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Abstract

Prolonged exposure to low temperatures facilitates the flowering response in
plants. This process is known as vernalization and regulates the transition from
vegetative to reproductive development during winter. In cereals, vernalization
centres around the floral activator VERNALIZATION 1 (VRN1) and its interaction
with VRN2, VRN3, VRT2 and the ODDSOC genes, ODDSOC1 and ODDSOC2.
Vernalization is temperature sensitive; changes in temperature before, during, and
after vernalization and the duration of exposure can affect the vernalization
response. In light of climate change, an understanding of how fluctuating
temperatures influence the vernalization response is necessary to maintain

flowering in cereals.

Here, the impact of ambient temperature on the vernalization response in the major
global crop bread wheat (Triticum aestivum) is examined. The results of this thesis
reveal that winter wheat is successfully vernalized at higher temperatures of 10°C
and 14°C. Vernalization was also achieved over winter in the field, under fluctuating
temperature. Furthermore, extending the photoperiod to 22 h light/2 h dark was also
sufficient for vernalization to proceed in an array of winter wheat cultivars. In addition,
interpretation of the role of floral activator ODDSOC1 and floral suppressor
ODDSOC2 in vernalization of wheat was explored. These findings indicated that
ODDSOC genes may have a role in fine-tuning the vernalization requirement of
cultivars in response to their environment and are potential targets for the

development of climate-robust wheat.
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Chapter 1: Introduction to this thesis

1.1 The significance of wheat as a global crop

In 1970, Norman Borlaug, recipient of the Nobel Peace Prize for leading the
Green Revolution, opened his Nobel Lecture with the following statement:

ACi vi las it i@ knownnroday could not have evolved, nor can it

survive, without an adequate foods up pl y . o

Borlaug was acutely aware of both the burgeoning strain of global food insecurity
and the necessity of increasing yield in major crops such as wheat and rice. The
decision to look beyond traditional agricultural practices and incorporate
technology into plant breeding was a breakthrough that resulted in new cultivars
such as the dwarf wheat of the Green Revolution that helped win Borlaug the 1970
Nobel Peace Prize (Hedden, 2003). 50 years later, agriculture still faces many
chall enges. Borl augds opening address rema
supply, civilization is in trouble. Based on the most recent FAO assessment, 45
countries worldwide require external assistance for food (FAO,2023).1 t 6 s est i mat e
that between 691 and 783 million people worldwide experienced hunger in 2022;
by 2030, projections indicate that 600 million people will have surpassed hunger
to face chronic malnourishment (I. FAO, UNICEF, WFP, WHO, 2023). The
expanding population will put severe strain on food availability, requiring increased

food production (Godfray et al., 2010).

Wheat is a major global crop, consumed daily by some degree in every country in
the world. Approximately 50 countries consumed more than 800 kcal per capita per
day from wheat and wheat-based products in 2020 (FAOSTAT, 2020). Based on
the most recent calculations from 2020, daily global wheat consumption exceeds
that of rice, maize, cassava, and sorghum (Figure 1.1). In 2022, 801.8 million
tonnes of wheat was produced worldwide (FAO, 2023). This production is uneven
across the globe and highly sensitive to weather conditions. The top wheat
producing region in 2022 was China, closely followed by the European Union
(encompassing top wheat growing countries Germany, France, and Poland) and
India (Figure 1.2) Wheat is a long-day crop: this means it preferentially flowers and

produces grain when the length of the day exceeds the length of the night, such as



during summer. A defining feature of wheat is the option to plant the crop during
late autumn or the following spring i in both cases, the crop flowers and can be
harvested the following autumn. This has enabled farmers to grow two generations
of wheat per year, boosting yield. Although winter wheat (i.e., wheat planted in late
autumn that grows throughout winter) has a longer growth cycle compared to spring
wheat (planted in spring and harvested in autumn), it is generally higher yielding

and therefore favourably grown in temperate regions.

Winter wheat is the most dominant crop grown in Europe, with considerably more
area dedicated to the production of winter wheat compared to spring (Le Gouis et
al., 2020; Palosuo et al., 2011). The European Union experienced an above
average winter wheat crop of 140 million tonnes for the 2022/2023 season, 6%
higher than the previous three years (FAO, 2023). This level of production
exceeded that of the United States (45.3 million tonnes) for the 2022/2023 growing
season and is associated with favourable weather conditions in Europe at the end
of 2022 (FAO, 2023).

In the UK, 15.7 million tonnes of wheat were produced in 2022, ranking 12%
worldwide for wheat production (FAO, 2022; OECD et al., 2022). This amount is
reflected in the total area dedicated to wheat production, with UK wheat areas
consistently surpassing other key UK crops such as barley, oats, and oilseed rape
(Figure 1.3). The mild temperate climate experienced by the UK is particularly
favourable to growing winter wheat, making it more extensively grown than its
spring counterpart (Cho et al., 2012). Considering that the producer price for UK
wheat was just under £190 per tonne in 2022, winter wheat is a lucrative crop that
shows no signs of falling out of popularity (OECD et al., 2022). Even so, there is
always room for improvement: UK-grown winter wheat is photoperiod sensitive with
a narrow flowering window (Sheehan & Bentley, 2021). This has increased the
demand for greater range in flowering time for winter wheat varieties (Sheehan &
Bentley, 2021).
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Figure 1.1: Global consumption of key crops. Source: FAO. Data sourced from
2020.
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Figure 1.2: Map of the mean temperature change on land by country between the
years 2000 and 2022. The top 10 wheat-producing regions for the 2022-2023 period
are listed and labelled on the map. Mean temperature change data was sourced

from the FAO (https://www.fao.org/faostat/en/#data/ET); top wheat-producing region
data was sourced from OECD-FAO Agricultural Outlook (https://stats.oecd.org/).



1.2 An introduction to modern bread wheat

Modern bread wheat, also referred to as common wheat or Triticum aestivum (T.
aestivum), is both deceptively young and deceptively complex. This species formed
between 8,500 and 9,000 years ago (Levy & Feldman, 2022). T. aestivum is an
allohexaploid, consisting of three sub-genomes (AABBDD) and 21 chromosome
pairs in the format 2n = 6x = 42 (Feldman et al., 1972). This results in homoeologous
sets of duplicated genes occurring on the A, B, and D sub-genome (Figure 1.4). The
most recent annotation of the T. aestivum reference sequence revealed a
staggeringly large 16,000 Mbp genome (Appels et al., 2018). In comparison, the
complete human genome is approximately 3.05 Mbp (Nurk et al., 2022). A wheat genome
of this size provides plant breeders with both challenges and opportunities; large
genomes often contain vast regions of repetitive elements but also contain plenty of
coding and regulatory genomic material, allowing the freedom to adapt and improve
the species. To contextualize how T. aestivum developed this expansive genome,
we can examine the evolutionary history of Triticeae, the tribe to which wheat and

other cereals like barley and rye belong.

