic
modification or engineering techniques. Alternatively, naturally occurring variation in
these traits could be introduced from wild relatives by introgression or synthetic lines.
Either way, these could be powerful approaches to generate industrially useful starch

granule size distributions.

1.6.2 Natural diversity as a resource for studying starch formation

While the studies above have used induced mutations to elucidate components
involved in granule initiation; natural diversity is a relatively unexplored resource to find
novel genes and variation that affect starch granule formation. The Triticeae is a tribe
of the Poaceae grass family, diverging around 35 million years ago (Huang et al.,
2002) and contains both undomesticated and domesticated species. It can be
subdivided into two subtribes: the Hordeineae and the Triticineae, which both contain
nine genera (Feldman and Levy, 2015). The Hordeineae is referred to as the barley
lineage as its major crop species is barley, whereas Triticineae contains both wheat
and rye. Whilst barley and rye are diploid, wheat has diploid, tetraploid and hexaploid
species. The only domesticated diploid species of wheat is Triticum monococcum
(genome composition = AA), often referred to as einkorn wheat (Ahmed et al., 2023);

however it is worth noting that undomesticated T. monococcum varieties also exist.
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The evolution of tetraploid and hexaploid wheat was driven by allopolyploidisation
between different diploid species (Figure 1.12). The initial hybridisation event occurred
between Triticum urartu (genome composition = AA), a sister species of T.
monococcum, and an extinct relative of Aegilops speltoides (genome composition =
BB) approximately 0.5-0.8 million years ago (Marcussen et al., 2014). This produced
the tetraploid wheat Triticum turgidum (AABB), which is sometimes referred to as
emmer or durum wheat (Marcussen et al., 2014). Around 10,000 years ago, Triticum
turgidum underwent hybridisation with Aegilops tauschii (genome composition = DD)
to produce hexaploid Triticum aestivum (AABBDD), which is also known as bread
wheat (Marcussen et al., 2014). These hybridisation events are thought to have
occurred in the Fertile Crescent, and this is now referred to as the domestication

centre for modern day wheat (Salamini et al., 2002).

Triticum urarty. - ... Extinct relative of

AA

T
|
|
. BB
|
]
|

..... Aegilops tauschii
AABB - DD

Triticum aestivum
AABBDD

Figure 1.12 The evolution of Triticum aestivum involved two hybridisation
events. Diagrammatic representations of the T. aestivum ancestors. Hybridisation
between T. urartu and an extinct relative of Ae. speltoides lead to the formation of T.

turgidum, this subsequently hybridised with Ae. tauschii forming T. aestivum.
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There is natural diversity in starch granule size distribution within the Triticeae,
particularly in the B-type granule content by volume, which is the percentage of the
total volume of starch granules made up by B-type granules (Table 1.1). Between
species, there is variation in B-type granule content, with barley, on average, having
lower B-type granule contents than rye and wheat. Within modern wheat cultivars
there is also variation in B-type granule content. However, few lines have been
reported to have low B-type granule contents; even in Zhang et al. (2016) there were
fewer than 10 lines where the B-type granule content was below 10%. However, in the
wild grass species Ae. peregrina there are lines with an extremely low, or even zero,
B-type granule content (Stoddard and Sarker, 2000). At the other end of the spectrum,
some undomesticated species of T. monococcum have greater B-type granule
contents than reported in wheat cultivars or landraces (Stoddard, 1999a). This reveals
the importance of wild grass species for the discovery of novel starch granule size

distributions.

In addition to variation in granule size and content, there are studies which report
variation in amylose content (Table 1.1). What is striking about the variation, is that
there are many lines with very little amylose, these are referred to as waxy and have
mutations in GBSS (Nakamura et al., 1995), but only a few lines with extremely high
amylose contents. The highest recorded amylose among wild species is 35% in Ae.
peregrina (Stoddard and Sarker, 2000), and 34% in Ae. tauschii (Mohammadkhani et
al., 1998), which is no higher than amylose content in domesticated wheat, 36%
(Stoddard and Sarker, 2000).
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Table 1.1 Variation in endosperm starch granules in the Triticeae. Naturally occurring variation in B-type granule content and

amylose content in the Triticeae was identified through a literature search. Table is arranged according to species and is subdivided into

cultivars and wild populations. Different populations, even if they are from the same study, are on different rows. Within each species the

data are presented in chronological order based on publication date. Where information was provided on the population the information is

included in the table. The number of individuals in each population is given in brackets after the population description or, where the

numbers were different for different starch properties in brackets, after the starch granule property. * = when examined under SEM no B-

type granules are observed, so could be as low as 0 %, n/a = not measured.

oo . B-type granule
Description of population (number of

Amylose

Species content range  content range Reference
individuals)
(%) (%)
Varieties available in New Zealand in 1979
21-40 n/a Dengate and Meredith (1984)
(59)
Japanese cultivars (4) n/a 17 - 24 Hayakawa et al. (1997)
Australian varieties (130) 23 -50 n/a Stoddard (1999a)
Australian varieties (2) n/a 28 - 30 Black et al. (2000)
Triti
reum Hard red winter wheat (98) 13-49 n/a Park et al. (2009)
aestivum —
, Soft red spring wheat (99) 34 — 58 n/a Park et al. (2009)
cultivars
Winter wheat (7) 35-47 13-15 Dai et al. (2009)
Chinese varieties - waxy (3) n/a 1-2 Wang et al. (2015)
Chinese varieties 7 — 28 (345) 30-33 (4) Zhang et al. (2016)
Varieties and advanced lines from Yellow and
16 - 30 n/a Li et al. (2017)

Huai Valley Facultative Wheat Region (166)
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Table 1.1 Variation in endosperm starch granules in the Triticeae. (continued)

Description of population (number of

B-type granule

Amylose

Species content range content range Reference
individuals)
(%) (%)
Triticum Chinese cultivars, founder parents and
) o n/a 16 — 23 Chen et al. (2019)
aestivum — breeding lines (205)
cultivars
. No additional information provided — waxy (2) n/a 1.7-2 Li et al. (2020)
(continued)
Landraces from Turkey, Iran, India, China and
Triticum ) 17— 48 n/a Stoddard (1999a)
Israel-Jordan-Syria (100)
aestivum —
Landraces from Afghanistan, China, Egypt,
landraces o _ _ 26 — 40 24 - 30 Black et al. (2000)
Ethiopia, India, Iran, Syria, and Turkey (133)
Triticum Cultivars or landraces (no distinguishing
ti — between the two in data analysis) from
aestivim _ _ ysis) f n/a 18— 36 Stoddard and Sarker (2000)
cultivars or Australia and the fertile crescent, India and
landraces China (200)
unknown Recombinant inbred line 12-28 n/a Feng et al. (2013)
Triticum Subspecies dicoccoides and turgidum (351) n/a 19 — 31 Mohammadkhani et al. (1998)
turgidum — Subspecies dicoccoides (50) 18 — 47 n/a Stoddard (1999a)
cultivars or Subspecies carthlicum, dicoccum, durum,
] ] 17 - 40 n/a Stoddard (1999a)
landraces polonicum and turanicum (81)
unknown Durum wheats (12) 29 - 39 24 — 34 Konik-Rose et al. (2009)
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Table 1.1 Variation in endosperm starch granules in the Triticeae. (continued)

B-type granule

Description of population (number of

content range

Amylose

content range

Reference

Species
individuals)
(%) (%)
Subspecies monococcum, boeolicum, _
] ) n/a 15-28 Mohammadkhani et al. (1998)
Triticum aegilopoides, thaoudar and urartu (247)
monococcum Subspecies aegilopoides, boeoticum,
] ] 23-62 n/a Stoddard (1999a)
monococcum, sinskajae, and thaoudar (104)
Subspecies includes strangulata, anathera, .
) ) n/a 21-34 Mohammadkhani et al. (1998)
meyeri, and typica (252)
Aegilops Subspecies includes strangulata,
tauschii eusquarrosa, anathera, meyeri, and typica 15 -38 n/a Stoddard (1999a)
(68)
No additional information provided (17) 21-36 24 - 30 Konik-Rose et al. (2009)
Aegilops . . .
) No additional information provided (6) 5*-13 23-35 Stoddard and Sarker (2000)
peregrina
Japanese varieties — waxy (8) n/a 1-13 Banks et al. (1970)
Hordeum No additional information provided (29) 6 — 31 n/a Goering et al. (1973)
I -
virgare No additional information provided (14) 4-8 n/a Oliveira et al. (1994)
cultivars or
No additional information provided — waxy (5) n/a 0-5 Asare et al. (2012)
landraces
unknown No additional information provided (10) 25-45 24 - 27 Jaiswal et al. (2014)
European spring varieties (254) n/a 17 — 31 Shu and Rasmussen (2014)
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Table 1.1 Variation in endosperm starch granules in the Triticeae. (continued)

Species

Description of population (number of

individuals)

B-type granule
content range
(%)

Amylose
content range
(%)

Reference

Hordeum
vulgare —
cultivars or
landraces
unknown

(continued)

No additional information provided (100)

n/a

16 — 31

Li et al. (2021)

Secale
cereale —
cultivars or
landraces

unknown

No additional information provided (233)

n/a

12 -28

Mohammadkhani et al. (1998)

No additional information provided (50)

21-39

n/a

Stoddard (1999a)

No additional information provided (unknown)

10 — 40

22-26

Németh and Témdskdzi (2021)
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1.6.3 Association genetics to discover genomic loci and regions influencing
endosperm starch

Association genetics involves correlating phenotypic differences with genetic

polymorphisms to identify genomic regions associated with the trait of interest.

Association genetics has been used in plants for years to study complex traits, such as

yield (Stuber et al., 1987), and recent developments in genome sequencing have

made it easier and more powerful.

A common form of association genetics is quantitative trait loci (QTL) mapping. This
relies on a segregating population. Historically, biparental mapping populations have
been generated by crossing individuals with contrasting phenotypes and then
analysing the F» generation. However, these populations often result in poor mapping
resolution due to low recombination rates. To increase the amount of recombination,
more complex crossing and selfing schemes can be used to produce near isogenic
lines (Muehlbauer et al., 1988), recombinant inbred lines (Pollard, 2012) and advanced
intercross lines (Darvasi and Soller, 1995) (Figure 1.13a-c). These populations provide
better resolution for QTL mapping, but this comes at the expense of the additional
generations needed to produce these populations (Jamann et al., 2015). A limitation of
all these populations is that they stem from just two individuals so the allele diversity is
narrow. To overcome this, it is possible to extend the ideas from biparental mapping
populations to include more parents. This approach has been employed in the
production of multi-parent advanced generation inter-cross (MAGIC) populations
(Scott et al., 2020) (Figure 1.13d). Once the segregating population has been
generated, genotyping is conducted to characterise the allele patterns across the
genome of each individual. In early QTL mapping studies, restriction fragment length
polymorphisms were used as genetic markers and successfully identified QTLs
influencing fruit mass and pH in tomatoes (Paterson et al., 1988). More recently,
advances in genome sequencing have enabled easier identification of SNPs (single
nucleotide polymorphisms), which are exploited as genetic markers in SNP arrays
(Ganal et al., 2014). Once genotyped, this information is correlated with phenotypic
data for the trait of interest to identify markers, and hence QTLs, associated with the
trait. There are numerous examples of QTL mapping being used to identify QTLs
associated with endosperm starch features in the Triticeae (Table 1.2). However,
identification of the causative gene within these QTLs, which are often large in size
due to low recombination rates, can be challenging and most studies do not progress
this far. One exception is Howard et al. (2011), included in Table 1.2, which performed

QTL mapping on a population produced from a cross between Aegilops peregrina,
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which lacks B-type granules (Table 1.1), and a synthetic tetraploid Aegilops, with
normal A-type and B-type granules. They found a QTL on chromosome 4S and
identified the causal gene to be BGC1 (Chia et al., 2020; Hawkins et al., 2021). This
demonstrates the potential of QTL mapping, especially when additional variation can

be introduced from wild, undomesticated species.

a Near isogenic lines:

xP2 xP2 xP2
- - —>
P1 P2

b Advanced mtercross lines:

Sequential and
x F1 random intercrossing

€ Recombinant inbred lines:

x F1 Selfmg
i o

P1 P2
d Multi-parent advanced generatlon inter-cross populations:

X X X

y

X

P1,P2 P3,P4 P5P6 P7,P8
v ooy

F1

+— X

F2

J
|

+— X

F3

Selfing

Figure 1.13 Populations for quantitative trait loci mapping. Diagrams showing

how: (a) near isogenic lines, (b) advanced intercross lines, (c) recombinant inbred
lines, (d) multi-parent advanced generation inter-cross populations, are generated
through crossing. Crosses are represented by arrows, with multiple crosses
represented by ellipses and chromosomes from different parents are represented with

different colours.
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Table 1.2 QTLs associated with different endosperm starch properties, in the Triticeae, as determined by QTL mapping. A

literature search identified QTLs with links to endosperm starch in the Triticeae. The starch properties arranged in alphabetical order, are

named as reported in the original references, with individual studies for each starch property listed in order of publication.

Endosperm starch

property

Species and description of

population (if available)

Number of loci and chromosome
Reference
located on

A:B ratio

Triticum aestivum — doubled haploid

progeny of two crosses

1 QTL on chromosome 4B Batey et al. (2001)

Amylose content

Triticum aestivum — recombinant inbred

line

2 QTLS across chromosomes 2A

Sun et al. (2008)
and 2D

Triticum aestivum — doubled haploid
population of a cross between two elite

Chinese cultivars

11 QTLs on chromosomes 1B, 3A,

Tian et al. (2015)
3B, 4A, 5D and 7B

Triticum aestivum — doubled haploid

population

3 QTLs across chromosomes 3A,

Deng et al. (2018)
3B and 4A

Triticum aestivum — recombinant inbred

line

4 QTLs across chromosomes 3B,

Deng et al. (2018)
4A, 7TA and 7D

Triticum aestivum — F2.3 population from
a cross of a high amylose what variety

and a high yielding wheat variety

36 QTLs across chromosomes 1A,
2A, 2B, 3A, 3B, 4A, 4B, 4D, 5B, Mishra et al. (2021)
6B, 7A, 7B, and 7D

Triticum aestivum — recombinant inbred

line

7 QTLs across chromosomes 1B,

Guo et al. (2023)
1D, 3B, 4A, 7A and 7D
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Table 1.2 QTLs associated with different endosperm starch properties, in the Triticeae, as determined by QTL mapping.

(continued)

Endosperm starch

property

Species and description of

population (if available)

Number of loci and chromosome

located on

Reference

A-type granule content

Hordeum vulgare — doubled haploid

lines from a F1generation

1 QTLs on chromosome 2

Borém et al. (1999)

Triticum aestivum — recombinant inbred

line

3 QTLs across chromosomes 1D,
4A and 7B

Feng et al. (2013)

A-type granule size

Hordeum vulgare — doubled haploid

lines from a F1generation

2 QTLs across chromosomes 2, 7

Borém et al. (1999)

Triticum aestivum - recombinant inbred

lines

4 QTLs across chromosomes 1B,
4D and 7A

Igrejas et al. (2002)

B-type granule content

Aegilops — F2 generation of crosses
between Aegilops peregrina and

synthetic tetraploids

1 QTL on chromosome 4

Howard et al. (2011)

B-type granule shape

Hordeum vulgare — doubled haploid

lines from a F1generation

2 QTLs across chromosomes 2, 4

Borém et al. (1999)

B-type granule size

Triticum aestivum - recombinant inbred

lines

3 QTLs across chromosome 4D

Igrejas et al. (2002)

Total starch content

Triticum aestivum — soft winter wheat,

advanced breeding lines

3 QTLs across chromosomes 1D,
5A and 5B

Reif et al. (2011)

Triticum aestivum — doubled haploid
population from a cross between two

elite Chinese cultivars

7 QTLs across chromosomes 2A,
3A, 3B, 4A and 5D

Tian Bin et al. (2011)
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Table 1.2 QTLs associated with different endosperm starch properties, in the Triticeae, as determined by QTL mapping.

(continued)

Endosperm starch

property

Species and description of

population (if available)

Number of loci and chromosome

located on

Reference

Total starch content

(continued)

Triticum aestivum — doubled haploid

population

1 QTL on chromosome 3A

Deng et al. (2015)

Triticum aestivum — recombinant inbred
line from a cross of two winter wheat

cultivars

6 QTLs on chromosomes 1B, 1D,
4A, 5b, 7B and 7D

Deng et al. (2015)

Triticum aestivum — doubled haploid
population of a cross between two elite

Chinese cultivars

14 QTLs across chromosomes 1B,
2A, 3A, 3B, 4A and 5D

Tian et al. (2015)

Triticum aestivum — doubled haploid

population

1 QTL on chromosome 4A

Deng et al. (2018)

Triticum aestivum — recombinant inbred

line

3 QTLs across chromosomes 4A,
7A and 7D

Deng et al. (2018)
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The aforementioned drawbacks of QTL mapping and the ‘boom’ in genomic
technologies, including the reduction in the cost of whole genome sequencing, have
led to the development of other association mapping approaches, most notably
genome wide association studies (GWAS). These have become an increasingly
popular association genetics methodology since their use in plants was first
demonstrated in Arabidopsis thaliana (Aranzana et al., 2005). The strategy has
subsequently been applied to crop plants, with the first example being the identification
of loci associated with oleic acid content in maize (Belo et al., 2008). GWAS are, in
principle, like QTL mapping studies, with the major difference being the population
used. A GWAS uses a diverse panel of individuals, or pre-existing breeding
populations, rather than a structured population which provides multiple advantages
(Zhu et al., 2008). Firstly, these populations are usually naturally occurring, so it does
not require multiple generations of crossing, which can save considerable
experimental time. Secondly, as the panel does not originate from a limited number of
parents and are a result of years of natural crossing, they contain large amounts of
historical recombination and are allelically diverse. This can be exploited to map
regions to a greater resolution compared to QTL mapping, where there are often

relatively few recombination events during the generation of the population.

Much like QTL mapping, during a GWAS, the population is phenotyped and
genotyped. The genotyping step often relies on SNPs, as they can be detected easily
in high throughput SNP-arrays and are found across the genome; the 2007
Arabidopsis thaliana HapMap detected a SNP approximately once every 166 base
pairs (bp) (Clark et al., 2007). Following genotyping, statistical analysis is conducted to
identify regions associated with the trait in question. This is more complex than the
corresponding stage in QTL mapping, as population structure must be accounted for to
reduce the chance of false positives due to inter-relatedness. Common ways of
achieving this include the STRUCTURE algorithm which relies on the genotyping data
(Pritchard et al., 2000), or a principal component analysis (PCA) (Tibbs Cortes et al.,
2021).

GWAS methodologies have developed immensely since the original studies in plants.
One clear difference is that there is no longer a reliance on SNP markers for
genotyping, this is beneficial as SNPs have disadvantages, including an inability to
detect copy number variation (CNV), insertions and deletions (indels) and
translocations (Karikari et al., 2023). An alternative genotypic marker is the presence

or absence of k-mers (Gupta, 2021); these are nucleotide sequences of length k,
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which are derived from raw sequencing reads. K-mers offer a distinct advantage
because, as well as identifying SNPs, they enable structural variants to be discovered
(Voichek and Weigel, 2020). They also reduce the reliance on the availability of a
reference genome as no prior knowledge is needed to generate or use them. While
there has been an advancement in the genomic markers that can be used, nowadays
genomic markers are not the only option and other markers can be used instead. This
includes using epigenomic marks, such as methylation or histone modifications, in an
epigenome-wide association study (EWAS) (Gahlaut et al., 2020). Alternatively, gene
expression data can be used in transcriptome-wide association studies (TWAS) (Tibbs
Cortes et al., 2021). Combining results from multiple association studies can increase
power compared to conducting a GWAS alone, while also making candidate gene

identification easier (Kremling et al., 2019).

In recent years, many of the association studies that have investigated endosperm
starch have used the traditional SNP-based GWAS approaches in crop plants (Table
1.3). The apparent inconsistencies between the studies could stem from the use of
different populations with different genetic compositions. Whilst the studies in Table 1.3
highlight the success of GWAS in the Triticeae, this is not exclusive, and GWAS have
also been insightful beyond the Triticeae. GWAS have been used to identify loci
associated with total starch content in: maize (Liu et al., 2016; Hu et al., 2021; Duan et
al., 2023), potato (Schoénhals et al., 2017), sweet potato (Haque et al., 2023) and
Sorghum bicolor (Sapkota et al., 2020). Likewise, GWAS in rice (Praphasanobol et al.,
2023), maize (Li et al., 2018b) and sweet potato (Nie et al., 2023) have identified loci
associated with amylose content. The vast majority of these published GWAS focus on
either amylose content or total starch content, with limited studies investigating starch
granule traits (size, morphology). Furthermore, most of these studies have been
conducted on domesticated crops or panels with limited diversity. It is widely known
that starch has been intensely selected for during domestication of many key species,
including wheat and barley. This has led to reductions in allelic diversity in genes
related to starch (Chapter Three; Section 3.1.3). Thus, a promising strategy would be
to perform these studies on an undomesticated species which is likely to have greater

variation in starch-related genes.
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Table 1.3 Genomic loci associated with endosperm starch properties identified via GWAS. A literature search was conducted to
identify studies that have investigated endosperm starch properties in the Triticeae via a GWAS approach. The number of loci that
significantly associated with the starch properties are listed; alongside the chromosome they are located on. The starch properties are
arranged in alphabetical order and are named as reported in the original references, with individual studies for each starch property listed

in order of publication.

Endosperm starch Species and description of Number of loci and chromosome Ref
eference
property population (if available) located on
Triticum aestivum — advanced lines 25 loci across chromosomes 2A,
A-type to B-type ratio from Yellow and Huai Valley Facultative 2B, 2D, 3A, 3D, 4A, 4B, 4D, 5A, Li et al. (2017)
Wheat Region 6A, 6B, 7TAand 7B
Triticum aestivum — Chinese cultivars, 23 loci across chromosomes 2A,
Amylopectin content o Chen et al. (2019)
founder parents and breeding lines 2B, 3A, 3B, 4A, 6A, 6B and 7D
. 20 loci across chromosomes 1, 5,6 Shu and Rasmussen
Hordeum vulgare — spring barley
and 7 (2014)
Triticum aestivum — Chinese cultivars, 15 loci across chromosomes 2A,
o Chen et al. (2019)
Amylose content founder parents and breeding lines 2B, 3Aand 4A
Hordeum vulgare 2 loci on chromosome 6 Li et al. (2021)

Triticum aestivum — cultivars, landraces 2 loci across chromosomes 1B and
Guo et al. (2023)

and breeding lines 5A
Amylose to Amylopectin Triticum aestivum — Chinese cultivars, 18 loci across chromosomes 1B,
_ o Chen et al. (2019)
ratio founder parents and breeding lines 2A, 3B, 3D, 4A, 5B, 6A, 6B and 7B

48



Table 1.3 Genomic loci associated with endosperm starch properties identified via GWAS. (continued)

Endosperm starch Species and description of

property population (if available)

Number of loci and chromosome

located on

Reference

Triticum aestivum — advanced lines
Percentage volume of A- . )
from Yellow and Huai Valley Facultative
type or B-type granules .
Wheat Region

23 loci across chromosomes 2A,
2B, 2D, 3A, 3D, 4A, 4B, 4D, 5A,
5D, 6A, 6B, 7A, 7B and 7D

Li et al. (2017)

Hordeum vulgare — spring barley

25 loci across chromosomes 1, 2,
3,4,5 6and7

Pasam et al. (2012)

Triticum aestivum — Chinese cultivars,

founder parents and breeding lines

22 loci across chromosomes 2A,
2B, 3A, 3B, 4A, 6A and 6B

Chen et al. (2019)

Triticum aestivum — winter wheat

advanced breeding lines

1 locus on chromosome 5B

Tsai et al. (2020)

Hordeum vulgare — spring barley

advanced breeding lines
Total starch content

1 locus on chromosome 4

Tsai et al. (2020)

Triticum aestivum — European winter

29 loci across chromosomes 2B,

Mugaddasi et al.

wheat 3A, 3B, 6A (2020)
13 loci across chromosomes 1, 2, )
Hordeum vulgare Li et al. (2021)
3,4,5,6and 7
87 loci across chromosomes 1, 2, Siekmann et al.
Secale cereale — advanced inbred lines
3,4,5,6and7 (2021)
Triticum aestivum — cultivars, breeding 3 loci on chromosomes 1B, 3A and
, Lou et al. (2021)
lines and landraces 6A
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1.7 Aims of my thesis

The overall aim of my thesis is to use the potential of natural diversity and association
mapping to identify novel genes and variation that influence endosperm starch
synthesis in the Triticeae. Forward and reverse genetics have been useful in
identifying many factors involved in this process, however there are many aspects of
granule initiation and granule morphology that are poorly understood, including what is
generating the MOS for B-type granule initiation, and what controls the overall number,

size and ratio of A-type to B-type granules.

| have used natural variation in Aegilops tauschii to answer some of these outstanding
questions. Chapter Three introduces the Ae. tauschii diversity panel and performs a
thorough analysis of the endosperm starch, discovering variation in starch granule
properties and expands our understanding of starch granule variation in this species.
In Chapter Four, | utilise this variation in a GWAS and identify novel loci associated
with B-type granule number and diameter. Using publicly available gene expression
data and bioinformatic predictions, | identify 13 strong candidate genes which may be
influencing B-type granule formation. Finally in Chapter Five, | investigate a candidate
identified in the GWAS, LDA. | transfer this knowledge over to tetraploid wheat
(Triticum turgidum) and characterise endosperm starch in /da TILLING mutants. | also
characterise allelic variation in LDA in the Ae. tauschii diversity panel and investigate
how variation affects enzyme activity using recombinantly expressed proteins. Overall,
my results shed new light on the effect of domestication on starch granule traits, the
potential of natural populations as a source of useful variation for crop breeding and

the role of LDA in MOS metabolism during granule initiation.
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Chapter Two — Materials and Methods

The composition of standard components are listed in Appendix One; Table S1.

2.1 Plant material and growth

2.1.1 Aegilops tauschii

Grains of 117 accessions (Table 2.1) of Aegilops tauschii spp. strangulata (lineage
two) were obtained from Cristobal Uauy’s group (John Innes Centre; JIC), from the
same batch of grains analysed in Gaurav et al. (2021). These were grown as follows:
grains were stratified at 4°C on damp filter paper in the dark for two days, and then
germinated for four days in daylight and at room temperature (~20°C). Germinated
grains were sown into 96 cell trays filled with JIC cereal mix (Table S1) and grown in
glasshouse conditions with no supplemental lighting and natural vernalisation
conditions with a randomised block design. After nine weeks of growth, plants were
transplanted into 2 L pots containing JIC cereal mix. Grains were harvested from the
first five emerged spikes at maturity with a minimum of three plants per accession.

These grains were used for starch analyses described in Chapter Three.

The TOWWC193 accession was re-grown so that grains could be harvested across
grain development. For this, grains were stratified and sown into 40 cell trays as
described above. They were placed in a controlled environment room (CER) set to
provide 16 hours of light at 400 umol photons/m?#/s (fluorescent lamps supplemented
with LED panels) at a temperature of 20°C and 8 hours of dark at 16°C for 2 weeks.
They were transferred to a CER set to vernalisation conditions (5°C, with 8 hours of
light (70 pmol photons/m?/s) and 0% humidity) for 8 weeks, before being transferred
back to the original CER and transplanted into 2 L pots containing JIC cereal mix.
Plants were assessed for anthesis. Anthesis was determined based on emergence of
the first anther from the first spike — this was recorded as day 0. Entire spikes were
harvested by cutting the spike at its base and freezing in liquid nitrogen at 10, 15, 19
and 22 DPA. Between five and eight spikes were collected from each plant. A minimum
of four biological replicates per time point were collected, each from independent

plants. Anthesis and harvesting was conducted at ~10:00 every morning.
All 117 accessions were also grown for five weeks for further analysis in Chapter Five.

For this, grains were stratified, germinated and sown as described above for the
TOWWC193 accession.
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Table 2.1 Aegilops tauschii accessions used in this study. Table arranged in
alphabetical order based on name, going down each column. To conserve space,

columns are shown adjacent to each other rather than on separate pages.

Accessions used

TOWWCO002 TOWWCO058 TOWWC117 TOWWC162
TOWWCO003 TOWWCO059 TOWWC118 TOWWC163
TOWWCO004 TOWWCO060 TOWWC119 TOWWC164
TOWWCO005 TOWWCO061 TOWWC120 TOWWC166
TOWWCO007 TOWWCO063 TOWWC123 TOWWC167
TOWWCO008 TOWWCO064 TOWWC124 TOWWC168
TOWWCO009 TOWWCO069 TOWWC125 TOWWC169
TOWWCO010 TOWWCO070 TOWWC126 TOWWC171
TOWWCO11 TOWWCO083 TOWWC127 TOWWC172
TOWWC012 TOWWCO086 TOWWC129 TOWWC173
TOWWCO013 TOWWCO087 TOWWC130 TOWWC176
TOWWCO016 TOWWCO088 TOWWC131 TOWWC177
TOWWCO017 TOWWCO089 TOWWC133 TOWWC178
TOWWC020 TOWWC090 TOWWC134 TOWWC179
TOWWC021 TOWWC092 TOWWC135 TOWWC180
TOWWC022 TOWWC095 TOWWC137 TOWWC182
TOWWC023 TOWWC096 TOWWC138 TOWWC183
TOWWC025 TOWWCO097 TOWWC139 TOWWC186
TOWWC026 TOWWC098 TOWWC140 TOWWC187
TOWWCO027 TOWWC099 TOWWC141 TOWWC191
TOWWC028 TOWWC100 TOWWC143 TOWWC193
TOWWC034 TOWWC103 TOWWC144
TOWWC040 TOWWC104 TOWWC145
TOWWC042 TOWWC105 TOWWC147
TOWWC043 TOWWC106 TOWWC148
TOWWC044 TOWWC108 TOWWC149
TOWWC045 TOWWC109 TOWWC153
TOWWCO046 TOWWC110 TOWWC154
TOWWCO050 TOWWC112 TOWWC155
TOWWC051 TOWWC113 TOWWC156
TOWWCO056 TOWWC114 TOWWC157
TOWWCO057 TOWWC115 TOWWC160
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2.1.2 Triticum aestivum

Grains of 16 Triticum aestivum cultivars (Table 2.2) were obtained from Cristobal
Uauy’s group (JIC). These had been sown into 96 cell trays containing JIC cereal mix
and grown for 2 weeks in glasshouse set to 16 hours of light at 20°C and 8 hours of
dark at 16°C. They were then transferred to the vernalisation CER for ~8 weeks. The
plants were then transferred to 9 cm pots containing JIC cereal mix and moved back to

the glasshouse. Grains were harvested at plant maturity.

Table 2.2 Triticum aestivum used in this study. Table arranged in alphabetical order
based on name. The origin, growth habit and whether it is a cultivar or landrace is
provided in the description column with the reference for this information in the

righthand column. CIMMYT = International Maize and Wheat Improvement Centre.

Name Description Reference

ArinaLrFor Swiss winter wheat, cultivar Walkowiak et al. (2020)
Spring wheat from CIMMYT,
Baj cultivar Yazdani et al. (2023)

Cadenza British spring wheat, cultivar Walkowiak et al. (2020)
CDC Landmark  Canadian spring wheat, cultivar Walkowiak et al. (2020)
CDC Stanley Canadian spring wheat, cultivar Walkowiak et al. (2020)
Chinese Spring  Chinese spring wheat, landrace Sears and Miller (1985)
Claire British winter wheat, cultivar Walkowiak et al. (2020)
Jagger American winter wheat, cultivar Walkowiak et al. (2020)
Julius German winter wheat, cultivar Walkowiak et al. (2020)
Lancer Australian spring wheat, cultivar Walkowiak et al. (2020)
Mace Australian spring wheat, cultivar Walkowiak et al. (2020)

) Japanese facultative spring )
Norin61 Walkowiak et al. (2020)
wheat, cultivar

Paragon British spring wheat, cultivar Walkowiak et al. (2020)
Robigus British winter wheat, cultivar Walkowiak et al. (2020)
SY Mattis French winter wheat, cultivar Walkowiak et al. (2020)
Spring wheat from CIMMYT,
Weebil _ Walkowiak et al. (2020)
cultivar
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2.1.3 Triticum turgidum — Ida mutants
Brendan Fahy used the wheat in silico TILLING database
(https://dubcovskylab.ucdavis.edu/wheat-tilling (Krasileva et al., 2017)) to select

Triticum turgidum cv. Kronos plants with mutations in the A (K2607) or B (K3912 and
K983) genome copy of LDA (TRITD7Av1G039520, TRITD7Bv1G013060). These were
obtained from the JIC Germplasm Resource Unit (https://www.seedstor.ac.uk/). The
K2607 line was crossed with K3912 and K983 to produce the /da-7 and Ida-2 lines

respectively. Deoxyribonucleic acid (DNA) extraction and Kompetitive Allele Specific

PCR (KASP) genotyping was conducted by Richard Goram at the JIC genotyping
platform. The KASP markers used are listed in Table 2.3. In the F» generation, for both
crosses, plants were obtained which were wild-type segregants (AABB), single

homeolog mutants (aaBB or AAbb) and double homeolog mutants (aabb).

Grains were stratified at 4°C on damp filter paper in the dark for 3 days. They were
transferred to room temperature (~21°C) and daylight for a further 3 days to germinate.
Germinated grains were sown into 96 cell trays containing JIC cereal mix and placed
into a CER. They were grown for 4 weeks and then transplanted into 9 cm pots filled
with JIC cereal mix. The CERs were set up to provide 16 hours of light at 400 umol
photons/m?/s (fluorescent lamps supplemented with LED panels) at a temperature of
20°C and 8 hours of dark at 16°C. The relative humidity was constant throughout the
light-dark cycle at 65%. Plants were harvested ~4 months after sowing, with plant

height and tiller number measured concurrently.
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Table 2.3 KASP primers used to genotype /da TILLING mutants. Primer
sequences are given in the 5’-3’ direction. A VIC/HEX tail (5'-
GAAGGTCGGAGTCAACGGATT) was added to the 5’ end of the primers designed to
identify the wild-type allele and a FAM tail (5- GAAGGTGACCAAGTTCATGCT) was
added to the 5’ end of primers designed to identify the mutant allele. Nucleotides
represented in lower case letters are those which distinguish the mutated base (wild-

type and mutant alleles), or homoeologous SNPs (common primer).

Gene Line Primer sequences
Wild-type allele: CGTCGAATGGCGGCATCc
LDA-A1 K2607 Mutant allele: CGTCGAATGGCGGCATCt

Common: TCAGGTTCAGGCTGAGAGCg
Wild-type allele: TGGGATCCATTTATTCCACGTTg

K983  Mutant allele: TGGGATCCATTTATTCCACGTTa
Common: CATTGCCACAGGTATGGTGAa
Wild-type allele: ACTTACGCTGACCAAATACAGg

K3912 Mutant allele: ACTTACGCTGACCAAATACAGa
Common: GCAAATTAATATTCAACCAGTGGGc

LDA-B1

2.2 Endosperm starch characterisation

Grain from three individual plants were used for all analyses in the following section.

2.2.1 Purification of endosperm starch

Mature grains (two per plant) were cracked and soaked overnight in 0.5 M NaCl at
4°C. The soaked grains were ground using a ball mill (MM300, Retsch) at 25 hertz
(Hz) for 15-20 minutes with five 3 mm glass beads until the homogenate was cloudy
and the grain broken up. The homogenate was passed through a 70 pm filter
(pluriStrainer Mini, Pluriselect), transferred to 96-deep well plates (Fisher Scientific),
and the filtered homogenates were frozen at -20°C until ready for further processing.
The homogenates were centrifuged at 3,000g for 5 minutes, and the resulting pellets
were resuspended in 90% (v/v) Percoll, 50 mM Tris-HCI, pH 8. The samples were
centrifuged at 2500¢g for 5 minutes and the supernatants discarded. Starch pellets
were washed once with 50 mM Tris-HCI, pH 6.8, 10 mM ethylenediaminetetraacetic
acid (EDTA), 4% (v/v) sodium dodecyl sulfate (SDS), 10 mM dithiothreitol (DTT), once
with ddH>O and once with 100% (v/v) ethanol. The resulting starch pellets were air-

dried overnight.
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2.2.2 Coulter counter for measurement of granule size distributions

Purified starch was resuspended in Isoton Il (Beckman Coulter) electrolyte. A
Multisizer 4e Coulter counter (Beckman Coulter) fitted with a 70 ym aperture was used
to generate relative volume (%) versus diameter plots. The Coulter counter was
programmed to measure a minimum of 50,000 particles (starch granules) per sample
and all measurements were performed using logarithmic bin spacing. All Coulter
counter traces shown here have been transformed to account for differences in bin

size and are represented on a linear scale.

2.2.2.1 Fitting mathematical distributions to Coulter counter traces

To calculate mean granule diameters and the relative proportion of B-type granules per
volume (henceforth called B-type granule content), curves were fitted to the Coulter
counter volume (%) versus diameter plots. A script was written in Python 3.11.5 on a
Jupyter notebook (version 6.5.4) to achieve this. Prior to fitting, bin adjustment was
conducted by dividing each differential volume data point by its bin diameter to give an
adjusted differential volume. This was readjusted to a percentage by dividing by the

sum of all adjusted differential volumes.

The normal - normal (N-N) function was defined as:

Ay exp(‘(x_'ul)z) " Ay exp(‘(x _#2)2)
oy V21 20,? 0, V21 20,*

with initial values of A; = 2.0,y = 2.5,0¢ = 2.2,A, = 10.0, u, = 20.0, 0, = 6.0.

The log-normal - log-normal (L-L) function was defined as:
Ay X — #1)2) " A,

X o4 V2m 20,% X 0, V21

with initial values of A; = 25.0,u; = 1.8,y = 0.4,4, = 55.0,u, = 3.1,0, = 0.3.

X — #2)2

_(In
exp( 20,2

exp(” (In

)

The log-normal - normal (L-N) function was defined as:

Ay exp (_(lnx - #1)2) n A exp (_(x — Up)?
X oy V2m 20,2 0, V21 20,*

with initial values of 4; = 20.0,y; = 1.8,0, = 0.4, 4, = 50.0, 4, = 20.0, 0, = 6.0.

)

For all fittings, the optimise.curve_fit function from the scipy 1.11.1 package was used
to fit the distributions, given the previously stated initial values as the starting points.

The mean values of the mathematical curves gave the mean diameter of the starch
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granules. The integrate.quad function, from scipy 1.11.1, was used to calculate the

areas under the curves, and B-type granule content (%) was calculated as:
100 * Area under B-type granule peak

Area under A-type granule peak + Area under B-type granule peak

For all fittings, total uncertainty was calculated as sum of the square root of diagonal of
the covariance matrix of errors produced by optimise.curve_fit and standard error of

regression (S) was calculated as:

J L 30— 9

n—2 X(x—x)>°

where n is the total number of data points, y; the measured y value, 9; the y value
calculated from the fitting, x; the measured x value and x the mean x value. The
scripts and instructions for use are freely available online at

https://github.com/DavidSeunglLab/Coulter-Counter-Data-Analysis.

2.2.2.2 Calculation of B-type granule number
The number of starch granules with a diameter <10.07 ym was calculated directly from
the Coulter counter output. This was divided by the total number of starch granules

counted and expressed as a percentage.

2.2.3 Amylose content

The amylose content of extracted starch was determined by adapting the method of
Washington et al. (2000). Briefly, 1 mg of extracted starch was dissolved in 200 uL
water and 200 pL of 2 M NaOH and left to incubate at room temperature overnight.
The solution was neutralised to pH 7 with 1 M HCI. The solution (5 uL) was diluted in
220 pL of water and 25 yL Lugol’s iodine solution (Sigma Life Science) and incubated
at room temperature for 10 minutes. The absorbance at 535 nm and 620 nm was
measured on a BMG Omega Plate Reader and the apparent amylose content was

estimated using the same equation as outlined by Washington et al. (2000):

Absorbance at 620 nm
Absorbance at 535 nm

Amylose content = 1.4935 » ¢~ >7°%°

2.2.4 Total starch content

Mature grains (two per plant) were ground to wholemeal flour using a ball mill (MM300,
Retsch) at 30 Hz for 3 minutes. Flour (5-10 mg) was dispersed in 20 pL of 80% (v/v)
ethanol and incubated with 500 pL of thermostable a-amylase in 100 mM sodium
acetate buffer (pH 5.0) at 80°C for 20 minutes with regular shaking of the samples to

digest the starch into maltodextrins. Amyloglucosidase was added and samples were
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incubated at 5°C for 35 minutes to digest the maltodextrins into glucose. The samples
were centrifuged at 3220g for 10 minutes. The supernatant (5 uL) was used in a
spectrophotometric hexokinase/glucose-6-phosphate dehydrogenase assay to
measure glucose. Calibration curves using glucose standards (ranging from 0-100
nmol) were produced to convert the absorbance into the amount of glucose
equivalents, which was subsequently converted into total starch content using the
known volumes and flour weights. All the enzymes and reagents for these steps were
from the Total Starch Assay Kit (K-TSHK, Megazyme).

2.3 Imaging

2.3.1 Scanning electron microscopy

Purified starch was resuspended in ddH,O to ~5 mg/mL, and 2.5 pL of the suspension
was placed onto a glass cover slip attached to a scanning electron microscopy (SEM)
stub and left to air dry. Stubs were sputter coated with gold (8.18 - 8.21 nm) and
imaged at 3 kV with a spot size of 3 on a Nova NanoSEM 450 (FEI) SEM instrument.

2.3.2 Photography

Images of the Ida-1 and Ida-2 plants was conducted by Phil Robinson when plants
were ~8 weeks old. Photographs of /da-1 and Ida-2 grains were taken using an Epson
Perfection V750 pro scanner and the background has been darkened to make it solid
black.

2.4 Bioinformatics
2.4.1 Geographical origins of collection
The locations of origin for 93 of the Ae. tauschii accessions was obtained from the JIC

Germplasm Resource Unit (GRU) https://www.seedstor.ac.uk/search-

browseaccessions.php?idCollection=38.

2.4.2 Phylogenetic analysis
A phylogenetic tree of the Ae. tauschii accessions was generated using a Python script
from Gaurav et al. (2021)

(https://qithub.com/wheatgenetics/owwc/tree/master/phylogenetics). This used

100,000 k-mers to produce an unweighted pair group method with arithmetic mean
(UPGMA) phylogenetic tree with 100 bootstraps. The tree was edited to remove the L1
and L3 lineages using the Interactive Tree Of Life interactive web platform
(https://itol.embl.de/).
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2.4.3 Genome wide association study
A k-mer based association mapping method was run as outlined in Gaurav et al.
(2021) using the published k-mer presence/absence matrix and associated pipeline

(https://github.com/wheatgenetics/owwc). The presence/absence matrix contains all k-

mers (51 nucleotides) which were observed in a minimum of two accessions with
presence represented by 1 and absence represented by 0. Phenotype values from the
117 non-redundant accessions (Table 2.1) were entered into the pipeline as mean
values from the three biological replicates. The pipeline was run with between
3,000,000,000 — 5,000,000,000 k-mers and each k-mer had to be presentin a
minimum of four accessions to be included in the analysis. All parameters were set to
the defaults used in Gaurav et al. (2021), this included a PCA dimensions value of
three which was chosen to account for population structure based on prior analysis
with the STRUCTURE algorithm (Gaurav et al. 2021). Pre-filtering was included such
that the Pearson’s correlation coefficient between the k-mers presence/absence and
the phenotype had to be = 0.2 to be included in the analysis. For each starch
parameter, the pipeline was run against the AL8/78 (TOWWC193) (Wang et al.,
2021a), TOWWC106 and TOWWC112 (Gaurav et al., 2021) reference genomes. The
significance threshold was set to 9.3 (black dashed line on all Manhattan plots) which
was the stringent threshold for this population determined by Gaurav et al. (2021) and
is based on the Bonferroni-adjusted -log P value, where P = 0.05. Manhattan plots
were produced with Python using the scripts available at

https://github.com/wheatgenetics/owwc/tree/master/kGWAS/src. This script splits the x

axis into 10 kb blocks and k-mers within these blocks are plotted at the same x

coordinate.

2.4.4 Identification of genes under peaks on Manhattan plots
Genes under the peaks were identified using the gene annotations for the AL8/78 v5
reference genome on JBrowse

(http://aeqilops.wheat.ucdavis.edu/jbrowse/index.html?data=Aetv5) and NCBI

(https://www.ncbi.nlm.nih.gov/genome/?term=Aegilops+tauschii). As there were

discrepancies between these annotations, the genes were classed as genes if there
were annotated in both, or one of these and the AL8/78 v4 genome (Luo et al., 2017).

Low confidence genes, pseudo-genes and genes encoding ncRNAs were excluded.

2.4.5 Identification of orthologs
The protein sequences of the D genome homeologs of T. aestivum starch related

genes (from Chen et al. (2023a)) were obtained from Ensembl plants
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https://plants.ensembl.org/index.html). These were used in BLASTp searches against
the Ae. tauschii v4 genome (Luo et al., 2017). For each BLASTp search, the hit with

the highest percentage identify was classed as the Ae. tauschii starch gene ortholog.

To identify the positions of these genes in the Ae. tauschii v5 genome (Wang et al.,
2021a), the nucleotide sequence from v4 was used in BLASTn searches

(https://blast.ncbi.nim.nih.gov/Blast.cgi) against the Ae. tauschii v5 genome.

To identify wheat orthologs of the genes under the GWAS peaks, the protein
sequences of the Ae. tauschii genes were used as the query sequences in BLASTp
searches against the T. aestivum Chinese Spring and the T. turgidum genomes using
Ensembl Plants. The hit with the highest percentage identity was classed as the
putative ortholog. In some cases, there were multiple hits which had equally high
percentage identities. For these, the gene trees available on Ensembl plants were

used to verify true orthologous relationships.

2.4.6 Prediction of protein domains
Protein sequences encoded by the canonical transcript, based on the Ensembl plants

annotations, were used as inputs for the InterPro tool (https://www.ebi.ac.uk/interpro/).

2.4.7 Prediction of protein localisation

The canonical transcript of the Ae. tauschii genes was identified using the Ensembl
Plants canonical transcript labelling. The amino acid sequences encoded by the
canonical transcripts were used as inputs for the WoLF PSORT protein subcellular

localisation prediction tool (Horton et al., 2007) (https://wolfpsort.hgc.jp/). The sub

cellular location which had the most predictions was classed as the predicted location.

2.4.8 Retrieval of gene expression data
Expression of T. aestivum orthologs was examined using the wheat expression

browser (http://www.wheat-expression.com/) (Borrill et al., 2016; Ramirez-Gonzalez et

al., 2018). The data were filtered based on tissue, and the expression in the
endosperm of the grain was extracted. Genes were classed as endosperm expressed

if the mean transcripts per million (TPM) value was = 1.
Endosperm expression data for canonical transcripts of T. turgidum genes was

retrieved from Chen et al. (2023a). Genes were classed as being endosperm

expressed if the mean TPM value was = 1 for at least one timepoint. For cases where
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there were multiple A or B genome T. turgidum orthologs for the same Ae. tauschii

gene, the expression was averaged.

2.4.9 Clustering gene expression

The Clust package (Abu-Jamous and Kelly, 2018) was used for the endosperm
expressed T. turgidum orthologs of genes under the GWAS peaks, and the T. turgidum
orthologs of: BGC1 (TRITD4Av1G198830, TRITDOUv1G034540), PHS1
(TRITD5Av1G205670, TRITD5Bv1G201740), MRC (TRITD6Av1G081580), MFP1.1
(TRITD1Av1G054690, TRITD1Bv1G062760), MFP1.2 (TRITD3Av1G038460,
TRITD3Bv1G047250) and SS4 (TRITD1Av1G202430 and TRITD1Bv1G193680). The
TPM values were used as inputs for the package with each biological replicate
inputted separately. The standard, inbuilt normalisation methods (log», Z-score and
quartile normalisation) were implemented alongside a minimum cluster size of two.
Different tightness values were tested, with a tightness of 0.4 being chosen for the final

analyses, as it resulted in the greatest number of clusters.

2.4.10 ClustalW alignment of amino acid sequences
Amino acid sequences of LDA were either generated by sequencing (Section 2.5.3), or

were obtained from UniProt (https://www.uniprot.org/) using the ID identifiers in

Supplementary Table 1 of Andersen et al. (2020). ClustalW alignments were
conducted with the MEGA-X software (Kumar et al., 2018) with default parameters.
The alignment figures displayed in Chapter Five and Appendix Three were generated
using ESPript 3.0 (Robert and Gouet, 2014).

2.5 Cloning of LDA
2.5.1 RNA extraction and cDNA synthesis

Leaf samples (50-100 mg of tissue, 3-week-old plants), were collected, frozen in liquid
nitrogen and ground using a ball mill (MM300, Retsch) at 25 Hz for 90 seconds with
three 5 mm glass beads. RNA was extracted from the homogenates with the RNeasy
Plant Mini kit (Qiagen). The method was adapted to include an on-column DNase
digestion step (room temperature, 15 mins) prior to washing with RW1 buffer. To
assess RNA quality, RNA concentrations, Azsozzo and Azeorso Values were measured
with a spectrophotometer (DeNovix DS-11 FX), and all were of verified to be of
sufficient quality for cDONA (complementary DNA) synthesis. cDNA synthesis was
conducted with the Promega GoScript Reverse Transcription kit with the provided
Oligo(dT) primers and 4 uL of RNA.
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2.5.2 Amplification of LDA

Primer design for amplification of LDA cDNA was based on that from (Vester-
Christensen et al., 2010b) but adapted to match the LDA sequence from Ae. tauschii
(Table 2.4, RM122 and RM123). These primers produce a 2695 bp polymerase chain
reaction (PCR) product which encodes amino acids 79-963 of LDA. The PCR was set
up using the Q5® high fidelity polymerase (NEB, New England Biolabs) with the GC
enhancer. The cycling conditions were: 2 minutes at 94°C, then 35 cycles: 94°C (15
seconds), 55°C (30 seconds), 72°C (3 minutes), followed by a final elongation at 72°C
(7 minutes). The 25 pL reactions were run on a 1% (w/v) agarose gel. Bands
representing LDA were extracted from the gel using the Monarch® DNA Gel Extraction
Kit (NEB) according to the manufacturer’s instructions, with the final elution carried out
in 12 pL of ddH-O0.

Alongside this, LDA cDNA from accession TOWWC177 was also amplified using a
second set of primers (Table 2.4, RM92 and RM93). These primers produce a 3262 bp
PCR product which encodes amino acids 1-963 of LDA. The PCR was set up using
the Q5 high fidelity polymerase (NEB) with the GC enhancer included. The cycling
conditions were: 30 seconds at 98°C, then 35 cycles: 98°C (10 seconds), 65°C (30
seconds), 72°C (128 seconds), followed by a final elongation at 72°C (2 minutes). A
small sample (5 L) of the PCR reactions were run on a 1% (w/v) agarose gel. The
Zymo DNA Clean and Concentrate kit (Zymo Research) was used, as per the
manufacturer’s instructions, to purify PCR products from the remaining 20 pL of PCR

reaction.

Table 2.4 Primers used for amplification of LDA from cDNA. Primers are all shown

in the 5’-3’ direction.

Name Primer sequences Direction
RM122 CCAGGCGTTCATGCCGGA Forward
RM123 TCAACACCGAGGTTCAACAAAGACT  Reverse

RM92 ATGCCAATGCCGATGCGA Forward

RM93 GAGGCATCAACACCGAGGTT Reverse

2.5.3 Blunt end cloning into pJET1.2 and Sanger sequencing

All PCR products were cloned into the pJET1.2 blunt vector using the CloneJET PCR
Cloning Kit (Thermo Fisher Scientific). The cloning step method was adapted from the
protocol (Table 2.5) and left at 22°C for 45 minutes. The cloning reaction was

subsequently transformed into Escherichia coli DH5a cells (Library Efficient
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Competent Cells, NEB) using a heat shock method. Briefly, 5 uL of cloning reaction
was added to 50 pL of DH5a cells and left on ice for 30 minutes. The reaction was
heat shocked at 42°C using a water bath for 45 seconds and left on ice for 2.5
minutes. SOC media (200 uL) was added, and the reaction was incubated at 37°C for
60 minutes at 300 rpm. The entire reaction was plated onto LB agar with 100 pg/mL
carbenicillin plates and incubated at 37°C overnight. For each cloning reaction, three
individual colonies were picked, each was used to inoculate 5 mL LB with 100 pg/mL
carbenicillin and left to grow at 37°C overnight. Plasmids were isolated from the
overnight cultures using the QIAprep Spin Miniprep Kit (Qiagen) according to the
manufacturer’s instructions. Sequences of the LDA were determined by Sanger
sequencing (Azenta Genewiz) with the primers listed in Table 2.6, and all three primers
were needed to cover the LDA cDNA sequence. The LDA cDNA sequence was
determined as the consensus sequence from the three fully sequenced clones. The
protein sequence was produced from the LDA cDNA sequence using the translate

function on Geneious.

Table 2.5 CloneJET ligation reaction.

Component Volume (pL)
2X buffer 10
Gel extracted PCR product 6 (regardless of the concentration)
T4 ligase 1
ddH20 2
pJET blunt 1

Table 2.6 Primers for sequencing LDA cDNA in pJET1.2. Primers are all shown in
the 5°-3’ direction.

Primer Name Primer sequences Direction
pJET forward CGACTCACTATAGGGAGAGCGGC Forward

RM96 CCTTCTCTGACATAACCATCTACGA Forward
pJET reverse AAGAACATCGATTTTCCATGGCAG Reverse
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2.5.4 Generation of expression plasmids

The pET-28a vector was synthesized to contain the Ae. tauschii LDA cDNA sequence
(henceforth referred to as pET-28a-LDA-Ref), which encodes amino acids 58-973, by
Genscript Biotech (UK) (Appendix Two: Synthesized DNA Two). Site directed
mutagenesis (Q5® Site-Directed Mutagenesis Kit, NEB) was used to produce variants
of the construct which encode for the TD, A140T, E248D and V2711 variants. The kit
was used to the manufacturer’s instructions, with the exception that the ligation time
was increased to 2 hours. The primers used and the corresponding annealing
temperatures for the PCR are listed in Table 2.7 and were designed with

NEBaseChanger® (https://nebasechanger.neb.com/). For the TD construct, two rounds

of site directed mutagenesis were conducted, the first using the primers which
generate the A140T mutation, then with the primers which generate the E248D
mutation. The pET-28a plasmids were transformed into E. coli DH5a cells (Library
Efficient Competent Cells, NEB) by heat shock as described in Section 2.5.3, with the
exception that 28°C was used instead of 37°C and 50 ug/mL kanamycin was used for
selection. Sanger sequencing (conducted by Azenta Genewiz) with the T7 primer (5'-
TAATACGACTCACTATAGGG-3’) was used to confirm the correct mutations had been

introduced.

To generate the pET-28a vector which expresses the 177-like variant of LDA,
traditional restriction enzyme cloning was used. The pET-28a-LDA-Ref plasmid
contains a Ndel site (5’-CATATG-3’) upstream of the inserted LDA cDNA, and a Notl
(5-GCGGCCGC-3) site downstream of the stop codon of the LDA cDNA. To clone
into this, Ndel and Notl sites had to be generated in the 177-like LDA pJET1.2 vector,
flanking the coding sequence. These sites were added using site directed mutagenesis
(Q5°® Site-Directed Mutagenesis Kit, NEB), using primers that generated a Ndel site
immediately before the residues which encode for amino acid 58 and a Notl site
immediately after the stop codon (Table 2.8). Sanger sequencing (Azenta Genewiz)
with the pJET forward and pJET reverse primers (Table 2.6), confirmed the restriction
sites had been added correctly — this plasmid is henceforth referred to as pJET-177-
Ndel-Notl. Restriction enzyme digestions (Table 2.9) were set up with the pET-28a-
LDA-Ref and pJET-177-Ndel-Notl plasmids for 4 hours at 37°C, followed by 20
minutes at 65°C. The restriction enzyme digests were run on a 1% (w/v) agarose gel.
Bands representing the pET-28a backbone and the 177-like LDA cDNA were extracted
from the gel using the Monarch® DNA Gel Extraction Kit (NEB), according to the
manufacturer’s instructions with the final elution carried out in 12 L of ddH.O. The
pET-28a backbone (5301 bp, 24 ng) and the 177-like LDA cDNA (2731 bp, 37 ng)
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were used in a ligation reaction (Table 2.10) at 16°C for 16 hours followed by 65°C for
10 minutes. Products from the ligation reaction were transformed into E. coli DH5a
cells (Library Efficient Competent Cells, NEB) by heat shock as described in Section
2.5.3, with the exception that 28°C was used instead of 37°C and 50 ug/mL kanamycin
was used for selection. Whole plasmid sequencing (conducted by Plasmidsaurus) was
used to confirm the 177-like LDA cDNA had been incorporated into the pET-28a

backbone correctly.

Plasmids were transformed independently into E. coli BL21 cells AgIgAP cells — these
lack the endogenous glycogen synthase gene and hence minimises the risk of
contaminating glycogen and glycogen-active enzymes. Heat shock was used for
transformation as described in Section 2.5.3, with the exception that 28°C was used
instead of 37°C and 50 pg/mL kanamycin and 34 pug/mL chloramphenicol was used for
selection. Glycerol stocks (25 % (v/v) glycerol) were made for each transformed

bacterial strain.

Table 2.7 Primers used for site directed mutagenesis of the pET-28a expression
vector. Primers are all shown in the 5’-3’ direction. Lower case letters represent the

sites which are altered during site directed mutagenesis.

Annealing
Nucleotide Amino acid
Primer sequences temperature
substitution change
(°C)
Forward:
ACCGGAGAGCaCCGGGCTCCCGG
G->A A140T 72
Reverse:
TGCAGCTCAACCTTGGAGTCGTAGCC
Forward:
GGTTCAGCTCGAtGAGTCAAATG
G->T E248D 61
Reverse:
GTCTCCAGCACAGGG
Forward:
TTTGTATGAAaTCGACGTGTATC
G->A V2711 61
Reverse:
AATACCGGTTTTCCCAC
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Table 2.8 Primers used for site directed mutagenesis for generation of restriction
enzyme sites in the pJET1.2. Primers are all shown in the 5’-3’ direction. Lower case
letters represent the sites which are altered during site directed mutagenesis.

Underlining represents the restriction site which will be introduced.

Restriction Annealing
Nucleotide
site Primer sequences temperature
changes
introduced (°C)
Forward:
CGGAGGACGCatATGGCGGCCGGCG
CC ->AT Ndel 72
Reverse:
GGCCCCGGGCGCGGT
GATGCCTCATC Forward:
TTT -> Notl ccgcCTTTCTAGAAGATCTCCTAC 56
o]
GAGCGGCCGC Reverse:
CTTT ccgcTCAACACCGAGGTTC

Table 2.9 Components for restriction enzyme digests.

Component Volume (pL)
Plasmid (100 — 130 ng/uL) 5
10 X rCut Smart Buffer (B6004S, NEB) 5
Notl-HF (R3189S, NEB) 1
Ndel (R0111S, NEB) 1
ddH20 38
Table 2.10 Components for ligation reactions.
Component Volume (pL)
10 X T4 DNA Ligase Reaction Buffer (B0202A, NEB) 20
pET-28a backbone (5301 bp, 24 ng) 8.0
177-like LDA cDNA (2731 bp, 37 ng) 6.4
T4 ligase (M0202M, NEB) 1.0
ddH20 2.6
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2.6 Biochemistry methods

2.6.1 Crude protein extraction from leaves and grain

Leaf tissue (~2 cm in length, 5-week-old plants) was harvested, immediately frozen in
liquid nitrogen and ground using a ball mill (MM300, Retsch) at 30 Hz for 90 seconds
with three 3 mm glass beads. To the powder, 100 pL of ice-cold extraction buffer (100
mM 3-[N-morpholino] propanesulfonic acid (MOPS) pH 7.2, 1 mM DTT, 1 mM EDTA,
10% (v/v) glycerol and EDTA-free Protease Inhibitor cocktail (Roche)) was added and
samples were left on ice for one hour. Samples were centrifuged at 20817g for 15
minutes at 4°C, the supernatant was retrieved and centrifuged at the same conditions.

Protein concentration was determined using the Bradford’s assay.

For protein extraction from developing grains, grains were selected from the central
spikelet of 10, 15, 19 and 22 DPA spikes (Section 2.1.1). Endosperms were manually
dissected and homogenised using a micropestle in 50 yL of ice-cold extraction buffer
(as above). The remainder of the steps were the same as outlined for leaf protein. For
the T. turgidum developing grain protein extracts, this method was conducted by Nitin
Uttam Kamble.

2.6.2 Bradford protein assay

The Bradford assay was conducted using a BMG Omega Plate Reader with 96-well
clear flat bottom plates (Cytiva). For each sample, three 200 uL reactions were set up
with 160 pL of Bradford’s reagent (Bio-Rad Protein Assay) and 40 L of protein and
ddH»0. The absorbance was measured on the plate reader at 595 nm with a 5 second
pre-shake. Standard curves were included in every plate and were constructed with
known amounts of bovine serum albumin (BSA) (Melford) (Table 2.11). Protein
concentrations of samples were calculated using the standard curve. For cases where
the measured absorbance fell outside the range of the standard curve, the assay was

repeated with diluted protein.
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Table 2.11 Standard curve for the Bradford’s assay.

Amount of BSA in 200 Volume to add of 100 Volume to add of H.0

ML reaction (ug) Mg/mL BSA (uL) (uL)
0 0 40

0.6 6 34

1.2 12 28

1.8 18 22

24 24 16

3.0 30 10

2.6.3 LDA native gels

Red pullulan containing polyacrylamide gels were cast according to the recipe in Table
2.12. Protein (35-100 pg) was loaded onto the gels with 10 X loading buffer (50% (v/v)
glycerol and 0.005% (w/v) bromophenol blue). All lanes were loaded on an equal
protein basis; the amount of protein loaded was different between gels and is specified
in the figure legends. The gels were run at 100V at 4°C using a Bio-Rad Mini-
PROTEAN Il electrophoresis tank until the loading buffer reached the bottom of the gel
tank (~2.5 hours). Gels were washed once in 50 mL of incubation buffer (100 mM Tris-
HCIl pH 7.0, 1 mM MgCl,, 1 mM CaCl;, 5 mM DTT) and left overnight in a fresh 50 mL
of incubation buffer at room temperature. Gels were imaged the following morning with
an Epson Perfection V550 scanner. Gel images have been separated so that only the
green channel, which displays the best contrast, is displayed. For easy visual
identification of the bands the colour has then been inverted and the brightness and

contrast adjusted.
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Table 2.12 Components for red pullulan containing polyacrylamide gels.

Volume for 1 x 1.5 mm

Component
gel

Resolving gel:
30% (w/v) Acrylamide (Severn Biotech Ltd) 2.5mL
1.5M Tris-HCI (hydroxymethyl)aminomethane (Tris), pH 8.8 2.5mL
Red Pullulan (Megazyme) 100 mg
ddH20 5mL
10% (w/v) Ammonium persulphate (APS) 80 pL
Tetramethylethylenediamine (TEMED) 5uL

Stacking gel:
30% (w/v) Acrylamide (Severn Biotech Ltd) 0.5mL
0.5M Tris-HCI (hydroxymethyl)aminomethane (Tris), pH 6.8 0.5mL
ddH20 3mL
10% (w/v) Ammonium persulphate (APS) 32 pL
TEMED 3L

2.6.4 Recombinant protein expression in E. coli

2.6.4.1 Solubility test

The glycerol stock (5 uL) of the E. coli strain containing pET-28a-LDA-Ref (Section
2.5.4) was used to inoculate 5 mL LB with 34 ug/mL chloramphenicol and 50 pg/mL
kanamycin. This was grown overnight at 28°C at 200 rpm. LB (2 x 100 mL) containing
34 ug/mL chloramphenicol and 50 ug/mL kanamycin were each inoculated with 1 mL
of overnight culture and grown at 28°C at 200 rpm. The ODeqo Of these cultures were
monitored every hour until an ODggo of 0.6-0.8 was reached. Protein expression was
induced (1) in one culture with 1 mM IPTG (Isopropyl B- d-1-thiogalactopyranoside),
and the other culture was left uninduced (U). Both were grown at 18°C at 200 rpm
overnight. Cultures were centrifuged at 3,000g at 4°C for 10 minutes, the supernatant
was discarded, and the pellet frozen at -80°C. Lysis buffer (10 mL of 500 mM Tris-HCI
pH 7.5, 300 mM NaCl, 40 mM Imidazole, EDTA-free Protease Inhibitor cocktail
(Roche), 2 mM DTT, 1 mg/mL lysozyme) was used to resuspend the frozen pellets,
before sonication with a Soniprep 150 Plus (MSE) sonicator fitted with an exponential
probe for 3 minutes with an amplitude of 5.8. The samples were incubated at 4°C on
an orbital shaker (Denley) for 60 minutes and then centrifuged at 20,0009 at 4°C for 10

minutes. A 100 uL fraction of the supernatant was reserved (soluble protein fraction,
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S), the pellet was resuspended in 10 mL of lysis buffer and 100 pL of this was reserved

(insoluble protein fraction, I).

The US, Il and IS fractions (3 uL of each), were heated for 70°C for 10 mins with 2.5
uL of LDS (lithium dodecyl sulfate) sample buffer (Invitrogen), 1 uL of NUPAGE®
(polyacrylamide gel electrophoresis) reducing agent (Invitrogen) and 3.5 uL of ddHz0.
The Ul fraction was too viscous to load and was omitted from the gel. Samples were
run on a premade 1mm NuPAGE® Bis-Tris Mini Protein Gel (4-12% gradient,
Invitrogen) in an Invitrogen Mini Cell electrophoresis tank for 75 minutes at 150 V.
NuPAGE® MOPS SDS Running buffer (Invitrogen) was used to run the gels, with
0.25% (v/v) NuPAGE® antioxidant (Invitrogen) added to the Running buffer in the
upper chamber. Following electrophoresis, the gel was washed once with ddH-O,
stained with Coomassie (InstantBlue, Abcam) for 10 mins, and destained with ddH.0
overnight. The gel was imaged the following morning with the visible light setting on a

SynGene G box.

2.6.4.2 Expression and purification

Glycerol stocks (2 x 10 uL) of each of the E. coli strains generated in Section 2.5.4
were used to inoculate 2 x 10 mL LB with 34 ug/mL chloramphenicol and 50 pg/mL
kanamycin. These were grown overnight at 28°C at 200 rpm. LB (2 x 1 L) containing
34 ug/mL chloramphenicol and 50 ug/mL kanamycin were each inoculated with 10 mL
of overnight culture and grown at 28°C at 200 rpm. The ODeqo of these cultures were
monitored every hour until an ODeoo of 0.6-0.8 was reached. Protein expression was
induced in all cultures with 1 mM IPTG they were left to grow at 18°C at 200 rpm
overnight. Cultures were centrifuged at 4,000g at 4°C for 10 minutes, the supernatant
was discarded, and the pellet frozen at -80°C. Lysis buffer (20 mL, composition as in
Section 2.6.4.1) was used to resuspend the frozen pellets, before sonication with the
Soniprep 150 Plus (MSE) sonicator fitted with an exponential probe for 3 minutes with
an amplitude of 15.0. The samples were incubated at 4°C on an orbital shaker
(Denley) for 60 minutes and then centrifuged at 20,000g at 4°C for 10 minutes — the

supernatant was reserved on ice.

The His-tagged proteins were purified using the Ni-NTA agarose resin (Qiagen).
Before the resin was used, it was washed with 2 x 2 mL lysis buffer, spinning at 500g
at 4°C for 3 mins between washes. To the washed resin, the reserved supernatant was
added and incubated on an orbital shaker (Denley) at 4°C for 60 minutes. The

suspension was centrifuged at 500g at 4°C for 3 mins and the supernatant discarded.
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The resin was washed with 5 x 5 mL Triton buffer (50 mM Tris-HCI pH 7.5, 300 mM
NaCl, 40 mM Imidazole, 0.5% (v/v) Triton X-100 (Sigma)). Between each wash the
samples were centrifuged at 500g at 4°C for 3 mins and the supernatant was removed.
Following this, the resin was washed with 5 x 5 mL wash buffer (50 mM Tris-HCI pH
7.5, 300 mM NacCl, 40 mM Imidazole). Between each wash step, the samples were
centrifuged at 500g at 4°C for 3 mins and the supernatant was removed. The proteins
were eluted with 1 x 2 mL Elution Buffer 1 (50 mM Tris-HCI pH 7.5, 300 mM NaCl, 250
mM Imidazole), 1 x 2 mL Elution Buffer 2 (50 mM Tris-HCI pH 7.5, 300 mM NaCl, 100
mM Imidazole) and 2 x 2 mL Elution Buffer 3 (50 mM Tris-HCI pH 7.5, 300 mM NaCl,
500 mM Imidazole). All elutions were combined such that there was only one tube of
purified protein for each protein variant. Proteins were concentrated by passing
through a 30 kDa cut-off centrifugal filter (Amicon) with spins conducted at 31249 at
4°C. The buffer of the concentrated proteins was exchanged to storage buffer (50 mM
Tris-HCI pH 7.5, 100 mM NaCl, 10% (v/v) glycerol) using NAP5 Sephadex G-25
columns (Cytiva) at 4°C.

The concentrations of the purified proteins in storage buffer were measured by
recording the absorbance at 280 nm (A2s0) using a spectrophotometer (DeNovix DS-11
FX). The concentration was calculated as follows:

Concentration (uM) = A,g, * 130680
Where the 130680 was the extinction coefficient as calculated using Geneious; this
value was consistent for all protein variants.

Concentration (UM) = A,gy * 1.28

Where 1.28 is the Azso of 1 ug/ul as calculated using Geneious; this value was

consistent for all protein variants.

Purified proteins (1 pug) were resolved with SDS-PAGE (sodium dodecyl sulfate—
polyacrylamide gel electrophoresis). This was run as previously described in Section
2.6.4.1, except that the volume of ddH-O for each sample adjusted according to the

protein concentration so that the total volume loaded was always 10 L.

2.6.5 PullG6 assay

Purified protein (2 ug) in water in a total volume of 40 uL was pre-incubated at 40°C in
a water bath for 5 minutes. In parallel, 50 uL of 4,6-O-Benzylidene-4-nitrophenyl-6°-a-
D-maltotriosyl-maltotriose (PullG6) with thermostable a- and B-glucosidase
(Megazyme, K-PullG6 kit, Bottle 1) and 10 uL of 500 mM sodium acetate pH 5.0 was

also pre-incubated at 40°C in a water bath for 5 minutes. The PullG6/Sodium acetate
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solution was added to the purified protein solution and left in the 40°C water for
exactly, 5, 10 or 20 minutes, before addition of 1 mL of 2% (v/v) Tris-HCI, pH 9.0. The
absorbance at 400 nm (A400) was measured using a spectrophotometer (DeNovix DS-
11 FX). The absorbance was converted to PullG6 units (mmoles of 4-nitrophenol

produced per ug of LDA per min):

Asoo * 0.0011 L * 1000
18100 M~1 x 1 cm * Time * 2 ug

PullG6 units =

Where 18100 M-" is the molar attenuation coefficient (€) of 4-nitrophenolate ions in 2%
(v/v) Tris-HCI at 400 nm, 1 cm is the path length of the cuvette, 0.0011 L is the volume
of the final solution, time is the time in minutes the PullG6 and protein reaction is
conducted for, 2 ug is the amount of protein added, 1,000 is the conversion from moles
to mmoles of 4-nitrophenol. For each time point and for each purified protein, three

technical replicates were set up.

2.7 Genotyping for SNPs in LDA

2.7.1 DNA extraction

Extraction buffer (500 pL of 0.1 M Tris-HCI pH 7.5, 0.05 M EDTA, 1.25% (w/v) SDS
(Severn Biotech Ltd)) was added to leaf tissue (~2 cm in length, 3-week-old plants) in
96-deep well plates (Fisher Scientific). Leaf tissue was ground using a ball mill
(MM300, Retsch) at 25 Hz for 3 minutes with one 3 mm tungsten carbide ball.
Samples were centrifuged at 3,000g for 5 minutes and incubated at 65°C for 1 hour.
Plates were cooled (4°C for 15 minutes), 250 pL of 6 M sodium acetate was added to
each sample and incubated at 4°C for 15 minutes. Plates were centrifuged at 3,000g
for 15 minutes and 350 pL of supernatant was added to 450 pL of ice-cold isopropanol
and left on ice for 5 minutes. Samples were centrifuged at 3,000g for 15 minutes at
4°C and the supernatant discarded. DNA pellets were washed with 500 pL of 70% (v/v)
ethanol, centrifuged at 3,000g for 15 minutes at 4°C and pellets were left to dry at
room temperature for 30 minutes. Pellets were resuspended in 100 uL of ddH»O and
left overnight at 4°C. DNA concentration was measured using a spectrophotometer
(DeNovix DS-11 FX).

2.7.2 Kompetitive allele specific PCR

Primers were designed to genotype the SNPs in LDA (Table 2.13). Reactions (5 uL)
were set up in FrameStar® 394 well plates (Scientific Laboratory Supplies Ltd) with 2.5
ML of 2X 2.7.2 Kompetitive allele specific PCR (KASP) V4 Mastermix (LGC Genomics
Ltd) and 2.5 pL of DNA (1-100 ng/uL). KASP reactions were run on a thermocyler
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(Mastercycler x50h, Eppendorf) with the following cycling conditions: 95°C for 15
minutes, 10 cycles: 94°C for 20 seconds, 65°C* for 1 minute (* decreases by 0.8°C
each cycle), 40 cycles: 94°C for 20 seconds, 57°C for 1 minute. A PHERAstar plate
reader (BMG Labtech) was used to measure fluorescence, and the KlusterCaller

software was used to visualise results.

Table 2.13 KASP primers used to genotype the LDA variant produced by
accessions in the Ae. tauschii diversity panel. Primer sequences are given in the
5’-3’ direction. A VIC/HEX tail (5'- GAAGGTCGGAGTCAACGGATT) was added to the
5’ end of the primers designed to identify the Ref alleles which encode for the Ref LDA
variant. A FAM tail (5- GAAGGTGACCAAGTTCATGCT) was added to the 5’ end of
primers designed to identify non-Ref alleles which encode for non-Ref LDA variant.
Nucleotides represented in lower case letters are those which distinguish the variable

base.

Nucleotide .
Amino
change . . .
acid Allele encoding for Ref LDA variant
(reference vs
change

variant)

Ref allele: AGCTGCAACCGGAGAGCg
G->A A140T Non-Ref allele: AGCTGCAACCGGAGAGCa
Common: CGTCTTACGGTTTCCGGGA
Ref allele: GAGACGGTTCAGCTCGAg
G->T E248D Non-Ref allele: GAGACGGTTCAGCTCGAt
Common: CTCTTGGTCCAGTAACACTCC
Ref allele: GCTTCTTTGATGGTCCAGc
C->T A238V Non-Ref allele: GCTTCTTTGATGGTCCAGt
Common: TGAACCGTCTCCAGCACA
Ref allele: CACTGTTCTCAATCTGGCCAt
A->C N509T Non-Ref allele: CACTGTTCTCAATCTGGCCAg
Common: ATCGTTCCTGGGTACTATGT

2.8 Protein structure
The barley LDA protein structure (4aio, (Maller et al., 2012)) was obtained from the

Protein Data Bank (PDB, https://www.rcsb.org/). Pymol was used to visualise the

structure and highlight residues of interest.
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2.9 Grain morphometrics
A MARVIN seed analyser (Marvitech GmbH) was used to measure the total number of
grains harvested per plant (59-218). All grains were used to calculate the mean values

of grain length, width and areas.

2.10 Statistics and data visualisation

All statistical analyses were conducted with RStudio (version 2023.12.1, build 402).
The statistical tests used, and any post hoc tests, are specified in the legend or text.
Parametric tests were used, except in cases where the data did not follow a normal
distribution, as determined by Shapiro-Wilk tests and visual inspection of quantile-
quantile plots. In these cases, non-parametric tests were used instead. The ‘ggplot2’
package in RStudio was used to generate most of the graphs, with the exception of
the graphs showing the Coulter counter fittings and Manhattan plots which were
generated in Python 3.11.5, run on a Jupyter notebook (version 6.5.4), with the
‘matplotlib’ package. All cartons and diagrams were generated using Inkscape (version
1.3).
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Chapter Three — Characterising variation in endosperm starch in the Ae.
tauschii diversity panel

3.1 Introduction

Association genetics offers a powerful approach to utilise pre-existing variation in
starch granule size and shape to discover new factors influencing granule formation.
Many previous association genetic studies have used domesticated species and there
is no published case of a genome wide association study for endosperm starch
properties using a wild relative of a Triticeae species. Hence, these studies have not
utilised the interesting variation in granule composition which is observed in wild
Triticeae species (Chapter One; Table 1.1). In addition, starch related genes in wild
species often have greater levels of diversity and could be a source of novel alleles for
introduction into domesticated species to generate favourable starch characteristics.
This is a benefit of utilising wild species as they are closely related to domesticated
crops. Therefore, the knowledge that is gained from wild species, such as Ae. tauschii,

can be directly applied to crops, such as hexaploid wheat.

3.1.1 Development of a diverse panel of Aegilops tauschii accessions

As outlined in Chapter One (Section 1.6.2), Ae. tauschii is the progenitor of the
hexaploid wheat D genome. Ae. tauschii can be subdivided into three lineages:
lineages one, two and three (Gaurav et al., 2021). Genomic comparisons of individuals
of different lineages with modern hexaploid wheats reveals that the wheat D genome is
most related to lineage two Ae. tauschii accessions (Gaurav et al., 2021). However,
modern wheat also contains elements (~1-7%) from lineage three accessions — for
example, a lineage three-derived allele of the glutenin G/u-D1 gene is found in some
modern wheat cultivars and is associated with higher quality (Delorean et al., 2021).
Meanwhile, lineage one accessions have made the smallest contribution (~0.7-1.1%)
to the wheat D genome (Cavalet-Giorsa et al., 2024). Hence it has been hypothesized
that instead of a single hybridisation event (Figure 1.12) there were multiple
hybridisation events between tetraploid wheat and Ae. tauschii (Cavalet-Giorsa et al.,
2024).

Although lineage two is the major contributor to the hexaploid wheat D genome, ~75%
of the genetic diversity identified among lineage two accessions is not found in modern
wheat cultivars (Gaurav et al., 2021). This is a consequence of a bottleneck caused by
extensive selection during domestication (Zhou et al., 2020). This contrasts with the A

and B genomes of modern hexaploid wheats which have more diversity than the D-

genome. This is perhaps due to introgressions with tetraploid wild wheats, whereas
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introgressions between hexaploid wheat and diploid Ae. tauschii are rare (He et al.,
2019). Therefore, there is much interest in exploring diversity in lineage two Ae.
tauschii accessions and reintroducing this diversity into modern hexaploid wheats.
Gaurav et al. (2021) assembled a diversity panel of 242 Ae. tauschii accessions which
includes individuals from all three lineages (286 lineage one, 175 lineage two and 7
lineage three). These accessions originate from around the Fertile Crescent region
(Figure 3.1). This is the domestication centre for modern day wheat; hence the authors
argue that this panel covers almost all the genetic diversity in Ae. tauschii species
worldwide. This diversity panel has extensive genetic and phenotypic variation,
including in traits such as spike morphology, trichome number and disease resistance
(Gaurav et al., 2021). However, the variation in starch traits among this particular

diversity panel remains unexplored.
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Lineage one [ Lineage two [l Lineage three

Figure 3.1 Distribution of Ae. tauschii accessions in the diversity panel.
Locations of origin for 239 accessions in the Ae. tauschii diversity panel studied by
Gaurav et al. (2021). Three accessions lie outside the map (one from Turkey and two
from China) and these are represented with arrow heads. Country abbreviations are
as follows — AFG = Afghanistan; ARM = Armenia; AZE = Azerbaijan; CHN = China;
GEO = Georgia; IRN = Iran; IRQ = Iraq; KAZ = Kazakhstan; KGZ = Kyrgyzstan; PAK =
Pakistan; SYR = Syria; TJK = Tajikistan; TUR = Turkey; TKM = Turkmenistan; UZB =
Uzbekistan. This image has been adapted from Gaurav et al. (2021) under a CC-BY

license.

3.1.2 Ae. tauschii has diversity in its starch granule parameters

Previous studies suggest that that Aegilops tauschii accessions vary in their starch
granule parameters. The most extensive studies into Ae. tauschii starch granules was
conducted by Stoddard (1999a). Stoddard describes variation in B-type granule
content and granule size in 68 Ae. tauschii accessions. B-type granule content ranged
from 15-38% in this population. When | compared this variation to that seen in modern

cultivars (Introduction; Table 1.1), | suspected that Ae. tauschii might have unexploited
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variation at the lower end of the B-type granule content range, as very few studies
report B-type granule contents of less than 20% in modern wheat cultivars (Park et al.,
2009; Zhang et al., 2016; Li et al., 2017). Moreover, Stoddard (1999a) reports on
granule size with modal diameters of 23.8 um and 6.3 um for A-type and B-type
granules respectively. Interestingly, there were several accessions which had much
larger A-type granules, with some granules as large as 57.5 ym observed. In addition
to granule size and content, Ae. tauschii also has variation in amylose content (21-
34%) (Chapter One; Table 1.1) (Mohammadkhani et al., 1998; Stoddard, 1999a).
Strikingly, no amylose-free Ae. tauschii accessions have ever been described. Beyond
this, variation in other Ae. tauschii starch granule parameters, such as total starch

content or granule number, have not been investigated.

Since these early studies on Ae. tauschii endosperm starch, there have been
substantial technological advancements in the study of starch traits, allowing more
quantitative characterisation of the variation. This is especially the case for A- and B-
type granule distributions which historically were measured with laser scanning
instruments. Laser scattering instruments generally underestimate granule size
(Wilson et al., 2006). Nowadays the preferred method is to use a Coulter counter,
where the volume of granules is measured based on changes in electrical
conductance. For accurate quantification of granule size of A- and B-type granules,
mathematical curves should be fitted to size distribution traces (Tanaka et al., 2017).
The Tanaka et al. (2017) pipeline is not ideal, as it designed for laser scattering rather
than Coulter counter data. It also fits three log-normal curves — one for A-type
granules, one for B-type granules and one for C-type granules. C-type granules are a
subpopulation of granules which are smaller than B-type granules; however these are
only observed in a handful of studies (Wilson et al., 2006). Other scripts, such as that
used in Chen et al. (2024), fit two normal curves to Coulter counter data. A limitation of
this is that it does not offer any flexibility if the size distribution traces do not fit a
normal shape. Furthermore, not enough is known about the biology underlying starch
granule size determination to assume a normal distribution. Overall, to accurately
measure variation in granule size and content in Ae. tauschii, a method combining the

Coulter counter and mathematical curves should be developed.

3.1.3 Ae. tauschii has greater diversity in its starch genes than domesticated wheat
In addition to the phenotypic variation, variation in the gene sequences of starch-
related genes in Ae. tauschii has been described. For example, the nucleotide

diversity of GBSS has been assessed in a panel of 59 Aegilops and Triticum species.
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SNPs and InDels were found in every species when compared to published T.
aestivum GBSS sequences. However, the maijority of this variation occurred in intronic
regions, or in the transit peptide, with only 17 amino acid changes in the mature
protein sequence detected across the entire panel (Li et al., 2016). Interestingly, the
Ae. tauschii GBSS sequences cluster into two distinct phylogenetic groups, and only
one of these clusters with GBSS from T. aestivum (Li et al., 2016). Hence, there is
unexploited diversity in Ae. tauschii GBSS, which has not been incorporated during
hexaploid wheat evolution. Another example is SS1, where there is a loss of
nucleotide diversity with increasing ploidy in wheat. In Ae. tauschii the SNP frequency
across SS17 is one SNP per 296 bases (Singh et al., 2023), whereas in cultivated
hexaploid wheat the frequency is one SNP per 824 bases (Singh et al., 2023) — higher
than the average SNP frequency of one SNP per 335 bases across the entire
hexaploid wheat genome (Ravel et al., 2006). Likewise, the nucleotide diversity in the
genes encoding the small and large subunits of AGPase is reduced in tetraploid and
hexaploid wheats compared to wild grass relatives (Hou et al., 2017). Interestingly,
there appears to have been stronger selection and greater reduction in nucleotide
diversity in hexaploid, rather than tetraploid, wheats (Hou et al., 2017). This reduction
in genetic diversity of starch-related genes in domesticated species arises from
selection during domestication. Hence, to discover novel alleles for known starch
genes it is important to explore undomesticated wild relatives, such as Ae. tauschii,

which have a greater nucleotide diversity.

In this chapter, | assess the diversity in endosperm starch from 117 lineage two
members of the Gaurav et al. (2021) diversity panel. The lineage two accessions have
been selected as they have the largest contribution to the D genome. The 117
accessions represent a subset selected from the entire collection and includes almost
all lineage two diversity and reduces genomic redundancy. Firstly, | examine starch
granule size distributions by developing a curve-fitting script in Python that can work
on Coulter counter data. The values derived from this method revealed significant
variation in granule size, content and number between the different accessions, which
exceeds the variation that has previously been reported. Correlating these parameters
with each other, with geographical parameters, or with phylogenetic relationships
revealed no strong associations. Finally, | extend these analyses and survey the
variation in a selection of modern wheats. Whilst these contain some variation, Ae.

tauschii contains novel variation that could be useful for wheat breeding.
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3.2 Results

3.2.1 There is variation in granule size distribution traces across the diversity panel
Endosperm starch was extracted from mature Ae. tauschii grains and starch granule
size distribution traces were analysed with a Coulter counter. There was large variation
in the size distribution traces produced. All accessions produced bimodal distributions,
with a peak representing B-type granules occurring at diameters < 10 ym and a peak
representing A-type granules occurring at diameters > 10 um. There was no third
peak, representing C-type granules, observed in any of the samples. A small subset of
traces which are representative of some of the variation seen across the diversity
panel are shown in Figure 3.2. Accession TOWWCO021 (Figure 3.2 — yellow) is distinct
from the other traces as it is has broad, less distinct peaks. This could be explained if
there are large B-type granules and small A-type granules and the peaks have almost
merged in the size distribution trace. From the remaining traces, | observed
considerable variation in the height of both the A-type and B-type granule peaks and

differences in diameter at which the peaks occur.
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Figure 3.2 Size distribution traces from a subset of Ae. tauschii accessions are
very diverse. A Coulter counter was used to measure size distribution traces. Six
diverse traces from Ae. tauschii accessions representing some of the variation
observed in the panel. The accessions represented are TOWWCO016 (turquoise),
TOWWCO021 (yellow), TOWWC106 (purple), TOWWC141 (orange), TOWWC167
(pink), TOWWC193, which was used to generate the genome reference (green). The
traces are displayed as means (solid lines) + standard error of the mean (SE)

(shading) and have been adjusted for representation on a linear x scale.
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3.2.2 Curves were fitted to determine granule size and content

It is typical to fit curves to starch granule distribution traces to determine mean granule
size and content by volume (Tanaka et al., 2017). To overcome the limitations of the
currently published scripts (Section 3.1.2) | wrote a Python pipeline for fitting bimodal
mixed distributions to Coulter counter data. | designed this to fit three different
distributions. First, it fits two normal curves (henceforth called N-N) which is consistent
with the script used in Chen et al. (2024). However, | reasoned that a log-normal curve
would be optimal for fitting the B-type granule peak, since the peak comes close to the
y-axis and there can be no granules with a negative diameter value. Therefore, | tested
fitting a log-normal curve to both the A-type and B-type peaks (henceforth called L-L),
or a log-normal distribution to the B-type peak and a normal distribution to the A-type
peak (henceforth called L-N) (Figure 3.3). The script was designed to report the total
uncertainty of the reported parameters and the standard error of regression (S), which
is a test of the goodness of the fit. An example of the three fittings, is shown in Figure
3.3a-d with a size distribution trace from accession TOWWCO097, which falls in the

middle of the diversity observed.

To determine which fitting worked best the standard error of regression was compared
for each sample. For 79% of the samples the L-N fitting gave the lowest standard error
of regression (Figure 3.3e). By contrast, the fitting which gave the lowest uncertainty
value for most of samples was the N-N (Figure 3.3f). The uncertainty does not tell us
about the goodness of the fit, only how much confidence there is in the parameters
which describe the fit. It would be inappropriate to choose the N-N over the L-N fitting
because there is little point having confidence in the parameters if the fitting is poor.
Thus, the goodness of fit has been prioritised over the uncertainty and the L-N fitting
has been used for all samples. By using the same fitting for all samples, it achieves
consistency and means that errors in fitting are comparable across all samples.
However, this does mean that for some of the samples, the fitting is not the most ideal.
Generally, the values obtained by the fittings were consistent with each other in rank,
such that samples having high values under one fit were also high in the other fits
(Figure 3.4). There are some obvious outliers to this, and this decreases the reported
Spearman rank correlation coefficients, yet all are above 0.7. The outliers often stem
from the TOWWCO021 curves (Figure 3.4 — pink) which, as already alluded to, have
broad less distinct peaks which are difficult to accurately fit curves to (Figure 3.5). In
Figure 3.5, although the combined curve follows the shape of the size distribution well,
the constituent A- and B-type granule curves do not fit. Therefore, it is impossible to tell

whether the proposed curves are correct. There are large differences in the constituent
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peaks for the different fittings. This explains why there are inconsistencies between the
parameters from the different fittings for these types of curves. The other outliers, for
example the TOWWCO087 curve which gives an extremely high B-type granule
diameter (13.3 ym) and B-type granule content for the N-N fitting (86%), also has
broad peaks which seem to merge into each other, such that it is not dissimilar from
the curve in Figure 3.5. Crucially, this was not consistent across all three biological
replicates for TOWWCO087.

Even in cases where the fittings are good, the absolute values obtained for each
parameter varied substantially between the different fittings. Mean A-type granule
diameter was similar between the L-N and N-N fittings. The L-L fitting, however,
resulted in higher A-type granule values. This trend was also seen in the B-type
granule diameter. Both are likely a result of the long tail observed on the B-type
granule peak under the L-L fitting, which also shifts the position of the A-type granule
peak. The L-L fitting produced the highest B-type granule content values, which is

again likely an overestimate produced by the long tail.
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Figure 3.3 Three different bimodal curve fittings to a volumetric distribution of
Ae. tauschii endosperm starch. The bin size normalised volumetric size distribution
was determined using a Coulter counter on endosperm starch from Ae. tauschii
accession TOWWCO097 (grey). Two normal (N-N) (a), two log-normal (L-L) (b), or a
log-normal and a normal (L-N) (c) curves were fitted onto the size distribution. The
dashed pink curve represents the A-type granule curve, the dashed orange curve
represents B-type granule curve, and the solid turquoise curve is the sum of both
curves. The uncertainty and standard error of regression (S) are reported in the top
right. (d) All three fittings have been overlaid for comparison. 351 Coulter counter
traces from Ae. tauschii accessions were ran through the fitting script, and the fitting
with the lowest standard error of regression (e) and lowest uncertainty (f) were

calculated and are shown as percentages.
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Figure 3.4 Comparison of parameters derived from curve fittings. A-type granule
diameter (a-b), B-type granule diameter (c-d) and B-type granule content (e-f) were
derived from the fitting two normal (N-N) (a, c, e), two log-normal (L-L) (b, d, f) and
plotted against those derived from the log-normal-normal (L-N) fitting (a-f). Individual
data points (n = 351) are shown as grey dots except for TOWWCO021 which is
highlighted in pink. The Spearman’s rank coefficients (p) and corresponding P values
shown in the top left of each graph. A dashed black line of y=x is overlaid on each plot

to show the expected relationship if the fittings gave the same values.
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bin size normalised volumetric size distribution was determined using a Coulter

counter on endosperm starch from Ae. tauschii accession TOWWCO021 (black). (a-c)
Two normal (N-N) (a), two log-normal (L-L) (b), or a log-normal and a normal (L-N) (c)
curves were fitted onto the size distribution. The dashed orange curve represents the
A-type granule curve, the dashed pink curve represents B-type granule curve, and the
solid turquoise curve is the sum of both curves. The uncertainty and standard error of

regression (S) are reported in the top right. (d) All three fittings have been overlaid for

comparison.
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3.2.3 There is variation in granule parameters across the diversity panel

The mean values obtained from the curve fitting strategy were compared across the
entire panel (Figure 3.6a-c). There was significant variation in the sizes of both A- and
B-type granules within the accessions: A-type granule diameter ranged from 16.9 um
to 25.6 um (P < 0.05, Kruskall-Wallis test) and B-type granule diameter ranged from
4.8 ym to 11.8 um (P < 0.05, Kruskall-Wallis test). However, the most extreme
variation was in B-type granule content which ranged from 6.4% to 36.6% (P < 0.05,
Kruskall-Wallis test).

In addition to the values derived by curve fitting, | also estimated the percentage of B-
type granules by number by setting a threshold at 10 yum (Chia et al., 2020). Granules
with a diameter < 10 ym were counted as B-type granules and those with a diameter =
10 um were counted as A-type granules. There was significant variation in the
percentage number of B-type granules ranging from 86.9% to 96.7% (P < 0.05,
Kruskall-Wallis test, Figure 3.6d).

The final starch parameters assessed across the entire panel were amylose content
and total starch content (Figure 3.6e-f). Amylose content was measured via an iodine
colourimetry method and ranged from 15.7% to 29.2% but did not vary significantly
among the accessions (P > 0.05, Kruskall-Wallis test). The variation in total starch
content was 31.7% to 60.9% (P > 0.05, Kruskall-Wallis test). However, there were no
statistically significant differences across the panel, perhaps due to the fairly large
variation within each accession. Hence variation in total starch content cannot

underpin the observed variation in the starch granule parameters above.
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Figure 3.6 There is significant variation in granule size, content and number in
the Ae. tauschii diversity panel. A Coulter counter was used to measure the size
distribution of endosperm starch granules, a normal curve was fitted to model A-type
granules and a log-normal curve was fitted to model B-type granules. The mean A-type
granule diameter (a) and B-type granule diameter (b) were determined from these
curves. The B-type granule content (c) is the relative proportion of B-type granules (by
volume). (d) The B-type granule number is the relative number of granules with a
diameter less than 10 um. (e) The amylose content (% w/w of starch) of endosperm

starch as determined by iodine colourimetry. (f) The total starch content (% w/w of
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wholegrain flour) as determined by an enzymatic assay. For all graphs the data are
shown as means (pink points) + SE (black bars) with individual cultivars arranged from
left to right in ascending order (n = 117, with 3 biological replicates per line).

Statistically significant differences were calculated using Kruskal-Wallis tests.

3.2.4 Accessions with extreme starch granule parameters retain spherical and
lenticular morphologies
As there was large variation in starch granule size, number and content (Figure 3.6), |
investigated if this was linked to morphological variation in granule shape. To test this, |
selected lines with extremely high, or extremely low values for A-type granule
diameter, B-type granule diameter, B-type granule content and B-type granule number.
These are henceforth referred to accessions with ‘extreme’ parameters (Table 3.1).
Granule morphology was assessed using scanning electron microscopy (SEM) (Figure
3.7). All accessions had lenticular A-type granules and spherical B-type granules.
Interestingly, the B-type granules sometimes had an indentation in their centres, giving
almost a doughnut-like appearance, for example in the image of TOWWC141 in Figure
3.7. Likewise, some of the A-type granules had dips in their centres, this is exemplified
in the images of TOWWC064 and TOWWC106 in Figure 3.7. Both these phenomena
occurred at a low frequency in almost all accessions, and did not correlate with the
starch granule phenotypes. The micrograph for TOWWCO021 reveals that there are
many intermediate granules. They appeared more spherical than lenticular in shape,
so they are more likely to be large B-type granules rather than small A-type granules.
This is consistent with the Coulter counter trace and gives confidence in the large B-
type granule diameter calculated via the L-N curve fitting. Overall, the differences in
granule size, content and number which are seen in the extreme accessions, does not

stem from unusual A- or B-type granule shapes.
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Table 3.1 Ae tauschii accessions with the most extreme starch granule
parameter values. For each parameter, the three accessions with the highest and
lowest values were identified. The table is arranged so that the accession with the
lowest value is at the top of the low box, getting higher as you progress down the box,

and the reverse for the high column so that the accession with the highest value is at

the top of the high box.

Parameter Low High
TOWWCO016, TOWWCO083,
A-type granule diameter TOWWCO064, TOWWC106,
TOWWC168 TOWWCO051
TOWWCO016, TOWWCO021,
B-type granule diameter TOWWCO046, TOWWC106,
TOWWC059 TOWWC187
TOWWC167, TOWWC141,
B-type granule content TOWWC168, TOWWCO021,
TOWWCO064 TOWWCO099
TOWWCO057, TOWWC155,
B-type granule number TOWWC187, TOWWCO095,
TOWWC193 TOWWCO003

89



TOWWCO016

TOWWCO059 TOWWCO064 TOWWCO083

N

Figure 3.7 Starch from the ‘extreme’ Aegilops tauschii accessions has normal
bimodal morphology. Representative scanning electron micrographs of purified

endosperm starch. Accessions are arranged in numerical order, scale bar = 10 ym.
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3.2.5 The starch granule parameters only weakly correlate with each other

By measuring numerous starch parameters on the same grains from many
accessions, this study provided an opportunity to explore if there are any relationships
between these parameters. All parameters that varied significantly across the panel
(Figure 3.6) were correlated against each other (Figure 3.8). As the data were not
normally distributed, the non-parametric Spearman’s rank correlation test, was used to
test the strength of the correlations between the parameters. The strongest significant
correlation was between B-type granule content and B-type granule number (p =
0.61). This suggests that B-type granule content is partially influenced by number, but
there must also be other factors that contribute. For all other correlations p was < £0.4
yet P < 0.05, so these correlations are significant yet quite weak. Interestingly, it was
only B-type granule diameter and B-type granule number which had a negative
correlation coefficient (p = -0.35), and all other coefficients were positive. This could
reflect a weak trend that when more B-type granules initiate the B-type granules are
smaller. It is perhaps unsurprising that the correlation coefficients are weak when the
graphs in Figure 3.81-f are considered. There are numerous examples where there are
accessions which seem to be outliers. For example, Figure 3.8d shows a general trend
that as B-type granule content increases, there is a corresponding increase in B-type
granule diameter, however there is one accession (TOWWC141) has a high B-type
granule content (36%) yet a relatively low B-type granule diameter (7.12 um). These
few outlier accessions may be decreasing the overall value of the correlation

coefficients.
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Figure 3.8 There are weak correlations between different starch granule
parameters. (a-f) Starch granule parameters which varied significantly across the Ae.
tauschii diversity panel were plotted against each other to reveal any correlations. The
data are displayed as mean values (grey points, n = 117, with 3 biological replicates
per accessions) and the axes range from the lowest to the highest values for each
parameter. Spearman rank correlation tests were conducted the correlation

coefficients (p), and corresponding P value are on the top left of each graph.
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3.2.6 Correlations of starch granule parameters with geographical location and
phylogeny are weak

It was hypothesized that variation in starch granule parameters might correlate to the

geographical location of accession collection. This could be prominent if a particular

starch granule phenotype has an adaptive advantage to specific environmental

conditions. To test this, the locations from which the accessions were originally

collected from were obtained from the JIC GRU (https://www.seedstor.ac.uk/search-

browseaccessions.php?idCollection=38). Accurate location data were available for 93

accessions, and these were used to map the starch parameters that varied
significantly across the entire diversity panel (Figure 3.9a-d). Visual representation of
the parameters across a map revealed no obvious trends between any of the starch
parameters and location. Longitude and latitude were separately correlated with the
mean starch parameter values using Spearman’s rank correlations tests (Figure 3.9e-
). When correlating with latitude, there was no relationship with either A-type granule
diameter, B-type granule diameter or B-type granule content with the correlation
coefficients being almost zero. With B-type granule number there was a significant, but
weak, correlation (p = 0.30). Likewise, when the same analysis was repeated with

longitude, no significant correlation was detected with any starch parameter.