Although bread wheat is grown worldwide today, it originated in the south-west
region of Asia known as the fertile crescent (Brown et al., 2009). This region contains
the major rivers Jordan, Tigris, and Euphrates, culminating in highly fertile
agricultural lands that facilitated the domestication of milestone crops such as barley
(Hordeum vulgare), flax (Linum usitatissimum), chickpea (Cicer arietinum), and two
wheat species: the tetraploid emmer wheat (Triticum turgidum subsp. dicoccum) and
the diploid einkorn wheat (Triticum monococcum) (Brown et al., 2009). Emmer wheat
(genome AABB; 2n = 4x = 28) supplied the A and B sub-genomes found in T.
aestivum, whereas the wild grass Aegilops tauschii supplied the D sub-genome
(Feldman & Levy, 2012; Levy & Feldman, 2022; Luo et al., 2017). Genome
sequencing of these has suggested the most probable origin of each sub-genome,
with the A sub-genome and the B sub-genome diverging from a common ancestral
lineage approximately 7 million years ago, and subsequent hybridisation of the A and
B sub-genomes giving rise to the D sub-genome approximately 5.5 million years ago

(Marcussen et al., 2014).
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Figure 1.3: Total area in hectares of the UK devoted to crop production between the

period of 2000-2022. Crops are wheat, barley, oilseed rape (OSR), and oats.

Since these ancient divergence and hybridisation events occurred millions of years
ago, the formation of the AABBDD genome found in T. aestivum is relatively
modern, as summarised in Figure 1.4A, and was likely assisted by domestication
efforts. Following its inception in the Fertile Crescent, the cultivation of T. aestivum
has expanded significantly, enabling the crop to be grown in a wide range of
northern and southern latitudes. As a result, exposure to varied environments and
subsequent breeding selection has created the explosion of different wheat
cultivars that exist today. Therefore, an understanding of how bread wheat
responds to environmental conditions is imperative in selecting which cultivar to

grow.
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1.3 Environmental factors that affect wheat development

Already, the impact of a warming climate on environmental responses is being
reported i for example, flowering data indicates that UK plants now flower
substantially earlier than 300 years ago, with earlier flowering observed in the south
of the UK compared to the north (Blntgen et al., 2022). The most prominent shift
was detected in herb species that now flower 32 days earlier, however all species
had an earlier flowering phenotype (Blintgen et al., 2022). This corresponds with
the index developed by Amano et al. (2010) which estimated flowering 5 days

earlier for every 1 °C increase in temperature.

In cereals, drought and heat are regularly cited as the most severe environmental
impacts on yield. For example, the combination of drought and heat stress during
grain filling resulted in a 76% reduction in winter wheat yield (Balla et al., 2011).
Temperatures between 32 °C and 35 °C during flowering and grain filling are
sufficient to reduce yield 7 particularly concerning as the UK is expected to
experience at least one day >32 °C during the crucial grain filling period in the near
future (Jones et al., 2020). In addition to reducing yield, drought and temperature
extremes also affect grain quality, with excessively high and low temperatures
during grain filling reported to impact the level of starch and protein in the grain
(Dupont & Altenbach, 2003; Farooq et al.,, 2011; Hurkman et al., 2003;
Labuschagne et al., 2009). Climatic conditions that boost crop production in one
region can have detrimental effects in another. High levels of rainfall in spring
contributed to a forecasted above- average level of cereal production in parts of
Asia; in contrast, erratic rainfall in East Africa caused flash flooding, resulting in
significant crop losses (FAO, 2023).

Crop simulation models are being implemented to predict the impact of future
climatic scenarios on wheat production. European winter wheat yield is predicted
to be negatively impacted in the future due to increases in heat and drought stress
(Webber et al., 2018). In central Europe, simulation models estimate a reduction in
winter wheat yield due to as little as 2 °C increase in air temperature (Thaler et
al., 2012). This is projected to add additional strain to water usage, with up to 37

mm more water required per season (Thaler et al., 2012).



1.4 Flowering in wheat is a finely tuned process

In their lifetime, plants face many crucial decisions. One such major decision: when
is the most appropriate time to flower? Optimally timing flowering requires a
recognition of seasonal cues, so that plants complete flowering under favourable
conditions. In wheat, flowering is completed under warmer, longer days such as
those associated with summer. This recognition of temperature and day length is
essential and underpins the ability of wheat to flower. This process requires a
complex network of genes which are controlled through the plants innate circadian
mechanism. However, there are key regulators within the process and in wheat,
recognition/responsiveness to day length (photoperiod) is regulated by
Photoperiod-1 (Ppd-1) (Beales et al., 2007). Ppd-1 is a PSEUDO-
RESPONSE REGULATOR (PRR), with closest homology across PRR9, PRR7,
and PRR5 genes in Arabidopsis (Nakamichi et al., 2005). The Arabidopsis PRR
genes, which also include TIMING OF CAB 1 (TOC1) and PRR3, are involved in

circadian and photoperiod responsiveness in Arabidopsis (Para et al., 2007).

Ppd-1 has been extensively studied in Barley (Hordeum vulgare) and wheat
(Beales et al., 2007; Diaz et al., 2012; Nishida et al., 2013; Turner et al., 2005;
Wilhelm et al., 2009). Allelic variation of Ppd-1 can confer changes in photoperiod
sensitivity; a notable example of this is a mutation in Ppd-D1 located on
chromosome 2D that results in photoperiod insensitivity, transforming wheat from
a long day to a day neutral plant (Beales et al., 2007). This discovery was
implemented into the development of wheat as part of the Green Revolution and
facilitated adaptation to a broader range of environments than would be possible
with a photoperiod sensitive line (Beales et al., 2007; Borlaug, 1983). Ppd-1
regulates flowering in cereals through interaction with FLOWERING LOCUS T1
(FT1) (Beales et al., 2007; Turner et al., 2005). In wheat cultivars containing the
photoperiod insensitive version of Ppd- 1, gradual stepwise expression of FT1 is
overridden and the plant experiences an accelerated flowering time (Gauley &
Boden, 2021).
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However, t his centr al fl owering pat hway

responses. Notably, for species that are adapted to temperate regions that
experience moderate winters, plants that grow throughout winter have an additional

pathway 1 the vernalization pathway.
1.5 Vernalization or learning to embraceiwi nt er 0