In addition, it was hypothesized that there could be phylogenetically determined
variation in starch granule parameters, such that closely related accessions might
have more similar starch granule parameters than those that are more distantly
related. This might be particularly prominent if the starch parameter has been selected
for during Ae. tauschii evolution. To investigate this, a phylogenetic tree of lineage two
Ae. tauschii accessions was generated using a script from Gaurav et al. (2021) (Figure
3.10). Lineage one accessions and wheat, which were not used in my project, were
excluded from the tree. Unfortunately, 23 of the accessions included in this study were
not included in the phylogenetic trees of Gaurav et al. (2021) and had to be excluded
from this analysis. In terms of associations between starch granule parameters and
phylogeny, there were no strong links. In fact, there were multiple cases where
accessions within the same phylogenetic clade have contrasting starch granule
parameters. For B-type granule number there is a clade (Figure 3.10d, clade towards
the top left) which contains TOWWC187, TOWWC193, which both have low B-type
granule numbers, and also TOWWC059, TOWC092, TOWWC119 which all have
relatively high B-type granule number phenotypes. Likewise, the same clade has large
variation in B-type granule diameter. Other clades also contain variation for instance

TOWWCO016, which has a low A-type granule diameter, is in a clade with accessions
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with relatively high A-type granule diameter (Figure 3.10d, clade towards the bottom
left). Moreover, TOWWC167 has an extremely low B-type granule content but the
other accessions within its clade have much higher values for this parameter (Figure
3.10d, clade towards the top right). Therefore, there were no strong links between
starch granule parameters and phylogeny. Furthermore, the distribution of the
parameters across phylogeny would makes a genome wide association study a
favourable strategy for discovering genetic factors underlying these parameters
(Chapter Four).

The phylogenetic tree (Figure 3.10) also allows easy identification of accessions that
have low or high values for multiple starch granule parameters. There are several
accessions which stand out. Firstly TOWWCO0064, which was identified as an
accession with low A-type granule diameter and B-type granule content in Table 3.1,
also has relatively low values for B-type granule diameter and B-type granule number
compared to the other accessions studied. Secondly, TOWWCO016 which has low A-
type and B-type granule diameters (Table 3.1) also seems to have relatively low B-type
granule content, yet B-type granule number is not as low when compared to other
accessions. Some accessions, including TOWWC113 and TOWWC115, have

relatively high values for all parameters measured.
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Figure 3.9 There was no clear trend between geographical collection location
and starch parameters. Locations where the Ae. fauschii accessions were collected
from are plotted on a map (a-d), with colours showing the values of the mean starch
parameters (yellow = low, purple = high). The mean starch granule parameters were
plotted individually against latitude (e-h) or longitude (i-I). Spearman’s rank correlation

coefficients (p) and the P values are displayed in the top left of each graph, n = 93.
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Figure 3.10 Phylogeny does not fully explain the variation in starch granule
parameters. Phylogenetic tree of lineage two Ae. tauschii accessions based on k-mer
phylogeny. The mean starch granule parameter which significantly vary across the
entire panel are shown as boxes surrounding the tree, with a colour scale where dark
red represents the lowest value for the parameter, and bright green represents the
highest value for the parameter. (a) A-type granule diameter, (b) B-type granule
diameter, (c) B-type granule content, (d) B-type granule number (n = 94). Accession
names have been shortened for clarity, with the TOWWC prefix removed, P14

represents the tetraploid wheat outgroup Hoh-501-P14.

3.2.7 Ae. tauschii contains novel variation in endosperm starch compared to modern
wheat

As Ae. tauschii is an undomesticated wild relative of modern bread wheat, |

hypothesized that the variation seen in the endosperm starch of Ae. tauschii might not

be present in hexaploid wheat due to potential loss during domestication. To test this, |

selected 16 hexaploid wheats (Chapter Two; Table 2.2). These were diverse in growth
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habitat and location of origin and chosen to capture maximum genetic diversity
(Walkowiak et al., 2020). The majority of these are modern cultivars, although there is
one landrace — Chinese Spring. | obtained grains from these cultivars from Cristobal
Uauy’s lab (JIC), grown in at least triplicate under glasshouse conditions, although

these were not grown at the same time as the Ae. tauschii panel.

Endosperm starch was purified from mature grains and the size distribution of starch
granules was measured using a Coulter counter. There was significant variation found
in the size, content and number of granules (Figure 3.11). Unlike the Ae. tauschii panel
where no significant variation was found for amylose and total starch contents, for the
wheat lines used here there was significant variation in both parameters (P < 0.05,
one-way ANOVA (analysis of variance)). Surprisingly, the amylose values are all lower
than those found in the Ae. tauschii panel, and lower than those previously reported in
the literature (Chapter One; Table 1.1). Interestingly, the two lines with the lowest total
starch content were Baj (42.09%) and Chinese Spring (46.54%). Chinese spring is a
landrace, and although Baj is considered a cultivar, it is used by CIMMYT as a
‘checker’ line. This means it is a control used to compare experiments between years
rather than being a cultivar for development. Hence the starch content may be lower in

these lines as they have not undergone as intense selection pressure.

The variation in granule size, content and number was compared to those measured in
Ae. tauschii (Figure 3.12). The starch content and amylose results were excluded from
this analysis as there was no significant difference in these in Ae. tauschii. There was
a significant difference in the mean A-type granule diameters with Ae. tauschii tending
to have larger A-type granules compared to the wheat cultivars investigated here.
Otherwise, there were no significant differences between the mean values for B-type
granule diameter, B-type granule content, and B-type granule number between the
Aegilops tauschii accessions and the wheat cultivars. However, when the total range is
considered, there is variation in Aegilops tauschii that is not found in wheat. The wheat
cultivars used here have less variation in B-type diameter (2.52 ym range in wheat and
7.01 uym in Ae. tauschii), A-type diameter (4.95 um range in wheat and 8.64 uym in Ae.
tauschii) and B-type granule number (4.97% range in wheat and 9.79% in Ae.
tauschii). In contrast, the wheat cultivars had similar levels of variation in B-type
granule content (27.71% range in wheat and 30.01% range in Ae. tauschii). The Ae.
tauschii accessions with parameter values which lie outside those seen in wheat could

be a source of useful variation.
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Figure 3.11 There is significant variation in granule size, content, number,
amylose content and total starch content in selected T. aestivum cultivars. A
Coulter counter was used to measure the size distribution of endosperm starch
granules, a normal curve was fitted to model A-type granules and a log-normal curve
was fitted to model B-type granules. The mean A-type granule diameter (a) and B-type
granule diameter (b) were determined from these curves. The B-type granule content
(c) is the relative proportion of B-type granules (by volume). (d) The B-type granule

number is the relative number of granules with a diameter less than 10 um. (e) The
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amylose content (% w/w of starch) of endosperm starch as determined by a
spectrophotometric assay. (f) The total starch content (% w/w of wholegrain flour) as
determined by an enzymatic assay. For all graphs, the data are shown as means (red
points) + SE (black bars) with individual cultivars arranged from left to right in
ascending order (n = 16, with 3-4 biological replicates per line). Statistically significant

differences were calculated by a one-way ANOVA.
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Figure 3.12 Comparing starch granule parameters of Ae. tauschii and T.
aestivum reveals novel variation in Ae. tauschii. The granule properties for the T.
aestivum cultivars were compared to those from the Aegilops tauschii accessions. (a)
B-type granule diameter, (b) A-type granule diameter, (c) B-type granule content, (d) B-
type granule number. Data are shown as box plots with the middle line representing
the median, the box representing the interquartile range and the whiskers extending to
1.5x the interquartile range. The two-sample Wilcoxon signed rank test was used to
determine if there was a significant difference between Ae. tauschii and T. aestivum
values for each starch parameter (* P < 0.05, ** P < 0.01, ** P <0.001). Individual data
points are shown as grey dots (n = 117 for Ae. tauschii, turquoise, and n = 16 for T.

aestivum, pink).
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3.3 Discussion

Ae. tauschii was a key species in the domestication of hexaploid bread wheat
(Marcussen et al., 2014). As it is a wild grass, it has greater genetic and phenotypic
diversity than what is observed in domesticated wheat cultivars (Gaurav et al., 2021).
Previous studies have reported variation in granule size, B-type granule content and
amylose content in Ae. tauschii (Mohammadkhani et al., 1998; Stoddard, 1999a).
However, these studies utilised a limited number of accessions and measured only a
set number of characteristics. In this chapter, | performed an in-depth characterisation
of endosperm starch in 117 different Ae. tauschii accessions, revealing novel variation

and properties which appear not to be present in modern wheat cultivars.

3.3.1 A Python package allows accurate quantification of granule diameters and
contents
| generated a Python package to analyse starch granule size distributions from Ae.
tauschii. A curve fitting approach is considered more accurate compared to a binary
threshold (Tanaka et al., 2017) as it allows better resolution of the region where A-type
and B-type granules overlap. Compared to pre-existing scripts (Tanaka et al., 2017,
Chen et al., 2024), which all fit a single distribution, my script offers flexibility as it fits
three different distributions — N-N, L-L and L-N. A goodness of fit test determined that
the L-N fitting provided the best fit for most of the Ae. tauschii size distribution traces
(Figure 3.3). This fitting has not previously been used in published literature. Not
enough is known about the biology underlying starch granule size distribution to
assume it should follow an L-N curve, and it is worth noting that the shape of the size
distribution is also influenced by technical factors. For example, the Coulter counter
assumes spherical particle size when it calculates a diameter value for the x-axis,
which could influence the shape of the distribution. Overall, my script provides a new
distribution (L-N) to accurately measure granule size and content in Ae. tauschii. In the
future, it could be used to test whether starch from other Triticeae species also best fit

a L-N distribution, or instead L-L or N-N distributions.

3.3.2 Variation in granule size and number exceeds that previously reported
Across the diversity panel, | saw significant variation in granule size, B-type granule
number and B-type content (Figure 3.6). The greatest variation was observed was in
B-type granule contents, 6-37%, which exceeds that previously reported by Stoddard
(1999a) (15-38%) and Konik-Rose et al. (2009) (21-36%). The upper range of the B-
type granule content is in line with previous literature, suggesting that these studies

captured the upper limit of diversity in Ae. tauschii B-type granule content. It is curious
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that the upper limit for B-type granule content in Ae. tauschii appears to be ~36-38%,
whilst in other wild grasses much higher values are reported, such as 62% in T.
monococcum (Stoddard, 1999a). Perhaps the high B-type granules observed in T.
monococcum is due variation which is not present in Ae. tauschii. Alternatively, T.
monococcum might have differences in amyloplast size affecting initiations and growth
of B-type granules, or differences in the length of the grain filling period. At the other
end of the spectrum, | have discovered accessions with low B-type granule content, as
low as 6% (Table 3.1). Values like these are closer to published B-type granule
contents of other Aegilops species, such as Aegilops uniaristata, 6-13%, or Aegilops
kotschyi, 5-13% (Stoddard and Sarker, 2000). In other Aegilops species, such as Ae.
peregrina, endosperm starch with no B-type granules have been reported. However,
the SEM imaging performed here (Figure 3.7) reveal that even in the accessions with
low B-type granule contents, B-type granules are still present. Thus, even though | see
large variation in B-type granule content in Ae. tauschii endosperm starch, it is
possible that there is even more interesting variation outside of Ae. tauschii, or

alternatively in accessions not studied here.

3.3.3 Variation in amylose content was similar to previous reports

The other parameter | measured for which there is much published literature is
amylose content. | measured a 16-30% difference in amylose content across the
diversity panel. This is similar to the 21-34% reported by Mohammadkhani et al. (1998)
and the 24-30% reported by Konik-Rose et al. (2009), but | have identified new
variation in amylose content at the lower end of the scale. It is worth noting that | used
an iodine colourimetry method for assaying amylose content (Washington et al., 2000).
This was desirable as it can be performed at small scales and at high throughput,
hence enabling me to obtain apparent amylose contents for three biological replicates
of all 117 Ae. tauschii accessions. This is a widely published method, although values
can sometimes be inaccurate due to factors including inconsistencies in Io/KI
concentration and temperature (Vilaplana et al., 2012). As all measurements here
were conducted together and with the same set up, it was concluded that the values
are comparable to each other. They are also consistent with the previous literature,
once again giving confidence that the values measured here are reliable. The gold
standard method for amylose content determination is size exclusion chromatography.
However, this cannot be performed in a high throughput manner, making it unrealistic
for this work. Importantly, Vilaplana et al. (2012) conclude that iodine colourimetry

produces similar results to that of size exclusion chromatography.
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Interestingly, 16% was the lowest amylose content recorded and there were no
accessions with a waxy phenotype, where amylose content is 0%. In some other
species, naturally occurring low amylose plants have been observed. For example,
wild Arabidopsis thaliana accessions have been uncovered with <0.05% amylose
contents (Seung et al., 2020). The fact that no amylose-free Ae. tauschii accessions
were identified suggests that this diversity panel has no loss-of-function mutations in
the amylose synthesis gene GBSSI. It is interesting to wonder why no waxy Ae.
tauschii accessions have been discovered, either here or in previous studies. It could
be that, whilst waxy cereals can survive and thrive in agricultural settings, maybe it

offers a disadvantage in the wild and is selected against.

For the other parameters measured, comparing the values to the literature is
challenging due to the lack of previous studies. The mean value reported here for B-
type granule diameter, 7.10 um, is slightly higher than modal diameter Stoddard
reports, 6.3 um. By contrast, the mean value for A-type granule diameter, 21.63 ym, is
lower than the modal diameter reported by Stoddard (1999a), 23.8 um. No A-type
granules as large as those reported by Stoddard (1999a) (57.5 um) were observed.
One reason could be that the particles observed by Stoddard were multiple granules

instead of single granules.

One note of caution when interpreting these data, are that they are a result of a single
round of growth in glasshouse conditions. However, each accession had at least three
replicates grown in a randomised block design. Due to the amount of time and work it
would have taken to repeat the growth and phenotyping, it was decided that another
round of growth was not the best approach to take for this study. Instead, time was
dedicated to the association mapping (Chapter Four) and characterisation of candidate
genes influencing these parameters (Chapter Five). Hence, the robustness of these
measured parameters across different periods of growth has not been assessed. Many
factors can affect starch granule development, especially that drought or heat stress,
which when applied across the entire growing period is associated with a lower B-type
granule content in wheat (Zhang et al., 2017). The plants were grown during early
2019 to avoid the height of the summer heat to reduce the impact of extreme drought
or heat stress. Despite this, they may still have been affected by the environmental
conditions. Therefore, it would be interesting in the future to repeat the growth and
phenotyping of the Ae. tauschii diversity panel in the same and different conditions to

test how robust the starch granule phenotypes are to environmental factors.
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Whilst here | have only investigated the lineage two accessions of the Ae. tauschii
diversity panel, the full panel also includes accessions from lineages one and three.
These other lineages are proposed to be less important for the evolution of hexaploid
wheat (Gaurav et al., 2021) but could potentially contain interesting variation in starch
traits. This has already been demonstrated for other parameters, for instance
resistance to curl mite provided by CURL MITE COLONISATION 4 (CMC4) is found
almost entirely in lineage one (Gaurav et al., 2021). Future work could extend my

analysis and characterise endosperm starch in these additional Ae. tauschii lineages.

3.3.4 Starch granule size and number are complex parameters affected by genetic
and environmental parameters
This study provided an opportunity to explore the relationships between the measured
starch granule parameters using correlation analysis. The strongest correlation was
between B-type granule number and B-type granule content. This suggests that B-
granule content is more affected by granule number than granule size. Conversely,
only weak correlations were found between the other starch parameters. This was
surprising as it is easy to hypothesize that accessions with larger B-type granules
might have smaller A-type granules if starch has been allocated to B-type granules
instead. Another correlation | might have expected to see is between B-type granule
number and diameter. For example, accessions with a larger number of B-type
granules might have had smaller B-type granules. This would be expected from a
resource allocation scenario, whereby the total starch is allocated into many more B-
type granules, meaning that for each granule there is less substrate available for
growth, resulting in smaller B-type granules. However, in both cases, only weak
correlations were found, suggesting that other factors are influencing these
parameters. To my knowledge, this is the first example of a comprehensive correlation
analysis on granule size, content and number in any Triticeae species. Previous
studies have typically correlated amylose content to the B-type granule content. It was
decided that this type of analysis would be inappropriate here given that there was no
significance difference in amylose content across the diversity panel (Figure 3.6e). For
wheat, Li ef al. (2008) found a negative relationship between amylose content and B-
type granule content in wheat starch. This was consistent with the results of Peng et
al. (1999) and Tao et al. (2016), who both concluded that A-type granules have a
greater amylose content than B-type granules. Whilst in barley, Bathgate and Palmer
(1972) found the opposite correlation with B-type granules having a greater amylose
content. Interestingly, a previous study on Ae. tauschii starch found no correlation

between amylose content and B-type granule content (Stoddard and Sarker, 2000).
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In addition to exploring correlations between the different starch parameters, |
hypothesized whether the observed variation in granule parameters could be
explained, in part, by location of collection. The diversity panel was collected from a
large area spanning 8° of longitude and 29° of latitude (Figure 3.9). Whilst there is no
data about the specific environmental conditions where the accessions were collected,
Brunazzi et al. (2018) sampled Triticum urartu accessions from similar locations and
saw variation in mean temperature, annual precipitation and isothermality. Therefore, it
is likely that the Ae. tauschii accessions | have investigated originate from areas with
distinct climatic conditions. It is reasonable to assume that the climatic and
environmental conditions could have applied selection pressure on the Ae. tauschii
accessions, and this could be reflected in differing endosperm starch properties.
However, to my knowledge, no example of this has been reported. When | tested this,
there were no obvious correlations between location of origin and the starch properties
(Figure 3.9). Whilst this analysis is insightful, it has only included two geographical
parameters, longitude and latitude. | could not consider other important parameters
including altitude, and environmental factors such as: distance from water, soil type,
level of vegetation, as this information was not available. Thus, my analysis does not
give a complete view of how the environment at the collection location influences the
starch parameters. However, even if this information was available, the validity of such
an approach should be questioned, because the starch parameter analysis was
conducted on glasshouse grown plants, and the starch parameters might not exactly
match the parameters in their natural environment. Hence even if trends between
starch granules and geography or environmental conditions exist, it might not be

possible to detect in this glasshouse grown population.

Combining the results of the environmental analysis and the starch parameter
correlation analysis together suggests that these are complex parameters and could

be affected by a multitude of parameters, both environmental and genetic.

3.3.5 Ae. tauschii contains novel diversity not found in wheat cultivars

Increasing starch granule diversity in wheat is important as the size distribution has a
large impact on the quality and the end uses of the starch. Therefore, | compared the
diversity which | had observed in Ae. tauschii to that in modern wheat. There were
several Ae. tauschii accessions with more extreme A- or B-type granule diameters or
B-type granule numbers than observed in modern wheat. In the future, Ae. tauschii
could be used to increase variation in these traits. For B-type granule content, |

identified numerous Ae. tauschii accessions with low B-type granule content, there
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was only one wheat cultivar — the CIMMYT ‘checker’ line Baj (8.05%) — which had a B-
type granule content of less than 10%. This is consistent with previous literature with
fewer than ten wheat cultivars reported as having B-type granule contents of < 10%,
with the lowest value being 7% (Zhang et al., 2016). Therefore, Ae. tauschii could also
be a source of novel diversity for low B-type granule content. One note of caution
which must be exerted when drawing any conclusions from these data is that the Ae.
tauschii and wheat cultivars were not grown in parallel, hence the environmental
conditions experienced during the growth of the Ae. tauschii vs the wheat will have
been different. Therefore, from these data, | can only suggest that Ae. tauschii
contains novel variation compared to the wheat cultivars surveyed here. Ideally these
plants would be grown at the same time for a thorough comparison. Growing in
parallel does not come without issues as these plants have different growth conditions

and life cycles, in particular differing vernalisation requirements.

Incorporating variation from Ae. tauschii into modern wheat is desirable for industry,
such as breadmaking where B-type granules are less favourable than A-type granules.
One approach to transfer the variation into wheat is using synthetic hexaploid wheats
(SHWSs). SHWs can be generated by crossing Aegilops tauschii with a tetraploid wheat
and to produce haploid F1 plants followed by artificial chromosome doubling (Figure
3.13) (Rosyara et al., 2019). | decided to investigate the NIAB (National Institute of
Agricultural Botany) SHW collection to see if there were any lines which had been
generated with Ae. tauschii accessions with extreme starch granule phenotypes (from
Table 3.1). This would act as a proof of concept to see if the starch granule phenotype
from Ae. tauschii would be dominant in a hexaploid background. Unfortunately, there
were no suitable SHW lines. Therefore, future work could attempt to generate novel

SHWs using the accessions in Table 3.1.

In this chapter | have discovered significant variation in granule size, content and
number in Ae. tauschii which exceeds that previously reported. As the accessions
were grown in controlled environments, it is hypothesized that this variation is mainly
underpinned by genetic factors. Thus, | have used a genome wide association

approach to uncover the genomic loci which underlie this variation in Chapter Four.
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Figure 3.13 Generation of synthetic hexaploid wheat. Diagrammatic representation
of the process of SHW generation. Ae. tauschii is crossed with a tetraploid wheat to
produce haploid F1 plants. Chromosome doubling is induced, for example with
colchicine, to generate a primary synthetic wheat which can be backcrossed with

hexaploid wheats.
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Chapter Four — Using association genetics to identify loci associated with
granule size and number

4.1 Introduction

In the previous chapter, | uncovered substantial variation in granule size, shape and
number across the Aegilops tauschii diversity panel. In this chapter, | investigated the
genetic factors that underpin this variation by conducting a Genome Wide Association
Study (GWAS), and | identified candidate genes which may be involved in B-type

granule formation for further characterisation.

4.1.1 There are extensive genomic resources available for Ae. tauschii

Association genetics relies on genomic resources, most notably markers and genome
sequences. The first indication of the genetic architecture of Ae. tauschii came from a
genetic map generated by Luo et al. (2009). This provided a sequence of markers
along the chromosomes, but did not provide any physical distances. The first physical
chromosome map of Ae. tauschii was generated from BACs (bacterial artificial
chromosomes), consisting of just over 3,000 contigs which totalled to 4.02 Gb length
(Luo et al., 2013). Subsequently, there have been two high-quality genome assemblies
for the lineage two accession TOWWC193, also called AL8/78, (Luo et al., 2017; Wang
et al., 2021a). The later (2021) assembly is often referred to as v5. It is ~4.2 Gb in size
with just under 33,000 high confidence annotated genes and 53,000 gaps, this is
around 39,000 fewer gaps than the 2017 version (referred to as v4) (Wang et al.,
2021a). However, having a single reference genome comes with its limitations, most
notably sequences that are not present in this accession are ‘missing’ and not known.
To overcome this, genomes of three lineage one and a further three lineage two
accessions have been published (Gaurav et al., 2021; Zhou et al., 2021). However, the
most extensive effort comes from an international consortium which sequenced the
Ae. tauschii pangenome containing 46 Ae. tauschii accessions, including 11 from
lineage one, 34 from lineage two and one lineage three accession (Cavalet-Giorsa et
al., 2024). The accessions selected for the pangenome were carefully chosen and
capture 99.3% of the diversity present in the Ae. tauschii panel | have been using in

my research.

In addition to publication of genome sequences, there has been concurrent rapid
development of genotyping markers available for Ae. tauschii. In 2013, there was
release of the 10K Ae. tauschii Infinium SNP array, which contains 9485 functional
SNPs which can be used in association mapping studies (Luo et al., 2013). More

recently, Gaurav et al. (2021) sequenced 242 diverse Ae. tauschii accessions to a low
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coverage, between 7.5-30x, and used this to develop a presence/absence matrix of k-
mers. These can act as genotyping markers during association mapping studies and
offer the benefit that they can identify indels which cannot be deduced from using
SNPs alone. They also reduce the reliance on a reference genome as k-mers can be
produced and analysed for all accessions, meaning that variation in regions absent
from the reference genome can be identified (Karikari et al., 2023). Despite the
advantages they still come with their limitations, most notably that the Gaurav et al.
(2021) presence/absence matrix does not allow k-mers to be counted, and thus copy

number variation (CNV) cannot be established.

4.1.2 GWAS can identify loci associated with phenotypic variation in Ae. tauschii

The plethora of genomic resources now available for Ae. tauschii means that it is
timely to perform GWAS with this species. Over the last decade, many of these types
of studies have been conducted and identified genomic loci associated with a range of
different phenotypic traits (Table 4.1). Most of these studies concern either grain/kernel
or pathogen traits, perhaps because these traits are easy to phenotype and are
agronomically important. Furthermore, the majority of these have utilised SNP
markers, potentially based on the availability of the 10K Infinium SNP array, and the
lack of standardised methods for conducting a GWAS with k-mer markers (Karikari et
al., 2023). Regardless, this demonstrates that GWAS is a powerful approach to identify

genetic variation underpinning phenotypic traits in Ae. tauschii.
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Table 4.1 Published genome wide association studies conducted with Aegilops tauschii. A literature search identified GWAS
conducted using Ae. tauschii, the type of marker used, whether SNP or k-mer, is reported. The studies are reported in order of publication

and only studies where significant associations were found are included.

Phenotype Description of Ae. tauschii population Marker used Reference
Phosphorous deficiency 380 accessions from the Triticeae Research )
. . ) . . . SNPs Liu et al. (2015b)
tolerance traits Institute of Sichuan Agricultural University

Plant morphology traits,
including plant height, flag leaf 322 accessions from the Triticeae Research )
. ) . . . SNPs Liu et al. (2015a)
length, lemma length, lemma Institute of Sichuan Agricultural University

width, etc...

) 235 accessions from the Triticeae Research .
Tolerance to cadmium _ ] _ _ _ SNPs Qin et al. (2015)
Institute of Sichuan Agricultural University

Root and shoot weight, lengths . N
. 373 accessions from the Triticeae Research .
and diameter under drought and . ) . . . SNPs Qin et al. (2016)
. Institute of Sichuan Agricultural University
non-drought conditions

o _ 177 accessions from the Wheat Germplasm
Grain width, length and weight . . _ ) ) SNPs Arora et al. (2017)
Collection at Punjab Agricultural University

Amount of iron, zinc, copper and 114 accessions from Wheat Germplasm
. ) . . _ ) ) SNPs Arora et al. (2019a)
manganese in grains Collection at Punjab Agricultural University
k-mers in NLR
_ 195 accessions originating from diverse areas (Nucleotide
Stem rust resistance . _ o o Arora et al. (2019b)
surrounding the Caspian Sea binding/leucine-rich

repeat) genes
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Table 4.1 Published genome wide association studies conducted with Aegilops tauschii. (continued)

Phenotype Description of Ae. tauschii population Marker used Reference

221 accessions from China, the Middle East
Grain shape SNPs Zhao et al. (2021)
and Central Asia

Kernel length, width, volume, 223 accessions from the Triticeae Research
) . ) . . . SNPs Wang et al. (2021b)
surface area and width:length Institute of Sichuan Agricultural University
Stem rust resistance, flowering
time, trichome number, spikelet Between 147 and 210 accessions from an Ae.
number, powdery mildew tauschii diversity panel collected from the k-mers Gaurav et al. (2021)
resistance and wheat curl mite Fertile Crescent region
resistance
Fusarium crown rot resistance 286 accessions SNPs Lin et al. (2022)
) ) 147 accessions from an Ae. tauschii diversity
Fusarium head blight and ) _
panel collected from the Fertile Crescent k-mers Kirana et al. (2023)

deoxynivalenol resistance )
region

_ ) 293 accessions originating from northern _
Leaf hair density . ) SNPs Mahjoob et al. (2022)
Syria and Turkey to western China
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4.1.3 GWAS in Ae. tauschii for starch related parameters

So far, there have been no GWAS studies in Aegilops tauschii that investigated
endosperm starch properties, or even quality traits more generally (Table 4.1). Even
when looking across the Triticeae, there are only a handful of GWAS studies
concerning endosperm starch, and most focus on total starch content or amylose and
amylopectin (Chapter One; Table 1.3). To my knowledge there is only one report of a
GWAS in a Triticeae species, Triticum aestivum, linked to granule size parameters (Li
et al., 2017). Despite this, GWAS for granule size and content are still promising
strategies and have been successful in other species. In a population of 266 maize
lines, a GWAS strategy identified seven QTLs, across chromosomes 3, 6 and 7,
associated with starch granule length and width (Liu et al., 2018). Similarly, a GWAS
for granule morphology in potato identified QTLs across chromosomes 1, 7, 11 and 12
(Khlestkin et al., 2020).

Beyond GWAS, Aegilops species have been used in QTL mapping to discover factors
influencing endosperm starch granule formation (Chapter One; Table 1.2). Aegilops
peregrina is unique as it has almost no B-type granules (Stoddard, 1999a) because
the second wave of granule initiation that produces the B-type granules fails to occur
(Howard et al., 2011). Hybridisation of Ae. peregrina with two synthetic tetraploid lines
and subsequent phenotyping of the F3 generation revealed that the B-less trait was
segregating. This population was used in a QTL mapping experiment and the
causative gene was identified as BGC1 (Howard et al., 2011; Chia et al., 2020). This

demonstrates the power of Aegilops species in association mapping techniques.

Therefore, there is good rationale for utilising the variation | observed in Ae. tauschii
endosperm starch (Chapter Three) in an association mapping study. The Ae. tauschii
k-mer GWAS pipeline by Gaurav et al. (2021) is an ideal tool, given the benefits over
SNP based GWAS, and that it has been designed to use the same Ae. tauschii
diversity panel | characterised in Chapter Three. In this chapter, | used GWAS to
identify five loci associated with B-type granule diameter, and a further five loci
associated with B-type granule number. Curiously these regions do not overlap,
suggesting that they are under distinct genetic control. | identified the starch
debranching enzyme LIMIT DEXTRINASE (LDA) as a major candidate gene within a
region associated with B-type granule diameter, which will be explored further in
Chapter Five. | also produced a list of 13 candidate genes by examining expression
patterns of putative orthologs in wheat and predicted localisation, which could be

investigated in future work. Overall, this chapter genetically dissects the control of B-
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type granule formation in Ae. tauschii and identifies candidate genes which should be

investigated in the future.

4.2 Results
4.2.1 GWAS identifies loci associated with B-type granule size

To understand the genetic variation underpinning the diversity in the starch granule
parameters, a k-mer based association mapping strategy was employed. Firstly, the
variation in mean B-type granule diameter (Chapter Three; Figure 3.6b) was analysed
with the association mapping pipeline (Gaurav et al., 2021). This was conducted three
times, and each time the mapping was conducted against different a genome —
TOWWC193 (AL8/78 v5) (Figure 4.1a), TOWWC106 (Figure 4.1b) or TOWWC112
(Figure 4.1c). The TOWWC106 and TOWWC112 genomes were generated by Gaurav
et al. (2021). The Manhattan plots showed a striking difference in the correlations
when mapped to the different assemblies, most notably that the significant peaks
contain k-mers which have a negative correlation with B-type granule diameter when
mapped to TOWWC193 or TOWWC112. Yet the k-mers had a positive correlation with
B-type granule diameter when mapped to TOWWC106. This is likely because
TOWWC106 has one of the largest B-type granule diameters (10.87 ym), whereas
TOWWC112 had a lower value (6.88 um), as does TOWWC193 (7.49 um). This
suggests that the genetic variation identified here by k-mers is mainly associated with

larger B-type granule diameters.

There were multiple regions in the Manhattan plots that contained significant k-mers.
Therefore, to focus the analyses, | decided to only include regions which contain
significant k-mers when mapped to all three assemblies. The limitation of this
approach is that if a region is absent from one of the assemblies, it would prevent k-
mer mapping and mean that there are no significant hits in this region. There were five
peaks which meet this criterion. These were located on chromosomes three (two
peaks, called A and B), five (one peak, called C) and seven (two peaks, called D and
E). Peak E (chromosome seven) contained many k-mer hits. When mapped to
TOWWC106 there were more than 120,000 k-mers in this peak, although most of
these fell below the significance threshold (black dashed line) so did not have
significant associations with the B-type granule diameter phenotype. Similarly, for peak
B (chromosome three) more than 35,000 k-mers mapped to TOWWC106 at this
region, but again mostly with non-significant associations. The peaks varied in size,

peak A (chromosome three) covering 1.99 Mb, peak B (chromosome three) being
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13.44 Mb, peak C (chromosome five) being 0.58 Mb and peaks D and E (chromosome
seven) being 4.81 Mb and 0.01 Mb respectively (Appendix One; Table S2). As there
are several peaks, some of which are quite large, it was impossible to analyse all of
them in depth within the scope of this thesis. Therefore, | identified three peaks that
were of greater priority. These were peaks B, C and D - as they contain the k-mers
with the highest association scores when mapped to TOWWC193, and when mapped
to TOWWC106 and TOWWC112 there were many associating k-mers. These are

prioritised for further analysis later in this chapter.
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Figure 4.1 B-type granule diameter is associated with five genomic loci. Mean B-
type granule diameter data were analysed with an association mapping pipeline (n =
117, where each value is the average of three biological replicates). K-mers associated
with the phenotype were mapped to the TOWWC193/AL8/78 v5 (a), TOWWC106 (b)
or TOWWC112 (c) Aegilops tauschii assemblies. Points above the black dashed line
represent k-mers with significant association. Blue points represent positive

correlations and red points represent negative correlations. The size of the points is
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proportional to the number of k-mers associated and the key shown in (a) applies to all
Manhattan plots here. Peaks identified as having a significant association with B-type
granule diameter are identified with arrows and labelled with letters, turquoise arrows

identify priority peaks and purple arrows identify non-priority peaks.

4.2.2 GWAS identifies loci associated with B-type granule number

Similar GWAS analyses as for B-type granule size above were conducted for B-type
granule number (Figure 4.2 and Chapter Three; Figure 3.6d). Like with B-type granule
diameter, there were also differences in the correlations of the k-mer hits between the
different assemblies. When mapped to TOWWC193, most of the k-mers had a
negative correlation, yet with TOWWC112 most had a positive correlation, whereas
when mapped to TOWWC106 there was a mixture of positive and negative. Again, this
aligns with the phenotype data, with TOWWC193 and TOWWC106 having low B-type
granule numbers (89.16% and 90.93% respectively), and TOWWC112 has one of the
highest B-type granule numbers (96.60%).

There were five peaks which were consistently significantly associated across all three
Manhattan plots. These were all on chromosome three — for simplicity these are
henceforth called V, W, X, Y and Z (Figure 4.2). The high number of k-mer hits in peak
V, makes identification of peak W, and sometimes peak X, difficult. Therefore, the
entirety of chromosome three been magnified (Figure 4.3). This magnification of the
peaks on chromosome three also reveals peaks X and Y cover large regions (105 Mb
and 23.3 Mb respectively) (Appendix One; Table S2).

| checked whether the peaks associated with B-type granule number were consistent
with different binary thresholds. This is important as where to place the threshold for
determining B-type granules is arguable. To test this, the threshold was set to different
diameter values, 8 um, 9 ym, 11 um and 12 ym, and B-type granule number was
recalculated (Figure 4.4a). There seemed to be similar trends regardless of the
threshold used, with the same accessions having high or low B-type granule number
values and very few outliers. To confirm this, Spearman’s rank correlation tests were
used, with the new data produced here correlated against the data with the 10 ym
threshold (Chapter Three). All correlations were extremely strong with r 2 0.98 (r =
0.98 with a threshold of 8 um, r = 1.00 with a threshold of 9 ym and 11 ym and r = 0.99
with a threshold of 12 yum). Hence regardless of the threshold, the relative B-type

granule numbers between accessions is similar.
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These data were analysed with the association mapping pipeline and mapped against
TOWWC193/AL8/78 v5 (Figure 4.4b-e and Figure 4.5). The Manhattan plots all have
different levels of background k-mer hits, although peaks V and W are present in all
plots. Peak X does not appear when a threshold of 8 um or 9 um is used. Peaks Y and
Z are present in all plots, most visibly when chromosome three is magnified in Figure
4.5. However, in the plot with a threshold of 8 um (Figure 4.5a), peaks Y and Z fall
below the significance line. From this analysis, only peaks V and W are consistently
associated with B-type granule number regardless of threshold is used for defining B-
type granules. These are priority peaks for further analysis, whilst peaks X, Y and Z

are classed as non-priority peaks.

The precise locations and sizes of peaks V and W were compared for all five
thresholds for B-type granule number (Table 4.2). For the peak V there were
differences in where the peak started with a threshold of 8 um and 9 ym, although the
differences were small, only 20 kb. As this 20 kb region is missing from the peak in
these two examples, but the rest of the peak is still prominent, it was concluded that
this region is less important for influencing B-type granule number. Similarly for peak
W there are also differences in where the peak started with a threshold of 8 um, 9 um
and 12 um. Interestingly, with thresholds of 8 ym and 12 um, the peak started 250 kb
upstream of the peak with a threshold of 10 ym. Whereas, with a threshold of 9 ym the
peak started 490 kb downstream of the peak at 10 ym. For further analyses, | will only

use the regions which are consistent for all thresholds (Table 4.2).
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Figure 4.2 B-type granule number is associated with five genomic loci. Mean B-

type granule number data were analysed with an association mapping pipeline (n =

117, where each value is the average of three biological replicates). K-mers associated
with the phenotype were mapped to the TOWWC193/AL8/78 v5 (a), TOWWC106 (b)
or TOWWC112 (c) Aegilops tauschii assemblies. Points above the black dashed line

represent k-mers with significant association. Blue points

correlations and red points represent negative correlation
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proportional to the number of k-mers associated and the key shown in (a) applies to all
Manhattan plots here. Peaks identified as having a significant association with B-type
granule number are identified with arrows and labelled with letters, turquoise arrows

identify priority peaks and purple arrows identify non-priority peaks.
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Figure 4.3 Two of the peaks on chromosome three are broad regions. Mean B-
type granule number data were analysed with an association mapping pipeline (n =
117, where each value is the average of three biological replicates). The entire
chromosome three from Figure 4.2 has been enlarged to show the distinct peaks, with

the start and end positions of the chromosome given on the x axis. Peaks labelled with
curly brackets arrows are broad regions.
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Figure 4.4 The V and W peaks on chromosome three are consistent regardless
of the threshold used to calculate B-type granule number. The mean B-type
granule number data were recalculated (a) with thresholds of 8 um (orange), 9 um
(purple), 11 um (pink) and 12 pym (green). Data are shown as means (points) with
accessions arranged in ascending order based on the mean B-type granule number
when calculated with a threshold of 10 um (n = 117, where each value is the average
of three biological replicates). These data were rerun through the association mapping
pipeline, (b) 8 um, (c) 9 um, (d) 11 uym, (e) 12 um. K-mers significantly associated with
B-type granule number were mapped to the Aegilops tauschii reference genome
AL8/78 v5. Points above the black dashed line represent k-mers with significant
association. Blue points represent positive correlations and red points represent
negative correlations. The size of the points is proportional to the number of k-mers
associated and the key shown in (b) applies to all Manhattan plots here. Peaks
identified as having a significant association with B-type granule number are identified
with arrows and labelled with letters, turquoise arrows identify priority peaks and

purple arrows identify non-priority peaks.
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Figure 4.5 The V and W peaks on chromosome three are consistent regardless
of the threshold used to calculate B-type granule number. The mean B-type
granule number data were recalculated 8 um (a), 9 um (b), 11 um (c) and 12 ym (d) (n
=117, where each value is the average of three biological replicates) and these data
were rerun through the association mapping pipeline. The entire chromosome three
from Figure 4.4b-e has been enlarged to show the distinct peaks, with the start and
end positions of the chromosome given on the x axis. Peaks labelled with curly
brackets arrows are broad regions.
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Table 4.2 Locations of the peaks V and W on chromosome three when B-type
granule number is calculated with different thresholds. The start and end of peaks

were determined by finding the regions with the first and last k-mer hits, and the size of

the peaks were calculated from these values.

Peak V Peak W
Threshold Peak Peak
Start of End of Start of End of
(um) size size
peak peak peak peak

(Mb) (Mb)

8 46,140,000 49,070,000 2.93 114,830,000 116,770,000 1.94

9 46,140,000 49,070,000 2.93 115,570,000 116,770,000 1.20

10 46,120,000 49,070,000 2.95 115,080,000 116,770,000 1.69

11 46,120,000 49,070,000 2.95 115,080,000 116,770,000 1.69

12 46,120,000 49,070,000 2.95 114,830,000 116,770,000 1.94
Consistent

across all 46,140,000 49,070,000 2.93 115,570,000 116,770,000 1.20
thresholds

4.2.3 The peaks associated with B-type granule number and diameter are distinct
To test whether any loci were significantly associated with both B-type granule number
and B-type granule diameter, the Manhattan plots for these parameters were overlaid
(Figure 4.6, Appendix One; Table S2). There are some loci where k-mers are found to
be associated with both phenotypes, although in most cases these are below the
significance threshold. Even when found above the significance threshold, they were
not consistent when mapping back to all three assemblies. As an example when
mapped to TOWWC106 (Figure 4.6b) peak E (chromosome seven — B-type granule
diameter) also has some k-mer hits with B-type granule number, although these are
absent when mapped back to TOWWC193 (Figure 4.6a). The same can be said for
the peak C (chromosome five — B-type granule diameter) which when mapped to
TOWWC193 (Figure 4.6a,b) also has significant k-mer hits with B-type granule
number; although these are absent when mapped to TOWWC106 or TOWWC112
(Figure 4.6b,c). From this analysis, | concluded that the peaks associated with B-type
granule number and diameter are distinct. Interestingly, both phenotypes have a lot of
associating k-mers towards the ends of chromosome three, with peak B close to but
not overlapping peaks Y and Z. Hence, these regions may contain many genes that

influence B-type granules.
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Figure 4.6 B-type granule number and diameter are under distinct genetic
control. Mean B-type granule diameter and B-type granule number were
independently analysed with an association mapping pipeline (n = 117, where each
value is the average of three biological replicates). K-mers associated with the
phenotype were mapped to the TOWWC193/AL8/78 v5 (a), TOWWC106 (b) or
TOWWC112 (c) Aegilops tauschii assemblies and the Manhattan plots have been

overlaid. Points above the black dashed line represent k-mers with significant
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association. Blue and red points represent positive and negative associations with B-
type granule diameter respectively. Yellow and pink points represent positive and
negative associations with B-type granule number respectively. The size of the points
is proportional to the number of k-mers associated and the key shown in (a) applies to
all Manhattan plots here. Peaks identified as having a significant association with B-
type granule diameter or B-type granule number are identified with arrows and labelled
with letters, turquoise arrows identify priority peaks and purple arrows identify non-
priority peaks. Peaks labelled A, B, C, D and E are associated with B-type granule

diameter, whilst V, W, X, Y and Z are associated with B-type granule number.

4.2.4 No genomic loci were found to be associated with B-type granule content or A-
type granule size
As B-type granule diameter and number had distinct peak patterns and both contribute
to B-type granule content, | wanted to test whether any of these loci were also
influencing B-type granule content. When the B-type granule content data (Chapter
Three; Figure 3.6¢) were analysed with the association mapping pipeline, although
some k-mers were found to be associated with the phenotype, none of these reached
the significance level used here (Figure 4.7). Hence it was concluded that there were
no genomic loci significantly associated with B-type granule content. When run with A-
type granule diameter (Chapter Three; Figure 3.6a), after filtering (Section 2.4.3), there
were no k-mer hits with the phenotype and the Manhattan plot was empty.
Unsurprisingly, the same was true when the mean data for total starch content and
amylose content was analysed with the pipeline. This was expected given that there
were no significant differences in these values across the diversity panel (Chapter
Three; Figure 3.6¢e,f).
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Figure 4.7 There were no significant peaks associated with B-type granule
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content. Mean B-type granule content data were analysed with an association
mapping pipeline (n = 117, where each value is the average of three biological
replicates). K-mers associated with the phenotype were mapped to the
TOWWC193/AL8/78 v5 (a), TOWWC106 (b) or TOWWC112 (c) Aegilops tauschii
assemblies. Points above the black dashed line represent k-mers with significant
association. Blue points represent positive correlations and red points represent
negative correlations. The size of the points is proportional to the number of k-mers

associated and the key shown in (a) applies to all Manhattan plots here.
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4.2.5 Limit Dextrinase is beneath a peak associated with B-type granule diameter
Next, | wanted to identify if any of the peaks contained genes already known to be
associated with starch synthesis or granule initiation. A list of starch-related genes was
obtained from Chen et al. (2023a), and the protein sequences encoded by each gene
was used in BLASTp searches against the Ae. tauschii v4 genome to obtain the Ae.
tauschii name and sequences in this version of the genome (Appendix One; Table S3).
No putative orthologs could be identified for SBE1.2 and SBE1.3, whilst for all other
genes, putative orthologs were successfully identified. As the GWAS has been
mapped back to v5 of the genome and there could be small differences in the positions
of genes between the different assemblies, the sequence for each individual Ae.
tauschii starch gene from v4 was blasted against the v5 genome. The locations of the
starch genes in v5 of the genome was compared to the locations of the peaks
identified in the Manhattan plots (Figure 4.8). Peak D, associated with B-type granule
diameter, contains a known starch gene LIMIT DEXTRINASE, a starch debranching
enzyme, which will henceforth be referred to as LDA. None of the other peaks
contained a known starch gene, hence suggesting that they could contain novel genes

involved in B-type granule formation.
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Figure 4.8 The B-type granule diameter peak on chromosome 7 overlaps with
LDA. The locations of genes involved in starch granule initiation and starch
biosynthesis (turquoise) were plotted on Ae. tauschii chromosomes (grey). The peaks
(both priority and non-priority) significantly associated with B-type granule diameter
(orange) and B-type granule number (pink) were also plotted and labelled. The scale

bar represents 100 Mb.
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4.2.6 Genes under the other peaks are varied

Genes underneath the priority peaks were identified using gene annotations of the
AL8/78 v5 reference genome (Wang et al., 2021a). There were some discrepancies
between the gene annotations of the Wang et al. (2021a) v5 genome uploaded to
NCBI and JBrowse, with some genes only being annotated in one upload. Hence
genes which were annotated in both, and genes which were annotated in one plus v4
of the reference genome (Luo et al., 2017), were classed as genes here. Gene models
annotated as low confidence were not included for this analysis. In total, there were
221 genes under the priority peaks for B-type granule diameter and number.
Specifically, for B-type granule diameter there were: 124 genes under the peak B, 4
genes under the peak C and 56 genes under the peak D, including LDA (Appendix
One; Table S4). For B-type granule number there were: 25 genes under the peak V
and 12 genes under peak W (Appendix One; Table S5). The gene descriptions were
based on the descriptions in the aforementioned genome databases or based on
domain annotations predicted using the InterPro tool. The genes beneath the peaks
are quite varied, with no genes predicted to encode carbohydrate binding modules
(CBMs) which are common in proteins involved in starch granule formation (Chapter
One).

4.2.7 Prediction of plastid localised proteins

As endosperm starch granule formation occurs inside plastids, any proteins directly
partaking in this process will be plastid localised. There are bioinformatic tools
available to predict intracellular localisation based on the protein’s amino acid
sequence (Horton et al., 2007). | employed WoLF pSORT to predict whether the
protein encoded by the genes under the GWAS peaks were plastid localised in Ae.
tauschii (Figure 4.9, Appendix One; Tables S6 and S7). Many proteins were predicted
to be in the plastid (46 proteins, 21% of total proteins) or the nucleus (40 proteins, 18%
of total proteins). Fourteen percent of the total proteins (31 proteins) were predicted to
be cytosolic, with the rest of the cellular, and extracellular, locations having few
proteins predicted to localised there (Figure 4.9). One protein, encoded by
AET3Gv20951100, was predicted to be an extracellular protein, or in the plastid, with
equal probability. For the remaining 66 Ae. tauschii genes (30%) | was unable to
predict the localisation of the encoded protein. This was because the gene models
were poor — there were often more than twenty predicted transcripts per gene and

these transcripts sometimes lacked apparent start and stop codons.
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Figure 4.9 Predicted localisation of the 221 genes under the GWAS peaks in Ae.
tauschii. WoLF PSORT was used to predict protein localisation of the protein encoded
by the transcript which was labelled in Ensembl Plants as the canonical transcript (n =
221). For some genes it was not possible to predict the canonical transcript or protein
localisation — these are shown as ‘could not predict’. Bars are arranged in alphabetical
order, with the exception of ‘could not predict’ which is on the far right. The plastidial
bar is highlighted in turquoise, as these are most likely to be directly involved in starch

granule formation.

4.2.8 Some genes have a similar expression pattern to starch granule initiation
genes
| investigated expression patterns to identify which of the genes (Appendix One;
Tables S4 and S5) are strong candidates for influencing B-type granule formation.
Expression data is often used to identify putative candidate genes following a GWAS
experiment, for example in Liu et al. (2023). This is especially valuable in this situation
as it would be expected that the best candidates will be endosperm expressed.
Moreover, there is already good knowledge of the timing of A- and B-type granule
initiation and when genes involved in granule formation are expressed during grain
development. There is no endosperm expression dataset for Ae. tauschii, so instead,
endosperm expression datasets from T. turgidum and T. aestivum were used. This
relied on identification of T. aestivum and T. turgidum putative orthologs for the genes
identified in the GWAS, which was achieved using BLASTp searches (Appendix One;
Tables S8-S12). Twenty percent of the genes under the GWAS peaks had no putative

ortholog in the T. aestivum D genome, which is the most closely related to Ae. tauschii.
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It could be that these genes have been lost in the hexaploid. Alternatively,
presence/absence variation could mean that they were not present in the Ae. tauschii
accessions which were important in the evolution of hexaploid wheat, and thus were
not incorporated into wheat. Interestingly, some of the genes had more than one
putative ortholog in wheat, suggesting there has been gene duplication. Genes without

putative wheat orthologs had to be excluded from the expression analyses.

| used the wheat expression browser (Borrill et al., 2016), to investigate expression of
the putative T. aestivum orthologs, as this contains information for the D genome.
Endosperm expressed genes were defined as those with a mean TPM (transcripts per
million) of = 1. For genes with an A genome ortholog, 67 (42%) were endosperm
expressed, for genes with a B genome ortholog, 59 (38%) were endosperm expressed
and for genes with a D genome ortholog, 64 (36%) were endosperm expressed
(Appendix One; Tables S8-S12). Following this | investigated expression across
developmental time — the highest quality endosperm expression time course dataset
was produced using T. turgidum (Chen et al., 2023a). Whilst this does not include
information about the D genome, it has previously been used to investigate starch
metabolism and thus is suitable for my analyses here. Firstly, | filtered the T. turgidum
putative orthologs to identify those which were endosperm expressed (mean TPM = 1
for at least one time point). There were 94 Ae. tauschii genes with endosperm
expression of at least one T. turgidum putative ortholog (Figure 4.10). Many of the
putative orthologs, for example the A and B orthologs of AET3Gv20963400,
AET3Gv20964800 and AET3Gv20979000, had constant low levels of expression
throughout grain development. These are less likely to be involved in starch granule
formation. Other putative orthologs had more dynamic expression pattern across
development, for instance, the A and B orthologs of AET3Gv20957000 had decreasing
expression from 6-30 DPA, whilst the A and B putative orthologs of AET5Gv20149000
tended to be more expressed as grain development progressed. Some orthologs, for
example the A and B putative orthologs of AET3Gv20980300 and AET7Gv20336800,
increase in expression around 8-13 DPA, and then experience a fall in expression, to
low levels, by 30 DPA.

To identify if any of the expression patterns portrayed in Figure 4.10 were like those of
known starch granule initiation genes | used a clustering approach. | retrieved
endosperm expression profiles of the key players in starch granule initiation: BGC1
(TRITD4Av1G 198830, TRITDOUv1G034540), PHS1 (TRITD5Av1G205670,
TRITD5Bv1G201740), MRC (TRITD6Av1G081580), MFP1.1 (TRITD1Av1G054690,

130



TRITD1Bv1G062760), MFP1.2 (TRITD3Av1G038460, TRITD3Bv1G047250) and SS4
(TRITD1Av1G202430 and TRITD1Bv1G193680) from Chen et al. (2023a). These
were analysed using the Clust package (Abu-Jamous and Kelly, 2018) alongside the
152 endosperm expressed putative T. turgidum orthologs. Clust was chosen as it has
been successfully used on the entire endosperm expression dataset from Chen et al.
(2023a). | used a minimum cluster size of two as | was interested in which putative
orthologs had a similar expression pattern to the starch granule initiation genes,
instead of how many. This program has an additional parameter called ‘tightness’
which controls how tight the clusters are, with larger values generally giving smaller
tighter clusters. | therefore tested different tightness values and chose the values
which led to clustering of the most starch genes (Table 4.3). There was no tightness
value where all the starch granule initiation genes were placed in clusters. Therefore, |
decided to use a tightness where the highest number of starch granule initiation genes
clustered. Tightness values of both 0.2 and 0.4 placed six of the starch genes in
clusters which included most genes known to be involved in B-type granule formation
(Table 4.3). | decided to proceed with a tightness value of 0.4 as this produced a
greater number of clusters, allowing me to investigate more diverse patterns of
expression across grain development. Using this approach, 84 of the 163 inputted
genes (52%) could be grouped into five clusters with distinct expression patterns
(Figure 4.11, Table S13). Nearly half the genes did not cluster, this is similar to what
was achieved in Chen et al. (2023a), where 53% of their differentially expressed genes
did not cluster. Clusters one, three and four contained known starch granule initiation
genes. Surprisingly, the A and B orthologs of the genes did not always cluster together.
This is most notable for MFP1.1 where the A ortholog is in cluster three, yet the B
ortholog is in cluster one. Likewise, PHS7-A, was detected in cluster four, yet the B
ortholog did not fall into any cluster. This could be a result of slight differences in the
expression of the two orthologs, or a consequence of the parameters used for the
clustering here. Thus, these clustering results should be analysed cautiously. There
were 32 genes which clustered with MFP1.1-B and MRC-A (cluster one), eight genes
which clustered with MFP1.1-A (cluster three) and 27 genes which clustered with
BGC1-A, BGC1-B and PHS1-A (cluster four). Interestingly, both the A and B genome
putative orthologs of LDA fall within cluster four. Hence in T. turgidum LDA has a
similar pattern of expression to BGC1 and PHS1, which is a further line of evidence
that it could be involved in B-type granule formation. None of the other genes which
fall within clusters one, three, and four, have known links to starch. As they have a
similar expression pattern to the starch granule initiation genes, it means that they

should be high priority candidates for being involved in starch granule formation.
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Combining these results with my predicted localisation analysis (Section 4.2.8), |
composed a list of Ae. tauschii genes which were predicted to be plastid localised, and
whose putative T. turgidum orthologs had a similar expression pattern to starch
granule initiation genes (Table 4.4). It is noted that for most of these genes, only one of
the putative T. turgidum orthologs falls within clusters one, three or four, which
contained the starch granule initiation genes. These are still relevant because | did not
always retrieve both the A and B copies of the starch granule initiation genes together
in clusters either, thus the presence of only one putative ortholog cannot rule it out
from participating in granule initiation and formation. This analysis has reduced the 221
genes identified in the GWAS to 13 which are most likely to be directly involved in
starch granule formation. These should be prioritised for characterisation in future

work.
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Figure 4.10 Endosperm expression pattern of putative T. turgidum orthologs of
genes under GWAS peaks. Putative T. turgidum orthologs of genes under the priority
peaks associated with B-type granule diameter (a-c) and B-type granule number (d-e)
were identified via BLASTp searches. Their endosperm pattern of expression was
retrieved from Chen et al. (2023a) and is represented as heatmaps. Genes shown are
those with at least one putative ortholog which is endosperm expressed, mean TPM 2
1 for at least one time point. For simplicity, where there is more than one ortholog in
either the A or B genome, the average expression for all putative orthologs is shown.
Genes with no putative ortholog or no endosperm expression are represented with
black and white respectively. Average log>(TPM +1), as some values were zero, are
used to represent expression level, with dark blue representing no or very low
expression, and red representing the highest expression. TPM = transcripts per
million, DPA = Days Post Anthesis, A = A genome putative ortholog, B = B genome

putative ortholog.
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Table 4.3 Effect of varying the tightness value in the Clust program on cluster
number and the number of starch genes within these clusters. The Clust program
was ran with a minimum cluster size of 2 and varying tightness values, tightness
values ran are shown in this table in numerical order. The number of clusters and the
starch granule initiation genes within the clusters are listed, and there were 11 starch
granule initiation genes included in this analysis in total. Starch genes that are not

present in the clusters did not cluster.

Number
Tightness ; Number and names of starch granule initiation genes in
o
value lust clusters
clusters
2
0 1
(MRC, MFP1.1-B)
6
0.2 2
(BGC1-A, BGC1-B, PHS1-A, MRC, MFP1.1-B, MFP1.2-A)
6
0.4 5
(BGC1-A, BGC1-B, PHS1-A, MRC, MFP1.1-A, MFP1.1-B)
1
0.6 1
(MFP1.1-B)
1
0.8 1
(MFP1.1-B)
1
1.0 1
(MFP1.1-B)
3
2.0 3
(BGC1-A, BGC1-B, MFP1.1-B)
3
4.0 3
(BGC1-A, BGC1-B, MFP1.1-B)
3
6.0 3
(BGC1-A, BGC1-B, MFP1.1-B)
2
8.0 2
(BGC1-A, PHS1-A)
2
10.0 2

(BGC1-A, PHS1-A)
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Figure 4.11 Some of the putative T. turgidum orthologs have similar expression
patterns to genes involved in starch granule initiation. The putative T. turgidum
orthologs of the genes identified in the GWAS and the orthologs of SS4, BGC1, PHS1,
MRC and MFP1, were clustered using the Clust package, producing five clusters (a-e).
Genes in each cluster are plotted using the inbuilt normalisation values of Clust, and
the number of genes (n) is shown in the title above each plot. The starch granule
initiation genes are highlighted in turquoise, purple and orange, with genes identified in
the GWAS shown in grey. TPM = transcripts per million, DPA = Days Post Anthesis.
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Table 4.4 High priority gene candidates from the GWAS for future investigation.

Genes whose proteins were predicted to be plastid encoded, and whose putative T.

turgidum orthologs clustered with starch granule initiation genes were collated. The

Ae. tauschii gene name and description of the predicted protein are listed. The clusters

in which the putative T. turgidum orthologs were found are followed by whether this

was the A or B genome ortholog (in brackets). Note that not all putative T. turgidum

orthologs were grouped into a cluster or fell into a cluster which did not contain a

starch granule initiation gene (italics). The table is separated into genes found under

the different GWAS peaks; peaks excluded from this table had no genes which fit the

criteria.
. . Cluster(s) for putative T.
Gene Predicted protein
turgidum ortholog(s)
Peak B - B-type granule diameter:
Transcription and mRNA export
AET3Gv20953300 1(A)
factor ENY2
AET3Gv20954100  Amidohydrolase-related protein 1(A)
Mannosyl-oligosaccharide
AET3Gv20955400 . ) . 1(A), 2 (B)
glucosidase with GH63 domain
Exostosin GT47 domain
AET3Gv20955500 o . 4 (A, B)
containing protein
AET3Gv20966700 Stress enhanced protein 1 1(A)
AET3Gv20967200 50S ribosomal protein L27 3 (A)
AET3Gv20975600 EZ2 ubiquitin-conjugating enzyme 1(B)
AET3Gv20979400 Aspartokinase 3 (B)
Peak D - B-type granule diameter:
DUF761 domain containing
AET7Gv20335100 ) 1(B)
protein
AET7Gv20336200 HNH endonuclease 4 (A)
AET7Gv20336800 LDA (Limit dextrinase) 4 (A, B)
FAR1 DNA binding domain
AET7Gv20341800 _ 4 (A)
protein
Peak V - B-type granule number:
AET3Gv20188700  RAP domain-containing protein 4 (B)
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4.3 Discussion

The release of the k-mer association mapping pipeline for the Ae. tauschii diversity
panel characterised in Chapter Three (Gaurav et al., 2021), made it timely to
undertake a GWAS for starch granule parameters. To my knowledge, there has only
been one GWAS conducted on starch granule properties in the Triticeae (Li et al.,
2017), and this study did not utilise undomesticated wild relatives, which tend to have
greater genetic and phenotypic diversity. In this chapter, | have provided the first
example of a GWAS for starch granule parameters using Ae. tauschii. | have
successfully identified multiple loci associated with B-type granule size and number

and high priority candidate genes which could be influencing these traits.

4.3.1 Identification of genomic loci associated with B-type granules

| identified five peaks associated with B-type granule diameter (Figure 4.1, peaks A-E)
and a further five peaks associated with B-type granule number (Figure 4.2, peaks V-
Z). These range in size from 0.01-105 Mb. Curiously, they tend to be larger than the
GWAS peaks identified by Gaurav et al. (2021), which were mainly between 50-520
kb, when the same pipeline was used for phenotypes including stem rust resistance,
trichome number and spikelet number. This could be due to the nature of the traits
investigated and how prevalent the ‘extreme’ phenotypes are, both in terms of number
and phylogenetic distribution. Other studies which have used the same association
mapping pipeline obtained peaks that are more similar in size to the peaks | report
here. For instance, a 15.4 Mb peak associated with deoxynivalenol resistance (Kirana
et al., 2023). This 2023 publication also gives confidence that my approach of
excluding the broad peaks (X and Y) in my downstream analysis is acceptable, as
Kirana et al. (2023) excluded a 130 Mb peak on chromosome 7 as it contained more

than 3,000 genes associated with fusarium head blight resistance.

There are no published association genetics studies for B-type granule number, and
the only previous study for B-type granule size was a QTL study on a T. aestivum RIL
population, identifying four QTLs on chromosome 4D (Igrejas et al., 2002).
Interestingly, | did not identify any peaks on chromosome four which were consistent
when mapped to AL8/78 /TOWWC193, TOWWC106 and TOWWC112 (Figure 4.1).
Likewise, Igrejas et al. (2002) did not find loci which overlapped with the loci | have
identified here. There were some traits where | saw no significantly associated peaks
in my study, such as A-type granule size and B-type granule content (Figure 4.7) which
have reported QTLs in the literature. Igrejas et al. (2002) identified one QTL each of

the long arm of chromosome 1B and the short arm of chromosome 7A, and two QTLs
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on the short arm of chromosome 4D associated with A-type granule diameter. Whilst
Borém et al. (1999) found one QTL on chromosome 2 and one on chromosome 7
associated with mean maximum A-type granule diameter. For B-type granule content,
as previously explained, Howard et al. (2011) identified a QTL on the short arm of
chromosome 4S in an Aegilops mapping population, this QTL was subsequently found
to contain BGC1. Li et al. (2017) conducted a GWAS with an advanced intercross line
T. aestivum population from the Yellow and Huai Valley Facultative Wheat Region and
identified 23 loci associated with B-type granule content across chromosomes 2A, 2B,
2D, 3A, 3D, 4A, 4B, 4D, 5A, 5D, 6A, 6B, 7A, 7B and 7D. It is widely accepted that
QTLs identified in one study are often not detected in subsequent studies
(Mohammadi et al., 2020), and this can come down to many factors including the
diversity of the population used, marker density, and the environmental conditions the
plants were grown in, which can greatly affect starch granule formation (as discussed
in Chapter Three; Section 3.3.3).

4.3.2 B-type granule number and diameter are under distinct genetic control

One of the most interesting findings of the GWAS was that the peaks significantly
associated with B-type granule number and diameter did not overlap (Figure 4.6). This
agrees with the correlation analysis conducted (Chapter Three; Figure 3.8e) where the
correlation coefficient between B-type granule number and B-type granule diameter
was -0.35. This was surprising, as it was expected that fewer B-type granules would
cause less competition for glucan substrates and more space and substrate for each
B-type granule to grow larger. Such as in the phs1 T. turgidum mutant where there are
fewer, yet larger B-type granules (Kamble et al., 2023). However, this trade-off
between number and size would only be seen in situations where the total B-type
granule content is the same. In my GWAS this does not seem to be the case as the
significant peaks associated with B-type granule number and size do not overlap, and
no peaks were found for B-type granule content (Figure 4.7). One possible explanation
for this is that in the Ae. tauschii diversity panel the variation in B-type granule content
is not a simple trade-off between granule number and size and there is additional
variation. One contributing factor could be due to differences in grain filling period.
Differences in flowering time of this panel have already been documented (Gaurav et
al., 2021). If there are also differences in the timing of senescence, then it is
reasonable to assume that there will be differences in the grain filling periods between
accessions. Differences in grain filling period are linked to differences in B-type
granule content (Stoddard, 1999b), although no one has investigated the specific

effects of grain filling on granule number or size. It would be interesting in the future to
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measure grain filling period in these Ae. tauschii accessions and conduct a GWAS with

these data to see if this produces any loci which overlap with the peaks identified here.

The distinct peaks for B-type granule number and size could suggest that mechanistic
factors influencing these traits are different. For instance, the key determinant of
granule size could be available space in the amyloplast or number of stromules, since
larger amyloplasts facilitate the growth of larger granules (Esch et al., 2023). Whereas
the major determinant of B-type granule number might be the abundance of protein
initiation complexes (Chapter One; Section 1.5), which is affected by gene expression
and protein stability. Regardless of the mechanism, the finding that B-type granule size
and number are under distinct genetic control could prove useful in wheat breeding, as
it offers the potential to adjust these traits independently of each other. The industrial
benefits of this could be substantial, for instance, B-type granule size, but not number,

is important for coating paper (Shevkani et al., 2017).

4.3.3 Challenges in finding causative genes

All the peaks identified in my GWAS analysis contain multiple genes, which makes
identification of a causative gene challenging. Even those that only contain a small
number of genes, such as peak C which had only four genes, there is no strong
candidate; for instance, there are no genes with an annotated CBM. One approach to
identify causative genes would be to retrieve the sequences of the k-mers which have
a significant association and map these back to the genes. However, this is not
possible with the pipeline released by Gaurav et al. (2021). Regardless, this approach
would still be difficult, as the most highly associated k-mers may not necessarily be
causing the phenotype. Instead, they might be linked to the causative allele within the
region of linkage disequilibrium (LD). Likewise, | cannot rely purely on the number of k-
mers which have a significant association, as indels will result in a larger number of
mismatched k-mers (length of k-mer x number of nucleotides in insertion/deletion) then
singular SNPs (length of k-mer x 1). Hence, even though peak V contains a significant

number of highly associated k-mers, identifying the causative variation is difficult.

4.3.4 Identification of LDA as a strong candidate

Peak D, associated with B-type granule diameter, contained the gene encoding the
starch debranching enzyme LDA (Figure 4.8). LDA is a-glucan debranching enzyme
capable of cleaving amylopectin’s a-1,6-linkages. Previous studies in cereals have
revealed that LDA has roles in germination (lwaki and Fuwa, 1981; Dinges et al.,

2003) and transitory starch metabolism (Dinges et al., 2003) (Chapter Five; Section
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5.1). There is a report of a single amino acid mutation in the barley LDA which results
in a greater B-type granule content (Sparla et al., 2014). However, this has not been
explored any further, so how the mutation is affecting LDA’s mechanistic role is
unclear. Due to its established links to starch, and its similar expression pattern to
known starch granule initiation genes (Figure 4.11), | decided that LDA was the
strongest candidate identified in the GWAS and will investigate this in more detail in

Chapter Five.

In total, | identified ten peaks in my GWAS, which were categorised into priority and
non-priority. This approach of only analysing the most promising peaks is a common
approach taken in GWAS studies, whereby all peaks are reported but only a few
investigated in more detail (Kirana et al., 2023). Except for peak D, none of the peaks
contained any genes with known links to starch metabolism. The non-priority peaks
are not explored any further, however from this analysis, | have demonstrated that |
have not missed any known starch genes under these peaks. In the future, it would be
valuable to retrieve the gene candidates from underneath these peaks to see if they

contain any promising candidates, such as genes encoding proteins with CBMs.

4.3.5 Thirteen priority gene candidates identified using expression data and
localisation identified
| chose to prioritise gene candidates under my priority peaks based on predicted
localisation and similar expression pattern to known starch genes. This strategy
reduced the 221 candidates under my five priority peaks to 13 candidates that are
most likely to have direct roles in starch granule formation. My strategy was
appropriate to my aims, which was to discover new components directly involved in
starch synthesis. However, this approach does not come without its limitations. | could
not predict localisation for 66 (30%) of the genes (Figure 4.9), hence all of these were
excluded from the final shortlist (Table 4.4), despite some of them potentially being
localised in the plastid. Even where | could predict localisation, the data must be
analysed cautiously as these are merely predictions based off the amino acid
sequence. The accuracy of WoLF PSORT is estimated to be 55-70% (Horton et al.,
2007; Kaundal and Raghava, 2009). Its precision is greater than other prediction tools,
such as TargetP (31%) and Plant-Ploc (33%) (Chou and Shen, 2007, 2008; Kaundal
and Raghava, 2009; Almagro Armenteros et al., 2019), which is why | selected it for
my analyses here. However, there is still a large percentage error in the protein
localisation predictions, meaning that | could have both false positives and false

negatives in my dataset. To confirm the localisation, | would need to conduct in planta
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experiments, for example tagging the proteins with a fluorescent tag and transiently
expressing them in Nicotiana benthamiana to assess localisation in planta. Despite
being more accurate than the bioinformatic predictions, there are potentials for false
positives and negatives, especially given that the proteins are being expressed in leaf
tissue of N. benthamiana rather than the endosperm of Ae. tauschii. Therefore, the
gold standard approach would be to check subcellular localisation in the endosperm
by generating transgenic plants expressing the fluorescently tagged proteins under
their native promoters, alongside an amyloplast reporter and see if the two localise in
endosperm tissue. However, this would be a resource intensive strategy and
unfeasible for 221 proteins, hence why the bioinformatic strategy used here is a

reasonable compromise.

Another method of prioritisation involved investigating gene expression using the high-
quality T. turgidum endosperm dataset from Chen et al. (2023a). Again, this approach
is not without weaknesses given that Ae. tauschii is the D genome progenitor, yet T.
turgidum only has the A and B genomes. Thus, there were many instances (50, 23%)
where no putative T. turgidum orthologs could be identified, and it is possible that
these genes are unique to the D genome. This was particularly pertinent for the start of
peak B, as none of the first five genes within the peak had putative T. furgidum
orthologs. These genes had to be excluded from the analysis, so could not be included
in the high priority shortlist (Table 4.4). Of the remaining 171 genes, 94 (55%) had
endosperm expression (Figure 4.10). To my knowledge, no study has accurately
assessed the percentage of genes which are endosperm expressed in T. turgidum,
however some estimate it may be approximately 32% in T. aestivum (Clarke et al.,
2000). If true, then | have many more genes which are endosperm expressed than
would be expected, perhaps suggesting that endosperm expressed genes are

enriched in these regions of the genome.

Peaks C and W contain no high priority gene candidates (Table 4.4). This could be due
to the aforementioned limitations of the prioritisation methods. It is possible that the
genes under these peaks are not directly involved in starch granule formation — for
example, any gene involved in transcriptional regulation in the nucleus would be
excluded from this analysis. Likewise, genes that are expressed primarily in leaves
and influence resource allocation to the endosperm (e.g., sugar transporters important
for phloem loading) would also be excluded. Hence not containing any high priority
candidates does not necessarily mean that these peaks are false positives. This is a

limitation of my analysis - it is biased towards genes which are directly involved in
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granule formation, since | designed my analysis to find candidates that act directly in
our mechanistic model of granule formation, which is one of the key objectives

overriding this work.

4.3.6 Some of the high priority candidates have links to starch and sugar metabolism
Of the 13 high priority candidates in Table 4.4, AET3Gv20955400 is particularly
interesting as it is predicted to encode a mannosyl-oligosaccharide glucosidase with a
glycoside hydrolase (GH) 63 domain. In plants, there are 29 different GH families, with
many members in each individual family. All are associated with carbohydrate
degradation, although their specific roles are diverse ranging from cell wall biogenesis
and remodelling, to chitin cleavage during fungal pathogen attack, and hormone
metabolism (Minic, 2008). Several enzymes involved in starch metabolism have GH
domains, including GH13, GH14 and GH31 domains (Minic, 2008; Smith and Zeeman,
2020). To my knowledge, there is no protein involved in starch metabolism with a
GH63 domain. In fact, there are very few characterised proteins containing a GH63
domain in plants, with the CAZY database containing just one example from each of:
Arabidopsis thaliana, rice and the lycophyte Selaginella moellendorffii (Lombard et al.,
2013). Phylogenetic analysis reveals that AET3Gv20955400 is the direct ortholog of
the rice protein, called OsMOGS (MANNOSYL-OLIGOSACCHARIDE
GLUCOSIDASE). OsMOGs is localised in the endoplasmic reticulum (ER) and is
expressed throughout the plant, with the strongest expression in the root (Wang et al.,
2014). It catalyses the removal of a glucose residue from an ER-derived precursor,
GlcsMangGIcNACc, (Glc = glucose, Man = mannose, GIcNAc = N-Acetylglucosamine),
to produce GlcaMangGIcNAC,, which is subsequently used to produce N-glycosylated
glycoproteins. Rice mogs plants have impaired cellulose synthesis resulting in thinner
cell walls in root epidermal cells and altered auxin distributions, which disrupts cell
elongation resulting in short roots (Wang et al., 2014). A similar role is found for the
characterised Arabidopsis thaliana GH63-containing protein, called GCS1 (Generative
Cell-Specific Protein 1). When knocked out, there is an accumulation of the ER-
derived precursor and reduced production of N-glycosylated glycoproteins, leading to
altered seed development and shrunken seeds (Boisson et al., 2001). It would be
interesting to investigate whether it is involved in the production of N-glycosylated
proteins in Ae. tauschii or whether it has been co-opted to participate in starch granule

formation.

There was only one high priority candidate beneath peak V - AET3Gv20188700 which

encodes a protein with a RAP (RNA-binding domain abundant in Apicomplexans)
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domain. In apicomplexans, RAP domains are important for RNA binding and appear to
have a restriction endonuclease-like fold (Hollin et al., 2021). However, no RAP
domain-containing proteins have been characterised in plants. It is interesting to
speculate whether this RAP domain protein could have been co-opted for a role in
starch synthesis. This is relevant as the putative Arabidopsis thaliana ortholog has
punctate localisation in the plastid (Kleinknecht et al., 2014) which is characteristic of
starch initiation proteins (Seung et al., 2018). Transient localisation experiments in N.
benthamiana could be conducted to see if the puncta of the RAP domain protein co-

localise to starch granule initiation puncta.

In this chapter, | have identified independent genomic loci associated with B-type
granule number and B-type granule diameter. Utilisation of publicly available resources
and datasets allowed me to prioritise which genes underneath these peaks which are
most likely to be involved in starch granule formation. This can form the basis for future
work to explore the role of these genes in Triticeae species. | have chosen the highest

priority candidate, LDA, and will explore the role of this further in Chapter Five.
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Chapter Five — Exploring the role of Limit Dextrinase in endosperm starch
formation

5.1 Introduction

From the Genome Wide Association Study in the Chapter Four, the starch
debranching enzyme Limit Dextrinase (LDA) emerged as a strong candidate to be
involved in B-type granule formation and will be explored in more detail here. LDA is
an a-glucan debranching enzyme which can hydrolyse the a-1,6-linkages of
amylopectin, releasing linear malto-oligosaccharides (MOS). It is also often referred to
as pullulanase, as it can degrade the a-1,6-linkages joining maltotriose units in the
polymer pullulan produced by Aureobasidium fungi (Pfister and Zeeman, 2016). This
ability is unique to LDA and cannot be carried out by other plant starch debranching

enzymes.

5.1.1 Role of LDA in starch degradation

LDA is most commonly associated with starch degradation, but its exact physiological
role is not well understood. There is evidence that it is involved in seed germination
and degrading transitory starch in leaves. Most of the work of the role of LDA in
germination has been conducted in barley due to the importance of starch degradation
in malting. The production of gibberellic acid, one of the initial steps in germination,
leads to high aleurone expression of LDA within 12 hours of the initiation of
germination, although its activity does not dramatically increase until 4 days later
(Burton et al., 1999). This disconnect between expression and activity can be partially
explained by the presence of an endogenous protein inhibitor, LDI (LIMIT
DEXTRINASE INHIBITOR) (MacGregor et al., 1994). LDI binds to LDA in a 1:1 ratio at
the LDA catalytic site (Mgller et al., 2015a). Within 3-4 days of the start of germination
the amount of LDI declines, allowing LDA activity to increase (Ross et al., 2003). LDA
expression is also high in germinating rice (lwaki and Fuwa, 1981) and maize (Dinges
et al., 2003). Maize Ida mutants germinate much slower than the wild-type (Dinges et
al., 2003). To my knowledge, there are no examples of a Ida mutation completely
abolishing germination. This could be because of the presence of other starch
degradation enzymes, most notably a-amylase which is the major player in endosperm
starch degradation (Zeeman et al., 2010). However, neither a-amylase, nor the other
degradation enzymes active during germination (B-amylase and a-glucosidase) can
hydrolyse a-1,6-linkages. Therefore, in the absence of LDA, whether an as yet
unknown debranching enzyme carries out this activity, or whether hydrolysis of a-1,4-

linkages alone is sufficient for germination, still needs addressing.
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Regarding transitory starch degradation, maize Ida mutants fail to degrade all their
starch during the dark period (Dinges et al., 2003). In contrast, the Arabidopsis
thaliana Ida mutant has no starch degradation phenotype unless combined with other
mutations (Wattebled et al., 2005; Delatte et al., 2006). When combined with isa3 (i.e.,
in the Ida isa3 double mutant), plants have higher starch contents across a light-dark
cycle due to impaired nighttime degradation (Delatte et al., 2006). Furthermore,
introducing an amy3 mutation into /da isa3 plants completely blocks degradation of
starch in the dark (Streb et al., 2012). It is interesting that a phenotype is seen in
maize Ida mutants yet, in Arabidopsis thaliana a phenotype is only observed when /da
is combined with other mutations. This could suggest there is greater redundancy of

LDA in Arabidopsis thaliana.

5.1.2 Role of LDA in starch synthesis

Whilst there is still some mystery surrounding LDA’s precise role in starch degradation,
its role in endosperm starch synthesis is even less clear. In barley it is expressed
during grain development, from approximately 5 DPA and peaks during B-type granule
formation at approximately 21 DPA (Sissons et al., 1993). There is no full /da mutant
reported in a Triticeae species. A barley Ida TILLING mutant with a V270l mutation,
which falls within the CBM48 domain (Chapter One; Section 5.1.3), has a higher B-
type granule content (Sparla et al., 2014). However it is not clear whether this is a gain
or loss of function mutation. Intriguingly an RNAI strategy against LD/ in barley leads to
increased LDA activity and fewer B-type granules (Stahl et al., 2004). This needs to be
analysed cautiously since there is no evidence for LDI being localised in the
amyloplast, and if it is not, how it would exert an inhibitory effect on LDA in the
amyloplast is unclear (Nakamura et al., 1996). Cao et al. (2015) compared LDA
expression between a wheat and an Aegilops crassa species which has no B-type
granules. They found differences in the expression pattern of LDA, in addition to other
starch genes, and suggest that LDA could be contributing to differences in B-type
granule size. A major step forward in enhancing our understanding of the role of LDA
in B-type granule formation would be the generation of a /da mutant in a Triticeae
species, so its role in the process can be directly assessed. In endosperm starch
formation outside the Triticeae, maize and rice /da mutants have no differences in
granule size or shape compared to wild-type plants (Dinges et al., 2003; Fujita et al.,

2009), although defects are seen in MOS levels in maize Ida plants.

As introduced in Chapter One (Figure 1.11), the current working model of granule

initiation in the Triticeae is that A-type granules are initiated at around 6-8 DPA,
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followed by B-type granule formation approximately 10 days later. Initiation of B-type
granules is reliant on, amongst others, PHS1 which can elongate MOS primers
(Kambile et al., 2023). These MOS primers are proposed to be released from existing
A-type granules, but the enzyme(s) that partake in this process have not been
identified. | hypothesize that LDA, which can produce MOS through hydrolysing a-1,6-
linkages, could contribute to this process. There are multiple lines of evidence to
support this as LDA expression peaks in B-type granule development (Chen et al.,

2023a) and has known links to B-type granules, as explained in earlier in this section.

5.1.3 The structure of LDA is well characterised

The structure of the barley LDA has been elucidated (Vester-Christensen et al., 2010a;
Maller et al., 2012) (Figure 5.1). It is a member of the GH13 family and has four
distinct domains: a CBM21-like domain at its N-terminal, a CBM48 domain, a catalytic
domain and a C-terminal domain (Mgller et al., 2012). CBMs are non-catalytic
domains that usually bind directly to glucan substrates and can be separated into 99
conserved families based on their amino acid sequences (You et al., 2024). In LDA,
the CBM21-like domain is named based on structural homology to the starch binding
CBM21 domain in glucoamylase from the filamentous fungus Rhizopus oryzae.
However, the key starch binding residues are not conserved so it is unclear whether
this domain can bind substrates. This is relevant because the structure of this domain
bound to a substrate has not yet been obtained (Tung et al., 2008; Mgller et al., 2012).
Despite this, the CBM21-like domain is important for determining substrate specificity
and enzyme function. Two residues on the exposed surface of the CBM21-like domain,
Serine-14 (serine = Ser) and Histidine-108 (histidine = His), are important for overall
catalytic activity of the barley LDA (Andersen et al., 2020). Mutants for either of these
residues have a 60-95% reduction in activity in in vitro assays, despite being 40 A
away from the active site (Andersen et al., 2020). Ser-14 and His-108 are important in
multiple species (Gilding et al., 2013; Chen and Bao, 2016). Alignment of the CBM21-
like domain from LDA across the plant kingdom reveals that the residues surrounding
Serine-14 and Histidine-108 are more highly conserved (Andersen et al., 2020). Thus,
perhaps there are even more essential residues in the CBM21-like domain which have

not yet been explored.

In other proteins, CBM48'’s are important for glucan and substrate binding. For
instance, the CBM48 of PTST2 interacts with MOS (Seung et al., 2017). However,
there are no studies demonstrating substrate binding to the CBM48 of LDA (Mgller et

al., 2016). Substrate binding was also not observed in the barley LDA structure when
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co-crystallised with cyclodextrin substrates (Vester-Christensen et al., 2010a). This
does not rule out substrate binding as the interaction may be difficult to detect if it is
transient or weak. Regardless, it has been proposed that this may not be a canonical
CBM48, but instead be an intermediate between a CBM48 and CBM20 domain. This is
because one of its conserved Tryptophan residues is shared with CBM20’s (JanecCek
et al., 2011). Within the catalytic domain, there are two key catalytic residues - an
aspartic acid that acts as a nucleophile, and a glutamic acid residue that can act as a
general acid/base. Together, these perform a double displacement reaction leading to
the cleavage of a-1,6-linkages (Maller et al., 2015b). The role of the C-terminal domain

has not yet been characterised.

CBM | CBM i . c
TP 21 like | 48 Catalytic domain e
100 aa
b

Figure 5.1 The structure of barley LDA. Diagrammatic representation of the LDA
protein. Domains are shown as coloured boxes: TP = transit peptide, C term = C-
terminal domain, scale bar = 100 amino acids and total length of the protein = 884
amino acids. (b) The barley LDA crystal structure produced by Mgller et al. (2012) (pdb
accession: 4aio). The domains have been colour coded and correspond to that in (a).

Note that the transit peptide is absent in the structure.
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Elucidating the function of LDA in Triticeae crops is of high priority and is the overall
goal of this chapter. | have adopted genetic and biochemical approaches to
understand LDA role in the Triticeae. To test the role of LDA in planta, | examined
complete Ida knockouts from the T. turgidum TILLING population. These had small
reductions in B-type granule number. In parallel, | used cDNA sequencing to discover
two novel LDA variants encoded by Ae. tauschii accessions with large B-type granule
diameters. | hypothesized that these variants have different catalytic activities that
could be influencing B-type granule formation. To test this, the different variants were
expressed recombinantly and purified. In vitro activity assays revealed increased
activity against a simple carbohydrate substrate. Combining the genetic and
biochemical data suggest that it could be increased LDA activity, rather than a loss of

activity, which is associated with large B-type granules in Ae. tauschii.

5.2 Results

5.2.1 LDA is active in the endosperm

In Chapter Four, | showed that LDA is highly expressed in the T. turgidum endosperm
and has a similar expression pattern to BGC1 and PHS1 (Chapter Four; Figure 4.11
and Chen et al. (2023a)). To assess whether LDA activity follows a similar pattern |
collected developing grains from the Ae. tauschii genome reference accession
(TOWWC193) at 10, 15, 19 and 22 DPA (Figure 5.2a). The endosperm was dissected
and protein extracted. LDA activity can be assayed by running extracted protein on a
native gel containing red pullulan (Delatte et al., 2006). LDA is the only enzyme
capable of degrading the red pullulan, resulting in clearing of the red colour. Figure
5.2b shows that LDA activity is low in early grain development (10 DPA). It then rapidly
increases and has much greater activity when B-type granules are initiated (from ~15
DPA), with the strongest activity at 22 DPA. To see whether this pattern was consistent
in wheat, endosperm protein extracts from developing T. turgidum (8 to 28 DPA) were
obtained from Nitin Uttam Kamble and analysed on red pullulan native gels (Figure
5.2c). Even though the precise time points are different, the activity follows a similar
pattern to that of Ae. tauschii, increasing throughout grain development. The fact that
LDA is highly active in the endosperm of both Ae. tauschii and T. turgidum during grain

development provides strong rationale for investigating it further in this chapter.
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Figure 5.2 LDA is active in the endosperm. (a) Representative images of
TOWWC193 Ae. tauschii grains across development, scale bar = 1 mm. Endosperm
protein extracts (35 pg) from Ae. tauschii TOWWC193 (b) or T. turgidum (c) were
analysed on a native gel containing red pullulan, bands represent LDA activity with
darker bands indicating more activity. For (a-c) numbers represent days post anthesis
(DPA).

5.2.2 Identification of T. turgidum plants with no LDA activity

As LDA is active in the endosperm (Figure 5.2) and has links to starch granule
formation (Section 5.1.2) | wanted to explore the effect of completely eliminating LDA
activity in a Triticeae species. | decided to pursue this in wheat due to the availability of
mutants. To study LDA in wheat, | first identified gene models of LDA in T. aestivum
using Ensembl plants. It was decided to use the T. aestivum genome as the gene
models were poorly predicted for the T. turgidum genome. All three T. aestivum
homeologs had 27 exons (Figure 5.3a). Noticeably the D genome homeolog has a
large intron, ~5 kb, between exons 22 and 23. Overlaying these gene models onto the
T. turgidum genome sequence revealed that the predicted amino acid sequences for
LDA between T. aestivum and T. turgidum were 99.9% and 99.8% identical for LDA-A1
and LDA-B1, respectively.

To test the effect of complete loss of LDA activity on endosperm starch granule
formation, T. turgidum cv Kronos mutants were generated by Brendan Fahy. The T.
turgidum TILLING resource was used to identify three mutants: one in TaLDA-AT -
K2607 — and two in TaLDA-B1 - K983 and K3912 (Figure 5.3a). K2607 and K983
cause premature stop codons at amino acids 127 of LDA-A1 and 591 of LDA-B1.

K3912 has a mutation at the splice site following the 18" exon, likely resulting in mis-
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splicing. Crucially, all three mutations are likely to be loss of function alleles. The /da-1
line was generated by crossing K2607 with K3912, and the Ida-2 line was generated
by crossing K2607 with K983. Genotyping was carried out by the JIC genotyping
service with KASP markers (Chapter Two; Section 2.1.3). Plants that were
homozygous for only the A genome mutation (aaBB), only the B genome mutation
(AAbb) or both mutations (aabb) were isolated. As a control, wild-type (WT)
segregants (AABB) were obtained from the cross; these do not contain the mutations
in LDA but will possess some of the other background mutations. In the following
analyses, | have also included a true Kronos wild-type (WT) that does not contain any

EMS-induced mutations.

To assess whether the mutations cause complete loss of LDA activity, | extracted
protein from leaves so as not to affect grain development and any grain phenotype.
The extracted proteins were run on a native gel containing red pullulan (Figure 5.3b).
For Ida-1, there was a complete loss of activity in the double homozygous mutant
(aabb) as no bands are observed at all. The bands in the single homozygous mutants
(aaBB and AAbD) are slightly narrower compared to the WT segregant (AABB)
suggesting reduced LDA activity; this would have to be confirmed in a quantitative
assay. Unexpectedly, /da-2 aaBB has no detectable LDA activity, despite having the
same A allele as Ida-1. It could be that this plant is actually a double mutant (aabb) and
the genotyping for the K983 mutation is inaccurate, despite forming distinct clusters in
the KASP genotyping (Figure 5.3c). Primer re-design did not resolve this, producing
identical results. Consequently, due to uncertainty in genotyping the wild-type B allele,
| excluded Ida-2 AABB and /da-2 aaBB plants from further experiments. However, from
Figure 5.3, the Ida-2 aabb plants are full LDA knockouts. These plants have been
included in subsequent work as they act as an additional /da mutant, which is
important given that the TILLING mutants have background mutations. As the single
homozygous mutants (/da-1 aaBB, Ida-1 AAbb, Ida-2 AAbb) had detectable LDA
activity, | decided that they were of lower priority to analyse, and due to time
constraints, | did not have time to analyse them here. Therefore, for the remainder of
this thesis | only include Kronos WT, Ida-1 AABB, Ida-1 aabb and Ida-2 aabb.
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Figure 5.3 Identification of T. turgidum mutants with no LDA activity. (a)
Diagrammatic representation of the LDA gene models in T. aestivum Chinese Spring.
Exons are represented as green boxes and the 5’ and 3’ untranslated regions (UTRs)
as grey boxes. The locations of the start (ATG) and stop codons (TGA) are indicated
with blue arrows. The positions and resulting changes in the TILLING mutants are
represented by red arrows, scale bar = 1 kb. (b) Leaf protein (100 pg) was run on a
native gel containing red pullulan. Bands represent LDA activity with each individual
band corresponding to protein extracted from a different plant (hence n = 3 for each
genotype). (c) KASP genotyping for the K983 mutation. Red dots represent plants
called as wild-type (BB) for the K983, green dots represent plants called as

heterozygous (Bb) for K983, blue dots represent plants called as homozygous (bb) for

K983, pink dots represent cases where the KASP has failed.
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5.2.3 T turgidum Ida plants have a small reduction in B-type granule number

| investigated whether the Ida plants had any growth or grain phenotype. There was no
detectable difference in growth and appearance between the mutants and the Kronos
WT or Ida-1 AABB (Figure 5.4a). There was no significant difference in the height of
mature plants (Figure 5.4b). For tiller number, there was no difference between the
Ida-1 aabb plants and the controls (Figure 5.4c). Whilst the Ida-2 aabb plants had
significantly more tillers than the Kronos WT; this could be a result of background
mutations as | have no Ida-2 WT segregant to compare with. The morphology of the
Ida grains were indistinguishable from the controls (Figure 5.5a). There was also no
difference in grain yield, thousand grain weight (TGW), or grain area, length or width
(Figure 5.5b-g).

With assistance from Becca Testa, | extracted starch from mature grains and analysed
granule morphology. There was no observable difference in granule shape and normal
A-type and B-type morphologies were observed (Figure 5.6a). Size distribution traces
from the Coulter counter were similar between the mutants and the controls (Figure
5.6b). The only noticeable difference was in the Ida-2 aabb trace, where, the B-type
peak had a lower maximum height, the A-type peak had a greater maximum height,
and both peaks were shifted towards smaller diameters compared to the controls. To
quantify if these differences were significant, log-normal - normal (L-N) bimodal
distributions were fitted to the size distribution curves, as conducted in Chapter Three
(Figure 5.6¢-d). Mean A-type granule size (Figure 5.6¢) was significantly smaller in /da-
2 aabb than the Kronos WT (19.2 um and 21.2 pm respectively). However, in the
absence of a true WT segregant, it is not possible to conclude that this is a result of
the Ida-2 mutations. The trend does not apply for Ida-1 aabb, where no difference is
observed when compared to the WT segregant (Ida-1 AABB). Thus, | concluded that
knocking out LDA has no effect on A-type granule size. There was no significant
difference in B-type granule diameter or content between Ida-1 aabb, Ida-2 aabb and
the controls. Interestingly, there was a difference in B-type granule number, with /da-1
aabb and Ida-2 aabb having significantly lower values compared to the controls
(Figure 5.6f). It is worth noting that this difference is small ~0.5%, so it needs to be
confirmed in a separate experiment with larger sample numbers. This difference in B-
type granule number does not stem from differences in total starch content, as there
were no differences in total starch content between the mutants and controls. There

were also no significant differences in amylose content (Figure 5.6g-h).
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Figure 5.4 The I/da plants have no defects in growth.(a) Photographs of 8-week-old
Ida-1 (aabb) and Ida-2 (aabb) plants with the corresponding WT sibling control from
the Ida-1 cross (Ida-1 AABB) and a Kronos WT, scale bar = 10 cm. (b) Plant height at
maturity. (c) Tiller number at maturity. For (b-c) data are displayed as means + SE with
individual data points (black dots) representing the mean value from each individual
plant. Values with different letters were significantly different under a one-way ANOVA
with Tukey’s post hoc test (P < 0.05). n = 4 for Kronos WT, n = 6 for Ida-1 AABB, n =3

for Ida-1 aabb and n = 9 for Ida-2 aabb.

154



Kronos WT
AABB
Ida-1
aabb
Ida-2| aabb
b c d
814 a a a 5472 2@ @ 8 201 @ a a a
. L) L) @
2 £ &
-EG' '5) E15'
S 2 E
o
©
by £ 040 J
84 S 510
© ()]
© © Dl
2 c N
c 2] 3 £ 57
E 3 g
O < ©
|_
0- P Q Q P Q Q 0- P Q Q
s 288 s 288 s 8¢
o W o W S W
s % % s % % s % %
3 >, sp | X, s\e 3 S, o\é
e f g
87 a a a a 49 a a a a 3

Length (mm)

» » o

2 ; ® O 2 ; ® 2 ; ® O

<] T o o T o o T o

3 % > & 3 % > & 3 % > o
(7] (7] (] —_—
2 % % 2 % % 2 % %
— e P} - e pe — P o

Figure 5.5 There is no effect on grain yield per plant or morphology in /da
mutants. (a) Photographs of representative mature grains from each genotype. Grains
are shown from the dorsal side and are arranged upright (left), or sideways (centre)
with cross sections through the middle of the grain on the right, scale bar = 1 cm. (b)
Grain yield per plant, (c) Thousand grain weight, (d) Grain 2-D area, (e) Grain length,
(f) Grain width, (g) Grain length/width ratio. For (b-g), data are displayed as means *
SE with individual data points (black dots) representing the mean value from each
individual plant. Values with different letters were significantly different under a one-
way ANOVA with Tukey’s post hoc test (P < 0.05). n = 4 for Kronos WT, n = 6 for Ida-1
AABB, n = 3 for Ida-1 aabb and n = 9 for Ida-2 aabb.
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Figure 5.6 There is a small reduction in B-type granule number in /da grains.(a)
Scanning electron micrographs of purified endosperm starch, scale bar = 10 um. (b)
Granule size distributions were determined with a Coulter counter, volume (%) vs
diameter traces are displayed as means (solid lines) + SE (shading) and have been
adjusted for representation on a linear x scale. Mean A-type granule diameter (c), B-
type granule diameter (d) and B-type granule content (e) were derived from the size
distribution curves by fitting log-normal - normal distributions. (f) The number of B-type
granules (< 10 ym) was calculated directly form the Coulter counter data, please note
that this x axis starts at 90%. (g) Amylose content, (h) Total starch content. For (c-h)
data are displayed as means = SE with individual data points shown as black dots.
Values with different letters were significantly different under a one-way ANOVA with
Tukey’s post hoc test (P < 0.05). n = 4 for Kronos WT, n = 6 for Ida-1 AABB, n = 3 for
Ida-1 aabb and n = 9 for Ida-2 aabb.
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5.2.4 Identification of two LDA variants associated with large B-type granules

The phenotype of my T. turgidum Ida mutant were weak, so next | wanted to test
whether a loss of LDA activity is seen in the Ae. tauschii diversity panel. To investigate
this, | selected ten Ae. tauschii accessions with high and ten accessions with low B-
type granule diameters, in addition to the genome reference TOWWC193 (Table 5.1). |
extracted protein from the leaves of these plants and analysed LDA activity on red
pullulan native gels (Figure 5.7). | used leaf tissue rather than endosperm tissue as it
is easier to collect a larger quantity of tissue. This allows more protein to be extracted
which produces higher quality native gels. From a practical side, leaf tissue can be
collected early in plant development (~2 weeks post sowing) whereas it takes much
longer (~8 months) before developing grains can be harvested. It is worth noting that
LDA activity in the leaf might not be representative of LDA activity in the endosperm.
However, if there is a loss of function mutation in LDA, resulting in little or no LDA
activity in the leaf, it is likely that activity will be lost in the endosperm as there is only
one known isoform of LDA. | detected bands from the protein extracts of all the
selected accessions (Figure 5.7), suggesting that there is functional LDA activity in all
accessions tested here. It is hard to draw any conclusions about the intensity of the
bands as they vary slightly with each biological replicate, and native PAGE is not a
quantitative way of assessing LDA activity. However, there were differences in the
band migration pattern, particularly in accessions with large B-type granules. Notably,
the bands from TOWWC177 and TOWWC179 were shifted to slightly lower mobility.
These differences in migration could stem from many factors including differences in

amino acid sequence, protein folding, protein-protein interactions.

Next, | explored whether the different migration patterns stemmed from differences in
amino acid sequence. For the 21 accessions shown in Figure 5.7, RNA was extracted
from leaves and used to synthesize cDNA. From this, | amplified the cDNA region of
LDA encoding for amino acids 79-963 (Figure 5.8), which includes all the main
domains and only excludes the transit peptide region. It would not be expected that
variation in the transit peptide would have major effects on the protein’s activity or
interactions, as it is cleaved upon plastid import. The cDNA was sequenced and was
converted into the amino acid sequence. Amino acid sequences were aligned with the
ClustalW algorithm and selected parts of the alignment are shown in Figure 5.9, with
complete alignments provided in Appendix Three; Figures S1-S5. Fourteen of the
accessions produced LDA with amino acid sequences identical to that produced by
TOWWC193, the genome reference. This protein sequence is henceforth referred to
as Ref. Three of the accessions (TOWWC021, TOWWC010, TOWWC139) with large
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B-type granules carried an A140T substitution (caused by a guanine to adenine
substitution) in the CBM21-like domain and an E248D substitution (caused by a
guanine to thymine substitution) in the CBM48 domain (Figure 5.9a). These non-
synonymous substitutions were caused by the same SNPs in all three accessions.
Furthermore, these accessions had no other non-synonymous substitutions across the
entire protein sequence when compared to the protein sequence of the TOWWC193
genome reference. Curiously, these substitutions were not seen in any of the
accessions with small B-type granules. Therefore, | classed this as an LDA variant of
interest for further investigation — this is henceforth referred to as the “TD” variant.
Another interesting variant was detected in the TOWWC177 accession (Figure 5.9b).
This had 16 non-synonymous substitutions in LDA that were not found in any of the
other LDA sequences reported here (Appendix Three; Figures S1-S5). Although
substitutions were found in every protein domain, they were not in the key catalytic
residues (D551 and E588). The number of substituted residues made this an
interesting variant of LDA to investigate further and is henceforth referred to as “177-
like”. One substitution, M417K, was found in both the low B-type granule and high B-
type granule diameter lines, so this was unlikely to be the SNP affecting B-type
granule size. For the substitutions in the TD and 177-like variants, | identified the
corresponding residues in the barley LDA protein and highlighted these on the barley
structure (Figure 5.10). For both variants, the substitutions almost exclusively occur in
exposed residues and appear in linker regions rather than in residues that are

important for the secondary structures.