Vernalization is a cold-induced response that up-regulates expression of floral
activators. The term was originally coined in the 1930s to describe a process that
transformed a winter cereal into a spring cereal (Chouard, 1960). It is now
understood that the vernalization process does not exclusively affect cereals, with
many species having some form of vernalization requirement (Michaels & Amasino,

2000). Vernalization is an adaptive feature in temperate climates where cold

winters are followed by a warmer spring;

temperatures and seasonality, vernalization can delay flowering, hindering
development and survival (McKeown et al.,, 2016). Ver nal i zati on
transform a winter habit into a spring habit, but rather facilitates overwintering in
unfavourable cold conditions. Vernalization is quantitative. The length of cold
exposure determines the rate at which subsequent flowering occurs; as the
duration of vernalization increases, the flowering time decreases. This continues

until the vernalization requirement is saturated, after which prolonged cold

exposure doesnodot further reduce fl ower.

The response to vernalization can be either facultative or obligate. A facultative
response means that vernalization is not essential for the plant to flower, however
it enables rapid flowering once the cold treatment is over (Michaels & Amasino,
2000). Many winter annuals germinate in autumn and flower the following spring i
vernalization accelerates the rate of flowering, but is not essential, making it a
facultative response. In biennials, flowering will not occur without vernalization T
therefore, the response is obligate (Amasino & Sung, 2004; Michaels & Amasino,
2000). In cereals such as wheat, the vernalization requirement distinguishes winter

varieties from spring varieties (Yan et al., 2003).

(

t her e
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In Arabidopsis thaliana (referred to as Arabidopsis from here onwards), the
vernalization pathway is one of the four major pathways required for flowering to
occur (Boss et al., 2004). The late flowering phenotype present in winter varieties
of Arabidopsis is regulated by the dominant FLOWERING LOCUS C (FLC) and
FRIGIDA (FRI) loci (Michaels & Amasino, 1999). The vernalization process
downregulates expression of these repressors, facilitating accelerated flowering in

Arabidopsis once vernalized (Michaels & Amasino, 1999; Sheldon et al., 1999).

For the vernalization requirement to be satisfied, the optimum temperature varies
depending on the plant. In species that are adapted to warmer climates,
vernalization can occur at 13°C and higher; in contrast, certain cereals are
vernalized at -6°C (Michaels & Amasino, 2000). The general range of temperatures
in which vernalization occurs is between 1-7 °C (Michaels & Amasino, 2000).
Similarly, the optimum duration of cold treatment also varies. For example, celery
can undergo vernalization after 8 days of exposure to cold treatment, whereas
other plants require up to 12 weeks (Michaels & Amasino, 2000). The wide range
in vernalization requirements is particularly important in agriculture; an
understanding of the vernalization pathway has enabled the development of
varieties that flourish when grown in conditions that match their vernalization

requirement.

Both the well-studied and characterised model plant Arabidopsis and temperate
grasses can respond to vernalization, however the vernalization pathways differ
between the groups; there are similarities in the regulatory profiles of key genes,
but the genes involved are distinct (Yan et al., 2004). My research project focuses
on the vernalization response in temperate grasses, with particular attention paid

to the major crop wheat.
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1.6 Physiology of vernalization

As mentioned, vernalization catalyses flowering in cereals by facilitating the
transition from vegetative to reproductive growth. This transition is achieved by the
regulation of an array of genes; namely those that control the identity of the shoot
apical meristem which regulates whether the shoot apex generates vegetative or
reproductive structures. When a plant is in the vegetative stage of development,
the apical meristem produces leaf primordia that will eventually form the leaves.
These primordia appear as ridges along the apex as it develops and extends. If
pl ants that require vernalization to
vegetative stage and continue to produce leaf primordia.

During vernalization, expression of floral activators is up regulated until a threshold
is reached; at which point, the apex transitions to the reproductive stage (A.
Distelfeld et al., 2009). Once the transition to reproductive development is initiated,
the shoot apex starts to produce secondary meristems, known as floral primordia.
The floral primordia are situated above each leaf primordia; this creates a distinct
double-ridge appearance and are an indicative feature that inflorescence initiation
is occurring. As the apex develops, the floral primordia split into inflorescence
branches containing the florets or flowers of a cereal (Zadoks et al., 1974). For the
majority of cereals, the later stages of apex development (i.e., spike elongation and
spikelet formation) occur when day length increases (A. Distelfeld et al., 2009).
Therefore, the colder, shorter days initiate the transition to reproductive growth in
the apex and the reproductive structures mature in warmer, longer days. The timing
of this process determines whether flowering is successful and highlights the

importance of both temperature and photoperiod in the vernalization response.

1.7 Molecular mechanism behind vernalization in cereals
In cereals, three main VERNALIZATION (VRN) genes are thought to be involved
in the vernalization process: VRN1, VRN2, and FT1 (Figure 1.5). In some

vernalization models, VRN4 is also incorporated into the pathway; however, this

f

ower

gene wasno6t f ocus s e dOftherthree othehgenes, VRNL isthe hesi s .

cornerstone of the vernalization pathway. VRNL1 is the major locus identified in
classic QTL studies for cereal vernalization and its characterisation has identified
that it is a cold-induced floral activator (Oliver et al., 2009). Despite sharing a name
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with VRN1 in Arabidopsis, the VRN1 cereal gene is functionally and genetically
different; this is also the case with VRNZ2 in cereals (Yan et al., 2004). Cereal VRN1
is a MADS-box gene and a homologue of the APETALA1 (AP1)/FRUITFULL (FUL)
genes found in Arabidopsis (Shimada et al., 2009; Yan et al., 2003). VRNL1 is
expressed in both the apical meristem and the leaves of cereals (Chen &
Dubcovsky, 2012). Through mutant studies it has been identified that VRN1 up-
regulates the FT homologue FT1 (Shimada et al., 2009) (Figure 1.5). The FT
protein acts as a signalling molecule in plants, activating floral meristem identity
genes and promoting flowering (Corbesier et al., 2007; Kobayashi et al., 1999;
Shimada et al., 2009). Shimada et al. (2009) reported that the upregulation of
VRN1 under long-day conditions resulted in accumulation of FT1 transcripts,
indicating that VRN1 is upstream of FT and is a regulator of its expression.
Furthermore, the MADS-box transcription factor encoded by VRN1 binds to CArG-
box in the promoter region of FT, up-regulating expression of the gene (Tanaka et
al., 2018).