To test for the presence of these different LDA variants across the entire Ae. tauschii
diversity panel, | designed KASP markers which detected the SNPs causing the
A140T, E248D, A238V and N509T substitutions (Figure 5.11a-d). This allowed me to
genotype all but two members of the diversity panel for which the DNA was of too poor
quality for the KASP. These accessions were TOWWC129 and TOWWC138, which
had mean B-type granule diameters of 6.23 um and 7.24 um respectively. There were
15 accessions with the TD variant. | compared the B-type granule diameter phenotype
of accessions producing the Ref and the TD variants, and found that the TD variant
was significantly associated with larger B-type granules and not found in accessions
with very small (< 6.9 um) B-type granules (Figure 5.11e). In contrast, the genotyping
for the 177-like variant was more complex. Surprisingly, the TOWWC179 accession
consistently grouped with the TOWWC177 for both KASP markers, despite the cDNA
sequencing showing that the TOWWC179 produced the Ref, and not the 177-like, LDA

variant. Otherwise, there were no inconsistencies between the KASP and cDNA
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sequencing results. Usually, more emphasis would be placed on the cDNA sequencing
than the KASP. However, the KASP and cDNA sequencing results should be evaluated
alongside the native PAGE results in Figure 5.7. Here, the bands for TOWWC179 and
TOWWC177 have an almost identical migration pattern, suggesting the presence of
the same protein variant. This provides additional evidence that TOWWC179 might
indeed encode a 177-like LDA variant, which was not detected during cDNA
sequencing, which needs to be explored in more detail. Hence, due to uncertainty
around the true TOWWC179 genotype, | have excluded it from the subsequent
analysis. In addition to TOWWC177 one accession (TOWWC176) also had the 177-
like variant. Again, this accession had larger B-type granules (8.45 um), suggesting
that the 177-like variant is more likely to be found in accessions with larger B-type
granules (Figure 5.11e). Hence both variants tend to be associated with larger B-type
granules. There are, however, some accessions with large B-type granules which
produce the Ref variant of LDA. This could be due to the presence of other mutations
in other parts of the genome. This is unsurprising given that B-type granule diameter
produced multiple peaks in the GWAS (Figure 4.1), so this one locus is not controlling
the entire phenotype. Regardless, this provides additional evidence that these altered

LDA variants might be influencing the B-type granule phenotype.

To test whether the residues which are substituted in the TD and 177-like variants are
conserved, | compared 31 LDA protein sequences from across the plant kingdom.
These sequences were identified by Andersen et al. (2020) as orthologs of LDA. The
protein sequences were aligned with ClustalWW and rendered in ESPript (Figure 5.12).
Neither A140 nor E248 were well conserved across LDAs across the plant kingdom.
Even within the Triticeae there were differences, for instance, the D-genome ortholog
of LDA in T. aestivum has T140 and D248 (the TD variant). Many of the substituted
residues in the 177-like variant were not well conserved when compared across the
plant kingdom (Appendix Three; Figures S6-S10). The exception was A178 which was
conserved in everything except Asparagus officinalis (Figure 5.12b). A178 occurs
within a highly conserved region of the protein, which could suggest it is important for
structure or function. Beyond this, there were five residues which, although not
strongly conserved across the plant kingdom, were strictly conserved across the
Triticeae - V187, A238, A279, A320 and N509 (Figure 5.12b).
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Table 5.1 Ae. tauschii accessions for which proteins were extracted and
analysed on red pullulan native gels. Accessions are listed from smallest (bottom)
to largest (top) mean B-type granule diameter. The accession used to generate the

original genome reference sequence is marked with a *.

Accession Mean B-type granule diameter (um)
TOWWCO016 4.75
TOWWC046 5.42
TOWWCO059 5.44
TOWWC168 5.44
TOWWCO095 5.71
TOWWCO002 5.76
TOWWC110 5.80
TOWWCO057 5.90
TOWWCO056 5.90
TOWWCO090 5.93
TOWWC193* 7.49
TOWWC179 8.58
TOWWC172 8.59
TOWWC139 8.81
TOWWC177 8.82
TOWWCO010 9.33
TOWWCO028 9.62
TOWWCO025 9.76
TOWWC187 10.11
TOWWC106 10.87

TOWWCO021 11.76
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Figure 5.7 LDA from Ae. tauschii accessions migrates differently on native gels.
Leaf protein (100 pg) was run on a native gel containing red pullulan. Bands represent
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Figure 5.8 Successful amplification of LDA cDNA. (a) Diagrammatic representation
of the LDA cDNA. The regions which encode distinct domains or regions are shown as
coloured boxes and the 3’'UTR is represented as a grey line. The locations of the start
codons (ATG) and stop codons (TGA) are indicated with blue arrows. The binding sites
of the primers used to amplify the cDNA in (b) are represented as purple arrows. Scale
bar = 100 bp, TP = transit peptide, C term = C-terminal domain. (b) LDA cDNA was
amplified and resolved on a 1% (w/v) agarose gel, the band just below 3 kb (2.7 kb)

represents LDA.
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Figure 5.9 Identification of two LDA variants which are associated with
accessions with large B-type granules. (a) Multiple sequence alignment of parts of
the CBM21-like (left) and CBM48 (right) domains of LDA. Strictly (100%) conserved
residues are represented by white letters with a red background; residues with >70%
conservation, based on, physicochemical properties of the residues, have red text on a
white background. All conserved residues are framed in blue. Residues with <70%
conservation, again based on physicochemical properties of the residues, are shown
in black on a white background. The A140T and E248D substitutions are marked with
a *. (b) Diagrammatic representation of the region of the LDA protein for which the
sequence has been determined in this study. Domains are shown as coloured boxes.
The regions containing the A140T and E248D substitutions are indicated above the
protein with coloured lines. The non-synonymous substitutions exclusively found in
TOWWC177 are shown beneath. TP = transit peptide, C term = C-terminal domain, 79

and 963 represent amino acid numbering, scale bar = 100 amino acids.
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Figure 5.10 The substitutions found in the LDA variants are in exposed residues.
Positions of the non-synonymous substitutions, A140T and E248D (a) and the
TOWWC177 substitutions (b), were mapped onto the barley structure (PDB = 4aio,
(Mgller et al., 2012)). Substitutions are in red, and protein domains are coloured with:
yellow = CBM21-like, green = CBM48, blue = catalytic domain and orange = C-

terminal domain.
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Figure 5.11 The TD and 177-like variants are significantly associated with large
B-type granules. (a-d) Examples of KASP results for the SNPs which cause the
A140T (a), E248D (b), A238V (c) and N509T (d) substitutions. Red dots represent
plants with the Ref allele, blue dots represent plants with the substituted allele. n = 127
inaand b, 125in c and 128 in d. (e) The mean B-type granule diameter from Chapter
Three (Figure 3.6b) has been replotted according to the LDA variant encoded by the
accession. The mean (solid black line) + SE (grey lines) are overlaid on the individual
data points. The Kruskal Walis test followed by the post hoc Wilcoxon rank sum test
was used to determine if there was a significant difference between the groups (* P <
0.05, ** P<0.01, ** P <0.001). n = 97 for Ref, 15 for TD and 2 for 177-like.
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Figure 5.12 The A178 residue of LDA is highly conserved. Multiple sequence
alignment of (a) the regions surrounding the A140 and E248 residues (residues
highlighted with black arrows) and (b) residues that are altered in the 177-like LDA
variant yet, are conserved across the Triticeae. Accessions are arranged in the same
order as in Andersen et al. (2020). Strictly (100%) conserved residues are represented
by white letters with a red background; residues with >70% conservation have red text
on a white background and all conserved residues are framed in blue. Residues with
<70% conservation are shown in black on a white background. Numbering is relative

to the Ae. tauschii sequence.
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5.2.5 The different LDA variants appeared to have altered in vitro activity

| hypothesized whether the different LDA variants might have altered enzymatic
activities, that could be influencing B-type granule formation. To test this, | conducted
in vitro activity assays with recombinant LDA protein expressed in Escherichia coli. For
this, the Ae. tauschii LDA sequence (encoding amino acids 57-973, which includes all
the main domains and only excludes some of the transit peptide region) was
expressed in a pET-28a vector in E. coli with an N-terminal 6xHis tag, which was used
for purification. This method was employed given its success with barley LDA (Mgller
et al., 2015b). Recombinant protein was produced for the three LDA variants identified
in Section 5.2.4 (Ref, TD, 177-like). To dissect the roles of the two substitutions within
the TD variant, recombinant protein was also produced for LDA with a single A140T or
a single E248D mutation. Furthermore, | produced the Ae. tauschii LDA protein
carrying the same mutation (V2711) that causes increased B-type granule content in
barley (Sparla et al. (2014)).

| conducted a small-scale solubility test, to assess whether the Ref LDA could be
produced as a soluble protein (Figure 5.13a). Comparing the uninduced soluble
fraction with the induced soluble fractions (lanes one and three, respectively) showed
the presence of a band just under 130 kDa, which corresponds to LDA as it is only
present in the induced sample. The recombinant protein ran slightly higher than its
calculated molecular weight of 102 kDa. There was sufficient LDA in this soluble
fraction to proceed with large-scale recombinant protein expression and purification for
all six LDA variants. It is likely that the large band between 95-130 kDa in the induced
soluble fraction is also LDA, suggesting that most of it is insoluble. Unfortunately, my
uninduced insoluble fraction was too viscous to load onto the gel for a valid

comparison.

Recombinant LDA was successfully purified for all six variants and protein
concentration was quantified (Table 5.2). All recombinant proteins were run on an
SDS-PAGE gel to assess the quality of the purification. There are few detectable
bands in the gel, suggesting the purification has worked well and there is little
contamination by other proteins (Figure 5.13b). There were small differences in how
the proteins migrated. The Ref, A140T, E248D and V2711 run at a slightly higher
molecular weight (purple arrows in Figure 5.13b-c) than TD and 177-like (turquoise
arrows in Figure 5.13b-c). Likewise, the Ref, A140T, E248D and V271I proteins appear
to have a second, faint band which is at a slightly smaller molecular weight than the

protein in TD and 177-like (orange arrow in Figure 5.13b-c). This second faint band is
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not observed in the TD and 177-like lanes, although may be difficult to detect given its
proximity to the main band. From this gel, it is not possible to conclude whether this
second band is LDA, which is perhaps slightly degraded, or contamination from
bacterial proteins. The major band for all purifications is most likely the full-length LDA
protein, hence the main protein activity will be LDA with only minor contributions from

any contaminants.

Activity was tested against the commercial PullG6 (4,6-O-Benzylidene-4-nitrophenyl-
6°-a-Dmaltotriosyl-maltotriose) substrate in a colourimetric assay (Figure 5.14a). All
LDA variant recombinant proteins had activity against PullG6 (Figure 1.7b). This gives
confidence that the bands seen on the Coomassie gel (Figure 5.13b-c) represent LDA
that was folded correctly and not denatured in solution. There were significant
differences in the LDA activity against PullG6 between the different variants (Table
5.3). Most notably, the 177-like and TD variants had significantly greater activity at all
time points, whereas, the V2711 variant had significantly lower activity than the Ref at
all time points. The A140T and E248D single mutants had no difference in activity
compared to the Ref protein, except for the 20-minute timepoint when the E248D
mutant which had greater activity, although this increase was small compared to the
increase in activity seen in the 177-like and TD variants. When combined with the
results of the TD allele, this suggests that both substitutions are, most likely, needed to
cause an impact on activity. Overall, | have shown that the V2711, TD and 177-like

variants have substitutions that impact LDA activity.
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Figure 5.13 Recombinant LDA has high purity. (a) Coomassie-stained SDS-PAGE
gel for a small-scale solubility test with the LDA Ref protein (3 uL loaded per lane). The
band representing LDA is highlighted with a purple arrow. US = uninduced soluble
fraction, Il = induced insoluble fraction, IS = induced soluble fraction, the uninduced
insoluble fraction could not be loaded onto the gel as it was too viscous. (b)
Coomassie-stained SDS-PAGE gel for purified recombinant LDA (1 ug per lane). The
bands representing LDA in Ref, A140T, E248D and V271l are highlighted with a purple
arrow, the bands representing LDA in TD and 177-like are highlighted with a turquoise
arrow, a faint band is detected in some lanes and is highlighted with an orange arrow.
(c) The 95-130 kDa region of the gel in (b) has been enlarged for easier identification
of the bands. For (a-c), the NEB broad range protein standard was used, and

molecular weights are shown in kDa.
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Table 5.2 Concentrations of purified recombinant LDA. Concentrations were

determined based on absorbance at 280 nm are reported in both ug/uL and M.

Protein Concentration (ug/uL) Concentration (uM)
Ref 0.93 5.54
A140T 1.25 7.45
E248D 0.89 5.33
V2711 0.87 5.21
TD 0.90 5.39
177-like 0.89 5.31
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Figure 5.14 The different LDA variants have different activities against PullG6.
(a) Principle of the PullG6 in vitro assay for testing LDA activity. The PullG6 substrate
is cleaved by LDA, the position of cleavage is indicated by the dashed purple line. This
produces 4-nitrophenyl-B-maltotrioside which is cleaved by an excess of a-glucosidase
to produce 4-nitrophenyl-B-glucose. An excess of B-glucosidase converts 4-
nitrophenyl-B-glucose into glucose and 4-nitrophenol, which in basic conditions (pH =
9.0) leads to generation of 4-nitrophenolate ions and production of a yellow colour
which can be detected at a wavelength of 400 nm. (b) Activity of the different LDA
variants against the PullG6 substrate. Data are represented as means + SE (n = 3)
with a trendline (dashed line) with an intercept of zero. Kruskal-Wallis tests were used
to assess if there was a significant difference between the activity of the different
variants at each time point (* = P < 0.05, ** = P <0.01, *** = P <0.001), post-hoc
comparisons are given in Table 5.3. One PullG6 unit = mmoles of 4-nitrophenol

produced per ug of LDA per min).
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Table 5.3 The LDA variants have significantly different activity against PullG6.
Activity of the different LDA variants against PullG6 was measured (Figure 5.14).
Kruskal-Wallis tests followed by the Dunnett post-hoc test were used to assess if there
was a significant difference between the activity of the different variants compared to
the Ref at each time point. The Dunnett test was conducted in R with the DescTools
package, statistically significant comparisons are highlighted with asterisks, where * =
P<0.05 **=P<0.01, ™ = P<0.001. Cl = confidence interval.

Lower Upper
Cl Cl P
5 minutes
177-like-Ref ~ 0.17807 0.10367 0.25246  4.20 x 10%***
A140T-Ref -0.0041  -0.0784 0.07034 0.9999
E248D-Ref 0.03079  -0.0436 0.10518 0.6459
TD-Ref 0.24147  0.16708 0.31586 1.70 x 10°***
V271I-Ref -0.1052  -0.1796 -0.0308 0.0058**
10 minutes
177-like-Ref ~ 0.33537  0.23371 0.43703  1.90 x 107***
A140T-Ref -0.0078  -0.1095 0.09386 0.9995
E248D-Ref 0.06604 -0.0356 0.1677 0.2688
TD-Ref 0.43696  0.3353 0.53862 5.60 x 10710***
V271I-Ref -0.2453 -0.347 -0.1437  5.90 x 10°5***

Comparison Difference

20 minutes
177-like-Ref 0.70183 0.5978 0.80587 4.10 x 107"1%***
A140T-Ref -0.01 -0.1141 0.09401 0.9985

E248D-Ref 0.11942  0.01538 0.22346 0.0232*
TD-Ref 0.76929 0.66525 0.87333 <2x 1076***
V2711-Ref -0.4575  -0.5616 -0.3535 1.20 x 108***
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5.3 Discussion

A GWAS in Chapter Four identified LDA as a potential candidate for influencing B-type
granule formation. Up until now, there has been limited work on the role of LDA in the
developing Triticeae endosperm. One single point mutant in LDA has been published
in barley, and this is associated with increased B-type granule content (Sparla et al.,
2014). However, no full /da knockout has been produced and characterised.
Elucidating the role and function of LDA in the Triticeae endosperm is therefore
important. In this chapter, | approached this from a genetics angle by characterising T.
turgidum Ida plants and a biochemical angle by assessing the activity of different LDA

variants encoded by the Ae. tauschii diversity panel.

5.3.1 Complete elimination of LDA in T. turgidum causes a small reduction in B-type
granule number
Noone has previously characterised a full /da knockout in the Triticeae. Here |
identified T. turgidum Ida mutants and characterised them, showing that there is a
~0.5% reduction in B-type granule number. Besides this, | saw no difference in any
starch granule parameter phenotypes including granule diameter or B-type granule
content (Figure 5.6). The small difference in B-type granule number could be due to
reduced MOS formation, and hence there are less primers to initiate B-type granules.
This agrees with the hypothesis | proposed in Section 5.1, where a loss of LDA would
lead to less MOS formation, thus affecting B-type granule formation. Total MOS levels
in the endosperm would need to be measured in the /da mutants to confirm or refute
this. Curiously, there was no difference in B-type granule diameter in the /da plants,
even though | identified LDA in my B-type granule diameter GWAS (Chapter Four).
Despite the mild effects observed on starch granule number in the /da mutants, there
are many other aspects still to explore. For example, whether the chain length
distribution of the amylopectin is altered, such is observed in rice Ida mutants (Fuijita et
al., 2009). Also whether there is an effect on germination rates as observed in maize
(Dinges et al., 2003).

It was surprising that there was no difference in B-type granule content in the /da
plants, given that the barley /da V210l mutant characterised by Sparla et al. (2014)
exhibited a higher B-type granule content. Moreover, purified Ae. tauschii LDA with the
corresponding mutation (V2711) had lower activity than the Ref variant (Figure 5.14b).
From combining these results, it would be expected that the higher B-type granule
content of the barley /da mutants is caused by a reduction in LDA activity. Hence it

might be expected that the T. turgidum mutants, which have no detectable LDA
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activity, would have a similar phenotype. One reason for this apparent discrepancy is
that when LDA activity is completely eliminated, there may be compensation by other
debranching enzymes. This level of compensation may not occur if activity is only
increased or decreased by small amounts, as seems to be the case in the barley /da
V270l lines. Alternatively, the mechanisms of compensation between barley and wheat
may be different. Compensation by another enzyme is a plausible scenario given the
presence of other debranching enzymes in the wheat endosperm, which can also
produce MOS. One debranching enzyme is ISA1, which is expressed almost uniformly
across grain development (Chen et al., 2023a). To test whether ISA1 activity is
increased in the Ida plants, activity assays for ISA activity could be conducted. This
has the advantage over gPCR as it allows the ISA activity in the endosperm, rather
than gene expression to be measured. If found to be true, it would be interesting to
generate a Ida isa1 mutant and characterise its phenotype. Sestili et al. (2016)
generated RNAI T. turgidum lines which had a significant reduction in the expression of
both ISA1 and LDA and saw a slight increase in B-type granule content, hence it

would be interesting to see if the same phenotype was present in Ida isa1 knockouts.

5.3.2 Identification of two novel LDA variants

Sequencing cDNA and translating it to protein sequence allowed me to identify two
LDA variants of interest in the Ae. tauschii diversity panel. The TD variant had two
substitutions, one in each CBM domain, whilst the 177-like variant had 16 substitutions
scattered across the length of the protein. LDA is also known to have variation in other
species — Gilding et al. (2013) identified two substitutions (G32R and D105A), in the
CBM21-like domain, in a natural occurring accession of S. bicolor. These substitutions
cause a 67% increase in catalytic activity against pullulan. Moreover, Chen and Bao
(2016) identified nine non-synonymous substitutions (H100R, L135I, F316L, S473N,
L739S, D770E, K802E, G835V, and A854T) in a rice cultivar. Like the 177-like variant,
these mutations were scattered across the entire protein sequence with at least one in
every domain. However, the authors did not quantify the effect of these on LDA activity.
None of the mutated residues identified in S. bicolor and rice correspond to the
residues | have identified in the TD or 177-like LDA variants, nor do they correspond to
S14 or H108, which were identified in the barley LDA to be important for substrate
specificity (Andersen et al., 2020). Therefore, the LDA variants | have identified in this
study are novel and could be specific to Ae. tauschii. It would be interesting to expand
this and look at LDA variants in different Ae. tauschii lineages to see if more variation

could be uncovered.
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| identified one residue in the 177-like variant, A178, which is highly conserved in the
LDA protein sequences across the plant kingdom (Figure 5.12). This could suggest
that it is essential for protein function. In LDA the A178 residue is located towards the
end of a B-sheet, hence if this residue is mutated it could prevent proper folding of the
B-sheet structure. It would be interesting to generate a mutant for this specific residue
and investigate how it affects LDA activity and starch formation. In addition to this, the
five other residues that are usually conserved in the Triticeae but are mutated in the
177-like variant are of interest (Figure 5.12b). These residues could adopt a particular
role specifically during the formation of the A-type and B-type granules in the
endosperm. More work is needed to address this as no study has looked at these
residues specifically. It would be interesting to explore all these mutations further,
perhaps first by generating recombinant proteins with single mutations to dissect the

role of each residue on overall protein function and protein-protein interactions.

My approach successfully identified variation in the LDA protein which correlates with
B-type granule diameter. However, by sequencing cDNA, | am missing variation in the
introns and the promoter, both of which can influence gene expression (Shaul, 2017).
This is important due to the temporal nature of A-type and B-type granule formation,
which means that the timing of gene expression affects granule formation and starch
accumulation. For instance, Kang et al. (2010) identified a T. aestivum cultivar which
had greater expression of the large cytosolic subunit of AGPase from 15 DPA, and this
correlated with a higher total starch content. One way of assessing variation in
promoters and introns in LDA in the Ae. tauschii diversity panel would be to sequence
genomic DNA. A limitation of this approach is that it does not provide information about
precise gene expression and protein accumulation. Regardless, this strategy was
successful for Schwarte et al. (2013) who identified variation in the SS4 promoter of
different Arabidopsis thaliana accessions. This variation correlated with SS4
expression. Here, it might be more insightful to directly assess endosperm expression
of LDA, and the corresponding protein abundance, in Ae. tauschii accessions with high
and low B-type granule diameter. This could be achieved using endosperm dissected
from grains across developmental time (Figure 5.2a) and performing gPCR and

quantitative assays for LDA activity, like the PullG6 assay (Figure 5.14a).

5.3.3 LDA activity can be influenced by residues in the CBM21-like and CBM48
domains
Both the TD and 177-like variants had increased activity against the simple substrate

PullG6 (Figure 5.14b). Whilst the 177-like variant has many substitutions across the
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whole protein, including the catalytic domain, the TD variant only had substitutions in
the CBMs (Figure 5.9b). This suggests that these CBMs are affecting enzymatic
activity. Interestingly, at the early time points of my assay, the increase in activity was
only observed when both substitutions were combined and not in single mutants. This
is suggestive of an important role of both CBMs in LDA function. The CBM21-like
domain is known to be important for activity and mutations in conserved residues
cause a 60-95% reduction in activity (Andersen et al., 2020). How it influences activity
is not clear as there is no evidence that the domain can bind starch (Tung et al., 2008;
Mgller et al., 2012). In glucoamylase from R. oryzae, the CBM21 domain rapidly binds
a large range of MOS ligands (Cabral et al., 2024). The substrate size is important in
this interaction and influences precisely where the substrate binds (Cabral et al.,
2024). Usually, CBM21-substrate interactions are transient, although the timing will
depend on the specific substrate, and bound substrates can be directed to the catalytic
site (Cabral et al., 2024). It is tempting to speculate that a similar mechanism could
operate in LDA, whereby the CBM21-like is recognising appropriate substrates and
directing them to the LDA active site. Future work needs to focus on identifying if the
CBM21-like domain can bind to glucan chains, and if so, what preferences it has.

Once these are determined it will be easier to confirm a mechanism.

As explained in Section 5.1.3, binding of carbohydrate substrates to the CBM48
domain of LDA has also not been demonstrated (Wilkens et al., 2018). In other starch
granule formation proteins, CBM48s can bind to various glucan substrates. For
example, the CBM48 in PTST2 binds MOS primers for delivery to SS4 (Seung et al.,
2017). It is interesting to speculate whether both the CBMs might be involved in
recognition, perhaps of slightly different substrates, and delivery of these to the LDA
active site. This could explain why when only one CBM contains a substitution, the
second can compensate for substrate recognition and delivery to the active site, and
hence why an effect is only observed with the TD variant and not with the A140T or
E248D single mutants. This could explain why individually these residues are not well

conserved because as long as one CBM has activity, the enzyme will be functional.

However, the results of the LDA activity assay (Figure 5.14b) should be analysed
cautiously, as the experimental set up and subsequent calculations take into account
the total amount of protein added. Total protein quantification can be affected by
background contamination, and | observed on the SDS-PAGE gel that there seems to
be some contamination and, the LDA bands were not of equal abundance (Figure
5.13). The V2711 appears narrower and fainter than the Ref, whilst the TD and 177-like
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bands appear larger. Hence there could be slightly more TD and 177-like LDA, and
slightly less V2711 LDA in the activity assays when compared to the Ref. This
corresponds with the activity results where V2711 gave the lowest activity, whilst the
TD and 177-like variants had the highest activity. Consequently, some of the
differences in the activity could stem from slight differences in the amount of LDA
added to each reaction. A more precise way would be to quantitively determine the
LDA concentration rather than total protein concentration, perhaps using antibodies
specific to the His-tag of the recombinantly produced LDA. Once more accurate
protein concentrations are determined, the assay could then be repeated with a more
complex substrate, such as purified starch, and catalytic parameters including K and
keat could be calculated. This is important as PullG6 is not a physiological substrate, so
activity against this substrate might not reflect the activity on the more complex

substrates LDA acts on in planta.

As the TD and 177-like LDA variants had higher activity in the activity assay (Figure
5.14b), it is reasonable to assume that the larger B-type granule diameter phenotype
in Ae. tauschii might be caused by an increase in activity rather than a loss of activity.
This could be another reason why there is no strong phenotype in the /da mutants.
Stahl et al. (2004) argue that increased LDA activity results in reduced B-type granules
in LD/ RNAI barley lines. However, this must be analysed cautiously as the total LDA
activity in developing endosperm extracts was comparable to their wild-type controls.
Beyond this, there are no other examples of increased LDA expression affecting starch
granules in plants. Consequently, an interesting extension to the work conducted here
would be to generate a wheat line overexpressing LDA. Or alternatively recreate the
substitutions observed in the TD and 177-like LDA alleles in wheat and observe the

phenotype.

Overall, in this chapter | have employed a genetics strategy and characterised T.
turgidum Ida mutants, which is the first example of an LDA knockout mutant in the
Triticeae. In parallel, | have investigated LDA at a biochemical level by identifying two
interesting variants and measured that they have increased activity against a simple
substrate. By combining these results together, | suggest that the large B-type granule
observed in some Ae. tauschii accessions may stem from increased LDA activity
rather than a loss of activity. This provides greater insights into the roles LDA might be

playing in endosperm starch formation.
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Chapter Six — General Discussion

The aims of my thesis were to characterise natural diversity in Ae. tauschii endosperm
starch and use association mapping to identify novel genes and variation that
influence endosperm starch synthesis in the Triticeae. The importance of this cannot
be understated as there are gaps in our understanding of A-type and B-type granule
formation, yet the presence of these two granule types greatly influences the
physiochemical and digestive properties of starch and therefore the end uses of
wheat. Hence understanding granule formation could allow starch with improved

quality to be bred and developed.

To date, most studies which have utilised association genetics to investigate
endosperm starch properties have used domesticated species rather than wild
relatives. However, wild relatives often harbour more variation. This is true for Ae.
tauschii endosperm starch as in Chapter Three | discovered significant variation in
granule size, content and number. Interestingly some of this variation does not appear
to be present in modern wheat cultivars (Chapter Three). Therefore, Ae. tauschii is a
source of untapped variation for improving the quality of Triticeae starch. This gives
confidence that conducting an association study with Ae. tauschii, rather than a
domesticated Triticeae species, is a promising strategy for identifying novel genes and
variation important for starch granule properties. Indeed, | successfully employed this
strategy to identify multiple, novel significant loci associated with both B-type granule
size and number (Chapter Four). These loci could be useful for breeding wheat with
altered B-type granules for use in food and industrial processes. In addition to these
novel loci, | identified the gene encoding the starch debranching enzyme LDA under a
peak associated with B-type granule diameter. Interestingly, | discovered two variants
of LDA present in Ae. tauschii accessions with large B-type granules which appear to
have increased activity against a simple glucan substrate (Chapter Five). This
suggests a potential role of LDA in granule formation in the Triticeae. Complete
elimination of LDA in tetraploid wheat caused only minor effects on endosperm starch
granule formation. This suggests that a gain-of-function mutation may be required to
affect granule morphology. Here | will discuss my work in a broader context, focusing
on how it advances our fundamental understanding of starch synthesis and its direct

applications on wheat breeding and quality improvement.

6.1.1 Insights into the role of LDA in starch granule formation in the Triticeae
Our current model of B-type granule formation is that MOS are released from A-type

granules and subsequently used to prime the initiation of B-type granules. This relies
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on PHS1 and BGC1 (Chapter One; Figure 1.11) (Chia et al., 2020; Kamble et al.,
2023). The enzyme which releases MOS from the A-type granules had not been
identified. When LDA was found beneath a peak associated with B-type granule size
in my GWAS (Chapter Four) | hypothesized that it could be fulfilling this role. Analysis
of T. turgidum Ida mutants (Chapter Five) revealed only a small defect in B-type
granule number. When considered more broadly, the lack of phenotype in the Ida
mutants is not surprising as many Ae. tauschii accessions with large B-type granules
appear to encode for LDA variants with increased catalytic activity. Therefore, it is
possible that LDA overexpression or gain-of-function mutants may have larger effects
on B-type granules. How increased LDA catalytic activity might result in larger B-type
granules is difficult to rationalise with our current mechanistic understanding of starch
granule formation. Under this model, one would predict that simply increasing LDA
activity would lead to more MOS release from A-type granules. This would result in
more primers for B-type granule initiation causing an increase in the number of B-type
granules. In situations where total starch content is equal, a greater number of B-type
granules would mean that there would be less carbon and space allocated to each
growing granule. It would therefore be expected that each granule would be smaller.
This goes against what | have observed in Ae. tauschii where increased LDA activity is

associated with larger B-type granules.

However, the model may not be as simple as this. Here, | have only measured LDA
catalytic activity. Yet, it is possible that the substitutions in the LDA variants also affect
protein-protein interactions as most of the substitutions are on the protein surface
(Chapter Five; Figure 5.10). Differences in protein-protein interactions could be more
important than the altered catalytic activity. If the LDA variants cannot interact with key
interaction partners, it could prevent the efficient transfer of MOS from LDA to the
proteins involved in B-type granule initiation. Such effect could result in decreased B-
type granule initiation, resulting in more amyloplast space and substrates for the B-
type granules which are initiated to grow larger. To test this hypothesis, the protein-
protein interactions of the reference LDA should be determined. It would then be
possible to assess if there are differences with the LDA variants (TD and 177-like)

identified here.

Other factors, such as the length of the MOS primer, may influence the efficiency of B-
type granule initiation. The proteins involved in granule initiation in other species show
specific substrate specificity for MOS length. Arabidopsis thaliana PTST2 (the ortholog
of BGC1) preferentially binds longer MOS rather than shorter MOS such as
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maltoheptaose (7 glucose units) (Seung et al., 2017). Moreover, rice PHS1 has almost
no synthesis activity on MOS with less than four glucose units, but is efficient with
longer MOS (= 4 glucose units) (Hwang et al., 2010). The precise selectivity of PHS1
also depends on the physiological conditions as Pi, which is produced as a byproduct
of the synthesis reaction and competitively inhibits the reaction. This inhibition is less
severe for short chain MOS (Hwang et al., 2010). So far, all experiments into PHS1
and BGC1 selectivity has been conducted in isolation. However, PHS1 and BGCA1
interact in planta (Kamble et al., 2023), and whether this BGC1-PHS1 interaction
affects specificity of the proteins for MOS has not been investigated. Furthermore, the
MOS selectivities of BGC1 and PHS1 in the Triticeae has not been studied. If the MOS
profile affects the efficiency of the granule initiation proteins, then the length of MOS
produced by LDA could be important for determining the amount of granule initiation.
The true MOS release profile of LDA is unknown as previous studies have quantified it
using pullulan which is not a physiological substrate in plants (Wu et al., 2002;
Wangpaiboon et al., 2023). Thus, future work should determine whether there are
differences in the MOS release pattern from the LDA variants versus the reference.
This could help explain how the variation in LDA affects the initiation of B-type
granules, and consequently their size. If the different LDA variants release MOS which
is of a less favourable length for PHS1 and BGC1, the overall amount of B-type
granule initiation might decrease. Less B-type granule initiations may result in more
space in the amyloplast for the B-type granules which are initiated to grow larger. This
could explain why LDA variants were associated with larger B-type granules in some

Ae. tauschii accessions.

If LDA is important for MOS metabolism and the generation of primers for B-type
granule initiation it is surprising that eliminating LDA only has a small effect. Perhaps a
complete loss can be compensated by a different debranching enzyme — as discussed
in Chapter Five; Section 5.3.1. Therefore, generation of lines with more than one
debranching enzyme mutation (e.g. Ida isa1 or Ida isa3) will be important for
elucidating this. One factor not yet considered is possible interactions between
different debranching enzymes. For example, in cassava co-incubation of LDA and
ISA3 with pullulan revealed that they work synergistically to affect the overall MOS
profile (Wangpaiboon et al., 2023). Therefore, analysis of the entire debranching
profile of the endosperm may be important to assess which enzyme or enzymes are
important for producing MOS for B-type granule initiation. Overall, both genetic
approaches, such as generation of overexpression lines and lines with more than one

debranching enzyme mutation (e.g. Ida isa1 or Ida isa3), and biochemical approaches,
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such as characterising the MOS released from the reference LDA and the variants
identified here, will be important to fully understand how LDA is influencing B-type

granule formation in the Ae. tauschii diversity panel and beyond.

| also found that B-type granule parameters are complex traits controlled by multiple
genomic loci, as there were many peaks in the Manhattan plots for B-type granule size
and number (Chapter Four). Therefore, the interaction of LDA with these other
genomic loci could be influencing the overall B-type granule phenotype. This is
possible as the Ae. fauschii accessions in the diversity panel are highly homozygous,
so even if loci are on different chromosomes, they can be inherited together. Within the
loci associated with B-type granule diameter | identified eleven other genes apart from
LDA, which are predicted to be plastid localised and have T. turgidum orthologs with
similar expression patterns to known starch granule initiation genes. It would be
interesting to see if any of these directly interact with LDA through protein-protein
interactions, or how mutating these genes in the Ida background influences the

observed phenotype.

6.1.2 Insights into starch synthesis beyond the Triticeae

More broadly, my work could have a large impact on our fundamental understanding of
starch synthesis both in the Triticeae and beyond. Firstly, LDA is usually believed to be
involved in starch degradation, for example in germination (Burton et al., 1999) and
transitory starch metabolism (Pfister and Zeeman, 2016). However, here | suggest that
this degradation activity may be important for MOS metabolism and influencing B-type
granule initiation — which is a biosynthetic process. Whether LDA has been specifically
co-opted for this role in bimodal starch granule formation in the Triticeae is not yet
known. In simple granule producing maize and compound granule producing rice,
there is no starch granule size or shape phenotype in Ida plants (Dinges et al., 2003;
Fujita et al., 2009). This is consistent with my work here where T. turgidum Ida plants
had only a small B-type granule phenotype. Future work in maize and rice could focus
on increasing LDA activity, for example through overexpression studies. This will help
to elucidate whether LDA also plays a role in starch synthesis in species which
produce non-bimodal granules, and consequently, help to answer a key question in the

starch field of how different starch granule morphologies are achieved.
Furthermore, | identified new avenues for research for granule formation, including 13

genes with no previous links to granule formation (Chapter Four). It would be

interesting to assess the starch granule phenotype for mutants of these genes in the
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Triticeae, and if present outside the Triticeae. This could help increase our
understanding of how bimodal starch granule initiation arose. Each gene in our current
model for bimodal starch granule formation in the Triticeae endosperm has at least
some link to other starch synthesis processes, for instance transitory starch
metabolism. It will be interesting to investigate whether any of the genes | have
identified have specific roles in A- or B-type granule formation. Alternatively, if these
genes also have roles in starch formation in other tissues and species it adds weight to
the idea that the generation of distinct starch granule distributions relies on the
expression pattern and abundance of the same small set of proteins involved in starch

metabolism.

More generally, my work raises interesting discussions on the adaptive significance of
starch granules parameters and how these have been influenced by domestication.
Ae. tauschii had variation in its starch properties which were not observed in modern
wheat cultivars (Chapter Three). It is interesting to speculate whether starch granule
parameters might provide an adaptive significance for Ae. tauschii accessions. For
instance, one could imagine that having more A-type granules, which tend to be more
easily degraded during germination (Li et al., 2012), might promote faster germination
and seedling establishment. Earlier establishment could help Ae. tauschii plants to
outcompete others which are slower to germinate and develop. It seems likely that
some of the starch granule parameters may have been selected for during
domestication. For example, | saw a decrease in mean A-type granule diameter in
modern wheat cultivars compared to Ae. tauschii. Most likely this would have been
indirect selection as a consequence of selecting for other properties such as
responses to stress and increased grain yield (Kiszonas and Morris, 2018). Hence,
exclusively studying domesticated species could mean that interesting starch granule
properties are missed. Future research should therefore evaluate how wild species
can be incorporated into research programmes on starch biosynthesis, which could

provide greater insights into starch granule formation.

6.1.3 The genomic loci associated with granule size and number could be useful to
the breeding industry

Identifying QTLs associated with starch granule quality parameters and producing

markers to genotype these, as | have achieved here, is important for breeding wheat

with high functional and nutritional quality. Historically the major focus of the wheat

breeding industry has been increasing yield, resulting in ~0.6% increase in potential

yield per annum globally (Fischer, 2022). Quality is not ignored in modern breeding
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pipelines; however it is often negatively correlated with yield (Yao et al., 2018), and
yield is prioritised. Accurate quality selection can be challenging, often requiring low-
throughput, expensive tests in advanced breeding generations (Kiszonas and Morris,
2018). One quality test involves using a Rapid Visco Analyser (RVA) which examines
viscosity by mimicking processing steps (mixing, heating and cooling). However, this is
too time consuming to utilise during early breeding generations (Cozzolino, 2016).
Hence, positive quality traits in early breeding generations may be unknowingly
discarded. The development of genomic markers could assist in high-throughput
selection of grain quality at earlier generations, to avoid situations where poor quality
grains are maintained and progressed through to advanced generations, which would

be a loss of investment and resources.

Several markers are already available for starch quality traits, although they have not
been heavily utilised (Guzman et al., 2022). One example is a marker being used to
detect loss of function of GBSS/ on chromosome 4A, which results in lower amylose
content for producing high-quality udon noodles (McLauchlan et al., 2001). Moreover,
markers are used to detect deletions and SNPs in SBE2a and SBEZ2b, which result in
high amylose wheat with increased resistant starch, which is an important nutritional
quality trait (see Section 6.1.4) (Regina et al., 2015). Other markers have been
developed for SS1, SS2a, SS3 and SBET1, although the extent to which these has
been implemented in breeding has not been assessed (Guzman et al., 2022).
Regardless, none of these markers allow selection for starch granule size, content or
number, despite these traits influencing end uses (Section 6.1.4). Therefore,
development of markers for these traits is an area which could be exploited to help

breeders increase starch quality in commercial wheat lines.

The lack of markers for starch quality traits is surprising given that numerous QTLs
have been reported for starch granule properties in the Triticeae (Chapter One; Table
1.2 and Table 1.3). Consequently, there is a disconnect between identification of QTLs
and the generation of markers to make these QTLs useful for the breeding industry. To
overcome this, for the chromosome seven QTL associated with B-type granule size
(Chapter Four, peak D), | have identified specific mutations in LDA which are
correlated with larger B-type granules (Chapter Five). Development of markers for
genotyping in Ae. tauschii was highly successful. The next step is to deploy these in
wheat pre-breeding pipelines to identify material containing these specific alleles.
There is a possibility that the specific alleles from Ae. tauschii may not be present in

wheat varieties or landraces. In these cases, SHWs could be made to transfer these
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loci into wheat (Chapter Three; Figure 3.13) (Li et al., 2018a). Further work needs to
be conducted on the other loci identified in Chapter Four to design markers which can
genotype these regions and be used in wheat breeding programmes, which could be

impactful as the first examples of genetic markers for B-type granule size and number.

Before a large-scale effort is deployed to use these loci and develop markers for the
breeding industry, an important step is to test the robustness of the loci in different
environmental conditions. This is important as loci are more useful in breeding if they
are not heavily influenced by the environment. This is particularly relevant as starch
granule initiation is impacted by environmental conditions, including drought and heat
stress (Zhang et al., 2017). The gold standard approach for tackling this would be to
grow the entire diversity panel, re-phenotype and repeat the GWAS. By re-conducting
the GWAS, the reproducibility of the peaks could be assessed — this could be
important for some of the smaller, minor peaks. However, this approach would be time
and labour intensive. An alternative strategy would be to grow a small subset of
accessions which have different genotypes for the loci identified in this study in
contrasting environmental conditions. For each genotype the effect of the environment
on the phenotype could be measured and the robustness assessed. Regardless of the
approach taken, the link between genotype and phenotype does not necessarily have
to be 100% reproducible. Many of the wheat quality traits and markers already in use
only have accuracies of 40-60% (Guzman et al., 2022). Even if the loci identified here
only have a 40% link to the B-type granule phenotype this still provides some

knowledge on breeding for these phenotypes.

6.1.4 There are multiple benefits of altering B-type granule size and number

The variation in B-type granules (Chapter Three) and the corresponding genomic loci
identified in the GWAS (Chapter Four), might mean it is possible to produce wheat with
more or fewer B-type granules. This could be achieved through breeding (Section
1.1.2) or genetic engineering. One particularly desirable phenotype would be fewer but
larger B-type granules. This phenotype could be useful for milling as some studies
report better milling efficiencies with grains with fewer B-type granules (Edwards et al.,
2008). For end users, this phenotype could be beneficial for brewing, where B-type
granules are highly undesirable as they ferment inefficiently and gelatinise resulting in
a hazy beer (Bathgate and Palmer, 1972; Tillett et al., 1993). This phenotype may also
be beneficial for the food and health industries more generally, as in the gut, starch
digestion results in the release of sugars. Starch which is more difficult to digest,
commonly known as resistant starch, causes slower release of sugars and reduces

the overall peak of the blood glucose spike (DeMartino and Cockburn, 2020). Granule
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size has a large influence on digestibility in the gut — A-type granules are more difficult
to digest than B-type granules (Li et al., 2023). Therefore, starch with a small number
of large B-type granules should have more resistant starch, as there are fewer B-type
granules, and those which remain are larger and should be slightly more resistant to
digestion. Consequently, my work could help to develop wheat with higher resistant

starch, which could be beneficial for the food and health industries.

More generally, the variation | have discovered in B-type granule content could be
useful as different B-type granule contents are desirable for different process. For
example, high B-type granule contents are desirable for the pasta industry as B-type
granules are associated with increased quality (Soh et al., 2006). Furthermore, a
higher number of B-type granules, but not necessarily large B-type granules, would be
useful for the paper making industry where B-type granules fill the pores on the
paper’s surface (Shevkani et al., 2017). Low B-type granule content is desirable for the

production of starch films (Montafio-Leyva et al., 2008).

Consequently, my work has the potential to impact many industries, from milling to
food to paper production. It is therefore essential that there is engagement with
breeders and end users so that the genomic loci | have identified can be used to

create the most useful phenotypes for industrial purposes.
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Appendix One: Supplementary Tables

Table S1 Standard components. Components are listed alphabetically.

Component Composition

65% peat, 25% loam, 10% grit, 3 kg/m?3 dolomitic limestone,
JIC cereal mix
1.3 kg/m?® pg mix, and 3 kg/m® osmocote exact

10 g/L peptone from casein, 5 g/L yeast extract, 10 g/L NaCl,
LB agar
11 g/L agar

LB liquid media 10 g/L peptone from casein, 5 g/L yeast extract, 10 g/L NaCl

20 g/L tryptone, 5 g/L yeast extract, 580 mg/L NaCl, 186 mg/L
SOC KCI, 2.03g/L MgCl»(6H20), 2.56 g/L MgSO. (7H2), 3.6 g/L

glucose
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Table S2 Precise location of the peaks identified in my GWAS. The locations of the
peaks identified in the GWAS in the TOWWC193/AL8/78 v5 genome are listed with

their corresponding size. For B-type granule number peaks, these are the peak

locations when a 10 uym threshold was used. Priority peaks are indicated with *.

Peak
Start of End of
Peak Phenotype Chromosome size
peak peak
(Mb)
B-type granule
A 133,390,000 135,380,000 1.99
diameter
B-type granule
B* _ 543,060,000 556,500,000 13.44
diameter
B-type granule
c* _ 60,120,000 60,700,000 0.58
diameter
B-type granule
D* _ 84,010,000 88,820,000 4.81
diameter
B-type granule
E 382,890,000 382,900,000 0.01
diameter
B-type granule
Vv* 46,120,000 49,070,000 2.95
number
B-type granule
W+ 115,080,000 116,770,000 1.69
number
B-type granule
X 178,650,000 284,490,000 105.84
number
B-type granule
Y 490,340,000 513,680,000 23.34
number
B-type granule
4 583,040,000 586,790,000 3.75

number
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Table S3 Ae. tauschii starch genes. A list of starch-related genes was obtained from
Chen et al. (2023a) and the protein sequences were used in BLASTp searches the Ae.
tauschii v4 genome to obtain the Ae. tauschii gene IDs in this version of the genome.

Genes are listed in alphabetical order.

Gene ID

Description

AET1Gv20088000

Phosphoglucose isomerase (cytosolic)

AET1Gv20245200

Starch synthase 3a

AET1Gv20286900

Brittle1 transporter 2

AET1Gv20295700

MAR-binding filament-like protein 1.1

AET1Gv20357200

Starch synthase 2c

AET1Gv20542100

Beta amylase 3

AET1Gv20601800

Isoamylase 2

AET1Gv20826000

Glucan, water dikinase 1.1

AET1Gv20853900

Starch synthase 4

AET1Gv20995100

ADPG pyrophosphorylase (cytosolic large subunit)

AET1Gv21020100

Phosphoglucan Phosphatase Like SEX4 1

AET2Gv20249300

Disproportionating enzyme 2

AET2Gv20331100

Disproportionating enzyme 1

AET2Gv20457800

Beta amylase 5.1

AET2Gv20458000

Beta amylase 5.2

AET2Gv20469200

Glucose 6-phosphate/P translocator

AET2Gv20657800

Alpha amylase 2

AET2Gv20664800

Starch branching enzyme 2a

AET2Gv20703800

Starch branching enzyme 2b

AET2Gv20836000

Granule-bound starch synthase 2

AET2Gv21035000

Starch synthase 3b

AET3Gv20084800

Glucose transporter

AET3Gv20259600

MAR-binding filament-like protein 1.2

AET3Gv20365100

Beta amylase 10

AET3Gv20571700

Nucleotide transporter 1

AET3Gv20604400

Alpha amylase 3

AET3Gv20821600

Starch phosphorylase 2.2 (cytosolic)

AET3Gv20821900

Starch phosphorylase 2.1 (cytosolic)

AET4Gv20049600

B-granule content 1

AET4Gv20094300

Phosphoglucomutase
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Table S3 Ae. tauschii starch genes. (continued)

Gene ID

Description

AET4Gv20694900

Alpha amylase 1

AET4Gv20776200

Early Starvation 1

AET4Gv20804800

Beta amylase 1.1

AET4Gv20830800

Phosphoglucan phosphatase SEX4

AET5Gv20381900

Phosphoglucan Phosphatase Like SEX4 2

AET5Gv20443400

ADPG pyrophosphorylase (small subunit 2)

AET5Gv20568500

Alpha amylase 1

AET5Gv20582500

Phosphoglucose isomerase (plastidial)

AET5Gv20586000

Isoamylase 3

AET5Gv20915800

Starch phosphorylase 1 (plastidial)

AET5Gv21077600

Alpha amylase 1

AET5Gv21093900

ADPG pyrophosphorylase (plastidial large subunit)

AET6Gv20268000

Protein Targeting to Starch 1

AET6Gv20442000

Myosin-resembling chloroplast protein

AET6Gv20448800

Nucleotide transporter 2

AET6Gv20453300

Brittle1 transporter 1

AET6Gv20761400

Starch synthase 2b

AET6Gv20786800

Alpha amylase 1

AET6Gv20821300

Alpha amylase 1

AET6Gv20821400

Alpha amylase 1

AET7Gv20100800

Phosphoglucan, water dikinase

AET7Gv20167400

Granule-bound starch synthase 1

AET7Gv20309100

Starch synthase 1

AET7Gv20336800

Limit dextrinase

AET7Gv20483200

Starch synthase 2a

AET7Gv20582500

Glucan, water dikinase 1.2

AET7Gv20615300

Isoamylase 1

AET7Gv20706000

ADPG pyrophosphorylase (small subunit 1)

AET7Gv20718600

Glucose 6-phosphate/P translocator

AET7Gv20938000

Alpha amylase 1

AET7Gv20939100

Alpha amylase 1

AET7Gv20939200

Alpha amylase 1

AET7Gv21207300

Brittle1 transporter 3

AET7Gv21320400

Starch branching enzyme 1.1
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Table S4 Genes located under the B-type granule diameter GWAS peaks. Genes

underlying the peaks identified in the GWAS for B-type granule diameter (Figure 4.1).

Gene names are shown according to the v4 genome nomenclature, except where the

gene was not annotated in the v4 genome assembly, in which case the v5 gene name

is shown. Genes are listed in the order they appear on the forward strand and the

peaks are listed based on chromosome number.