Most of the variation in vernalization responses in wheat is attributed to allelic
differences in VRN1 (Chen & Dubcovsky, 2012). Winter wheat carries recessive
alleles of VRN1 on each genome; in contrast, spring wheat contains at least one
dominant version of VRN1 and therefore the vernalization requirement is greatly or
completely reduced (Trevaskis et al., 2003). Of the three alleles, the version on the

A genome (VRN1-A) has the strongest impact on flowering time and individuals

with this dominant all el e don@revaskieejal.j r e

2003). This dominant allele is conferred by a deletion in either the promoter or first
intron of VRN-AL (Fu et al., 2005). VRN-B1 and VRN-D1 also confers a spring habit
but to a weaker effect; if VRN-A1 is missing, the plant will still flower earlier than
winter varieties, however vernalization further accelerates the flowering process.

These varieties are called semi-spring or facultative wheat (Trevaskis et al., 2003).

any
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It is thought that the evolution of spring varieties arose from mutations or
modifications of VRN1 in ancestral winter varieties. Initially, this was attributed to
mutations in the promoter region of VRN1, with Yan et al. (2004); Yan et al. (2003)
reporting that deletions in the promoter region of VRN1 in diploid wheat was
consistent with a spring growth habit. However, further research indicated that a
substantial deletion in the first intron of the gene can also be responsible for spring
varieties of wheat and barley (Fu et al., 2005). The deleted region of the first intron
contains regulatory elements for vernalization i therefore, without this region
vernalization cannot occur. By removing the vernalization requirement, VRN1 is
constituently expressed and the plant flowers rapidly, independent of prolonged
cold exposure (Fu et al., 2005; Trevaskis et al., 2007). This results in a spring
growth habit in cereals. VRN1 was shown to be strongly expressed in spring wheat
but not expressed in winter \Wheaskis ettalh
2003). Upon receiving vernalization treatment, VRN1 was shown to be greatly up

regulated in winter wheat (Trevaskis et al., 2003).

As well as up-regulating floral activator FT1, VRN1 also down-regulates expression
of VRN2. VRN2 is understood to act as a predominant repressor of flowering (Yan
et al., 2004). The VRN2 locus contains the linked zinc finger-CCT domain genes
ZCCT1 and ZCCT2 (A. Distelfeld et al., 2009; Yan et al., 2004). These repressors
inhibit FT1 when day length reduces at the end of autumn; this prevents initiation
of flowering in winter (Chen & Dubcovsky, 2012; Kippes et al., 2014). Since FT1 is
a mobile protein that is expressed in the leaves and travels to the apical meristem,
when VRN2 is expressed in the leaves it prevents this journey from happening
(Chen & Dubcovsky, 2012). To counteract this response, expression of VRNL1 in
the leaves down-regulates VRNZ2, inducing FT1 synthesis to accelerate flowering
(Chen & Dubcovsky, 2012). This interplay between VRN1 and VRN2 is an
important aspect of flowering time. In diploid barley and wheat (Triticum
monococcum), mutations in redundant versions of the VRN2 allele results in a
spring habit (Kippes et al., 2016). Similarly, non-functional versions of ZCCT1 and
ZCCT2 in tetraploid wheat (Triticum durum) also results in a spring growth habit
t hat doesnbét r e(dssaf Digelfeldeetran a009).z at i on

at

had
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In addition to the VRN1-VRN2 regulatory loop, VRN1 and FT1 also interact with
each other to up-regulate their expression. Of the multiple FT genes in cereals, FT1
shares the greatest similarity with Arabidopsis FT (Bennett & Dixon, 2021; Yan et
al., 2006). Like Arabidopsis FT, wheat FT1 is a major component of the florigen
signal. Florigen is a mobile signalling molecule that is stimulated by day length to
promote flowering (Kobayashi & Weigel, 2007). Under long day conditions, FT1 is
expressed in the leaves and its expression pattern correlates with that of VRN1 (Li
et al., 2015). In wheat, up-regulation of VRN1 by FT1 is indirect; instead, the FT1
protein interacts with two bZIP proteins, FDL2 and FDL6. Of the two, FDL2 binds
to a binding site in the promoter region of VRN1, up-regulating expression (Li &
Dubcovsky, 2008).

Finally, VRN4 has also been shown to be part of the vernalization response and
plants carrying this gene have a reduced vernalization requirement (Kippes et al.,
2015). VRN4 arose from a duplication event which included the region of
chromosome 5AL containing VRN1 i for this reason, VRN4 is sometimes
characterised as a copy of VRN1 (Kippes et al., 2015). The VRN4 copy of VRN1
contains three single nucleotide polymorphisms (SNPs) within the first intron
that prevent the binding of GLYCINE-RICH RNA-PROTEIN 2 (GRP2), a
suppressor of VRN1 (Kippes et al., 2015). Since GRP2 is unable to bind to the site,

A

expression of VRN4i sn6t downregul at ed. However

VRNAin the vernalization response i s

signalling is not yet clear.

As well as the VRN genes, additional candidates of the vernalization pathway have
been identified i ODDSOC1 (0OS1), ODDSOC2 (0S2), and VEGETATIVE TO
REPRODUCTIVE TRANSITION 2 (VRT2). ODDSOC1 and ODDSOC2 are
MADS-box gene involved in the activation and repression of flowering in monocots
(Greenup et al., 2010; Ruelens et al., 2013). Recent findings
indicate that ODDSOC?2 is either a homologue or highly homologous to FLC in
Arabidopsis (Ruelens et al., 2013; Sharma et al., 2017). Furthermore, transcript
levels of ODDSOC2 prior to vernalization is a good indicator of the required length
of vernalization in Brachypodium distachyon (Sharma et al., 2017). Vernalization

represses expression of ODDSOC2, and further down-regulation by VRNL in

i nv

mi t e
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vernalized plants to enable flowering (Greenup et al., 2010). The binding of VRN1
to the promoter of ODDSOC2 to down-regulate expression supports the hypothesis
that ODDSOC?2 is part of the vernalization signalling pathway (Deng et al., 2015;
Sharma et al., 2017). In ODDSOC2 overexpression studies, inflorescence initiation

and flowering was significantly delayed (Greenup et al., 2010).