Peak from
Gene Predicted protein
GWAS
B AET3Gv20949600 NB-ARC domain containing protein
AET3Gv20949700 FBD domain containing protein
AET3Gv20949800 ATP-dependent DNA helicase
AET3Gv20949900 FBD domain containing protein
AET3Gv20950200 Histone deacetylase domain containing protein
AET3Gv20950500 DUF295 domain containing protein
AET3Gv20950900 DEE Tnp4 domaining containing protein
AET3Gv20951000 FBD domain containing protein
AET3Gv20951100 CBS domain-containing protein CBSX6
AET3Gv20951900 Leucine rich repeat domain containing protein
AET3Gv20952200 Uncharacterised - no annotated domains
Nucleotide-diphospho-sugar transferase domain-
AET3Gv20952500
containing protein
Nucleotide-diphospho-sugar transferase domain-
AET3Gv20952600
containing protein
AET3Gv20952700 Uncharacterised - no annotated domains
AET3Gv20953200 Uncharacterised - no annotated domains
AET3Gv20953300 Transcription and mRNA export factor ENY2
AET3Gv20953700 Methyltransferase
AET3Gv20954100 Amidohydrolase-related protein
AET3Gv20954200 Dynamin-related protein
Nucleotide-diphospho-sugar transferase domain-
AET3Gv20954300
containing protein
Nucleotide-diphospho-sugar transferase domain-
AET3Gv20954500
containing protein
Nucleotide-diphospho-sugar transferase domain-
AET3Gv20954600

containing protein
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Table S4 Genes located under the B-type granule diameter GWAS peaks.

(continued)

Peak from
GWAS

Gene

Predicted protein

B (continued)

PGSB gene 29601

Nucleotide-diphospho-sugar transferase domain-

containing protein

Nucleotide-diphospho-sugar transferase domain-

AET3Gv20954700
containing protein
AET3Gv20954800 RNA-binding protein
AET3Gv20954900 UPF0481 protein
AET3Gv20955300 DDE Tnp4 domain-containing protein
AETIGY20955400 Mannosyl-oligosaccharide glucosidase with GH63
domain
AET3Gv20955500 Exostosin GT47 domain containing protein
AET3Gv20956200 TFIIB-type domain-containing protein
AET3Gv20956300 Sulfotransferase-domain containing protein
AET3Gv20956400 Sulfotransferase-domain containing protein
AET3Gv20956800 Exocyst complex component Exo70
AET3Gv20956900 CBS domain-containing protein
AET3Gv20957000 Mitochondrial import receptor subunit TOM20

PGSB gene 29622

Nucleotide-diphospho-sugar transferase domain-

containing protein

AET3Gv20958300 F-box protein

AET3Gv20958400 FAR1-related sequence protein
AET3Gv20958700 CBS domain-containing protein
AET3Gv20958800 NB-ARC domain-containing protein
AET3Gv20959200 Uncharacterised disordered protein
AET3Gv20960100 Squamosa promoter-binding-like protein
AET3Gv20960300 Uncharacterised - no annotated domains
AET3Gv20960400 Uncharacterised - no annotated domains
AET3Gv20960500 Uncharacterised - no annotated domains
AET3Gv20960600 Uncharacterised - no annotated domains
AET3Gv20961500 Rhodanese-like domain containing protein
AET3Gv20962100 Ribosomal protein S5 domain
AET3Gv20962900 Histidine kinase
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Table S4 Genes located under the B-type granule diameter GWAS peaks.

(continued)

Peak from
GWAS Gene Predicted protein
B (continued) AET3Gv20963100 CG domain containing protein
AET3Gv20963200 CBS domain containing protein
AET3Gv20963300 GNK2 domain containing protein
AET3Gv20963400 DUF3339 domain containing protein
AET3Gv20963700 Exportin-5 C-terminal domain containing protein
AET3Gv20963900 Uncharacterised - no annotated domains
AET3Gv20964200 Exportin-5 C-terminal domain containing protein
AET3Gv20964500 Exportin-5 C-terminal domain containing protein
AET3Gv20964800 Transmembrane protein
AET3Gv20965000 MADS-box domain containing protein
AET3Gv20965600 DNA/RNA polymerase superfamily
AET3Gv20966600 DNAJ and DUF3444 domain containing proteins
AET3Gv20966700 Stress enhanced protein 1
AET3Gv20966900 F-box only protein 6
AET3Gv20967200 50S ribosomal protein L27
AET3Gv20968100 DUF4408 domain containing protein
AET3Gv20968800 WD40 repeat containing protein
AET3Gv20969100 TCP domain containing protein
AET3Gv20969600 PRP8 domain containing protein
AET3Gv20969900 GYF domain containing protein
AET3Gv20970300 Uncharacterised - no annotated domains
AET3Gv20970400 Uncharacterised - no annotated domains
AET3Gv20970900 DEK C-terminal domain containing protein
AET3Gv20971200 Uncharacterised - no annotated domains
AET3Gv20971300 Auxin-inducible protein
AET3Gv20971400 CID domain containing protein
AET3Gv20972000 Glutathione S-transferase
AET3Gv20972100 Glutathione S-transferase
AET3Gv20972200 Glutathione transferase
AET3Gv20972300 Peptidase C14 caspase domain-containing protein
AET3Gv20972500 NB-ARC domain-containing protein
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Table S4 Genes located under the B-type granule diameter GWAS peaks.

(continued)

Peak from
GWAS Gene Predicted protein
B (continued) AET3Gv20972600 Glutathione transferase
AET3Gv20972700 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase
AET3Gv20973000 Enoyl-CoA hydratase
AET3Gv20973100 Enoyl-CoA hydratase
AET3Gv20973600 Uncharacterised - no annotated domains
AET3Gv20973900 NB-ARC domain-containing protein
PGSB gene 29757 Glutamine cyclotransferase
AET3Gv20974000 DUF1719 domain containing protein
AET3Gv20974100 DUF3245 domain containing protein
AET3Gv20974300 Coiled-coil domain containing protein
AET3Gv20974400 GDSL esterasel/lipase
AET3Gv20974500 Acyl-CoA synthase domain containing protein
AET3Gv20974600 NAC domain containing protein
AET3Gv20975000 2-hydroxy-palmitic acid dioxygenase Mpo1-like
AET3Gv20975200 Protein kinase domain containing protein
AET3Gv20975300 DNA/RNA binding protein with an Alba like domain
AET3Gv20975600 E2 ubiquitin-conjugating enzyme
AET3Gv20975700 Myb transcription factor
AET3Gv20976100 Uncharacterised - no annotated domains
AET3Gv20976200 RING-domain containing protein
AET3Gv20976400 Transaldolase
AET3Gv20976500 Exostosin GT47 domain containing protein
AET3Gv20976600 RING-type E3 ubiquitin transferase
AET3Gv20976700 Exostosin GT47 domain containing protein
AETIGY20976500 Micro-fibrillar-associated-protein 1C-terminal
domain-containing protein
AET3Gv20977700 UDP-Glycosyltransferase
AET3Gv20977900 CRAL-TRIO domain-containing protein
Bifunctional inhibitor/plant lipid transfer

AET3Gv20978000 protein/seed storage helical domain-containing

protein
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Table S4 Genes located under the B-type granule diameter GWAS peaks.

(continued)

Peak from
GWAS Gene Predicted protein

B (continued) AET3Gv20978300 Histone-lysine N-methyltransferase
AET3Gv20978400 Myb transcription factor
AET3Gv20978500 Acyl transferase
AET3Gv20978700 HMA-domain containing protein
AET3Gv20978900 DNAJ domain containing protein
AET3GV20979000 Inactive leucine-rich repeat receptor-like protein

kinase CORYNE
AET3Gv20979200 Auxin response factor
AET3Gv20979400 Aspartokinase
AET3Gv20979600 Transcription factor ICE1
AET3Gv20979800 Coiled-coil domain containing protein SCD2
AET3Gv20980300 Knottin, scorpion toxin-like protein
AET3Gv20980400 Knottin, scorpion toxin-like protein
AET3Gv20980600 BHLH domain-containing protein
AET3Gv20981100 Knottin, scorpion toxin-like protein
AET3Gv20981200 Glutamine cyclotransferase
AET3Gv20981400 DUF3741 domain-containing protein
C AET5Gv20149000 E3 ubiquitin-protein ligase RMA
AET5Gv20149200 Transcription factor PIF-1 related
AET5Gv20149100 Trypsin-like serine protease
AET5Gv20150100 Uncharacterised - no annotated domains
D AET7Gv20332600 Protein detoxification

AET7Gv20332900 Zinc finger domain containing protein
AET7GY20333100 ,:\denylyltransferase and sulfurtransferase MOCS3-
AET7Gv20333300 NB-ARC domain containing protein
AET7Gv20333400 Uncharacterised disordered protein
AET7Gv20333600 Glutathione transferase
AET7Gv20333700 Zinc finger and CCT domain containing protein
AET7Gv20333900 NB-ARC domain containing protein
AET7Gv20334200 DUF569 domain containing protein
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Table S4 Genes located under the B-type granule diameter GWAS peaks.

(continued)

Peak from
Gene Predicted protein
GWAS
D (continued) AET7Gv20334300 Tetratricopeptide repeat containing protein
Cdk-activating kinase assembly factor MAT1 centre
AET7Gv20334400
domain-containing protein
AET7Gv20334900 WD repeat containing protein
AET7Gv20334700 Fanconi-associated nuclease
AET7Gv20335100 DUF761 domain containing protein
AET7Gv20335500 DUF761 domain containing protein
AET7Gv20335600 Suppressor of the G2 allele of skp7 homolog
AET7Gv20335700 Pentatricopeptide repeat-containing protein
AET7Gv20336000 EF-hand domain containing protein
AET7Gv20336100 Ribosomal protein S30
AET7Gv20336200 HNH endonuclease
AET7Gv20336800 Pullulanase/Limit dextrinase
AET7Gv20336700 Uncharacterised - no annotated domains
AET7Gv20337500 DMP3-like
AET7Gv20337600 L-gluconolactone oxidase
AET7Gv20338500 Calcium binding protein
AET7Gv20338600 Galactinol-sucrose galactosyltransferase
Telomere associated protein Rif1 N terminal
AET7Gv20338700
domain containing protein
AET7Gv20338800 AT-hook motif containing protein
AET7Gv20339100 Exocyst subunit Exo70 family protein
Glycoside hydrolase family 31 N-terminal domain-
AET7Gv20339300
containing protein
HAT C-terminal dimerization domain-containing
AET7Gv20339500
protein
AET7Gv20339700 DDE Tnp4 domain-containing protein
AET7Gv20339600 Uncharacterised - no annotated domains
AET7Gv20340000 Coiled-coil domain containing protein
AET7Gv20340100 AT- hook motif containing protein
AET7Gv20340400 DUF569 domain containing protein
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Table S4 Genes located under the B-type granule diameter GWAS peaks.

(continued)

Peak from
Gene Predicted protein
GWAS
D (continued) AET7Gv20340300 Uncharacterised - no annotated domains
Transposase MuDR plant domain containing
AET7Gv20340900
protein
AET7Gv20341600 Pentatricopeptide repeat-containing protein
AET7Gv20341500 Leucine rich repeat protein kinase
AET7Gv20341700 Uncharacterised - no annotated domains
AET7Gv20341800 FAR1 DNA binding domain protein
AET7Gv20342000 Uncharacterised - no annotated domains
AET7Gv20343000 Myb transcription factor
AET7Gv20343800 Sulfiredoxin
AET7Gv20344000 Uncharacterised - no annotated domains
AET7Gv20344200 Myb transcription factor
AET7Gv20344800 Sulfiredoxin
Developmental and cell death domain containing
AET7Gv20345000 _
protein
AET7Gv20345400 Glycine-rich cell wall structural protein
v-SNARE coiled-coil homology domain containing
AET7Gv20346000 _
protein
Developmental and cell death domain containing
AET7Gv20345600
protein
4-hydroxyphenylacetaldehyde oxime
AET7Gv20346100 y ypheny Y
monooxygenase
AET7Gv20346200 COBRA-like protein 10
AET7Gv20347000 Wall associated receptor kinase
AET7Gv20347100 Transmembrane protein
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Table S5 Genes located under the B-type granule number GWAS peaks. Genes

underlying the peaks identified in the GWAS for B-type granule number (Figure 4.2).

Gene names are shown according to the v4 genome nomenclature, except where the

gene was not annotated in the v4 genome assembly, in which case the v5 gene name

is shown, Genes are listed in the order they appear on the forward strand and the

peaks are listed based on which occurs first on the third chromosome.

Peak from
Gene Predicted protein
GWAS
Vv AET3Gv20188700 RAP domain-containing protein
AET3Gv20188900 FBD domain containing protein
AET3Gv20189300 GDSL esterase
AET3Gv20189500 Transcription factor GTES
AET3Gv20190600 Proteinase inhibitor 113
AET3Gv20190800 Proteinase inhibitor 113
AET3Gv20190900 Proteinase inhibitor 113
AET3Gv20191000 Proteinase inhibitor 113
PGSB gene 23181 Coiled-coil domain protein
AET3Gv20191100 Histone H2B
AET3Gv20191300 Uncharacterised - no annotated domains
AET3Gv20191400 Triacylglycerol lipase OBL1
Aminoacyl-transfer RNA synthetases class-Il family
AET3Gv20191600
profile domain-containing protein
Signal peptidase complex catalytic subunit
AET3Gv20191700
SEC11A-like
AET3Gv20191900 DUF674 domain containing protein
Protein trichome birefringence-like, N-terminal
AET3Gv20192200 _
domain
AET3Gv20192600 DUF674 domain containing protein
AET3Gv20192700 DUF674 domain containing protein
AET3Gv20193700 DUF674 domain containing protein
AET3Gv20194600 NB-ARC domain containing protein
AET3Gv20194700 NB-ARC domain containing protein

PGSB gene 23212

DUF1677-containing protein

AET3Gv20195000

THIF-type NAD/FAD binding fold domain-

containing protein

AET3Gv20196600

NADH-ubiquinone oxidoreductase chain 6-like

235



Table S5 Genes located under the B-type granule number GWAS peaks.

(continued)

Peak from
GWAS Gene Predicted protein
V (continued) AET3Gv20197700 Transmembrane domain containing protein
W AET3Gv20318700 Cytochrome P450 710A1
AET3Gv20318800 Phospho-N-acetylmuramoyl-pentapeptide-
transferase homolog

AET3Gv20319100 Phytocyanin domain containing protein
AET3Gv20319200 Potassium channel
AET3Gv20319400 DUF538 domain containing protein
AET3Gv20319500 B3 DNA binding domain protein
AET3Gv20319800 SOUL-haem binding domain containing protein
AET3Gv20319900 DUF616 domain containing protein
AET3Gv20320100 Uncharacterised - no annotated domains
AET3Gv20320700 Cationic amino acid transporter 5
AET3Gv20320800 Late embryogenesis abundant protein
AET3GV20321000 Probable tRNA N6-adenosine

threonylcarbamoyltransferase
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Table S6 Localisation of the protein encoded by the genes under the GWAS
peaks associated with B-type granule diameter. WoLF PSORT was used to predict
protein localisation of the protein encoded by the transcript which was labelled in
Ensembl Plants as the canonical transcript or in cases where the canonical transcript
was poorly predicted, the transcript most similar to the canonical wheat ortholog. For
some genes it was not possible to predict the canonical transcript and predicted

protein localisation could not be determined, these are shown below as ‘Could not

predict’.
Peak from Predicted
GWAS Gene localisation
B AET3Gv20949600 Could not predict

AET3Gv20949700 Could not predict
AET3Gv20949800 Could not predict
AET3Gv20949900 Could not predict
AET3Gv20950200 Could not predict
AET3Gv20950500 Could not predict
AET3Gv20950900 Could not predict
AET3Gv20951000 Could not predict
AET3Gv20951100 Plastid/Extracellular
AET3Gv20951900 Plastid
AET3Gv20952200 Nucleus
AET3Gv20952500 Could not predict
AET3Gv20952600 Could not predict
AET3Gv20952700 Cytoplasm
AET3Gv20953200 Could not predict
AET3Gv20953300 Plastid
AET3Gv20953700 Plastid
AET3Gv20954100 Plastid
AET3Gv20954200 Nucleus
AET3Gv20954300 Cytoplasm
AET3Gv20954500 Could not predict
AET3Gv20954600 Could not predict
PGSB gene 29601 Could not predict
AET3Gv20954700 Extracellular
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Table S6 Localisation of the protein encoded by the genes under the GWAS

peaks associated with B-type granule diameter. (continued)

Peak from Predicted
GWAS Gene localisation
B (continued) AET3Gv20954800 Could not predict
AET3Gv20954900 Could not predict
AET3Gv20955300 Plastid
AET3Gv20955400 Plastid
AET3Gv20955500 Plastid
AET3Gv20956200 Mitochondria
AET3Gv20956300 Cytoplasm
AET3Gv20956400 Cytoplasm
AET3Gv20956800 Cytoplasm
AET3Gv20956900 Peroxisome
AET3Gv20957000 Could not predict
PGSB gene 29622 Could not predict
AET3Gv20958300 Could not predict
AET3Gv20958400 Could not predict
AET3Gv20958700 Cytoplasm
AET3Gv20958800 Could not predict
AET3Gv20959200 Nucleus
AET3Gv20960100 Nucleus
AET3Gv20960300 Could not predict
AET3Gv20960400 Plastid
AET3Gv20960500 Plastid
AET3Gv20960600 Could not predict
AET3Gv20961500 Plastid
AET3Gv20962100 Could not predict
AET3Gv20962900 Could not predict
AET3Gv20963100 Cytoplasm
AET3Gv20963200 Plastid
AET3Gv20963300 =ndoplasmic
reticulum
AET3Gv20963400 Vacuole
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Table S6 Localisation of the protein encoded by the genes under the GWAS

peaks associated with B-type granule diameter. (continued)

Peak from Predicted
GWAS Gene localisation
B (continued) AET3Gv20963700 Nucleus
AET3Gv20963900 Cytoplasm
AET3Gv20964200 Cytoplasm
AET3Gv20964500 Cytoplasm
AET3Gv20964800 Could not predict
AET3Gv20965000 Nucleus
AET3Gv20965600 Could not predict
AET3Gv20966600 Nucleus
AET3Gv20966700 Plastid
AET3Gv20966900 Plasma membrane
AET3Gv20967200 Plastid
AET3Gv20968100 Plasma membrane
AET3Gv20968800 Plastid
AET3Gv20969100 Nucleus
AET3Gv20969600 Cytoplasm
AET3Gv20969900 Nucleus
AET3Gv20970300 Nucleus
AET3Gv20970400 Could not predict
AET3Gv20970900 Could not predict
AET3Gv20971200 Could not predict
AET3Gv20971300 Plastid
AET3Gv20971400 Nucleus
AET3Gv20972000 Plastid
AET3Gv20972100 Cytoplasm
AET3Gv20972200 Cytoplasm
AET3Gv20972300 Plastid
AET3Gv20972500 =ndoplasmic
reticulum
AET3Gv20972600 Cytoplasm
AET3Gv20972700 Peroxisome
AET3Gv20973000 Could not predict
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Table S6 Localisation of the protein encoded by the genes under the GWAS

peaks associated with B-type granule diameter. (continued)

Peak from Predicted
GWAS Gene localisation

B (continued) AET3Gv20973100 Cytoplasm
AET3Gv20973600 Could not predict
AET3Gv20973900 Plastid
PGSB gene 29757 Could not predict
AET3Gv20974000 Nucleus
AET3Gv20974100 Nucleus
AET3Gv20974300 Nucleus
AET3Gv20974400 Peroxisome
AET3Gv20974500 Plasma membrane
AET3Gv20974600 Nucleus
AET3Gv20975000 Plasma membrane
AET3Gv20975200 Plastid
AET3Gv20975300 Cytoplasm
AET3Gv20975600 Plastid
AET3Gv20975700 Nucleus
AET3Gv20976100 Plastid
AET3Gv20976200 Nucleus
AET3Gv20976400 Plastid
AET3Gv20976500 Vacuole
AET3Gv20976600 Nucleus
AET3Gv20976700 Vacuole
AET3Gv20976800 Nucleus
AET3Gv20977700 Cytoplasm
AET3Gv20977900 Cytoplasm
AET3Gv20978000 Extracellular
AET3Gv20978300 Cytoplasm
AET3Gv20978400 Nucleus
AET3Gv20978500 Plastid
AET3Gv20978700 Nucleus
AET3Gv20978900 Could not predict
AET3Gv20979000 Could not predict
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Table S6 Localisation of the protein encoded by the genes under the GWAS

peaks associated with B-type granule diameter. (continued)

Peak from Predicted
GWAS Gene localisation
B (continued) AET3Gv20979200 Nucleus
AET3Gv20979400 Plastid
AET3Gv20979600 Nucleus
AET3Gv20979800 Could not predict
AET3Gv20980300 Extracellular
AET3Gv20980400 Extracellular
AET3Gv20980600 Nucleus
AET3Gv20981100 Extracellular
AET3Gv20981200 Could not predict
AET3Gv20981400 Nucleus
C AET5Gv20149000 Nucleus
AET5Gv20149200 Nucleus
AET5Gv20149100 Cytoplasm
AET5Gv20150100 Cytoplasm
D AET7Gv20332600 Plasma membrane
AET7Gv20332900 Could not predict
AET7Gv20333100 Cytoplasm
AET7Gv20333300 Plastid
AET7Gv20333400 Nucleus
AET7Gv20333600 Cytoplasm
AET7Gv20333700 Could not predict
AET7Gv20333900 Nucleus
AET7Gv20334200 Could not predict
AET7Gv20334300 Could not predict
AET7Gv20334400 Could not predict
AET7Gv20334900 Could not predict
AET7Gv20334700 Plastid
AET7Gv20335100 Plastid
AET7Gv20335500 Plastid
AET7Gv20335600 Could not predict
AET7Gv20335700 Could not predict
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Table S6 Localisation of the protein encoded by the genes under the GWAS

peaks associated with B-type granule diameter. (continued)

Peak from Predicted
GWAS Gene localisation

D (continued) AET7Gv20336000 Plastid
AET7Gv20336100 Nucleus
AET7Gv20336200 Plastid
AET7Gv20336800 Plastid
AET7Gv20336700 Extracellular
AET7Gv20337500 Could not predict
AET7Gv20337600 Could not predict
AET7Gv20338500 Nucleus
AET7Gv20338600 Plastid
AET7Gv20338700 Nucleus
AET7Gv20338800 Cytoplasm
AET7Gv20339100 Could not predict
AET7Gv20339300 Nucleus
AET7Gv20339500 Plastid
AET7Gv20339700 Could not predict
AET7Gv20339600 Plastid
AET7Gv20340000 Nucleus
AET7Gv20340100 Nucleus
AET7Gv20340400 Mitochondria
AET7Gv20340300 Could not predict
AET7Gv20340900 Cytoplasm
AET7Gv20341600 Mitochondria
AET7Gv20341500 Plasma membrane
AET7Gv20341700 Could not predict
AET7Gv20341800 Plastid
AET7Gv20342000 Could not predict
AET7Gv20343000 Nucleus
AET7Gv20343800 Cytoplasm
AET7Gv20344000 Cytoplasm
AET7Gv20344200 Nucleus

242



Table S6 Localisation of the protein encoded by the genes under the GWAS

peaks associated with B-type granule diameter. (continued)

Peak from Predicted
GWAS Gene localisation

D (continued) AET7Gv20344800 Plastid
AET7Gv20345000 Could not predict
AET7Gv20345400 Could not predict
AET7Gv20346000 Plastid
AET7Gv20345600 Could not predict
AET7Gv20346100 Cytoplasm
AET7Gv20346200 Could not predict
AET7Gv20347000 Plasma membrane
AET7Gv20347100 Mitochondria
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Table S7 Localisation of the protein encoded by the genes under the GWAS
peaks associated with B-type granule number. WoLF PSORT was used to predict
protein localisation of the protein encoded by the transcript which was labelled in
Ensembl Plants as the canonical transcript or in cases where the canonical transcript
was poorly predicted, the transcript most similar to the canonical wheat ortholog. For
some genes it was not possible to predict the canonical transcript and predicted

protein localisation could not be determined, these are shown below as ‘Could not

predict’.
Peak from Predicted
GWAS Gene localisation
\Y AET3Gv20188700 Plastid
AET3Gv20188900 Could not predict
AET3Gv20189300 Vacuole
AET3Gv20189500 Nucleus
AET3Gv20190600 Plastid
AET3Gv20190800 Plastid
AET3Gv20190900 Plastid
AET3Gv20191000 Could not predict
PGSB gene 23181 Could not predict
AET3Gv20191100 Could not predict
AET3Gv20191300 Could not predict
AET3Gv20191400 Plasma membrane
AET3Gv20191600 Could not predict
AET3Gv20191700 Extracellular
AET3Gv20191900 Peroxisome
AET3Gv20192200 Extracellular
AET3Gv20192600 Could not predict
AET3Gv20192700 Plastid
AET3Gv20193700 Could not predict
AET3Gv20194600 Endoplasmic
reticulum

AET3Gv20194700 Plastid
PGSB gene 23212 Could not predict
AET3Gv20195000 Could not predict
AET3Gv20196600 Cytoplasm
AET3Gv20197700 Nucleus
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Table S7 Localisation of the protein encoded by the genes under the GWAS

peaks associated with B-type granule number. (continued)

Peak from Predicted
GWAS Gene localisation

W Endoplasmic

AET3Gv20318700
reticulum

AET3Gv20318800 Plasma membrane
AET3Gv20319100 Plastid
AET3Gv20319200 Plasma membrane
AET3Gv20319400 Cytoplasm
AET3Gv20319500 Cytoplasm
AET3Gv20319800 Extracellular
AET3Gv20319900 Mitochondria
AET3Gv20320100 Plastid
AET3Gv20320700 Plasma membrane
AET3Gv20320800 Nucleus
AET3Gv20321000 Plastid
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Table S8 Putative wheat orthologs of genes under peak B associated with B-type granule diameter. Blast searches were used to

identify the putative T. aestivum and T. turgidum orthologs of the genes under peak B associated with B-type granule diameter (Figure 4.1

and Table S4). n/a = genes with no putative ortholog, some genes had more than one putative ortholog in wheat and in these cases all

putative orthologs are listed. Genes with endosperm expression, for T. aestivum where the mean TPM = 1 and for T. turgidum where the

mean TPM = 1 for at least one timepoint in the dataset from Chen et al. (2023a), are in bold.

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET3Gv20949600 n/a n/a n/a n/a n/a
AET3Gv20949700 TraesCS3A02G427000 n/a n/a n/a n/a
AET3Gv20949800 n/a n/a n/a n/a n/a
AET3Gv20949900 n/a n/a TraesCS3D02G422100 n/a n/a
AET3Gv20950200 n/a n/a n/a n/a n/a
AET3Gv20950500 TraesCS3A02G426900 TraesCS3B02G463600 TraesCS3D02G422400 n/a TRITD3Bv1G235790
AET3Gv20950900 n/a n/a n/a n/a n/a
AET3Gv20951000 n/a TraesCS3B02G463700 TraesCS3D02G422600 n/a TRITD3Bv1G235900
AET3Gv20951100  TraesCS3A02G427100 1120S¢338020405800  11a0sCS3002G422700  TRITD3AVIG244480  TRITDIBVIC235920
AET3Gv20951900 n/a n/a n/a n/a n/a
AET3Gv20952200 n/a n/a n/a n/a n/a
AET3Gv20952500 TraesCS3A02G427300 TraesCS3B02G464200 TraesCS3D02G422900 TRITD3Av1G244660 TRITD3Bv1G236040
AET3Gv20952600 TraesCS3A02G427400 TraesCS3B02G464400 TraesCS3D02G423000 TRITD3Av1G244680 TRITD3Bv1G236160
AET3Gv20952700 n/a n/a n/a n/a n/a
AET3Gv20953200 TraesCS3A02G427500 TraesCS3B02G464600 TraesCS3D02G423100 TRITD3Av1G244740 TRITD3Bv1G236270
AET3Gv20953300 TraesCS3A02G427600 TraesCS3B02G464700 TraesCS3D02G423200 TRITD3Av1G244760 TRITD3Bv1G236280
AET3Gv20953700 n/a n/a TraesCS3D02G423300 TRITD3Av1G244830 TRITD3Bv1G236290
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Table S8 Putative wheat orthologs of genes under peak B associated with B-type granule diameter. (continued)

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET3Gv20954100  TraesCS3A02G427900 [1205C 335020405000 11205CS3002G423400  TRITD3AV1G244950  TRITD3BY1G236500
AET3Gv20954200 TraesCS3A02G428000 TraesCS3B02G465100 TraesCS3D02G423500 TRITD3Av1G244960 TRITD3Bv1G236520
AET3Gv20954300 n/a n/a n/a n/a n/a
AET3Gv20954500 n/a TraesCS3B02G465300 TraesCS3D02G423700 TRITD3Av1G245020 TRITD3Bv1G236580
AET3Gv20954600 TraesCS3A02G428100 TraesCS3B02G465200 TraesCS3D02G423800 TRITD3Av1G244980 TRITD3Bv1G236560
PGSB gene 29601 TraesCS3A02G438700 TraesCS3B02G472600 TraesCS3D02G431100 TRITD3Av1G248980 TRITD3Bv1G240580
AET3Gv20954700 TraesCS3A02G428300 TraesCS3B02G465700 TraesCS3D02G424000 TRITD3Av1G245040 TRITD3Bv1G236660
AET3Gv20954800 TraesCS3A02G428400 TraesCS3B02G465800 TraesCS3D02G424100 TRITD3Av1G245050 TRITD3Bv1G236670
AET3Gv20954900 TraesCS3A02G428500 TraesCS3B02G466000 TraesCS3D02G424200 TRITD3Av1G245060 n/a
AET3Gv20955300 TraesCS3A02G428700 TraesCS3B02G466300 TraesCS3D02G424300 TRITD3Av1G245100 TRITD3Bv1G236860
AET3Gv20955400 TraesCS3A02G428800 TraesCS3B02G466400 TraesCS3D02G424400 TRITD3Av1G245260 TRITD3Bv1G236900
AET3Gv20955500 TraesCS3A02G428900 TraesCS3B02G466500 TraesCS3D02G424500 TRITD3Av1G245270 TRITD3Bv1G236910
AET3Gv20956200 TraesCS3A02G429100 TraesCS3B02G466800 TraesCS3D02G424600 TRITD3Av1G245290 n/a
AET3Gv20956300 TraesCS3A02G429200 TraesCS3B02G466900 TraesCS3D02G424700 TRITD3Av1G245330 n/a
AET3Gv20956400 TraesCS3A02G429300 TraesCS3B02G467000 TraesCS3D02G424800 TRITD3Av1G245340 TRITD3Bv1G236970
AET3Gv20956800 TraesCS3A02G429600 TraesCS3B02G467500 TraesCS3D02G424900 TRITD3Av1G245590 TRITD3Bv1G237330
AET3Gv20956900 TraesCS3A02G429700 TraesCS3B02G467600 TraesCS3D02G425000 TRITD3Av1G245600 TRITD3Bv1G237340
AET3Gv20957000 TraesCS3A02G429800 TraesCS3B02G467700 TraesCS3D02G425100 TRITD3Av1G245610 TRITD3Bv1G237360
PGSB gene 29622 n/a n/a n/a n/a n/a
AET3Gv20958300 TraesCS3A02G429900 TraesCS3B02G467900 TraesCS3D02G425300 TRITD3Av1G245750 TRITD3Bv1G237570
AET3Gv20958400 n/a n/a n/a n/a n/a
AET3Gv20958700 TraesCS3A02G432100 TraesCS3B02G468100 TraesCS3D02G425400 TRITD3Av1G245990 TRITD3Bv1G237930
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Table S8 Putative wheat orthologs of genes under peak B associated with B-type granule diameter. (continued)

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET3Gv20958800 TraesCS3A02G432200 TraesCS3B02G468200 TraesCS3D02G425500 TRITD3Av1G246000 TRITD3Bv1G237940
AET3Gv20959200 TraesCS3A02G432400 TraesCS3B02G468300 TraesCS3D02G425600 TRITD3Av1G246020 TRITD3Bv1G238310
AET3Gv20960100 TraesCS3A02G432500 n/a TraesCS3D02G425800  TRITD3Av1G246060 n/a
AET3Gv20960300 TraesCS3A02G432600 TraesCS3B02G468500 TraesCS3D02G425900 TRITD3Av1G246080 TRITD3Bv1G238110
AET3Gv20960400 n/a TraesCS3B02G468600 TraesCS3D02G426000 n/a TRITD3Bv1G238090
AET3Gv20960500 n/a n/a n/a n/a n/a
nETsovsson0 TOSCSIICHIS ToeCBOI mmescsozoe0  we  IRTDIMIGIed
AET3Gv20961500 TraesCS3A02G433000 TraesCS3B02G468900 TraesCS3D02G426300 TRITD3Av1G246220 TRITD3Bv1G238520
AET3Gv20962100 n/a n/a n/a n/a TRITD2Bv1G212980
AET3Gv20962900 TraesCS3A02G433200 TraesCS3B02G469000 TraesCS3D02G426600 TRITD3Av1G246370 TRITD3Bv1G238860
AET3Gv20963100 TraesCS3A02G433300 TraesCS3B02G469100 TraesCS3D02G426700 TRITD3Av1G246380 TRITD3Bv1G238870
AET3Gv20963200 TraesCS3A02G433400 TraesCS3B02G469200 TraesCS3D02G426800 TRITD3Av1G246420 TRITD3Bv1G238940
AET3Gv20963300 TraesCS3A02G433500 TraesCS3B02G469400 TraesCS3D02G426900 TRITD3Av1G246460 TRITD3Bv1G239040
AET3Gv20963400 TraesCS3A02G433700 TraesCS3B02G469500 TraesCS3D02G427000 TRITD3Av1G246490 TRITD3Bv1G239050
AET3Gv20963700 n/a n/a n/a n/a n/a
AET3Gv20963900 n/a n/a TraesCS3D02G427200 n/a n/a
AET3Gv20964200 TraesCS3A02G433900 n/a TraesCS3D02G427300 TRITD3Av1G246680 n/a
AET3Gv20964500 n/a n/a n/a TRITD3Av1G246720 n/a
AET3Gv20964800 TraesCS3A02G434300 TraesCS3B02G469600 TraesCS3D02G427500 TRITD3Av1G246730 TRITD3Bv1G239110
AET3Gv20965000 TraesCS3A02G435000 TraesCS3B02G470000 TraesCS3D02G428000 TRITD3Av1G247000 TRITD3Bv1G239410
AET3Gv20965600 n/a n/a n/a TRITD1Av1G045900 n/a
AET3Gv20966600 TraesCS3A02G435100 TraesCS3B02G470100 n/a TRITD3Av1G247220 TRITD3Bv1G239490
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Table S8 Putative wheat orthologs of genes under peak B associated with B-type granule diameter. (continued)

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome

AET3Gv20966700 TraesCS3A02G435300 TraesCS3B02G470200 TraesCS3D02G428100 TRITD3Av1G247480 n/a
AET3Gv20966900 TraesCS3A02G435400 TraesCS3B02G470300 TraesCS3D02G428200 TRITD3Av1G247490 TRITD3Bv1G239650
AET3Gv20967200 TraesCS3A02G435700 TraesCS3B02G470400 TraesCS3D02G428300 TRITD3Av1G247910 TRITD3Bv1G239710
AET3Gv20968100 TraesCS3A02G435800 TraesCS3B02G470500 TraesCS3D02G428400 TRITD3Av1G247930 TRITD3Bv1G239720
AET3Gv20968800 TraesCS3A02G436000 TraesCS3B02G470600 TraesCS3D02G428600 TRITD3Av1G247970 TRITD3Bv1G239740
AET3Gv20969100 TraesCS3A02G436100 TraesCS3B02G470700 TraesCS3D02G428700 TRITD3Av1G248050 TRITD3Bv1G239750

TraesCS1B02G415700 TRITD1Bv1G209260
AET3Gv20969600 n/a TraesCS1B02G416400 TraesCS3D02G428800 n/a TRITD1Bv1G193770

TraesCS1B02G368800 TRITD1Bv1G209430
AET3Gv20969900 TraesCS3A02G436500 TraesCS3B02G470800 TraesCS3D02G428900 TRITD3Av1G248320 TRITD3Bv1G239880
AET3Gv20970300 TraesCS3A02G436600 TraesCS3B02G470900 TraesCS3D02G429100 TRITD3Av1G248460 TRITD3Bv1G239920
AET3Gv20970400 n/a TraesCS3B02G471000 n/a n/a TRITD3Bv1G239930
AET3Gv20970900 TraesCS3A02G436900 TraesCS3B02G471100 TraesCS3D02G429200 TRITD3Av1G248490 n/a
AET3Gv20971200 n/a TraesCS3B02G471300 TraesCS3D02G429300 n/a n/a
AET3Gv20971300 TraesCS3A02G437100 n/a TraesCS3D02G429400 TRITD3Av1G248570 TRITD3Bv1G240120
AET3Gv20971400 TraesCS3A02G437300 TraesCS3B02G471400 TraesCS3D02G429500 TRITD3Av1G248640 TRITD3Bv1G240130
AET3Gv20972000 n/a n/a TraesCS3D02G429600 n/a n/a
AET3Gv20972100 TraesCS3A02G437400 TraesCS3B02G471500 TraesCS3D02G429700 TRITD3Av1G248730 TRITD3Bv1G240200
AET3Gv20972200 TraesCS3A02G437500 TraesCS3B02G471600 TraesCS3D02G429800 TRITD3Av1G248740 TRITD3Bv1G240210
AET3Gv20972300 TraesCS3A02G437700 TraesCS3B02G471700 TraesCS3D02G430000 TRITD3Av1G248760 TRITD3Bv1G240240
AET3Gv20972500 TraesCS3A02G437800 TraesCS3B02G471800 TraesCS3D02G430100 TRITD3Av1G248790 TRITD3Bv1G240250
AET3Gv20972600 TraesCS3A02G437900 TraesCS3B02G471900 TraesCS3D02G430200 TRITD3Av1G248840 TRITD3Bv1G240270
AET3Gv20972700 TraesCS3A02G438000 TraesCS3B02G472000 TraesCS3D02G430300 TRITD3Av1G248850 TRITD3Bv1G240280

249



Table S8 Putative wheat orthologs of genes under peak B associated with B-type granule diameter. (continued)

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET3Gv20973000 TraesCS3A02G438100 n/a TraesCS3D02G430400 n/a n/a
AET3Gv20973100 TraesCS3A02G438300 TraesCS3B02G472200 TraesCS3D02G430500 TRITD3Av1G248880 TRITD3Bv1G240470
AET3Gv20973600 n/a n/a n/a n/a n/a
AET3Gv20973900 TraesCS3A02G438600 n/a n/a TRITD3Av1G248960 n/a
PGSB gene 29757 n/a TraesCS3B02G105400 TraesCS3D02G090100 n/a TRITD3Bv1G029960
AET3Gv20974000 TraesCS3A02G438800 TraesCS3B02G472700 TraesCS3D02G431200 n/a TRITD3Bv1G240600
AET3Gv20974100 TraesCS4A02G399800 n/a TraesCS3D02G431300 TRITD4Av1G231640 n/a
AET3Gv20974300 TraesCS4A02G399700 n/a TraesCS3D02G431400 TRITD4Av1G231630 n/a
AET3Gv20974400 n/a n/a n/a n/a n/a
AET3Gv20974500 n/a n/a TraesCS3D02G431600 n/a n/a
AET3Gv20974600 TraesCS3A02G438900 TraesCS3B02G472800 TraesCS3D02G431700 TRITD3Av1G249030 TRITD3Bv1G240700
AET3Gv20975000 TraesCS3A02G439000 TraesCS3B02G473000 TraesCS3D02G431800 TRITD3Av1G249250 TRITD3Bv1G240920
AET3Gv20975200 TraesCS3A02G439200 TraesCS3B02G473100 TraesCS3D02G432000 TRITD3Av1G249280 TRITD3Bv1G240940
AET3Gv20975300 TraesCS3A02G439300 TraesCS3B02G473200 TraesCS3D02G432100 TRITD3Av1G249290 TRITD3Bv1G240950
AET3Gv20975600 TraesCS3A02G439400 TraesCS3B02G473300 TraesCS3D02G432200 TRITD3Av1G249320 TRITD3Bv1G240990
AET3Gv20975700 TraesCS3A02G439500 TraesCS3B02G473600 TraesCS3D02G432300 TRITD3Av1G249330 TRITD3Bv1G241070
AET3Gv20976100 n/a n/a TraesCS7D02G 148600 n/a n/a
AET3Gv20976200 TraesCS3A02G439700 TraesCS3B02G473700 TraesCS3D02G432500 TRITD3Av1G249570 TRITD3Bv1G241170
AET3Gv20976400 TraesCS3A02G439800 TraesCS3B02G473800 TraesCS3D02G432600 TRITD3Av1G249580 TRITD3Bv1G241180
AET3Gv20976500 TraesCS3A02G439900 TraesCS3B02G474000 TraesCS3D02G432700 TRITD3Av1G249610 TRITDOUv1G025560
AET3Gv20976600 TraesCS3A02G440000 TraesCS3B02G474100 TraesCS3D02G432800 TRITD3Av1G249700 TRITD3Bv1G241230
AET3Gv20976700 TraesCS3A02G440100 TraesCS3B02G474200 TraesCS3D02G432900 TRITD3Av1G249750 n/a
AET3Gv20976800 TraesCS3A02G440200 TraesCS3B02G474300 TraesCS3D02G433000 TRITD3Av1G249780 TRITD3Bv1G241350
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Table S8 Putative wheat orthologs of genes under peak B associated with B-type granule diameter. (continued)

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET3Gv20977700 n/a n/a n/a n/a TRITD3Bv1G241510
AET3Gv20977900 TraesCS3A02G441100 TraesCS3B02G475100 TraesCS3D02G433800 TRITD3Av1G249950 TRITD3Bv1G241570
AET3Gv20978000 n/a n/a n/a n/a n/a
AET3Gv20978300 TraesCS3A02G441200 TraesCS3B02G475200 TraesCS3D02G433900 TRITD3Av1G249990 TRITD3Bv1G241610
AET3Gv20978400 TraesCS3A02G441300 TraesCS3B02G475300 TraesCS3D02G434100 TRITD3Av1G250000 TRITD3Bv1G241620
AET3Gv20978500 TraesCS3A02G441400 n/a TraesCS3D02G434200 TRITD3Av1G250010 n/a
AET3Gv20978700 TraesCS3A02G441500 TraesCS3B02G475400 TraesCS3D02G434300 TRITD3Av1G250030 TRITD3Bv1G241690
AET3Gv20978900 TraesCS3A02G441600 TraesCS3B02G475500 TraesCS3D02G434400 TRITD3Av1G250050 TRITD3Bv1G241700
AET3Gv20979000 TraesCS3A02G441700 TraesCS3B02G475600 TraesCS3D02G434500 TRITD3Av1G250060 TRITD3Bv1G241720
AET3Gv20979200 TraesCS3A02G442000 TraesCS3B02G475800 TraesCS3D02G434700 TRITD3Av1G250150 TRITD3Bv1G241970
AET3Gv20979400 TraesCS3A02G442100 TraesCS3B02G475900 TraesCS3D02G434800 TRITD3Av1G250160 TRITD3Bv1G241980
AET3Gv20979600 n/a n/a n/a n/a n/a
AET3Gv20979800 TraesCS3A02G442300 TraesCS3B02G476100 TraesCS3D02G435000 TRITD3Av1G250250 TRITD3Bv1G242080
AET3Gv20980300 TraesCS3A02G442400 TraesCS3B02G476200 TraesCS3D02G435100 TRITD3Av1G250280 TRITD3Bv1G242100
AET3Gv20980400 TraesCS3A02G442500 TraesCS3B02G476300 n/a TRITD3Av1G250300 n/a
AET3Gv20980600 TraesCS3A02G442600 n/a TraesCS3D02G435200 n/a n/a
AET3Gv20981100 TraesCS3A02G442700 n/a TraesCS3D02G435300 TRITD3Av1G250390 n/a
AET3Gv20981200 TraesCS3A02G442900 n/a TraesCS3D02G435400 TRITD3Av1G250420 n/a
pETsOva0ssiaco  [ISSCSAOHAN TaescomurOtonst mescsspozcusses  TRTVICIRA TR zizz
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Table S9 Putative wheat orthologs of genes under peak C associated with B-type granule diameter. Blast searches were used to

identify the putative T. aestivum and T. turgidum orthologs of the genes under the peak C associated with B-type granule diameter (Figure

4.1 and Table S4). n/a = genes with no putative ortholog, some genes had more than one putative ortholog in wheat and in these cases

all putative orthologs are listed. Genes with endosperm expression, for T. aestivum where the mean TPM = 1 and for T. turgidum where

the mean TPM 2= 1 for at least one timepoint in the dataset from Chen et al. (2023a), are in bold.

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET5Gv20149000 TraesCS5A02G049400 TraesCS5B02G054600 TraesCS5D02G060200 TRITD5Av1G021950 TRITD5Bv1G022310
AET5Gv20149200  TraesCS5A02G049600 TraesCS5B02G054800 TraesCS5D02G060300  TRITD5Av1G021980 TRITD5Bv1G022380
AET5Gv20149100  TraesCS5A02G049500 n/a n/a n/a n/a
AET5Gv20150100  TraesCS5A02G049700 TraesCS5B02G055500 TraesCS5D02G060500 TRITD5Av1G022080 TRITD5Bv1G022700
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Table S10 Putative wheat orthologs of genes under peak D associated with B-type granule diameter. Blast searches were used to

identify the putative T. aestivum and T. turgidum orthologs of the genes under peak D associated with B-type granule diameter (Figure 4.1

and Table S4). n/a = genes with no putative ortholog, some genes had more than one putative ortholog in wheat and in these cases all

putative orthologs are listed. Genes with endosperm expression, for T. aestivum where the mean TPM = 1 and for T. turgidum where the

mean TPM = 1 for at least one timepoint in the dataset from Chen et al. (2023a), are in bold.