In addition to ODDSOC2, VRT2 is also potentially involved in the vernalization
pathway. VRT2 is a homologue of SHORT VEGETATIVE PHASE (SVP) in
Arabidopsis, and the VRT2 protein shares 51% amino acid sequence similarity with
SVP (Kane et al., 2005). SVP suppresses expression of FT in Arabidopsis,
therefore inhibiting flowering (Lee et al., 2007). Initially, it was thought that, as an
SVP homologue, VRT2 must act as a floral repressor (Kane et al., 2005). This was
supported by the discovery that VRT2 encodes a transcription factor from a MADS-
box group associated with suppression of flowering and has an expression pattern
similar to VRN2 (Kane et al., 2005). However, recent research indicates that VRT2
is a floral promoter that is induced by vernalization, much like VRN1 (Xie et al.,
2021). In-depth transcriptomic analyses revealed that TaVRT2 binds to the
promoter of TaVRNL1, up-regulating expression (Xie et al., 2021). VRT2 was shown
to facilitate a positive feedback loop of VRN1 expression, promoting flowering post-

vernalization (Xie et al., 2021).
1.8 The role of antisense transcripts in vernalization in Arabidopsis

In Arabidopsis, FLC is regulated by a population of long non-coding antisense
transcripts collectively known as COOLAIR (Liu et al., 2010; Swiezewski et al.,
2009). These COOLAIR transcripts are involved in the epigenetic silencing of FLC
and facilitate co-ordination of switching chromatin states (Csorba et al., 2014). Low
temperature upregulates COOLAIR (Rosa et al., 2016; Swiezewski et al., 2009).
Additional antisense transcripts, COLDAIR and COLDWRAP, are also involved in
FLC silencing, with the transcripts and the polycomb repressive complex PRC2
forming a repressive intragenic chromatin loop during vernalization (Kim & Sung,
2017).
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1.9 The effect of ambient temperature on vernalization of cereals

Since vernalization is influenced by both temperature and day length, the effect of
ambient temperature on a plant is key to understanding the vernalization pathway
and subsequent flowering. Ambient temperature affects the epigenetic memory of
vernalization; exposure to high temperatures can remove epigenetic markers and
undo the effect of vernalization (Bouché et al., 2015). This reversal effect is known
as devernalization and emphasizes the importance of temperature on
vernalization- induced flowering. Although vernalization is associated with winter
and colder temperatures, the process is affected by a wider range of temperatures
than initially thought. While it is recognised that floral activator genes respond to
the cold temperatures associated with vernalization, there is now evidence to
suggest that floral activators and repressors also respond to warm temperatures
(Dixon et al., 2019).

In winter wheat, exposure to higher temperatures during and after vernalization
affected the promotion of flowering (Dixon et al.,, 2019). Vernalization down-
regulates the floral repressors VRN2 and ODDSOC2, facilitating activation of the
flowering pathway. However, Dixon et al. (2019) reported that these genes were
re-activated when plants were exposed to higher temperatures. This treatment
affected flowering time and floret number (Dixon et al., 2019). In addition, different
cultivars had different temperature responses. Genetically similar
cultivars had a similar vernalization response to consistent cold exposure,
but when this treatment was interrupted or followed up with periods of high
temperature, the flowering response between cultivars was significantly different
(Dixon et al., 2019).

As well as ambient temperatures during and after vernalization, the temperature
immediately before cold exposure also affects the vernalization response. For
example, FLC is down regulated during vernalization to facilitate spring flowering.
However, FLC expression levels in winter annual oilseed rape (Brassica napus)
have been shown to decrease during the warmer autumnal period preceding winter
(O6 Nei I I ¢ Thisarables the2v@getative to reproductive transition to occur
at the start of winter, and for the inflorescence meristem to overwinter before

successfully flowering in spring (O6 Nei | | e)t Incredsing, the Za@umaal
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temperature by as little as 5°C reversed the effect, up-regulating FLC expression
and delaying the reproductive transition (O6 Ne i | | e)t ThiatemperatugeO 1 9

increase also slightly delayed flowering in the spring.

1.10 Summary and thesis aims

The main aim of this thesis has been to investigate how vernalization in cereals
proceeds under conditions that would not typically be associated with vernalization.
This includes warmer temperatures and longer photoperiods than those that have
previously been examined. Moreover, this thesis aims to look beyond the usual
suspects that are integral to vernalization in flowering in an attempt to understand
the unaccountable differences in vernalization responses that have been observed

in cereal cultivars.
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Chapter 2: Challenging the vernalization response in bread wheat

2.1 Introduction

2.1.1 Methods to improve the rate of plant development: temperature as

a variable

Temperature adaptability underpins both sowing time and geographical range of
crops. For example, rice is especially susceptible to cold temperatures, which has
limited the geographical spread of the crop (Bin Rahman & Zhang, 2018). As a
result, rice domestication has taken place in tropical regions and no vernalization
pathway has been identified (Shrestha et al., 2014). In contrast, bread wheat is
tolerant to low temperatures and can be grown in a wide range of temperate
regions, with the VRN-A1 locus believed to control tolerance to low temperature
(Dhillon et al., 2010; Laudencia-Chingcuanco et al., 2011). Tolerance to low
temperature is intrinsically linked to vernalization response. For example, in
cultivars with a spring growth habit, neither a high tolerance to freezing

temperatures nor a high vernalization requirement is necessary, as these cultivars

A

arenot typically g Dbivometalh2000u Gdnwersdly, foviant e r

winter growth habit, tolerance to low temperatures conveys hardiness and survival
through winter, while also facilitating activation of the vernalization pathway. The
range of temperatures associated with low temperature tolerance is diverse, with
some winter wheat cultivar having a tolerance level of up to -22 °C (Baga et al.,
2007). However, the range of low temperatures associated with vernalization is
narrower, with optimal temperatures believed to be between 0-10 °C (Chouard,
1960).

With this in mind, examination of the molecular mechanism driving cereal
vernalization is typically investigated under artificial vernalization temperatures of
2-6 °C . This is in contrast with increasing winter temperatures; for example, winter
UK temperatures exceeded 20 °C for the first time on record in February 2019
(Kendon et al., 2020). Despite this increase in winter temperature, total yield of
winter cereals in the UK was higher in 2019 compared
to 2018

(https://www.gov.uk/government/statistics/farming-statistics-provisional-crop-areas-

vields-and-livestock-populations-at-1-june-2019-united-kingdom). Furthermore,



https://www.gov.uk/government/statistics/farming-statistics-provisional-crop-areas-yields-and-livestock-populations-at-1-june-2019-united-kingdom
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maximum daily winter temperature in the UK is generally between 16-17 °C
whereas minimum daily temperature is between 6-8 °C (Kendon et al.,
2020). This would suggest that previous investigation into the vernalization
response has been carried out under temperatures closer to the lower range of
winter UK temperatures. Therefore, this raises the question of how the genetic

elements involved in vernalization behave at the higher temperature range.

In Arabidopsis, vernalization was still completed at temperatures of 14 °C (Duncan
et al., 2015). Furthermore, this study indicated that vernalization proceeded in
autumn in Sweden, well before the first snowfall (Duncan et al., 2015). In bread
wheat, higher ambient temperatures of 11-25 °C post-vernalization have been
shown to up regulate the floral repressor VRN2 locus after vernalization (Dixon et
al., 2019). In this study, winter wheat vernalization was also examined under low
temperatures of 6 °C and long day (16 hr light/8 hr dark) conditions after 12 weeks
vernalization (Dixon et al., 2019). This resulted in flowering for winter cultivars
Buster and Charger, indicating that vernalization was completed even under a long
day photoperiod (Dixon et al., 2019). Historically, investigation into vernalization
has been carried out under short day (8 hr light/16 hr dark) conditions as this is
most representative of winter. Furthermore, a short day photoperiod down
regulates expression of the VRN2 locus (Dubcovsky et al., 2006). This short day
requirement can be considered a crucial variable of vernalization, excluding it from
other methods of accelerated plant growth due to extended photoperiod, such as

speed breeding.

2.1.2 Photoperiod as a variable to improve the rate of plant development

Historically, plant growth under an extended photoperiod 1 including continuous
lightT can be beneficial for certain crops (Velez-Ramirez et al., 2011). For example,
plant growth under a long day photoperiod exhibited traits such as increased
leaf expansion (Adams & Langton, 2005). Plant growth under 24-hr
continuous light is also feasible, however this can induce undesirable effects
including leaf chlorosis and necrosis (Sysoeva et al., 2010; Velez-
Ramirez et al., 2011). Despite these potential side effects, growth under
continuous light has been shown to hasten growth and has been used to develop

wheat suitable for growth under constant light on space stations (Bugbee
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& Koerner, 1997). This research influenced the development of the
speed breeding protocol to accelerate wheat breeding (Watson et al., 2018). Here,
an extended photoperiod of 22 hours at 22 °C was used with 2 hours dark at 17
°C; this inclusion of a dark period was incorporated to support function of
circadian gene expression (Watson et al., 2018). Currently, this method has been
shown to be effective in a variety of crops (Ghosh et al., 2018; Watson et al., 2018).
The method is most effective for long day and day neutral species that do not
require vernalization, otherwise winter cultivars with a vernalization requirement
need preliminary standard vernalization to benefit from speed breeding post-floral
transition (Ghosh et al., 2018). However, there is evidence that exposing short day
species to an extended photoperiod prior to vernalization can hasten flowering; for
example, growing the short day species Amaranthus spp. L. under 16 hr light/8 hr
dark at 35 °C for 10 weeks before transfer to 8 hr light/16 hr dark at 30 °C rapidly
accelerated flowering (Stetter et al.,, 2016). This suggests that there are

opportunities to hasten development even in short day species.

2.1.3 Duration of vernalization as a variable to improve the rate of

plant development

Finally, duration of vernalization is also a variable that has the potential to be
optimised. The current standard protocol for vernalization involves exposing plants
to low temperatures for 6-12 weeks, with cultivars with a high vernalization
requirement believed to need between 10-12 weeks of cold for vernalization to be
completed (Andrés & Coupland, 2012; Xu & Chong, 2018). As with temperature,
this duration aims to replicate field conditions, with plants experiencing several
weeks of low temperature when grown in the field over winter. However, field
studies in Brassicaceae have shown that vernalization is completed in autumn,
after which the plant continues to grow slowly throughout winter (Duncan et al.,
2015; 06 Nei | | e).tThisaindicates thad thedvernalization requirement was
saturated by winter and that further col

essential.
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Since vernalization in Brassicaceae can be initiated under warmer autumnal
conditions, | considered that vernalization in bread wheat could also proceed under
warmer temperatures than those typically used to study vernalization. In addition
autumnal daylength exceeds the 8 hr short day photoperiod used in typical
vernalization protocols; in combination with the findings from Dixon et al. (2019)
that showed that winter wheat can be vernalized under a 16 hr photoperiod, |
decided to investigate whether an extended photoperiod reduced time until
flowering. Furthermore, | speculated whether increasing the temperature and/or
photoperiod would impact the central genetic components of the vernalization

pathway in cereals.
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2.2 Materials and methods

2.2.1 Plant material

The hexaploid winter Triticum aestivum cvs. Claire, Buster, Charger, and Hereward
were used to investigate the speed vernalization protocol on European winter
wheat. These four cultivars have similar genetic background but varying
vernalization requirement, attributed to differences in VRN-AL1 copy number. This
difference is as follows: Claire, a single haploid copy of VRN-Al and a low
vernalization requirement; Buster, two copies of VRN-Al and a moderate
vernalization requirement; Charger and Hereward, three copies of VRN-A1 and a
high vernalization requirement. VRN-A1 copy number identification and
characterisation has been previously reported by Diaz et al. (2012) and Dixon et
al. (2019).

2.2.2 Growth conditions

The conditions used to evaluate wheat (Triticum aestivum) lines were as

follows:

WRV-RG: 8 h light:16 h dark 8°C followed by transfer to 16 h light:8 h dark

22°C wRVI RG: 8 h light:16 h dark 10°C followed by transfer to 16 h light:8 h

dark 22°C wRV-RG: 8 h light:16 h dark 14°C followed by transfer to 16 h

light:8 h dark 22°C wRV1 SB: 8 h light:16 h dark 10°C followed by transfer to

22 h light:2 h dark 22°C

SV (and SGV)i SB: 22 h light:2 h dark 10°C followed by transfer to 22 h light:2 h
dark 22°C

Where wRV = warm regular vernalization; SV = speed vernalization; SGV = speed
green vernalization; RG = regular glasshouse; and SB = speed breeding

glasshouse conditions.

Warmer conditions were used in wRV than are classically used in RV to enable

direct comparison of photoperiods for phenotype and gene expression analysis.