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET7Gv20332600 TraesCS7A02G131500 TraesCS7B02G032100 TraesCS7D02G130700 TRITD7Av1G039210 TRITD7Bv1G012480
AET7Gv20332900 TraesCS7A02G131700 TraesCS7B02G032400 TraesCS7D02G131000 TRITD7Av1G039310 TRITD7Bv1G012530
AET7Gv20333100 TraesCS7A02G131800 TraesCS7B02G032500 TraesCS7D02G131100 TRITD7Av1G039320 TRITD7Bv1G012550
TRITD4Av1G259220
AET7Gv20333300 n/a TraesCS5B02G038300  11208CSTD02G131200  1RITD4AV1IG259230  TRITDSBY1G015620
TRITD4Av1G259210
AET7Gv20333400 TraesCS7A02G131900 TraesCS7B02G032600 TraesCS7D02G131400 n/a n/a
AET7Gv20333600 TraesCS7A02G132000 TraesCS7B02G032700 TraesCS7D02G131600 TRITD7Av1G039330 TRITD7Bv1G012620
AET7Gv20333700 TraesCS7A02G132100 TraesCS7B02G032800 TraesCS7D02G131700 n/a TRITD7Bv1G012670
AET7Gv20333900 TraesCS7A02G132200 n/a TraesCS7D02G131800 TRITD7Av1G039360 TRITD7Bv1G012680
AET7Gv20334200 TraesCS7A02G132300 TraesCS7B02G032900 n/a TRITD7Av1G039370 TRITD7Bv1G012690
AET7Gv20334300 TraesCS7A02G132400 TraesCS7B02G033000 TraesCS7D02G131900 TRITD7Av1G039380 TRITD7Bv1G012780
AET7Gv20334400 TraesCS7A02G132500 TraesCS7B02G033100 TraesCS7D02G132000 n/a TRITD7Bv1G012790
AET7Gv20334900 TraesCS7A02G132700 TraesCS7B02G033300 TraesCS7D02G132200 TRITD7Av1G039430 TRITD7Bv1G012830
AET7Gv20334700 TraesCS7A02G132600 TraesCS7B02G033200 TraesCS7D02G132100 TRITD7Av1G039400 TRITD7Bv1G012800
AET7Gv20335100 TraesCS7A02G132800 TraesCS7B02G033700 TraesCS7D02G132300 TRITD7Av1G039440 TRITD7Bv1G012840
AET7Gv20335500 TraesCS7A02G132900 n/a TraesCS7D02G 132400 n/a n/a
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Table S10 Putative wheat orthologs of genes under peak D associated with B-type granule diameter. (continued)

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET7Gv20335600 TraesCS7A02G133000 TraesCS7B02G033800 TraesCS7D02G132600 TRITD7Av1G039470 TRITD7Bv1G012870
AET7Gv20335700 TraesCS7A02G133100 TraesCS7B02G033900 TraesCS7D02G132643  TRITD7Av1G039480 TRITD7Bv1G012880
AET7Gv20336000 TraesCS7A02G133200 TraesCS7B02G034000 TraesCS7D02G132700 TRITD7Av1G039490 TRITD7Bv1G012890
AET7Gv20336100 n/a TraesCS7B02G034200 n/a n/a TRITD7Bv1G012910
AET7Gv20336200 TraesCS7A02G133300 TraesCS7B02G034400 TraesCS7D02G132900 TRITD7Av1G039500 TRITD7Bv1G013020
AET7Gv20336800 TraesCS7A02G133500 TraesCS7B02G034600 TraesCS7D02G133100 TRITD7Av1G039520 TRITD7Bv1G013060
AET7Gv20336700 n/a n/a n/a n/a n/a
AET7Gv20337500 TraesCS7A02G133600 TraesCS7B02G034700 TraesCS7D02G133200 TRITD7Av1G039530 TRITD7Bv1G013080
AET7Gv20337600 TraesCS7A02G133700 TraesCS7B02G034800 TraesCS7D02G133300 n/a TRITD7Bv1G013320
AET7Gv20338500 TraesCS7A02G134000 TraesCS7B02G035100 TraesCS7D02G133400 n/a TRITD7Bv1G013400
AET7Gv20338600 TraesCS7A02G134100 TraesCS7B02G035200 TraesCS7D02G133500 TRITD7Av1G039640 TRITD7Bv1G013420
AET7Gv20338700 TraesCS7A02G134200 TraesCS7B02G035300 TraesCS7D02G133600 TRITD7Av1G039650 n/a
AET7Gv20338800 TraesCS7A02G134300 TraesCS7B02G035400 TraesCS7D02G133700 TRITD7Av1G039660 TRITD7Bv1G013510
AET7Gv20339100 TraesCS7A02G134400 TraesCS7B02G035500 TraesCS7D02G133800 TRITD7Av1G039680 TRITD7Bv1G013540
AET7Gv20339300 TraesCS7A02G134500 TraesCS7B02G035700 TraesCS7D02G133900 TRITD7Av1G039710 n/a
AET7Gv20339500 n/a n/a n/a n/a n/a
AET7Gv20339700 n/a n/a n/a n/a n/a
AET7Gv20339600 n/a n/a n/a n/a n/a
AET7Gv20340000 TraesCS7A02G134600 TraesCS7B02G035800 TraesCS7D02G134000 TRITD7Av1G039790 TRITD7Bv1G013580
AET7Gv20340100 n/a TraesCS7B02G035900 TraesCS7D02G134100 n/a n/a
AET7Gv20340400 n/a n/a n/a n/a n/a
AET7Gv20340300 n/a n/a n/a n/a n/a
AET7Gv20340900 n/a n/a n/a n/a n/a
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Table S10 Putative wheat orthologs of genes under peak D associated with B-type granule diameter. (continued)

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET7Gv20341600 TraesCS7A02G134800 TraesCS7B02G036200 TraesCS7D02G134400 TRITD7Av1G040160 TRITD7Bv1G013680
AET7Gv20341500 TraesCS7A02G134700 TraesCS7B02G036100 TraesCS7D02G134300 TRITD7Av1G040150 TRITD7Bv1G013660
AET7Gv20341700 TraesCS7A02G134900 TraesCS7B02G036300 TraesCS7D02G134500 n/a TRITD7Bv1G013690
AET7Gv20341800 n/a n/a n/a TRITD7Av1G046280 n/a
AET7Gv20342000  TraesCS1A02G216400 n/a n/a TRITDTAvIC2T 1590 n/a
AET7Gv20343000 TraesCS7A02G135000 TraesCS7B02G036500 TraesCS7D02G135000 TRITD7Av1G040190 TRITD7Bv1G013800
AET7Gv20343800 n/a n/a n/a n/a n/a
AET7Gv20344000 TraesCS7A02G135600 n/a TraesCS7D02G135600 TRITD7Av1G040280 n/a
AET7Gv20344200 TraesCS7A02G135400 TraesCS7B02G036700 TraesCS7D02G135700 TRITD7Av1G040260 TRITD7Bv1G013860
AET7Gv20344800 TraesCS7A02G135700 TraesCS7B02G036800 TraesCS7D02G135800 TRITD7Av1G040300 TRITD7Bv1G013900
AET7Gv20345000 TraesCS7A02G135800 TraesCS7B02G036900 TraesCS7D02G135900 TRITD7Av1G040390 TRITD7Bv1G013910
AET7Gv20345400 n/a n/a n/a TRITD7Av1G040440 n/a
AET7Gv20346000 TraesCS7A02G136300 TraesCS7B02G037300 TraesCS7D02G136300 TRITD7Av1G040510 TRITD7Bv1G014050
AET7Gv20345600 n/a TraesCS7B02G037200 TraesCS7D02G136200 TRITD7Av1G040460 TRITD7Bv1G014030
AET7Gv20346100  TraesCS7A02G136500 1 20oCS7B02G0S7400 1aesCS7D02G136400  TRITD7AVIG040530  TRITD7BV1GO14070
AET7Gv20346200 TraesCS7A02G136600 TraesCS7B02G037700 TraesCS7D02G136500 TRITD7Av1G040550 TRITD7Bv1G014150
AET7Gv20347000 TraesCS1A02G035700 n/a TraesCS7D02G136700 TRITD1Av1G007560 TRITD1Bv1G009800
AET7Gv20347100 TraesCS1A02G035800 TraesCS1B02G045700 TraesCS7D02G136800 n/a n/a

255



Table S11 Putative wheat orthologs of genes under the peak V associated with B-type granule number. Blast searches were used

to identify the putative T. aestivum and T. turgidum orthologs of the genes under peak V associated with B-type granule number (Figure

4.2 and Table S5). n/a = genes with no putative ortholog, some genes had more than one putative ortholog in wheat and in these cases

all putative orthologs are listed. Genes with endosperm expression, for T. aestivum where the mean TPM = 1 and for T. turgidum where

the mean TPM 2 1 for at least one timepoint in the dataset from Chen et al. (2023a), are in bold.

G T. aestivum T. turgidum
ene A genome B genome D genome A genome B genome
AET3Gv20188700 TraesCS3A02G087500 TraesCS3B02G102900 TraesCS3D02G087600 TRITD3Av1G025330 TRITD3Bv1G029060
AET3Gv20188900 n/a n/a TraesCS3D02G087700 n/a n/a
AET3Gv20189300 TraesCS3A02G087700 TraesCS3B02G103100 TraesCS3D02G087800  TRITD3Av1G025410 TRITD3Bv1G029070
AET3Gv20189500 TraesCS3A02G087800 TraesCS3B02G103200 TraesCS3D02G087900 TRITD3Av1G025470 TRITD3Bv1G029200
AET3Gv20190600 n/a n/a TraesCS3D02G 088400 n/a n/a
TraesCS3D02G088500  TRITD3Av1G025580
AET3Gv20190800 TraesCS3A02G088500 n/a TraesCS3D02G088600  TRITD3Av1G025600 n/a
s
AET3Gv20190900 TraesCS3A02G088300 TraesCS3D02G088700 n/a TRITD3Bv1G029430
TraesCS3B02G 104000 TRITD3By1G029420
TraesCS3B02G 103700
AET3Gv20191000 TraesCS3A02G088700 TraesCS3B02G104100 TraesCS3D02G088800 TRITD3Av1G025630 TRITD3Bv1G029570
PGSB gene 23181 n/a n/a n/a n/a n/a
AET3Gv20191100 n/a n/a TraesCS3D02G088900 n/a n/a
AET3Gv20191300 TraesCS3A02G088900 TraesCS3B02G104200 TraesCS3D02G089000 TRITD3Av1G025670 TRITD3Bv1G029590
AET3Gv20191400 n/a TraesCS3B02G104300 TraesCS3D02G089100 n/a TRITD3Bv1G029640
AET3Gv20191600 TraesCS3A02G089000 TraesCS3B02G104400 TraesCS3D02G089200 TRITD3Av1G025700 TRITD3Bv1G029660

256



Table $11 Putative wheat orthologs of genes under the peak V associated with B-type granule number. (continued)

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET3Gv20191700 n/a n/a TraesCS3D02G089300 n/a n/a
AET3Gv20191900 n/a n/a n/a n/a n/a
AET3Gv20192200 TraesCS3A02G089300 TraesCS3B02G104600 TraesCS3D02G089600 TRITD3Av1G025770 TRITD3Bv1G029760
AET3Gv20192600 n/a n/a TraesCS3D02G089700 n/a n/a
AET3Gv20192700 n/a TraesCS3B02G104900 TraesCS3D02G089800 n/a n/a
AET3Gv20193700 n/a n/a n/a n/a n/a
AET3Gv20194600 n/a n/a n/a n/a n/a
AET3Gv20194700 n/a n/a n/a n/a n/a
PGSB gene 23212 n/a TraesCS3B02G 105400 TraesCS3D02G090100 n/a TRITD3Bv1G029960
AET3Gv20195000 TraesCS3A02G090000 TraesCS3B02G105300 TraesCS3D02G090000 TRITD3Av1G025880 n/a
AET3Gv20196600 n/a n/a n/a n/a n/a
AET3Gv20197700 TraesCS3A02G090100 TraesCS3B02G105600 TraesCS3D02G090200 TRITD3Av1G025890 TRITD3Bv1G029980
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Table S12 Putative wheat orthologs of genes under the peak W associated with B-type granule number. Blast searches were

used to identify the putative T. aestivum and T. turgidum orthologs of the genes under peak W associated with B-type granule number

(Figure 4.2 and Table S5). n/a = genes with no putative ortholog, some genes had more than one putative ortholog in wheat and in these

cases all putative orthologs are listed. Genes with endosperm expression, for T. aestivum where the mean TPM = 1 and for T. turgidum

where the mean TPM = 1 for at least one timepoint in the dataset from Chen et al. (2023a), are in bold.

Gene T. aestivum T. turgidum
A genome B genome D genome A genome B genome
AET3Gv20318700  TraesCS3A02G132000 TraesCS3B02G167400 TraesCS3D02G 148300 n/a n/a
AET3Gv20318800 TraesCS3A02G132100 TraesCS3B02G167300 TraesCS3D02G148400 TRITD3Av1G053970  TRITD3Bv1G063170
AET3Gv20319100  TraesCS3A02G132300 TraesCS3B02G167200 TraesCS3D02G148500 TRITD3Av1G053900  TRITD3Bv1G063110
AET3Gv20319200  TraesCS3A02G132400 TraesCS3B02G167100 TraesCS3D02G148600 TRITD3Av1G053830  TRITD3Bv1G063070
AET3Gv20319400 1" :gzgggﬁggg;ggggg TraesCS3B02G167000 TraesCS3D02G148900 TRITD3Av1G053790  TRITD3Bv1G062940
AET3Gv20319500 n/a TraesCS5B02G541900 TraesCS3D02G 148800 n/a TRITD5BV1G 248560
AET3Gv20319800 TraesCS3A02G132700 TraesCS3B02G166900 TraesCS3D02G149000 n/a n/a
AET3Gv20319900 TraesCS3A02G132800 TraesCS3B02G166800 TraesCS3D02G149100 TRITD3Av1G053630  TRITD3Bv1G062890
AET3Gv20320100  TraesCS3A02G132900 TraesCS3B02G166700 TraesCS3D02G149200  TRITD3Av1G053610  TRITD3Bv1G062880
AET3Gv20320700  TraesCS3A02G133100 TraesCS3B02G166500 TraesCS3D02G149300  TRITD3Av1G053550 n/a
AET3Gv20320800 TraesCS3A02G133200 TraesCS3B02G166400 TraesCS3D02G149400 TRITD3Av1G053530  TRITD3Bv1G062840
AET3Gv20321000 TraesCS3A02G133300 TraesCS3B02G166200 TraesCS3D02G149500 TRITD3Av1G053490  TRITD3Bv1G062820
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Table S13 Clust analysis grouped the putative T. turgidum orthologs of the genes under the GWAS peaks, and starch granule
initiation genes into five clusters. The putative T. turgidum orthologs in each cluster are listed, starch granule initiation genes are in
bold with the common name in brackets. Blank cells are due to non-equal cluster sizes, T. turgidum putative orthologs not present in this

table did not fall into a cluster, n = number of genes.

Cluster One Cluster Two Cluster Three Cluster Four Cluster Five
(n = 34) (n=4) (n=9) (n = 30) (n=17)
TR'T(?W1,'__3,;’ 11_?_(";2760 TRITD3Av1G025880 TR'T('E:‘I;’;_?_%“GQO TR'T'?gg‘gf’g;"‘S“o TRITD3AV1G246730
TRITD3Av1G244480 TRITD3Av1G245260 TRITD3Av1G025670 TRITD1Av1G045900 TRITD3Av1G249570
TRITD3Av1G244760 TRITD3Bv1G239920 TRITD3Av1G053550 TRITD2Bv1G212980 TRITD3Bv1G236270
TRITD3Av1G244950 TRITD7Av1G040260 TRITD3Av1G247910 TRITD3Av1G053630 TRITD3Bv1G240700
TRITD3Av1G244960 TRITD3Av1G250300 TRITD3Av1G053970 TRITD7Av1G039430
TRITD3Av1G245020 TRITD3Bv1G241980 TRITD3Av1G244740 TRITD7Av1G040510
TRITD3Av1G245050 TRITD3Bv1G242100 TRITD3Av1G245270 TRITD7Bv1G012830
TRITD3Av1G247480 TRITD7Av1G040190 TRITD3Av1G245750
TRITD3Av1G248050 TRITD7Bv1G013800 TRITD3Av1G246370
TRITD3Av1G248460 TRITD3Av1G246380
TRITD3Av1G248490 TRITD3Av1G246490
TRITD3Av1G248980 TRITD3Av1G247490
TRITD3Av1G249950 TRITD3Av1G249750
TRITD3Av1G249990 TRITD3Av1G250390
TRITD3Av1G250420 TRITD3Bv1G029060
TRITD3Bv1G029590 TRITD3Bv1G236910
TRITD3Bv1G235790 TRITD3Bv1G239650
TRITD3Bv1G235920 TRITD3Bv1G239720
TRITD3Bv1G236520 TRITD3Bv1G239880
TRITD3Bv1G236670 TRITD3Bv1G241170
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initiation genes into five clusters. (continued)

Table S13 Clust analysis grouped the putative T. turgidum orthologs of the genes under the GWAS peaks, and starch granule

Cluster One Cluster Two Cluster Three Cluster Four Cluster Five
(n = 34) (n=4) (n=9) (n = 30) (n=17)

TRITD3Bv1G236900 TRITD3Bv1G241230
TRITD3Bv1G237360 TRITD3Bv1G241690
TRITD3BV1G240280 TR'T'?;Q‘SEA;’%“
TRITD3Bv1G240580 TRITD5Av1G021950
TRITD3Bv1G240920 TR'T'?gZ‘Qf_;:)osG"o
TRITD3Bv1G240990 TRITD5Bv1G022310
TRITD3Bv1G241610 TRITD7Av1G039500
TRITD4Av1G231640 TRITD7Av1G039520
TR'TD(%“,;’ éfqo)msso TRITD7Av1G046280
TRITD7Av1G039380 TRITD7Bv1G013060
TRITD7Bv1G012550

TRITD7Bv1G012840

TRITD7Bv1G012910

TRITD7Bv1G013510
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Appendix Two: Synthesized DNA

pET-28a with LDA cDNA. Yellow = His-tag, Purple = LDA, Pink = T7 promoter, Green

= Kanamycin resistance gene, Orange = Ndel site, Turquoise = Notl site

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTA
CGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCT
TCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCT
CCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGG
GTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTT
GGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTA
TCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAA
ATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTC
AGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATAC
ATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCGAGCATCAAATGAA
ACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAAT
GAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCT
GCGATTCCGACTCGTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGG
TTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGTT
TATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCA
CTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGC
GATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACAC
TGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGC
TGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAA
TGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATC
TGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGG
GCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCAT
TTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTT
TCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTT
ATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCC
GTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTT
GCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACC
AACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTC
TAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCT
CGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACC
GGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGG
GGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCT
ACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGT
ATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGG
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AAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGA
TTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCC
TTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATC
CCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGC
AGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGA
TGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTCT
CAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACG
TGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGAC
GGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCT
GCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAA
GCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCA
GCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTT
AAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTC
ATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATG
ATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCG
GCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTA
GGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTG
CAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATT
CATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCG
CGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCC
TCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATG
GCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAG
GGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCG
AAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTG
CATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCG
GAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTA
ATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGA
AACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTG
CGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATT
GCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCC
CCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTC
TTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCG
GTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTG
GGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCC
AGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAG
CCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATT
TGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGG
GAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAA
CATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAAT
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GATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTC
GACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCG
AGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGG
CAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAA
TGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTG
GCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGC
GACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGC
GCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGAC
GCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTT
GAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCC
CGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAG
TGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCA
CCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTC
GATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCC
TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATC
ATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCGGCCGGCGAG
ACCGGCGCCTCCGTCTCCGTCTCCGCCGCCGAGGCCGAGGCCGAGTCCACCCAGG
CGTTCATGCCGGACGCCAGGGCGTACTGGGTGACGAGCGACCTCATCGCTTGGAAC
GTCGGCGAGCAGGAAGCGGCGTCCGTCTGCCTGTACGCCAGCAGAGCCGCCGAGAT
GGGCCTCTCGCCGTCGAATGGCGGCATCCAAGGCTACGACTCCAAGGTTGAGCTGCA
ACCGGAGAGCGCCGGGCTCCCGGAAACCGTGACCCAGAAGTTCCCCTTCATCAGCA
GTTACAGAGCGTTCAGTGTCCCGAGCTCTGTCGACGTCGCCAGCCTCGTGAAATGCC
AACTGGTCGTGGCTTCTTTTGGTGCTGACGGGAAACACGTAGATGTTACAGGACTGCA
GTTACCCGGCGTACTGGATGACATGTTCGCGTACACAGGACCGCTTGGTGCGGTTTT
CAGCGAGGAATCCGTGAGCCTCCACCTTTGGGCTCCTACAGCACAGGGTGTGAGTGT
GTGCTTCTTTGATGGTCCAGCGGGCCCTGTGCTGGAGACGGTTCAGCTCGAGGAGTC
AAATGGAGTTTGGAGTGTTACTGGACCAAGAGAGTGGGAAAACCGGTATTATTTGTATG
AAGTCGACGTGTATCATCCAACCAAGGCGCAAGTTCTGAAATGTTTAGCTGGTGACCC
GTATGCTAGAGGCCTTTCCGCAAATGGCGCGCGGACCTGGTTGGTTGACATTAACAAT
GAAACACTGAAGCCAGCTTCCTGGGATGAATTGGCCGATGAGAAGCCAAAACTTGATT
CCTTCTCTGACATAACCATCTACGAATTGCACATTCGTGATTTTAGCGCCCATGATGGC
ACAGTGGACAGTGACTCTCGTGGAGGATTTCGTGCATTTGCATATCAGGCCTCGGCAG
GAATGCAGCACCTACGGAAATTGTCTGATGCTGGTTTGACGCATGTGCATTTGTTGCC
AAGCTTTCATTTTGCTGGCGTTGACGACATTAAGAGCAACTGGAAATTTGTCGATGAGT
GTGAACTGGCAACATTCCCTCCAGGATCAGATAAGCAACAAGCAGCAGTAGTAGCTAT
TCAGGAAGAGGACCCTTATAATTGGGGGTATAACCCTGTACTCTGGGGGGTTCCAAAA
GGAAGCTATGCAAGTGACCCTGATGGCCCGAGTCGCATTATTGAATACCGTCAGATGG
TTCAGGCCCTCAATCGCATAGGCCTTCGTGTTGTCATGGATGTTGTATACAATCATCTA
GACTCAAGTGGCCCCTGCGGTATCAGCTCAGTGCTTGACAAGATCGTTCCTGGGTACT

263



ATGTTAGAAGAGATACTAATGGCCAGATTGAGAACAGTGCAGCTATGAACAATACAGCA
AGTGAGCATTTCATGGTTGATAGGTTAATCGTGGATGACCTTTTGAACTGGGCAGTAAA
CTACAAAATTGATGGGTTCAGATTTGATCTTATGGGCCATATCATGAAACACACCATGAT
GAGAGCAAAATCTGCTCTCCAAAGCCTTACAAGGGATGCACATGGAGTTGATGGTTCA
AAAATATACTTGTATGGTGAAGGATGGGACTTCGCTGAAGTTGCACGCAATCAACGTG
GAATAAATGGATCCCAGCTTAATATGAGTGGAACGGGGATTGGTAGCTTCAATGATAGA
ATCCGGGATGCTGTTAATGGGGGTAATCCATTTGGTAACCCACTACAGCAAGGCTTTAA
TACTGGTCTGTTCTTAGAGCCGAATGGGTTTTATCAGGGCAATGAAGCAGATACCAGG
CGCTCGCTCGCTACTTACGCTGACCAAATACAGATTGGACTAGCTGGTAATCTGAGGG
ATTATGTACTAATAACTCATACTGGAGAAGCTAAGGAGGGATCAGAAATTCACACTTTCG
ATGGATTACCAGTCGGCTATACTTCGTCCCCGATAGAAATAATAAACTATGTTTCTGCTC
ATGACAATGAGACTCTGTTTGATGTTATCAGTGTAAAGACCCCAATGAACCTTTCAGTT
GATGAGAGATGCAGGATAAATCATTTGGCCTCCAGCATGATGGCATTATCCCAGGGAAT
ACCCTTTTTCCATGCTGGTGACGAGATACTAAGATCTAAGTCCATTGATCGAGATTCATA
CAACTCTGGTGATTGGTTTAACAAGCTTGATTTTACCTATGAAACAAACAATTGGGGTG
TTGGGCTTCCTCCAAGTGAAAAGAACGAAGATAATTGGCCCCTGATGAAACCAAGATT
GGAAAATCCATCTTTCAAACCTGCAAAAGGACACATTCTTGCTTCCCTAGACAGTTTTG
TTGATATCTTGAAGATCAGATACTCATCTCCGCTTTTTCGTCTTAGTACAGCAAGTGACA
TTAAGCAAAGGGTTCGCTTTCACAACACAGGGCCCTCCTCAGTCCCAGGTGTTATTGT
CATGGGCATTGAAGATGCACGAGATGAGAAGCCCGAGGTGGCTCAGTTAGATGCGAA
CTTCTCTTATGTTGTAACTGTCTTCAATGTGTGTCCGCACGAAGTATCCATGGATATTCC
AGCCCTCGCTTCAATGCGGCTTGAATTGCATCCTGTGCAGGTGAATTCATCAGATGCT
TTGGTGGGGAAATCTGTGTACGAGGCCGCGACGGGCAGGTTCACTGTGCCCAGAAG
AACCGTGTCAGTCTTTGTTGAACCTCGGTGTTGAGCGGCCGCACTCGAGCACCACCA
CCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGC
TGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGG
GGTTTTTTGCTGAAAGGAGGAACTATATCCGGAT
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Appendix Three: Supplementary Figures

| CBM21-like

80 90 100 110 120 130 140 is50 160 170

Lo (N I OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAIIMGLSPSNGGIQGYDSKVELQPESH\GLPETVTQKFPFISSYRAFVPSSVDVASLVK
kie o LI MM OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAIXMGLSP SNGGIQGYDSKVELQPESHGLPETVTQKFPFISSYRAFVPSSVDVASLVK
ke e\ L B OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAIYMGLSP SNGGIQGYDSKVELQPESHGLPETVTQKFPFISSYRAFVPSSVDVASLVK
TOWWC168 :

TOWWC095
TOWWC002
TOWWC110 :
ke LY B OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAI¥MGLSP SNGGIQGYDSKVELQPESHGLPETVTQKFPFISSYRAFVPSSVDVASLVK
ke | LT MM OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAXMGLSP SNGGIQGYDSKVELQPESHGLPETVTQKFPFISSYRAFVPSSVDVASLVK
ke e OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAIXMGLSP SNGGIQGYDSKVELQPESHGLPETVTQKFPFISSYRAFVPSSVDVASLVK
bie G XN OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAIXMGLSP SNGGIQGYDSKVELQPESHGLPETVTQKFPFISSYRAFVPSSVDVASLVK
fie M B OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAA H

e | GV EOAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAIXMGLSP SNGGIQGYDSKVELQPESHGLPETVTQKFPFISSYRAFVPSSVDVASLVK
fie K] BN OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAIYMGLSPSNGGIQGYDSKVELQPESKHGLPETVTQKFPFISSYRAFEVPSSVDVASLVK]
fie (MY B OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAAL R

ke o N OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAA

ke (e V- B OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAA

fiie ) o VLB OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAA

ke (3R Y B OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAA

fie G BN OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAA

el (o OAFMPDARAYWVTSDLIAWNVGEQEAASVCLYASRAA

TOWWCO016
TOWWC046
TOWWCO059
TOWWC168
TOWWCO095 [efedf’y

TOWWC002 CQLVVHSF GADGKHMDVTGLQLP GVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDGP)

TOWWC110 CQLVVHSF GADGKHNDVTGLQLP GVLDDMFAYTGPLGAVFSEESVSLHLWAP TAQGVSVCFFDGPHGPVLETVQLE SNGVWSVTGPREWENRY|
TOWWCO057 [efelAY SFGADGKHMDVTGLQLPGVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDGPHGPVLETVQLESNGVWSVTGPREWENRY
TOWWCO056 CQLVVHSF GADGKHMDVTGLQLP GVLDDMFAYTGPLGAVFSEESVSLHLWAP TAQGVSVCFFDGPHGPVLETVQLE SNGVWSVTGPREWENRY|
TOWWCO090 CQLVVHSF GADGKHMDVTGLQLP GVLDDMFAYTGPLGAVFSEESVSLHLWAP TAQGVSVCFFDGPHGPVLETVQLE SNGVWSVTGPREWENRY|
TOWWC193 [efelAs SFGADGKHMDVTGLQLPGVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDGPHGPVLETVQLESNGVWSVTGPREWENRY
TOWWC179 CQLVVHSF GADGKHMDVTGLQLP GVLDDMFAYTGPLGAVFSEESVSLHLWAP TAQGVSVCFFDGPHGPVLETVQLE SNGVWSVTGPREWENRY|
TOWWC172 CQLVVHSF GADGKH*DVTGLQLP GVLDDMFAYTGPLGAVFSEESVSLHLWAP TAQGVSVCFFDGPHGPVLETVQLE SNGVWSVTGPREWENRY|
TOWWC139 CQLVVHSF GADGKHHDVTGLQLP GVLDDMFAYTGPLGAVFSEESVSLHLWAP TAQGVSVCFFDGPHGPVLETVQLE SNGVWSVTGPREWENRY|

-

TOWWC177 SFGADGKHLDVTGLQLPGVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDGP)GPVLETVQLIYESNGVWSVTGPREWENRY
TOWWCO010 ASFGADGKH)YDVTGLOQLPGVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDGPLIGPVLETVQLPESNGVWSVTGPREWENRY
TOWWC028 ASFGADGKHYDVTGLQLPGVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDG

TOWWC025 vDVTGLQLPGVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDG

TOWWC187

MDVTGLQLP GVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDG
TOWWC106 [efekATs SFGADGKHVDVTGLQLPGVLDDMFAYTGPLGAVFSEESVSLHLWAPTAQGVSVCFFDGP”
TOWWC021 CQLVVaSF GADGKH\YDVTGLQLPGVLDDMFAYTGPLGAVFSEESVSLHLWAP TAQGVSVCFFDGPEGPVLETVQLE SNGVWSVTGPREWENRY|

Figure S1 Alignment for amino acids 79-266 of LDA for accessions with low and high B-type granule diameters. Accessions are
arranged from lowest (top) to highest (bottom). The A140T and E248D mutations are marked with *, mutations exclusively found in
TOWWC177 are marked with 1. Residue colouring is the same as described in Figure 5.9a, and the corresponding protein domains are

above all alignments.
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Catalytic domain

TOWWCO016
TOWWC04 6 MovLkcL
Lol | I YTL.YEVDVYHP TKL\QVLKCL
TOWWC168 YLYEVDV!HPTKHQVLKCL
TOWWCO095 YLYEVDVYHPTKHQVLKCL
TOWWC002 YLYEVDVYHPTKHQVLKCL
TOWWC110
TOWWCO057
TOWWCO56
TOWWC090
TOWWC193
TOWWC179 ; B
TOWWC172 YLYEVDVYHPTKHQVLKCLA eDPYARGLSANGARTWLVDINNETLKPASWDELFL
TOWWC139 YLYEVDVYHPTKHQVLKCL eDPYARGLSANGARTWLVDINNETLKPASWDEL)
kel [N MYTL.YEVDVYHP TKeQVLKCLADP YARGLSANGARTWLVD INNETLKPASWDEL)|

ke ) VY L.YEVDVYHP TKI\QOVLKCLA[eDP YARGLSANGARTWLVD INNETLKPASWDEL|

TOWWC028 YLYEVDVYHPTKHQVLKCL eDPYARGLSANGARTWLVDINNETLKPASWDEL)
ke ) LM YL.YEVDVYHP TKL\QVLKCLA[EDP YARGLSANGARTWLVD INNETLKPASWDEL),
TOWWC187 YLYEVDVYHPTKHQVLKCL eDPYARGLSANGARTWLVDINNETLKPASWDELF
ko) (G IYLYEVDVYHP TKL\QOVLKCLA[EDP YARGLSANGARTWLVD INNETLKPASWDEL)
ke ) IV L.YEVDVYHP TKLQVLKCLA[EDP YARGLSANGARTWLVD INNETLKPASWDEL|

TOWWCO016
TOWWCO046
TOWWCO059
TOWWC168
TOWWC095 DAGLTHVHLLPSFHFAGVDDIKSNWKFVDECELATFPPGSDLUQQAAVVAIQEEDPYNWGYNPVLWGVPKGSYASDPDGP
TOWWC002 l'.QQAAVVAIQEEDPYNWGYNPVLWGVP KGSYASDPDGP
TOWWC110 OQOAAVVAIQEEDPYNWGYNPVLWGVPKGSYASDPDGP
TOWWCO057 QQAAVVAIQEEDPYNWGYNPVLWGVPKGSYASDPDGP
TOWWCO056
TOWWC090
TOWWC193 DAGLTHVHLLPSFHFAGVDDIKSNWKFVDECELATFPPGSDLUQOQAAVVAIQEEDPYNWGYNPVLWGVPKGSYASDPDGP
TOWWC179 DAGLTHVHLLPSFHFAGVDD IKSNWKFVDECELATFPPGSDI*‘QQAAVVAIQEEDPYNWGYNPVLWGVP KGSYASDPDGP
TOWWC172
TOWWC139
TOWWC177
TOWWCO010
TOWWC028
TOWWC025
TOWWC187
TOWWC106
TOWWCO021

Figure S2 Alignment for amino acids 267-454 of LDA for accessions with low and high B-type granule diameters. Accessions are
arranged from lowest (top) to highest (bottom). Mutations exclusively found in TOWWC177 are marked with 1. Residue colouring is the

same as described in Figure 5.9a, and the corresponding protein domains are above all alignments.
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Catalytic domain

46(_) 479 48(_) 49(_) 509 51(_) 52(_) 539 54(_)
TOWWCO016 GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNY
TOWWCO046 GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
TOWWCO059 GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNY
TOWWC168 GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
TOWWCO095 GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
TOWWCO002 SRIIEYROMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTLGOQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
TOWWC110 SRITEYROQMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTLHGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
TOWWCO057 GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNY
TOWWCO056 GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
TOWWCO090 GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
TOWWC193 SRIIEYROMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTLGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNY
ko' | S WIBESRIIEYROMVOQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTLGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK!
kel | GV EEISRITEYROMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRD T GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK!
kol | G K BESRIIEYROQMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTLGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK!
kol S W NEESRIIEYROMVOQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTiGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
kel | [ IVISRITEYROQMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTYGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK!
TOWWC028 SRITEYROQMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTLNGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
kel | I FIEESRIIEYROMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRD T GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK!
kel S YEESRITEYROQMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTLYGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK]
kel | G EESRIIEYROMVOQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRD TN GQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNYK!
kel o IFPAMISRIIEYROMVQALNRIGLRVVMDVVYNHLDSSGPCGISSVLDKIVPGYYVRRDTIGQIENSAAMNNTASEHFMVDRLIVDDLLNWAVNY
Catalytic domain |
550 560 570 580 590 600 610 620 630 640
Lol | (AN M RFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
kel oI I M RFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
Lol | (LT BERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
TOWWC168
TOWWCO095
TOWWC002
TOWWC110
Lol (I LYy MERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
el | (I LT MM RFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
kel (oL VERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
Lol | G EXKEERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
e WL BERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
e | W EERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
Lol K BERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
fvel | Wy BERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
kel o AVEIRFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
kel (o[ IFI: BERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
el I P LEERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
Lo (G- Y EERFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
el | I RFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG
kive ') oI PANIRFDLMGHIMKHTMMRAKSALQSLTRDAHGVDGSKIYLYGEGWDFAEVARNQRGINGSQLNMSGTGIGSFNDRIRDAVNGGNPFGNPLQQGFNTG

Figure S3 Alignment for amino acids 455-642 of LDA for accessions with low and high B-type granule diameters. Accessions are
arranged from lowest (top) to highest (bottom). Mutations exclusively found in TOWWC177 are marked with 1. Residue colouring is the

same as described in Figure 5.9a, and the corresponding protein domains are above all alignments.
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Catalytic domain

650 660 670 680 690 700 710 720 730

fie o FLEPNGF YQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKIYGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke[ LI BT FLEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKI¥GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke e/ L BT F LEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKI¥*GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
fie (G- BT FLEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKI¥GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke e LT FLEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKI¥GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke o AT F LEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKI¥GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke BV NT.FLEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKIXGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke e LY BT F LEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAK¥GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke o LI L F LEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAK¥GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke eV NT.FLEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKIYGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL

TOWWC193 FGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL,|
TOWWC179 GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL,
TOWWC172 GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
TOWWC139 FGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL,

fie GV BT FLEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKIGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke eV FLEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKYGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke ) (o V- BT F LEPNGF YQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKI¥GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL
ke e P BT F LEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKIYGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL

TOWWC187 HGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNL]

TOWWC106 GSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNLI)

TOWWC021 LFLEPNGFYQGNEADTRRSLATYADQIQIGLAGNLRDYVLITHTGEAKYGSEIHTFDGLPVGYTSSPIEIINYVSAHDNETLFDVISVKTPMNI)
Catalytic domain

749 759 769 779 78(_) 799 809 819 829 83(_)

kie ) (o I M SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL
ke (e[ I I SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL
ke ) (o L1 B SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL
kol (N BN SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWPLMKPRLENPSFKPAKGHIL
ke (o ' L SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL
kie ) (o YA SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL
fie R SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWPLMKPRLENPSFKPAKGHIL
TOWWCO057
TOWWCO056
TOWWCO090
TOWWC193
o (VB SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWPLMKPRLENPSFKPAKGHIL
fie (G VA SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDF TYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL
kel (k' BN SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWPLMKPRLENPSFKPAKGHIL
fie G My B SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL
TOWWC010
TOWWC028
TOWWC025
TOWWC187
ke G SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL
ke | (eI VAR SVDERCRINHLASSMMALSQGIPFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFKPAKGHIL

Figure S4 Alignment for amino acids 643-830 of LDA for accessions with low and high B-type granule diameters. Accessions are
arranged from lowest (top) to highest (bottom). Mutations exclusively found in TOWWC177 are marked with 1. Residue colouring is the

same as described in Figure 5.9a, and the corresponding protein domains are above all alignments.
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| Catalytic domain | C-terminal domain

840 850 860 870 880 890 900 910 920
ke | [ RA L. DSFVDILKIRYSSPLFRLSTASDIKQRVRFHNTGPSSVPGVIVMGIEDARDEL
TOWWCO046 ). K
TOWWCO059
TOWWC168
TOWWC095

ke | [ P RIAITL.DSFVDILKIRYSSPLFRLSTASDIKQRVRFHNTGPSSVPGVIVMGIEDARDEIIPE AQLDHNFSYVVTVFNVCPHEVSMDIPALASMRLEL

ke | (G RV AN L.DSFVDILKIRYSSPLFRLSTASDIKQRVRFHNTGPSSVPGVIVMGIEDARDEL PE¥AQLDHNFSYVVTVFNVCPHEVSMDIPALASMRLEL

ke (oI LY AT DSFVDILKIRYSSPLFRLSTASDIKQRVRFHNTGPSSVPGVIVMGIEDARDERPENMAQLDEINFSYVVTVEFNVCPHEVSMDIPALASMRLEL

TOWWCO056 ). PENYAQLDIINFSYVVTVFNVCPHEVSMDIPALASMRLEL

ke | (o LTV IAL LDSFVDILKIRYSSPLFRLSTASDIKQRVRFHNTGPSSVPGVIVMGIEDARDEKPE AQLDHNFSYVVTVFNVCPHEVSMDIPALASMRLEL

ke | (GEXEATL.DSFVDILKIRYSSPLFRLSTASDIKQRVRFHNTGPSSVPGVIVMGIEDARDEL PE“AQLDHNFSYVVTVFNVCPHEVSMDIPALASMRLEL
i AP E|

TOWWC179 INFSYVVIVENVCPHEVSMDIPALASMRLEL
TOWWC172 ) AP E| HNFSYVVTVFNVCPHEVSMDIPALASMRLEL
TOWWC139 V. PEHAQLDHNFSYVVTVFNVCPHEVSMDIPALASMRLEL
TOWWC177 A R PElnAQLD*NFSYVVTVFNVCPHEVSMDIPALASMRLEL
TOWWCO010 3 PEaAQLD ANFSYVVTVFNVCPHEVSMDIPALASMRLEL
TOWWC028 ). P E| AQLDHNFSYVVTVFNVCPHEVSMDIPALASMRLEL
TOWWC025 K PE“AQLD ANFSYVVTVFNVCPHEVSMDIPALASMRLEL
TOWWC187 AP E| AQLDHNFSYVVTVFNVCPHEVSMDIPALASMRLEL

TOWWC106 ). K PE“AQLD INFSYVVTIVENVCPHEVSMDIPALASMRLEL
kve ) (oI VAL L.DSFVDILKIRYSSPLFRLSTASDIKQRVRFHNTGPSSVPGVIVMGIEDARDE; PE“AQLDENFSYVVTVFNVCPHEVSMDIPALASMRLEL

| C-terminal domain

930 940 950 960

ke | [ B HP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [ LI M HPVOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [\ LI B HP VOVNSSDALVGKSVYEAATGRF TVPRRTVSVFVEPRC|
ke | [T B HPVOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [ LB HPVOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [V EHP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [V HP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [\ LY B HP VOVNSSDALVGKSVYEAATGRF TVPRRTVSVFVEPRC|
ke | [ LI HP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [ VIHP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
kie | [GEXEHP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC
ke GV BEHP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC
kie | GV FEEHPVOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC
ke | (G KT BEHP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [ VY BHP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [ VI HP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke /(eI BIHP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [« VLB HPVOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ko)) (3R:- Y A HP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC
ke | (G HP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|
ke | [ VIR HP VOVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC|

Figure S5 Alignment for amino acids 831-963 of LDA for accessions with low and high B-type granule diameters. Accessions are
arranged from lowest (top) to highest (bottom). Mutations exclusively found in TOWWC177 are marked with 1. Residue colouring is the
same as described in Figure 5.9a, and the corresponding protein domains are above all alignments. Numbering is relative to the Ae.

tauschii sequence.
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Transit peptide

1 30 a0 50

Aegilops_tauschii_AET7Gv20336800.1 .MPMPMRTMLLRH[IS[P|. . ASALPNPRRSPASSPQRIPA. . ... .RARPPP...LHSARTTALR
Hordeum_vulgare AAF98802.1 i e et e e e e et e e e e e e e e e e e e e 1 R @ oie am e e e e e e e e e e e e e e e w e e e e S
Triticum_aestivum TraesCS7D02G133100.1 MPMPMRTMLLRH,| . .ASALPNPRRSPASSPQRIPA.. ... RARPPP. ..LHSARTTALR
Triticum_aestivum_TraesCS7A02G133500.2 .MPMPMRTMLLRH . .APALPNPRRSSASSPQRRPA.. ... RARPPP. . .LHSARATALR
Triticum_aestivum TraesCS7B02G034600.1 . . . . . . . . .t ittt ittt ot ee et a et ee st et e e MRTMLLRH . .ASALPNPRPSSASSPQRIPA..... RARPPP...LHSARATALR
Triticum_turgidum TRITD7Av1G039520.5 MPMPMRTMLLRH,| . .APALPNPRRSSASSPQRRPA. . ... RARPPP. ..LHSARATALR
Triticum_turgidum TRITD7Bv1G013060.1 MPMPMRTMLLRH . .ASALPNPRRSSASSPQRIPA..... RARPPP. . .LHSARATALR
Triticum_urartu EMS57285.1 e e e et e e e e e e e e e e e e e e e e .
Brachypodium_distachyon_KQJ81407.1 MPMPILQOMOLRHLNPPFTPQANRPRSSSSSASPRGAP.. ... RSAPSPSPSPHSARAAALGTPAAAA
Sorghum_bicolor_XP_021318023.1 MOMLLHAGPSFQLAPPPR.FAAAAAPSSASPRRSRTP.. ... QOSSPPT...SHSARAAAPGARR.VR
Zea_mays_XP_008668612.1 ...MLLHAGPSFLLAPPPR.FAAA. .PSSASPRRSRTP.. ... .QSSPPT...SHFARPADPVAQR.VR
Setaria_italica_XP_004975057.1 .MOMLLHASSAFALAPPP...LVAAAPSSASPRRSGAA .QASPLP...AHSARAGARGTLR.VL
Panicum_hallii_ XP_025824065.1 MOMLLHAISGFALAPPPRIAAAAAAPSSASPRRSGAA.. ... RASPPP. . .AHSARAAAPGTLR.VL
Oryza_sativa_Japonica_Group_ACYS6102.1 . . . .. ittt ittt it e e e e e e e e e e e e e e N . e e e e e e e e e e e e e e e e e e . .
Oryza_brachyantha XP_015691367.1 MPTLLHVNPLLAPPTTPRLFAPSASPRRSGSARQRHA. ... . HSARAAALGTRKRAPAAAV B
Asparagus_officinalis_ONK57269.1 ....MPFAPLLSPPPLPLSSLQILPISLSPIP.......... QISVPNPRTSSPLRSLRFPARIRDRT
Nelumbo_nucifera XP_010267259.1 ....MSITSPLS|[ICPISSTSRKLPSSGYFFSPPISRF RSSCITIPSTSLHLSSLSRQRGKR. .
Populus_euphratica_XP_011024341.1 MMVLTSLSSSLLSSLSSLTGLRPSNSNVCFSS.SLPSPRRRLNRK PNHHHRNRHLSLPLLSR..TSPTR. .
Corchorus_capsularis_OMO65703.1 . .MFDVLSLPSS[LLPPSRPPLTPAKPRYIPTDPLLRR. ... . RLHP .QPDLFLSRPFS.FPSSPKQ. .
Herrania umbratical XP_021295293.1 . .MFDVLSLPLS[LLP.STPPATPAKPLQCPATTPIRR. ... . RLYT.KPSPLLSRPFS.FTSSPKQ. .
Theobroma_cacao_EOY18848.1 . .MFDVLSLPLS[LLP.STPPATPAKPLHECPATTRIRR. ... . RLYT.KPNPLLSRPFS.FTSFPKL. .
Gossypium_arboretum KHG14018.1 . .MVDVLCVPFPVLQ.SSPSLS.FKPRLCPLIPPLRR.. ... RLHL.KSNPLLFPLFSSSPSFFKL. .
Manihot_esculenta —_ XP_021626046.1 MSIVVSKSLPS.|V|ISPSIPNIHFSTFSSPS..SSRSRL..... ILRQYQCHHLPFPLCFR. .TFHRC. .
Ricinus_communis_XP_002532780.1 .MSLLFSFQALP.LVPSLTITGISSSSLPYGLPHRFNP.. ... KLNNDNSHRQLLYRSSNPKTSFKY. .
Fragaria_ vesca_subsp._vesca XP_011469607.1 MSLGCWTTYGEINLRKKKYSQKKIEKLETEVEQQKGSGKKQRKPIFSDMGIYTCSLLLPPPTVNSHFPNHIRHAFSSSSIRC. ... RFTS . HPKPKPIFSFPPTSANFSR. .
Actinidia deliciosa_A0Q26240.1 MSLLRLSPSNLLSAVTTPPESNRVCPRIHLKKKETS. .. .. ALTRQRLGFNRTFRFN...TFQRQ. .
Coffea_canephora_CD099808.1 MSVVTISSSIPVLLPLLCSTPIPSSRSVLHHRIRNIHFNTSCVL PLESNNQSYLTRHPLGVAANIYPTGL
Ananas_comosus_XP_020084106.1 MFFSVASSPLSPLPLPLNPPTPSSSSSSSSSSSSSTSQPLLSSPFKTLPLSLSLPSSSSSSSSSSSSSSLSSLS
Elaeis_guineensis_XP_010918919.1 MSSLSSPSSLFPSPLLQRPLLFSPSSSLR PLSTAIPKPSSPPPSAPVGARLSRRS
Vigna_angularis_XP_017409399.1 .MTEVHSTHLIRGRRMLLLASSSPSLSLSLPSVSHLHYPLPS SFPCPSLHLRFPSQATPLRLHTPP. .
Dendrobium_catenatum XP_020703866.1 MPPLVCLASPIS[LPP. LRQTPFPRPLSTSRQPVPFEN PNLSYRPSLPVLFSFPGARRGPRN. .