Seeds were germinated for 2 days in darkness at 4°C in 9-cm Petri dishes that had

a layer of filter paper saturated with 5 ml deionised H-O (dH20). The germinated

seeds were transferred to 3 x 3 cm cell pots of John Innes Centre (JIC) cereal mix



25

(40% medium grade peat, 40% sterilised soil, 20% horticultural grit, 1.3 kg/m3 PG
mix 14-16-18 + Te base fertiliser, 1 kg/m3 osmocote mini 16-8-11 2 mg + Te 0.02%
B, Wetting agent, 3 kg/m3 maglime, 300g/m3 exemptor). For the wWRV-RG
experiments, plants were vernalized in a Sanyo MLR-352 plant growth chamber
under 200-250 pmol/m?/s light intensity before transferral to regular glasshouse
conditions. For the wRV-SB, SV-SB, and SV-SB experiments, plants were placed
under vernalization conditions in Snijders MICROCLIMA MC1000 plant growth
cabinets with a light intensity of approximately 900 pmol/m?/s. Plants were watered
when required, and no additional nutrients were added. At 1- or 2-week intervals,
plants were sampled for gene expression and apex analysis, and three plants were
transferred to glasshouse growth conditions for RG (PhytoLux Plessey; model
ATTIS-7) and SB (Heliospectra; model MITRA) treatments. Plants were placed in
cereal mix (as above) in 9 x 9 cm pots and tissue was sampled 1 and 2 weeks

after transfer to SB conditions.

For the SGV treatment, seeds were placed in 9-cm Petri dishes containing filter
paper and 5 ml dH20 and kept in complete darkness at 4°C for 48 h. Seeds were
then placed on the soil surface (JIC cereal mix) in a P24 seedling tray. Care was
taken to press the seed into the soil surface while ensuring that the seed remained
uncovered and exposed to the light. Plant trays were watered from the base, and
a spray bottle of dH20 was used to mist the soil surface; particular care was taken
when misting the soil during the 1st week of growth, when the roots were anchoring
into the soil. At set weekly intervals, plants were moved into SB conditions and

flowering was recorded.
2.2.3 Plant phenotyping
2.2.3.1 Phenotyping the flowering response

Flowering time was recordedas half-e ar emer gence (Zadokoés scal
did not flower after 170 days were recorded asind€nd ower i ngo. A cont
consisting of the same four genotypes (n = 10; s = 40) was grown under constant

SB conditions, and a representative for each genotype was imaged once the plant

had reached maturity. Total spikelet number per ear was counted after ear

emergence. Flowering time and spikelet number were plotted as violin plots using

the R packages 6ggpl ohtpd/goalmdtidydeosequal).bStatisticdl


https://ggplot2.tidyverse.org/
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anal ysis was per f ortestodMannsWhitngy USestudent 6s t

2.2.3.2 Phenotyping apex development during vernalization

For apex samples, three plants from winter wheat cv. Buster, Charger, Hereward
and Claire were dissected for each apex sample (n = 3) at 2-week intervals for wRV
and 1-week intervals for SV. Apices were dissected with a FEATHER® incision
micro scalpel and imaged using a Keyence VHX-6000 microscope. Using a fixed
magnification and scale, images were captured and apex length was measured
using ImageJ (Schneider et al., 2012). Measurements were taken in micrometres
(um) from the base to the tip of the apex. The apex length was the standard error

of the mean (SEM) for 3 biological replicates.

In addition to measuring the length of the apex, the point at which vegetative to

reproductive tissue growth was observed was also recorded. This is defined as the

transition from the vegetative (VG) stage to the double ridge (DR) stage of growth

(Kirby & Appleyard, 1987). Here, floral primordia form above the leaf primordia

along the apex, creating a distinct Adoubl e
the apex now can produce reproductive tissue (Kirby & Appleyard, 1987; Trevaskis

et al., 2007).

2.2.4 Expression analysis
2.2.4.1 Quantitative PCR (qPCR) analysis

To examine expression in leaf tissue, leaf samples from three plants for each of
three biological replicates (n = 3) were taken at each sampling stage. Samples
were taken from the base of the youngest leaf at zeitgeber time ZT1 and flash
frozen in liquid nitrogen. To investigate gene expression during SV and SGV, leaf
tissue was sampled at 1, 2, 3, 4, 5, 6, 7, and 8 weeks of growth under vernalization
conditions. Additionally, leaf tissue was sampled after 1 and 2 weeks in SB
conditions post-SGV to monitor changes in gene expression between conditions.
The tissue was lysed using the TissueLyserLT (Qiagen) with 3-mm steel ball
bearings, and total RNA was extracted using the SpectrumE Plant Total RNA Kit

(Sigma-Al drich) foll owing the manufacturerds r ¢

In addition to sampling leaf tissue across the timecourse, apical tissue from cv.
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Hereward was sampled at zeitgeber time ZT1 after 3 weeks of growth under SGV
conditions. Three biological replicates were sampled, with each replicate
containing >15 individual apices. Apices were dissected using a FEATHER®
incision micro scalpel with the assistance of a Keyence VHX-6000 microscope and
incised at the base of the apex. After dissection, the apex was immediately flash
frozen using a 1.5 mL microcentrifuge tube. The microcentrifuge tube was partially
submerged in a liquid nitrogen bath using a floating tube rack until all apices had
been sampled, after which the tube was stored at -80 °C. To extract RNA, the tissue
was first disrupted using a sterile porcelain pestle and mortar. Approximately 50
mL of |l iquid nitrogen was added to the mort

as the sample was being ground to a fine powder. Total RNA was extracted using

o
(2]

the RNeasy® Plant Mini Kit (Qiagen) follo wi ng t he manuf acturer
eluted in 50 pL dH20.