60 70 100 120 130

BAegilops_tauschii_AET7Gv20336800.1 . .ARRTPMAAGETGASVSVSAAEAEAE GEQEAASV| RIEMG[L S|P SN . GG[T|Q[E ¥[D|sK V]
Hordeum_vulgare_AAF98802.1 ....... MAVGETGA . . SVSAAEAEAE GELEAQSV| SPSN . GG[I|Q[EYDSKV|
Triticum_aestivum_TraesCS7D02G133100.1 . .ARRTPMAAGDTGASVSVSAAEAEAE GEQEAASV| SPSN.GG|IQ[EYDSKYV|
Triticum_aestivum_TraesCS7A02G133500.2 . .ARRTPMAAGETGASVSVSAAEAEAE SEQEAASYV| TAAMGLSPSN.GGIQEYDSKV|
Triticum_aestivum_TraesCS7B02G034600.1 ARRTPMAAGETGASVSVSAAEA. .. ... ........ GEQEAASV| AAATIGLSPSN.GGIQEYDSKYV|
Triticum_turgidum TRITD7Av1G039520.5 . .ARRTPMAAGETGASVSVSAAEAEAE SEQEAASV| TAAMGLSPSN.GGIQEYDSKV|
Triticum_turgidum_ TRITD7Bv1G013060.1 . .ARRTPMAAGETGASVSVSAAEA. .. ........... GEQEAASYV| AAATGLSPSN.GG|I|Q[EYDSKV
Triticum_urartu_EMS57285.1 ... .... 0 SEQEAASV| 'TAAMGLSPSN.GGIQEYDSKV|
Brachypodium_distachyon_KQJ81407.1 ASPRTKPMAVGEGAAAVDLATAEA. .. ........... SDQEAS . I DATIRLSP.N.RGIEEYDSKV|
Sorghum_bicolor_XP_021318023.1 PVAPRAPMATGEEGAGSDVG. .LAEA. ... ........ SDQETS . L| S...GV|IE[YDSKV
Zea_mays_XP_008668612.1 PVAPRPPMATAEEGASSDVGVAVAES . ... ........ SDQKTS . L| S...QDMK[EYDSKYV|
Setaria_italica_XP_004975057.1 PAAPRPPMATGQESAG. ... .. VAEA. ... .. ...... SNQETS . L| N...GV[IE[EYDSKV
Panicum_hallii_ XP_025824065.1 HAAPRPPMVTGEESAGADIG. .VAES............ SDQETS . L| N...GVFK[EYDSKV
Oryza_sativa_Japonica_Group_ACY56102.1 . ...... MAVGEECAAAVASQG. . . . v v v v v vt en s NDQDTS . L D! VSD...GAIH[EYDSKI|
Oryza_brachyantha XP_015691367.1 . .SPRTPMAVGEECAAAAAAVGSQ. .. ... ... ..... NDKETS . L| D SD...GV[IE[EYDEKI|
Asparagus_officinalis_ONK57269.1  ...... VISFCSPMLGPVDEPDAA . . .. ... ........ G.DDEAVYV| RANLVLTDEG . . . VE[EHDSKV|
Nelumbo_nucifera_XP_010267259.1 .. .... GTVCCSSMPLEQISSPQ DIA.DGSC| TAGLVVTEDG. . . IQEHEVKTI
Populus_euphratica_XP_011024341.1 = ...... S|IHCSSSFSSMPL.EVS DVVRDGSC| TAALSVTDSE. . . VEEHDFKI]
Corchorus_capsularis_OMO65703.1 ...... PLHCSSSSMPFQLSSSSSSSQVLLLLFFLYFGFSTYETYRHIQLARKLKTYNL DVV.DGSC| VAATLSVTDDG . . . |I|QEHDVKI
Herrania_umbratical_XP_021295293.1 = ...... PLNCSSSSMPFQDSSSS DVG.DGSC| VAALSVTDDG. . .| I|QELDAET|
Theobroma_cacao_EOY18848.1 ...... PILNCSSSSMPFQVSSSS DVG.DGSC| VAALSVTDDG. . .|I|QEQDAE I|
Gossypium_arboretum KHG14018.1 ... ... PPRCSSSPMPLQLSSLS DVV.EGSC| VAALSVTDNG. . . |I|QEHDLE I
Manihot_esculenta_—_XP_021626046.1 = ...... PIRCCSSSSSMALHEVSGSTP DVGTDGSC]| INAALS|ITESG. . . VIQEHDVKF
Ricinus_communis_XP_002532780.1 ... ... P|IIRCSSS..SMPLQELS. .TS DVGDNGSC| T/GSLSVSNAG. . . I|QEEHDVE

Fragaria_vesca_subsp._vesca_XP_011469607.1 ... ... LQCSASLPMSAQQDSASTSPS DTG .DDSC]| 'TAALSLTGDG. . . V|SEEDVKV
Actinidia deliciosa_A0Q26240.1 ...... ALRCCLSMPVEGPTSSS............... GAE .DGSC| SARLSVINDGNHGIE[EYDLRTI
Coffea_canephora_CD099808.1 RLTPTGLCCCSSSSGAMPLQAPTTSSS EAG.NGPC| TADLFVADNG. . . I|QEYDSKI|
Ananas_comosus_XP_020084106.1 IGRFSHRSRRLTASATMENTLLP DEDDNS . I| ILSDDG. . .[V|G[EYDVKI|
Elaeis_guineensis_XP_010918919.1 RGRT. .ITSCFPVPAAMERTAIA. ... ........... NYDDDAYV| KASISLTEEG. . . IE[YDVKI
Vigna_angularis_XP_017409399.1 ... ... PILSCSLNSSSSVEQSAS. .............. DVANEFSC| INASLTISNGQ. . . I|QEEDLKV|
Dendrobium catenatum XP_020703866.1 = ...... CRRTIPRCSSMPNSSTDQR SSD.VASYV| EAKLCLTDRG. . . LE[EEDFKI

Transit peptide

CBM21-like

Figure S6 Alignment of amino acids 1-137 in LDA from different species. Accessions are arranged in the same order as in Andersen
et al. (2020). Locations of the mutations exclusively found in TOWWC177 are marked with 1. Residue colouring is the same as described

in Figure 5.9a, and the corresponding protein domains are above all alignments. Numbering is relative to the Ae. tauschii sequence.
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CBM21-like CBM48

140 160 170 180

Aegilops_tauschii_AET7Gv20336800.1 [ElsalcLP] [YRAFSVPE|s SLVIIC[}AVVASF E[Es|
Hordeum_vulgare_ AAF98802.1 SAGLP)| [YRAFKVP|S| SLV)UC[IAVVASF
Triticum_aestivum_TraesCS7D02G133100.1 STGLP)| [YRAFSVP|S| SLV)IC[AVVASF) E|
Triticum_aestivum_TraesCS7A02G133500.2 SAGLP)| [YRAFRVP|S| SL
Triticum_aestivum_TraesCS7B02G034600.1 SAGLP)| [YRAFRVP|S| SL E|
Triticum_turgidum_ TRITD7Av1G039520.5 SAGLP [YRAFRVP|S| SL
Triticum_turgidum_ TRITD7Bv1G013060.1 SAGLP| YRAFRVP|S| SLVIMY[QAVVASFEG. . . . - v o v vt et e et eeeeeeee e E|
Tr:.t:l.cum_urartu EMS57285.1 SAGLP)| [YRAFRVP|S| SL

ium_dist yon_KQJ81407.1 HAGLP)| [YKAFRVP|S| SL
Sorghun\_b.\.color Xp_021318023.1 NDGLP)| YRAFRIP|S| TL
Zea_mays_XP_008668612.1 NDGLP| YRAFRIP|S| TL
Setaria_italica_XP_004975057.1 HGGLP)| [YRAFRIP|S| SL
Panicum_hallii_XP_025824065.1 HS|GLP| [YRAFRVP|S| SL
Oryza_sativa_Japonica_Group_ACY56102.1 HASLP [YRTFRVP|S SLVIACISAAVASYD . . . . ... it
Oryza_brachyantha_XP_015691367.1 HASLP)| YRIFRVP|S|
Asparagus_officinalis_ONK57269.1 PCGLP)| YKAFHVP|L| SL

Nelumbo_nucifera_XP_010267259.1
Populus_euphratica_XP_011024341.1
Corchorus_capsularis_OMO65703.1
Herrania_umbratical_XP_021295293.1
Theobroma_cacao_EOY18848.1

NS|GLP
SGGIP|
ICS|GLP|
ST|GLP|
RNGLP)|

INRVFRVP|
[YKAFRV
YRAFKV
YRAFKV
[YRAFKVP|

SLVJSC[IAVASF
SLVJIC[IAAVATEF)
NLLISC[e}AAVAAF|
SLLJSC[MAAVAAF
INLLINC[e}AAVAAF|

U

Ib‘.'P<b‘.'l’b‘<<l"b‘?’b‘b‘b‘b‘b‘<<<<<<<<<<<<<<<\'
Koo OPFKOQEEDDOHIZIOORLLZOOOOOOOON

NNNONNNNHNNNNNNO:<?F?UW?FF?P?FF
154

AEARROUPARRADPD QOHQOEAAAEOHEEEQHEEEEEE
UPPPHEAPPIPIPIPOPPPOOPPIPIOOLOOOONN

NMPPPOHOHEYUNOONEPOIP NN XRFEEMENEEN
(W EHEEEEEZ0EEEEOEEEXXEEQ H

MOHUO@QUUKOUUUD O b BB B bbb b e

Gossypium_arboretum KHG14018.1 RSGLH [YRAFKLPP INLV){C[}AAVAEF|
Manihot_esculenta_—_XP_021626046.1 DGGLP YRAFKVP]P SLLJAC[IAAVAAF)
Ricinus_communis_XP_002532780.1 NGGLP [YRAFKAPP SLLJAC[IAAVAS Y|
Fragaria_vesca_subsp._vesca_XP_011469607.1 RHGLP YRAFNVP|S| SLLJAAAVATEF)
Actinidia_deliciosa_A0026240.1 NTGLS YRAFKVP[L NLLIC[3AAVAMY|
Coffea_canephora_CD099808.1 DIGLP YKAFNLPP SLLJAC[IAAVAIF
Ananas_comosus_XP_020084106.1 HCALP YRAFKVPN INL LINS[e}AAVASF|
Elaeis_guineensis_XP_010918919.1 YYGLP| YSAFKISE| INLL}MC[}AATIA . F|
Vigna_angularis_XP_017409399.1 RAGLP [YKAFKLP|S| PLLIAS[OAAVATIYD. . . . . .ttt ittt et e e ee e e
Dendrobium_catenatum_XP_020703866.1 RFGLP) YKAYTVPA) KILJNC[}AATIASF)
L t
CBm48 Catalytic domain
240 250 260 310 320 330 340 350

Aegilops_tauschii_AET7Gv20336800.1 FFIDGPAG . PVLETVQOLEESh TGPREWEN D| LA D[I|NNE| KLD[SFSPHT 1f33 LB IEEEAHD/GT VD S
Hordeum_vulgare_ AAF98802.1 FFDGPAG.PALETVQLKES) PREWEN D LA DINNE| KLD|SF SPEAT IF$ALEI T3S ISAHDGTVIDS
Triticum_aestivum_TraesCS7D02G133100.1 FFDGPAG|.PVLETVQLDES TGPREWEN D, LA DINNET KLD|SF SPEAT IF$ALEIIIISMIAHDGTVIDS
Triticum_aestivum_TraesCS7A02G133500.2 FFDGPAG|. PVLETVQLKES TGPREWEN D| LAl D|INNE| KLID|SF S|sRST I paALII T WIAHD|GTVD S
Triticum_aestivum_TraesCS7B02G034600.1 FFDGPAG|. PALETVQLEES PREWEN D| LAA D|I|NNE| K|LD|S F SPRAT I V811 T B3l AHID GIT VID S
Triticum_turgidum_ TRITD7Av1G039520.5 FFDGPAG|. PVLETVQLKES TGPREWEN D| LA D|I[NNE[T KLID|S F SPR4T I P8 LI T8 AHD/GT VD S
Triticum_turgidum_ TRITD7Bv1G013060.1 FFDGPAG|. PALETVQLEES TGPREWEN D| LA D|INNE| K/LD|SF SEAT IS LI: T )83 WHA HD|GT VD S
Triticum_urartu EMS57285.1 FFDGPAG|. PVLETVQLKES PREWEN D| Ll D|I|NNE| KLD|SFSRRT IpgALATI 8N . (. [.[.|. .|. .

ium_distachyon_KQJ81407.1 FFDSPAG|. PLLETVOMKE L TGPRDWEN N| LAl D|INNEA| KLD|SF SBR4T Ipgal L T) 8 VIHID|ST VIDC
Sorghun\_b.\.color Xp_021318023.1 FYDGPAG|. PLLETVQLNES TGPRNWEN LA D|INNE| K/LID|SF S|sB4S I LI: T )83 WHAHD|STADC
Zea_mays_XP_008668612.1 F|YDGPAG|. PLLETVQLNEL TGPRNWEN LAA D|I[NNE| RILD|S F SPEAS I V811 T ¥l AHID ST VIDC
Setaria_italica_XP_004975057.1 FYDGPVG.PLLETVQLNES TGPRNWENLMQYLFEV|T| LA DINSEA| KLD|SF S|sBiS IF$ALEIIIMIAHDSTVIDT
Panicum_hallii_XP_025824065.1 FYDGPVG.SLLETVQLNES) PRNWENRNQYLYE LA DINSET)| KLD|SF SshiS IFeALE T3 AHD(S|TVIEC
Oryza_sativa_Japonica_Group ACY56102.1 FYDGPAG|.PLLQTVQLKEL TVPRYRENQ}NSYL YE VK| LA DINSET)| NILE|SF SsBiS I $ALE I3 AHDSTVIDC
Oryza_brachyantha_XP_015691367.1 FYDGPSG.PLLQTVQLKEL PRNWENQNSYLYE LAA DINSGT| INILD|SF S|sBdS IFeA LIS AHDC/TVIDC
Asparagus_officinalis_ONK57269.1 VYKGPLGEDQLDPMQLEEV] AGPRSWEGCRSJVYEV|S KV NLD|CGK| EFHSFASEIS TR LEIVERIINASDETVDP
Nelumbo_nucifera XP_010267259.1 I|Y|GE VPLESVQLEEV] HGPRNWE|GCPR4VYEV|S| MA NLDCDA| KLiS|SF Spkds Ipgal L T)8dalAISD/QIT VIHP
Populus_euphratica_XP_011024341.1 VYK DPVEVVQLKEV| EGSKDWEGCRIVYE YA NLDSDT| I|I|LISF SPES IFSALEIVEIIIIANDMH(T VHP
Corchorus_capsularis_OMO65703.1 IYKD PLEIIPLEET, KGPKSWEGC)QIVYEVS| YA NLDTNG| D|ID|SF S|shdS I LT )83l ANDN(T VY P
Herrania_umbratical_XP_021295293.1 IYKDPVGGSPLEIIQLVET, KGPKRWEGC)SIVYEVS| YA NLDSNS D|I|L|SF S|shdS IF$aA LI )83l ANDK|T VNP
Theobroma_cacao_EOY18848.1 IYKDPMGGSPLEIIQLVET KGPKRWEGC)SIVYEVS| YA NLDSNG| ID|I|L|SF S|sB4S IF$ LI sl ANDN(T VNP
Gossypium_arboretum KHG14018.1 IYKDPVGGSPLEIIPLEET KIGPKSWEGC)MYE IS YA NLHADD D|I|L|SF SpkdS IpgaA L T)Ad i ANDD T VINA
Manihot_esculenta_—_XP_021626046.1 IYKDSFTSNPTETVQLMEV] KGPKDWEGCRSIVYEVS| FA NLDSDT| T|LLISF SEeS IS LEIT IS MIANDD TVHS
Ricinus_communis_XP_002532780.1 IYKD[S|F|SKVPLEIHQLKEV| KIGPKDWE|GCPYVYEV|S| YA NL T SE[S S|LIL(S F CpBdS Ly L)z I )33 4 ANDIQT VIHP
Fragaria_vesca_subsp._vesca _XP_011469607.1 I|YK PLEIVQLEEV| IRGPKSWEGC)SIVYEVS| YA NLDSDS ID|I|L|S S S|sB4S IFeALEIT B MANDQT V|ILP
Actinidia_deliciosa_A0Q26240.1 IYEL DPVQIVP LQEF NGPRS[WE|GC}#4V YEV|S| IA D|LD|S D|A| \ALH|S F S|sBAS IFgolL): I )33l VT DP|T VHP
Coffea_canephora_CD099808.1 IY|KD|L/SILSDP|SEIVQLK KVPRDWEGY)S{VYEVS| IV D/LD|SD|L| HLL|ISFAPES IF$ALI I ):83HANDF|T VHP
Ananas_comosus_XP_020084106.1 FYEDPSGGVPLECIQLKEL PRSWAGR)QYVYELS Els| DLDCED S|LH[SF SRS IVSALIII A BIASDHT VD P
Elaeis_guineensis_XP_010918919.1 IYK EPLESVQLEEF VIGPKSWEGC)RYVYEV|S T|V| NLDSEN| DIHASIEID IERY EJAHIRDF S DHTVNC
Vigna_angularis_XP_017409399.1 IYKDPSGDDPIEIVCLEEE KIGPKSWEHCp@VYE YA N|L[D|SDE| T|I|HCF T|skdS I g 'TD[L{S VIQP
Dendrobium_catenatum_XP_020703866.1 LYKCP/SAGDPFECTIHLKDOQ VIGPRISWEGCPR4LYQI|S TV| DILIN|SED| DILIP|SF S|sp4S IP$ALI I8 ENDIQ|S VID P

—+
*I

Figure S7 Alignment of amino acids 138-351 in LDA from different species. Accessions are arranged in the same order as in
Andersen et al. (2020). Locations 140 and 248 are marked with *, locations of the mutations exclusively found in TOWWC177 are marked
with 1. Residue colouring is the same as described in Figure 5.9a, and the corresponding protein domains are above all alignments.

Numbering is relative to the Ae. tauschii sequence.
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Catalytic domain

370 380 4 41(? o 45(?

Aegilops_tauschii_AET7Gv20336800.1 DS| Y[OASAGMQHELRKLSDAGLTHVHLLP S SNJKFVDECELATFP PG| AV DPD[GE|
Hordeum_vulgare_AAF98802.1 DS YOASAGMEHLRKLSDAGLTHVHLLPS SN|JKFVDECELATFPPG| AVV DPDGP
Triticum aestivum_TraesCS7D02G133100.1 DS YOASAGMQHLRKLSDAGLTHVHLLPS SN|JKFVDECELATFPPG| A DPDGP)
Triticum_aestivum_TraesCS7A02G133500.2 DS YQASAGMQHLRKLSDAGLTHVHLLPS| S| [KFVDECKLATFP PG AVV DPDGP
Triticum aestivum_TraesCS7B02G034600.1 DS YOASAGMQHLRKLADAGLTHVHLLPS SN|JKFVDECELATFPPG| AVV 1ADIAY NWG YIP VIAUG VP K G S YRSl lledo
Triticum turgidum_TRITD7Av1G039520.5 DS YOASAGMQHLRKLSDAGLTHVHLLPS SN|JKFVDECKLATFPPG| A iADIE Y NWG YNIP VIANG VP K G S YRS el
Triticum turgidum_TRITD7Bv1G013060.1 DS YOASAGMQHLRKLADAGLTHVHLLPS SN|JKFVDECELATFPPG| AV 1ADIAY NWG YIP VIAUG VP K G S YRSl lledd
Triticum_urartu EMS57285.1 .- Aol oot i B P SN|JKFVDECKLATFPPG| A 1ADI4Y NWG YIUP VIAUG VP K G S YRSl lledo

ium_distachyon_KQJ81407.1 NS YODSAGMQHLWKLSDAGLTHVHLLPS SN|JKNVDESELAKLPP|G| ATV DY NWG YNIP VIANG VP K G S YRS el
Sorghun\_bxcolor_x? 021318023.1 HF CODSAGIEHLKKLSDAGLTHVHLLP S| NN|JKCVDEAELSKLPPG ATV DI Y NWG YRIP VIANG VP K G S YESSI (el
Zea_mays_XP_008668612.1 PF FQDSVGIEHLKKLSDAGLTHVHLLPS SNKCVDEIELSKLPPG ATV hAD)lY NW G YIIP VAYG VP K G S YL Nzl olle]
Setaria_italica_XP_004975057.1 HS CODTAGIRHLRKLSDAGLTHVHLLPS NN{JKCVDEAELSKLPP|G AVV] iADIE Y NWG YNIP VIANG VP K G S YRS el
Panicum_hallii_XP_025824065.1 HS CQDTAGIRHLRKLSDAGLTHVHLLPS DN|JJKCVDEAELSKLP PG| ANV iAD)lY NWG YIIP VIAYG VP K G S YL Nl ol
Oryza_sativa_Japonica_Group_ACY56102.1 NS FQDSAGIRHLRKLSAAGLTHVHLLPS S [KLVDEAQLAKLP PG AIV. IADIJYNWGYIP VIAUG VP KG S YESS) izdolled
Oryza_brachyantha_XP_015691367.1 NS CODSAGIRHLRKLAVAGLTHVHLLPS SN|JKSVDEAELAKLP PG| ATV 1ADI Y NWG YPIP VIRNG VP K G S YRS el
Asparagus_officinalis_ONK57269.1 NF SODSAGV|SHLKKLSDAGLTHVHLLPC IK\EQLDYDELSKQPPD EV|T [eIDfe Y NWG YUP VIBIG VP KG S YL E
Nelumbo_nucifera XP_010267259.1 DF LQDSAGVLHLKKLAYAGLTHVHLLPT| . K|JKHVDTDMLATLP PD RV|T ID[el Y NWG YRIP VIANG VP KG S YL s
Populus_euphratica_XP_011024341.1 DF LEDSAGVLHLKKLSNAGITHVHLLPT ENQJKC[VDS TVILEKLP PD QI'T IDfEY NWG YNIP VIANG VP K G S YESEIRETE
Corchorus_capsularis_OMO65703.1 EF LEDSAGVLHLKKLSNAGITHVHLLPT)| E| [KHVDSKIMEKLSPD QIT DA N IeRYN)AY L W(eATS 3 {e-RYA S D PN|G P
Herrania_umbratical_XP_021295293.1 DF LODSAGVLHLKKLSNAGITHVHLLPT) E| [KYVDYKILKKLPPD QIlT DI ANS R (R {NIAY L WeA A3 AcF-34A SDPNGP
Theobroma_cacao_EOY18848.1 DF LODSAGVLHLKKLSNAGITHVHLLPT) E KYVDYKILKKLPPD QIT BIDIA\YNWG YRIP VIATIGVP KG S YESS )iz (e
Gossypium_arboretum_ KHG14018.1 DF LKDSAGVLHLKKLSKAGITHVHLLPT) E| KYVDSKILEKLPPD KIT DEA\YNWG YRIP VIAUG VP KG S YRS ol (e
Manihot_esculenta_-_XP_021626046.1 DL VEDSAGVLHLKKLSSAGLTHVHLLPA ENU/KSVDNSMLEKLP P D H[I|T BID[EYNWG YRIP VIAUG VP KGS Y. S|
Ricinus_communis_XP_002532780.1 DF FENSAGVLHLKKLSNAGITHVHLLPT| ENJKCVDNKMLETLLP|D QI'T INID[EYNWG YNIP VIRUGVPKGS Y1 P
Fragaria_vesca_subsp._vesca_XP_011469607.1 EF SOQDSAGVISHLKKLSKAGMTHVHLLPA] E KSIDSKILEKFP SD LII|T| D[EYNWGYRP VIRTIGVP KG S YEN s
Actinidia_deliciosa_A0Q26240.1 DF SIODSAGVRHLKRLSSAGLTHVHLLPS| DK|JKNADNQMLESLP PD HI'T 1ADEYNWG YNIP VIAUIG VP KG S YL P
Coffea_canephora_CD099808.1 EL LODSAGMLHMKRLASAGLTHVHLLPT HK{JKDVGKQLLESLPPD HI'T iADfE Y NWG YNIP VIAUG VP K G S YRR (el
Ananas_comosus_XP_020084106.1 DS SIODSAGV|SHLKKLSDAGLTHVHLLP S| S| KYLDEAAMAKLP PD| QV|T, 3Dl Y NWG YRIP VIRTGVP K G S YEY P
Elaeis_guineensis_XP_010918919.1 DI SQESAGICHLKKLSNAGLTHVHLLP S| S| KYLDDGEMAKLPAD| E[V|I] IAD[EYNWGYRIP VIAUGVPKGS Y)Y P|
Vigna_angularis_XP_017409399.1 AF LODSAGVLHLKRLS[SAGITHVHLLPT ENQRFVDTSILESFPP]D LIT 1IDlEYNWG YNIP VIANIGVPKGS Y P
Dendrobium_catenatum XP_020703866.1 DF CQDSLGINHLKKLSNAGLTHLHLLPC S H[TDDVMMSKLPAD papabd-hd0)lioiD[e] Y N WG YINP VIALG VP K G S YRS (e

—+|

Catalytic domain

490 500 510 520 530 540 550

DS[SGP|ICGI[SSVLDKIZXR]Y VEIRD[TNEQ ENNTASEHFMVDRLI PRILLNYAVNRSIIDGFRFDLMGHIMK
DS|SGPICGISSVLDKINaderdY VIIARD MR NS R F YD S AV b L LNUJAVNREAVDGFRFDLMGH IMK|
DS|SGP|CGISSVLDKIAAeRY VIARD HNNTASEHFMVDRLIVDDLLNWAVNYKIDGFRFDLMGHIMK
DS|SGP|CGISSVLDKIadedY VIHRD MNNTASEHFMVDRLI PRILLNYAVNRSIIDGFRFDLMGH IMK
DS|SGPICGISSVLDKINadehdY VIIARD MR R R F LAY DS AR VIl L LNUJAVNRSAIDGFRFDLMGHIMK
‘HNNTASEHFMVDRLIVDDLLNWAVNYKIDGFRFDLMGHIMK
MNNTASEHFMVDRLI PRILLNAVNRSIIDGFRFDLMGHIMK
MR N R F LAY DS A VIsh L LNUJAVNRSAIDGFRFDLMGHIMK
MR NS OR F LAY DS ARV sk L LNUJAVNRSUVDGFRFDLMGH IMK|
¥NNTASEHFMVDRLI PRI LLNJAVNRSIVDGFRFDLMGH IMK
LR NPR I E EAYD SRV ol L LNPAVNRSAVDGFRFDLMGH IMK|
AVERESNINAFIAYD SRV L LNUAVNRSXVDGFRFDLMGHIMK
MNNTASEHFMVDRLI Rl LLNJAVNRSIVDGFRFDLMGH IMK

MR NP OR F LAY DS AV sk L LNPJA INPAVDGFRFDLMGH IMK|

Aegilops_tauschii_AET7Gv20336800.1
Hordeum_vulgare_AAF98802.1
Triticum_aestivum_TraesCS7D02G133100.1
Triticum_aestivum_TraesCS7A02G133500.2
Triticum_aestivum_TraesCS7B02G034600.1
Triticum_turgidum_ TRITD7Av1G039520.5
Triticum_turgidum_ TRITD7Bv1G013060.1
Tr:.f.:.cun\_urartu_msﬁ7285 1
ium_distachyon_KQJ81407.1
Sarghun\_b:.calor_xP 021318023.1
Zea_mays_XP_008668612.1
Setaria_italica_XP_004975057.1
Panicum_hallii_ XP_025824065.1
Oryza_sativa_Japonica_Group ACY56102.1
Oryza_brachyantha_XP_015691367.1

DS|SGP|CGISSVLDKIAAeRdY VIARD)
DS|SGP|CGISSVLDKIadedY VIHRD
DS|SGPICGISSVLDKINadeRdY VIIARD
NS[SGP|SGI|SSVLDKINAAeRYY VIARD
YS|SGPFAITSVLDKINSdeRdY LINRD
YS|SGPFAITSVLDKINAAeRY LIARD)
YS|SGPSAITSVLDKINAAeRdY LIARD)
YS|SGPSAITSVLDKINSdedY LINRD
DS|SGPFGV|SSVLDKI\AAeqY LIARN|
DS|SGPFGV|SSVLDKI\AdeddY LIARD

Asparagus_officinalis_ONK57269.1 LRVVLPNASWILY .|, . [ . .. ..... Vi4IRYY LIARN]
Nelumbo_nucifera_XP_010267259.1 LRV ILOVASSWILHG|S GPLDDY S VLDKV)gXeRYY LIARN
Populus_euphratica_XP_011024341.1 LRVVLINASET HGNGPFDEN S VLDK I\geddy LERN
Corchorus_capsularis_OMO065703.1 LCVVLBPNASSEILHAIS GPVDKD SVLDK I gdeqy LidRN|
Herrania_umbratical_XP_021295293.1 LRIVLOMNASEIL HAS GPFDKD SVLDK I\gXepdyY LEIRN
Theobroma_cacao_EOY18848.1 LRIVLONASEIIL HAS GPFDKD S VLDK I\#XeM4H LERN
Gossypium_arboretum KHG14018.1 LRVVLPNASSEILHAN GP[F DKD SVLDK I gdedqy LiRN|
Manihot_esculenta_-_XP_021626046.1 LRVVLBAARSIL HG|S GP|F DEN S VLD K V) gXepqy LEIRN|
Ricinus_communis_XP_002532780.1 LRVVLINASET HGIS GPFDEN S VLDK I\gdeddy LERN
Fragaria_vesca_subsp._vesca_XP_011469607.1 LRVVLENASEIILHGSGPFDANSVLDKI ALY LERN
Actinidia_deliciosa_A0Q26240.1 FRVVLEAARSIL HGN GP|F DEN S VLDK IVgXepqy LEILN|
Coffea_canephora_CD099808.1 LRVVLINASEIT HAS GPFDKIN S VLDK I\#eddy LIS D
Ananas_comosus_XP_020084106.1 LRVVLPNASSEILS EN GP[F NVIN SVLDK VY gdedqy LiIRN|

Elaeis_guineensis_XP_010918919.1 LRVVLOAASEIT A S|S GPLNEN S VLDK V)XY LEIRN
Vigna_angularis_XP_017409399.1 LRVVLONASENT OGS GPFDEH S VLDK I\gdeddyY LEIRN
Dendrobium_catenatum_XP_020703866.1 LRVVLPNASONI:VHAIS GPLDE|T S T LDKVYAepY LIJR/T|

HEHPHZHHOHZZHHNGHSZHUOHEHEEEEEA

EIT CMIB IR B F VA E) SR T1o)s) L L Y|JA TAPSNVDGFRFDLMGH LMK

—+

Figure S8 Alignment of amino acids 352-568 in LDA from different species. Accessions are arranged in the same order as in
Andersen et al. (2020). Locations of the mutations exclusively found in TOWWC177 are marked with f. Residue colouring is the same as
described in Figure 5.9a, and the corresponding protein domains are above all alignments. Numbering is relative to the Ae. tauschii

sequence.
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Catalytic domain

-0

Aegilops_tauschii_ AET7Gv20336800.1
Hordeum_vulgare_AAF98802.1
Triticum_aestivum_TraesCS7D02G133100.1
Triticum_aestivum_TraesCS7A02G133500.2
Triticum_aestivum_TraesCS7B02G034600.1
Triticum_turgidum_TRITD7Av1G039520.5
Triticum_turgidum_TRITD7Bv1G013060.1
Triticum_urartu_EMS57285.1
Brachypodium_distachyon_KQJ81407.1
Sorghum_bicolor_XP_021318023.1
Zea_mays_XP_008668612.1
Setaria_italica_XP_004975057.1
Panicum_hallii_ XP_025824065.1
Oryza_sativa_Japonica_Group_ACY56102.1
Oryza_brachyantha_XP_015691367.1
Asparagus_officinalis_ONK57269.1
Nelumbo_nucifera XP_010267259.1
Populus_euphratica_XP_011024341.1
Corchorus_capsularis_OM065703.1
Herrania_umbratical_XP_021295293.1
Theobroma_cacao_EOY18848.1
Gossypium_arboretum KHG14018.1
Manihot_esculenta_-_XP_021626046.1
Ricinus_communis_XP_002532780.1
Fragaria_vesca_subsp._vesca_XP_011469607.1
Actinidia_deliciosa_A0Q26240.1
Coffea_canephora_CD099808.1
Ananas_comosus_XP_020084106.1
Elaeis_guineensis_XP_010918919.1
Vigna_angularis_XP_017409399.1
Dendrobium_catenatum_XP_020703866.1
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Catalytic domain

680 690 710 720 730 740 750
Aegilops_tauschii_AET7Gv20336800.1 LRDYVLI[THTGEAKEGSEIH GY/TSSPP . .[INYVSAHDNETLFDVISVKTPMNLSVDERCRINHLASSMMALSQGI
Hordeum_vulgare_AAF98802.1 LRDYVLIISHTGEAKKGSEIH G[Y|TAS]P . .INYVSAHDNETLFDVISVKTPMILSVDERCRINHLASSMMALSQGI
Triticum_aestivum_TraesCS7D02G133100.1 LRDYVLITHTGEAKEGSEIH| G[Y|TSS]P . .INYVSAHDNETLFDVISVKTPMNLSVDERCRINHLASSMMALSQGI
Triticum_aestivum_TraesCS7A02G133500.2 LRDYVLITHTGETKKGSEIH G[Y|TSSP . .INYVSAHDNETLFDVISVKTPMNLSVDERCRINHLASSMMALSQGI
Triticum_aestivum_TraesCS7B02G034600.1 LRDYVLITHTGEAKKGSEIH G[Y|TSS]P . .INYVSAHDNETLFDVISVKTPMNLSVDERCRINHLASSMMALSQGI
Triticum_turgidum_ TRITD7Av1G039520.5 LRDYVLITHTGETKKGSEIH G[Y|TSS]P . .INYVSAHDNETLFDVISVKTPMNLSVDERCRINHLASSMMALSQGI
Triticum_turgidum_ TRITD7Bv1G013060.1 LRDYVLITHTGEAKKGSEIH G[Y|TSSP . .INYVSAHDNETLFDVISVKTPMNLSVDERCRINHLASSMMALSQGI
Triticum urartu_EMS57285.1 LRDYVLITHTGEAKKGSEIH G[Y|TSS]P . .INYVSAHDNETLFDVISVKTPMNLSVDERCRINHLASSMMALSQGI
Brachypodium_distachyon_KQJ81407.1 LRDYVLVSHTGEAKKGSEIH GYTSSP . .INYVSAHDNETLFDVISLKTPMELSIDERCRINQLASSMMALSQGI
Sorghum_bicolor_XP_021318023.1 LKDYVLIIS|QTGEARKGSEIR G[YASS]P . .INYASAHDNETLFDIISLKTPMNLSIDERCRINHLSTSMIALSQGI
Zea_mays_XP_008668612.1 LKDYVVISHTGEARKGSEIR G[YASS]P . .INYASAHDNETLFDIISLKTPMDLSIDERCRINHLSTSMIALSQGI
Setaria_italica_XP_004975057.1 LKNYVLKSHTGEAKKGSEV[C| G[Y|TSS]P . .INYASAHDNETLFDIISLKTPMSLSIDERCRINHLSSSMIALSQGI
Panicum_hallii_XP_025824065.1 LKDYVLISHTGEVKKGSEVR G[Y|TSS]P . .INYASAHDNETLFDIISLKSLMSLSIEERCRINHLSSSIIALSQGI
Oryza_sativa_Japonica_Group_ACY56102.1 LKDYVLRTHTGEAKKGSDIY G[Y|TSS]P . .INYVSAHDNETLFDIVSIKTPIGLSIDEKCRINHLASSMIALSQGI
Oryza_brachyantha_XP_015691367.1 LKDYVLTTHTGQAKKGSEIH GYTSSP ... INYISAHDNETLFDIVSLKTPVGLSIDERCRINHLASSMVALSQGI
Asparagus_officinalis_ONK57269.1 LRDFVLT[SHTGAAMKGSEIL G[YALCP]P . .INYVSAHDNETLFDIISLKTAEEILVDDRCRINHLATSIVALSQGV
Nelumbo_nucifera_XP_010267259.1 LRDFVLTNHEGVEVKGSEV[L| AYALCP . .INYVSAHDNETLFDIVSMKTPVEISVDERCRINHLATSIVALSQGI
Populus_euphratica_XP_011024341.1 LRDYVLTNSDGKEVKGMEVL| YALHP . . INYVSAHDNETLFDVVSMKTPMEISVDERCRLNHLASSVIALSQGI
Corchorus_capsularis_OM065703.1
Herrania_umbratical XP_021295293.1 LRDFVLTDFEGKERKGSEVF AYALLPT [VNYVSAHDNETLFDIVSLKTPVEISVEERCRINHFATTIIALSQGI
Theobroma_cacao_EOY18848.1 LRDFVLTDFEGKE GSEV[F AYALCPT [VNYVSAHDNETLFDIVSLKTPVEISVEERCRINHFATSIIALSQGI
Gossypium_arboretum KHG14018.1 LRDFVLTDFEGKERKGSEVL GYALCPT VNYVSAHDNETLFDIISLKTPV|GISVEDRCRMNHFATSIIALTQGI
Manihot_esculenta_-_XP_021626046.1 LREFVLINSEGKEVKGSEIL| YALCP|T INYVSAHDNETLFDVVCMKTPMQISVDERCRLNYLATNMIALAQGI
Ricinus_communis_XP_002532780.1 LRDFVLINSEGKE GSEI|T| YALSPT INYVSAHDNETLFDIVSMKTPMEISVDERCRLNHLATSIIALSQGI
Fragaria_vesca_subsp._vesca_XP_011469607.1 LRDFVLTNCEGKEVKGSEVL AYALDP|T [VNYASAHDNETLFDIVSLKTPFEISVEERCRINFLATSIIALSQGI
Actinidia_deliciosa_A0Q26240.1 LRDFVLTDFNGQEVKGSEV[C| AYSLSPT [VNYVSAHDNETLFDIVSLKTPMEISVEERCRLNHLATSIIALSQGI
Coffea_canephora_CD099808.1 LRDFVLTTFDGQEVKGSEVL AYALWP|T INYVSAHDNETLFDIVSLKTPKDISLDDRCRMNHLATSMVALSQGI
Ananas_comosus_XP_020084106.1 LRDFVLTCHTGLPMKGSEVL GYALS[PM [VNYVSAHDNETLFDIVSLKTPVELSVDDRCRINHLASSIIALSQGV
Elaeis_guineensis_XP_010918919.1 LRDFVLTNHEGKAMKGSEV[L| GYALSP|T .[VNYVSAHDNETLFDIVSLKTVLELCVDDRCRMNHLASSLVALSQGI
Vigna_angularis_XP_017409399.1 LODFVLTNCKGEEVKGSEIL AYASCP|T INYVSAHDNETLFDIVSLKTPMDITVTERCRINHLATSIIALSQGI
Dendrobium_catenatum_XP_020703866.1 LRNFVLTSHKGDVMKGCE IL| GYALSPT VNYVSAHDNETLFDIICLKAPV|GISVDDRCRINHVATSIVALSQGI

Figure S9 Alignment of amino acids 569-758 in LDA from different species. Accessions are arranged in the same order as in
Andersen et al. (2020). Locations of the mutations exclusively found in TOWWC177 are marked with 1. Residue colouring is the same as
described in Figure 5.9a, and the corresponding protein domains are above all alignments. Numbering is relative to the Ae. tauschii

sequence.
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Catalytic domain | C-terminal domain |

760 770 780 790 800 810 820 830 840 850 860
Aegilops_tauschii_AET7Gv20336800.1 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDF TYETNNWGVGLPPSEKNEDNWP LMKP RLENPSFKPAKGHILASLDSFVDILKIRYSSPLFRLS[TASDIKQR . . . ... oo v ...
Hordeum_vulgare_AAF98802.1 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENP SFK ILAALDSFVDILKIRYSSPLFRLS|TAND/IKQR
Triticum_aestivum_TraesCS7D02G133100.1 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPP/SEKNEDNWPLMKPRLENPSFK. ILASLDSFVDILKIRYSSPLFRLSITASDIKQR
Triticum_aestivum_TraesCS7A02G133500.2 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWPLMKPRLENPSFK ILAALDSFVDILKIRYSSPLFRLS|TASDIKQR
Triticum_aestivum_TraesCS7B02G034600.1 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENPSFK ILAALDSFVDILKIRYSSPLFRLS|TASD/IKQR
Triticum_turgidum_ TRITD7Av1G039520.5 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENP SFK ILAALDSFVDILKIRYSSPLFRLS|TASD/IKQR
Triticum_turgidum_TRITD7Bv1G013060.1 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENP SFK ILASLDSFVDILKIRYSSPLFRLS|TASD/IKQR
Triticum urartu_EMS57285.1 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWP LMKPRLENP SFK ILAALDSFVDILKIRYSSPLFRLS|TASD/IKQR
ium_distach _KQJ81407.1 PFFHAGDEILRSKSIDRDSYNSGDWFNKLDFTYETNNWGVGLPPSEKNEDNWPIMKPRLENPSFK ILAVLDNFLDILKIRYSSPLFRLSTASDVKQR
Sorghum_bicolor_XP_021318023.1 PFFHAGDEILRSKSLDRDSYNSGDWFNKIDFTYETNNWGVGLPPREKNEGSWPLMKPRLENP SFKPAKCDIIATLDKFVDILKIRYSSPLFRLTTASDIEQR . . . . ..o v v ..
Zea_mays_XP_008668612.1 PFFHAGDEILRSKSLDRDSYDSGDWFNKIDFTYETNNWGVGLPPREKN WPLMKPRLENP SFKPAKHDIIAALDKFIDILKIRYSSPLFRLTTASDIVQR
Setaria_italica_XP_004975057.1 PFFHAGDEILRSKSLDRDSYNSGDWFNKLDFTYETNNWGVGLPPREKN SWPLMKPRLENPSFKPTKDQILAALNNFVDILKIRYSSPLFRLTTASDVEQR
Panicum_hallii_XP_025824065.1 PFFHAGDEILRSKSLDRDSYNSGDWFNKLDFTYETNNWGVGLPPREKNEGSWPLMKPRLENP SFKP|TKDHILAALDNFVDILKIRYSSPLFRLTTASDIEQR .
Oryza_sativa_dJdaponica_Group_ACY56102.1 PFFHAGDEILRSKSLDRDSYNSGDWFNKLDFTYETNNWGVGLPPRDKNEENWHLIKPRLENPSFR ILSVFDNFVDILKIRYSSPLFRLS|TASD/IEQR
Oryza_brachyantha_XP_015691367.1 PFFHAGDEILRSKSLDRDSYNSGDWFNKLDFTYETNNWGVGLPPRDKNEENWHLIKPRLENPSFRPLKNHILSVLDNFIDILKIRYSSPLFRLSTASDIEQR .
Asparagus_officinalis_ONK57269.1 PFFHSGDEILRSKSLDRDSYNSGDWFNRLDFSYEMNNWGVGLPPREKNEKNWPLIKPRLANPSFK ILAALGNFIDLLKIRYSSPLFRLRTANEIQER
Nelumbo_nucifera_XP_010267259.1 PFFHSGDELLRSKSLDRDSYNSGDWFNRLDFSYNTNNWGVGLPPKEKNEKNWPLIKPRLADP SFKPQKRHILAAVENFSNMLRIRYSSPLFRLRTANS|IQRR
Populus_euphratica_XP_011024341.1 PFFHSGDEMLRSKSLDRDSYNSGDWFNRLDFTYNSNNWGVGLPPKQKNEKHWPLIRPRLADPSFKP|QKNHILAAINNFLDVLQIRYSSPLFRLTTANAIQER .
Corchorus_capsularis_OM065703.1
Herrania_umbratical_XP_021295293.1 PFFHAGDEMLRSKSLDRDSYNSGDWFNRLDFTYHSNNWGFGLPPKEKNEKNWPLIQPRLADPSFKPQRSHILAAVENFMNVLRIRYSSPLFRLRTANAIQOQ|.
Theobroma_cacao_EOY18848.1 PFFHAGDEMLRSKSLDRDSYNSGDWFNRLDFTYHSNNWGVGLPPKEKNEKNWPLIQPRLADPSFKP|QRSHILAAVENFMNVLRIRYSSPLFRLRTANATIQOQ . .
Gossypium_arboretum KHG14018.1 PFFHAGDEMLRSKSLDRDSYNSGDWFNRLDFTYNSNNWGVGLPPKQKN WPLIQPRLADP SFKPQRSHILAAVENFTDVLRIRYSSPLFRLR[TANA[L
Manihot_esculenta_-_XP_021626046.1 PFFHAGDEMLRSKSLDRDSYNSGDWFNRLDFSYNSNNWGVGLPPKGKNEGNWPLMKPRLADPSFKP|QKSHILATVDNFLDVLQIRYSSPLFRLTTANATI
Ricinus_communis_XP_002532780.1 PFFHAGDEMLRSKSLDRDSYNSGDWFNRLDFSYNSNNWAVGLPPQKKNEKNWPLIKPRLADPSFKPQKHHIVAATENFLDVLQMRYSSPLFRLTTANATI
Fragaria_vesca_subsp._vesca_XP_011469607.1 PFFHCGDEILRSKSLDRDSYNSGDWFNRIDFTYNSNNWGVGLPPKEKN WPL..... R P . e e ole]e
Actinidia_deliciosa_A0Q26240.1 PFFHSGDEMLRSKSLDRDSYNSGDWFNRLDFSYNSNNWGVGLPPKAKNEKNWPLIKPILADPSYKP|L RTANA[T
Coffea_canephora_CD099808.1 PFFHAGDEMLRSKSLDRDSYNSGDWFNRLDFSYNSNNWGIGLPPREKNERNWPLIQPRLADPDFK IVAAVESFLTFLQIRYSSPLFRLRTANAV|
Ananas_comosus_XP_020084106.1 PFFHAGDEILRSKSLDRDSYNSGDWFNRLDFSYETNNWGVGLPLREKNENNWPLIKPRLANPSFK ILATLNNFVDLLKIRYSSPLFRLETTNS|I
Elaeis_guineensis_XP_010918919.1 PFFHSGDELLRSKSLDRDSYNSGDWFNRLDFSYESNNWGVGLPPREKNEKNWPLIKPRLANPSFK ILAAVDNFVDLLKIRYSSPLFRLRTANATI
Vigna_angularis_XP_017409399.1 PFFHCGDEILRSKSLDRDSYNSGDWFNRLDFTYNSNNWGVGLPPQEKNEKNWPLIKPRLANPSFKPQKIDILATMDNFLNLLRIRYSSPLFRLKTANATI
Dendrobium_catenatum_XP_020703866.1 PFFHCGDDMLRSKSLDRDSYNSGDWFNRLDFSY/QSNNWGVGLPPRGKNENNWPLIRPRLAD|SSFKPQKHHILAAVENFIELLQIRYSSQLFRLQTAND[I)
C-terminal domain
870 880 890 900 910 920 930 940 950 960
Aegilops_tauschii_AET7Gv20336800.1 .. .VRFHENTGPS|SVP GVIVMGIEDARDEKPEVAQLDANFSYVVTVFNVCPHEVSMD IPALJASMRLELHEP VO VNS SDALVGK[SVYEAATGRF TVERRTVSVFVEPRC. . . .. ..
Hordeum_vulgare_AAF98802.1 ...VRFEHNTGPSLVPGVIVMGIEDARGE LDTNFSYVVTVENVCPHEVSMDIPALASMGFELHPVQVNISSDTLVRKSAYEAATGRFTVPGRTVSVFVEPRC. .. ... .
Triticum_aestivum_TraesCS7D02G133100.1 ...VRFHNTGPSSVPGVIVMGIEDARDE LDANFSYVVTVFNVCPHEVSMDIPALASMRLELHPVQVNSSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC. ... ...
Triticum_aestivum_TraesCS7A02G133500.2 ...VHFHNTGPS|SVPGVIVMGIEDARDE LDANFSYVVTVENVCPHEVSMDIPALASMRLELHPVQVN[SSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC. . .....
Triticum_aestivum_TraesCS7B02G034600.1 ...VHFHNTGPS|SVPGVIVMGIEDARDE LDANFSYVVTVENVCPHEVSMDIPALASMRLELHPVQVN[SSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC. ... ...
Triticum_turgidum_TRITD7Av1G039520.5 ...VHFHNTGPSSVPGVIVMGIEDARDE QLDANFSYVVTVENVCPHEVSMDIPALASMRLELHPVQV|N|SSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC. . .....
Triticum_turgidum_TRITD7Bv1G013060.1 ...VHFHNTGPS|SVPGVIVMGIEDARDE LDANFSYVVTVENVCPHEVSMDIPALASMRLELHPVQVN[SSDALVGKSVYEAATGRFTVPRRTVSVFVEPRC. .. ... .
Triticum_urartu EMS57285.1 ...VRFHNTGPSSVPGVIVMGIEDARDE LDANFSYVVTIFNVCPHEVSMDIPALASMGLELHPVQVNSSDALVGKSVYEAATGRFTVPRRTVSIFVEPRC. ... ...
h dium_distachyon_KQJ81407.1 ...VHEFHNTGPSS|IPGVIVMSIEDARND QLDANFSSVV/TVENVCPDEVSMDIPALASMGLELHPVQANSCDALVRQSSYEAGKGRFTVPRRTASVFVEPRR. . . . ...
Sorghum_bicolor_XP_021318023.1 ...VHFEHNTGPS|SVPGVIVMSIEDARND IDKTFSCVVTVFNVCPHEVTIEIPDLASLGLQLHPVQVNSSDALVRQSAYEATTGRFTVPKRTTAVFVEPRC. .. ....
Zea_mays_XP_008668612.1 ... VHFEHNTGPSLVPGVIVMSIEDARNDRHDMAQIDETFSCVVTVFNVCPYEVS/IEIPDLASLRLQLHPVQVN|SSDALARQSAYDTATGRFTVPKRTAAVFVEPRC. .. ... .
Setaria_italica_XP_004975057.1 ...VHFHNTGPSLVPGVIVMSIQDARND )LDENFSCVV|TVFNACPHEVSIEIPDLATNKLQLHPVQVNSSDALVRQSAYEATTGQFTVPRRTTAVFVEPRC. ......
Panicum_hallii_XP_025824065.1 ... VEFENTGPSLVPGVIIMSIEDAQNDTHEMAQOLDKNFSCVV/TVFNACPHEVSVKIPDLVSMQLOLHPVQVNSSDALVRQSAFDSTTGRFTVPTRTTAVFVEPRC. . .. ...
Oryza_sativa_Japonica_Group_ACY56102.1 ... VRFHNTGPSMVPGVIVMSIKDAQNEKCEMAQLDKNFSYVVTIFNVCPHEVSIEIHDLASLGLELHPIQVN|SSDALVRQSAYEASKGRFTVPRRTTAVFVQPRC. . ... ..
Oryza_brachyantha_XP_015691367.1 ...VRFHNTGPSLLPGVIVMSIEDARTVRPEIAQLDKNFSYVVTIFNVCPYEVSIEIHDLASLGLELHPVQVNSSDALVRQSAYQASTGRFTVPRRTTAVFVQPRC.......
Asparagus_officinalis_ONK57269.1 ... VCFHNTGPS|SCLGAIVMSIEDGYEGEPGMIQLDPNYSFIVIVFNACPTKTSVSLP/SLRGRVLQOLHPVQVAISSDKLVKE YEASISGICFTIPQRTTSVFVEARGA. . .
Nelumbo_nucifera_XP_010267259.1 ...VRFHNTGPSSVPGVIVMSIEDGYEGMPGLAQLDPIYSCIVIIFNVCPTEVSFGCPALQKRTLKLHPVQLTSTDQIVKNSKYETSISGSFIVPPRTTSVFVESRDI. ... ..
Populus_euphratica_XP_011024341.1 ... VRFEHNTGPSWVPGVIVMSFEDGHRGVPGLTQLDPIYSFIVVIFNASPSEVSFASPVLRARTFQLHPIQAMSADEVVKN YETSTGCFTVPPRTTSVFVEYR........
Corchorus_capsularis_OMO065703.1
Herrania_umbratical_XP_021295293.1 . .RVRFHNTGPSWVPGVIVMSIEDGNEGVPGISQLDPNFSYIVVIFNACPTEASFISSTLRGRALQLHPIQVMSTDEVVKN YEALSGCFTVPARTTSVFVEARKNLNNLWC
Theobroma_cacao_EOY18848.1 . .RVRFHNTGPSWVPGLIVMSIEDGNEGVPGISQLDPNFSYIVVIFNACPTEASFISSTLRGRTLQLHPIQVMSTDEVVKN YEAILSGCFTVPARTTSVFVEARKNLNSLWC
Gossypium_arboretum KHG14018.1 PERVRFHNTGPS|SVPGFIVMS|IEDGNEGIPGLSQLDPVFSYIVVVFNACPTEESFSSPTLRGRTLOLHPIQV|SSTDETVKK YEASTGCFTVPARTTSVFVEPRKV. .....
Manihot_esculenta_—_XP_021626046.1 .. .VRFHNTGPSWVPGVIVMS|IEDGHEGFP/GLSQLDPIYSYIVVIFNTCPNEILFACPPLRARGFQLHPVQVKSTDKVVKKSAYEPLSGCFTVPPMTTSVFVEPRKI. . . ...
Ricinus_communis_XP_002532780.1 ... VRFENTGPSWIPGVIVMSIEDGHEGFPGLSQLDPIYSYIVVIFNTRPTKVSFTSPALRARTFELHPVQVK|SADEVVKNSRYEASSGCFTVPPITTSVFVEHR........
Fragaria_vesca_subsp._vesca XP_011469607.1 .. .|......... N P [ PR PR fefelefe o ofe ofe oo e e e 1% PR DR 1N I I (PSR 4 ) PR P PSR S PR [ R O P e O
Actinidia_deliciosa_A0Q26240.1 ... VRFEHNTGPSWVPGVIVMSIEDGQEGIPGLSQLDPLYAYI IVNACPNAASFAIPALRTRTFELHPLQVMSTDEIVKNSTYEALTGCFTVPPRTTSVFVESRNI. ... ..
Coffea_canephora_CD099808.1 ...VKFHEHNTGPSWIPGVIVMS|IEDGYEGVPGLTQMDECYSFV IFNACPTEVLFSSPVLRARTLQLHPMQLR|SSDD[IVKKSKYEAS|SGCFTVPARTSSVFVESRDA. . ....
Ananas_comosus_XP_020084106.1 ...VRFHNTGPSWVCGAIIMSIEDGHDGKPGITQLDPIYSYIVVAFNACPSEVS/IE LRSRALELHPVQLKSVDGLVKKSTYEGVAGRFTVPQRTTAVFVEVRGTP . .. ..
Elaeis_guineensis_XP_010918919.1 ...VRFHNTGPSWVPGAIVMSVEDGHEG LDPIYSYIVIVFNACPTEISLQIPALKSRMLQLHPVQLKLADELVKE| YKAASGCFTIPRRTTSVFVEVRGA. .....
Vigna_angularis_XP_017409399.1 ...VSFEHNTGPSWVCGVIVMSIEDGHDGFPGLSQLDPIYSFIVVVMNASPKEASFVCPALQSRSLOLHPIQV|SSSDE YEA[S|SGCFVVPQRTTAVFVEPRKT. ... ..
Dendrobium_catenatum_XP_020703866.1 .. VRFLNTGTSWVQGLIVMS|IEDCNEGKPGIVIQLDHNYSYIVIIFNACPTEVSMPIPALKRRALQLHPVLLDSADS YES|S|SGCFKIPQRTTAVEVEVRGN. . .. ..

Tt 1
Figure S10 Alignment of amino acids 759-963 in LDA from different species. Accessions are arranged in the same order as in
Andersen et al. (2020). Locations of the mutations exclusively found in TOWWC177 are marked with 1. Residue colouring is the same as
described in Figure 5.9a, and the corresponding protein domains are above all alignments. Numbering is relative to the Ae. tauschii

sequence.
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