Prior to first-strand cDNA synthesis, leaf and apex RNA samples were treated using
the RQ1 RNase-Free DNase kit (Promega). Briefly, 5 pL of RNA was added to a
0.1 mL nuclease-free PCR tube containing 1 pL RQ1 RNase-Free DNase and 1.5
UL RNase-Free DNase 10X Reaction Buffer, with a final reaction volume of 7.5 pL.
The reaction was incubated at 37 °C for 30 mins, after which 1 uL RQ1 DNase Stop
Solution was added, and the sample was incubated for a further 10 mins at 65 °C
to terminate the DNase reaction. Next, 1 pyL of 50 pum oligo(dT) and 1.5 pL 10 mM
dNTP mix (equal ratio 10 mM dATP, dCTP, dGTP, and dTTP) was added to the
sample and incubated at 65 °C for 5 mins, preceded by 5 mins incubation on ice
before proceeding to the cDNA synthesis step. First-strand cDNA synthesis was
performed using SuperScriptE Il Reverse Transcriptase (Invitrogen) and

RNaseOUTE (I nvitrogen) as per the manufacturer ¢

The cDNA was diluted to 50 ng/pL and 2.5 uL was combined with 5 pyL GoTaq®
gPCR Master Mix (Promega) and 2.5 pL primer mix (1 pL 100 pum forward primer,
1 pL 100 pum reverse primer, 46 pL nuclease-free water), with a final reaction
volume of 10 pL. Two technical replicates were used for each sample, and each
reaction was also duplicated to receive primers to amplify the gene of interest (GOI)
and the reference gene TraesCS5A02G015600 (Borrill et al., 2016). Primers were
designed from the gene of GOI coding sequence (CDS) using the Primer-BLAST

tool (https://www.ncbi.nim.nih.gov/tools/primer-blast/; Ye et al. (2012)); all primers
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used are listed in Table 2.1. Reaction components were pipetted into a sterile 96-
well non- skirted qPCR plate, sealed with optically clear plate sealing film, and
centrifuged briefly using a PCR Plate Centrifuge Il (Avantor Sciences) to collect the
reaction in the bottom of the plate well. Quantitative PCR (QPCR) was performed
using the CFX96 Thermal Cycler (Bio-Rad) with the following conditions: 95 °C for
5 min, 39 cycles of 95 °C for 10 s, and 60 °C for 30 s, followed by a melt starting at
65 °C for 5 s, increasing in 0.5 °C increments to 95 °C. Expression levels of the
genes of interest were calculated relative to TraesCS5A02G015600 following the
21®Ca format (where @G = GOI quantification cycle (Cg) val

TraesCS5A02G015600 Cq value). Statistical analysis of expression level was
perfor med usi ng-test(normadistriliition) drélann-BVhitndy U test
(non-normal distribution) when comparing two groups, and ANOVA followed by the

Tukey post-hoc test for data with three or more groups to compare.
2.2.4.2 Preparation of wheat leaf tissue for RNA-seq

In addition to sampling leaf tissue and extracting RNA for gPCR analysis of genes
of interest, RNA samples from leaf tissue during 10°C wRV, 14°C wRV, 10 °C SV,
10 °C SGV, and non-vernalized low-light 10 °C SGV control conditions were
analysed using RNA-seq analysis. For all conditions, 4-weeks of treatment was
selected for comparison. RNA was extracted following the method detailed in
section 2.2.4.1. Post-extraction, RNA was treated with RQ1 RNase-Free DNase
(Promega) and Monarch® RNA Cleanup Kit (New England Biolabs) as an
additional purification step. RNA samples were analysed by Novogene UK
(Cambridge Science Park). Three biological replicates per condition were sent.
Sample concentration was within the range of 40-60 ng/pL and a final sample
volume of 40 pL.

u
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Table 2.1: Complete list of primers used in this project.

Gene

TraesCS5A02G015600

TraesCS5A02G015600
VRN1

VRN1

ZCCT1 (VRN2)
ZCCT1 (VRN2)
ZCCT2 (VRN2)
ZCCT2 (VRN2)

FT-B1

FT-B1

GIGANTEA
GIGANTEA
PHYTOCHROME C
PHYTOCHROME C
PIF4

PIF4

CONSTANS1
CONSTANS1
TraesCS3A02G432900

TraesCS3A02G432900

TraesCS3A02G435000
TraesCS3B02G470000
TraesCS3D02G428000

Description

gPCR

reference

gPCR

reference

Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Specific
gPCR
Specific
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR
Generic
gPCR

Generic
gPCR

Sequence

TCTAAATGTCCAGGAAGCT
GTTA

CCTGTGGTGCCCAACTATT

GAACAAGATCAACCGGCA
GGTGAC
GGAGAAGATGATGAGGCC
GACCTC
GCCCACATCGTGCCATTTT
ACGGA
GCTCTCTCCTGCATTGTGG
GATA
CATCGTGCCATTCTGCGG
G
CCCTGTACCTCATCACCTT
CGCCT

GTCGTTCGGGCAGGAG

TGGAAGAGTACGAGCACG
?%CATTTCTTGCGTGCGAT
ETTCAACTCCTTCAGCATG
$CTCAGGTATGCTTGCGAA
gTAACACAATGCTGCACCA
gGCACAGGGTCTAAATCA
géTCAGCTGAATGTTTTGC
éTTCCATCAGCAATGACAT
ATC

GAAGTGAATGGCCTGAGA
$6CTGCCTGGTCTCTCGAT
?GCTCCCGCCACTATWTG

GGGCTCTTCAAGAAGGCC
TT

Orientation

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense
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Table 2.1: Complete list of primers used in this project (continued).

Gene Description Sequence Orientation

TraesCS3A02G435000 Generic gPCR GCAAATGCCTGATAGC Antisense
TraesCS3B02G470000 GG TC
TraesCS3D02G428000

TraesCS3A02G435000 Generic gPCR GCAAATGCCTGATAGC Antisense

TraesCS3B02G470000 GG TC

TraesCS3D02G428000

TraesCS3A02G434400 :

TraesCS3B02G469700 Cenec TCAAGAMGGLGTTCEA - gonse

TraesCS3D02G427700 qPCR GCTC

TraesCS3A02G434400 :

TraesCS3B02G469700 Cenenc ACTTGCATCGCCTCCA  ntisense

TraesCS3D02G427700 gPCR TTCA

TraesCS3A02G435000  SPecific Sense
gPCR

TraesCS3A02G435000 igg‘;f'c Antisense
Specific CAAGGCTTGAAGAGATT

TraesCS3B02G470000 gPCR AC TA Sense
Specific TGCACCACTATTTCGTT :

TraesCS3B02G470000 gPCR GCG Antisense

TraesCS3D02G428000 SPecific Sense
gPCR

TraesCS3D02G428000 igg‘;f'c Antisense

TraesCS3A02G432900  Specific TTCCCCCAACACACTG Sense

downstream antisense  gPCR TTCC

TraesCS3A02G432900  Specific ACGCTTTCGCTAAAATT Antisense

downstream antisense  qPCR TC CTCC

TraesCS3A02G435000 Specific ACACTCTCTCTCCCTGA Sense

downstream antisense  qPCR CACC

TraesCS3A02G435000 Specific TTCTCCTCTCCTCCGCT Antisense

downstream antisense  qPCR TCTGT

TraesCS3A02G432900  Specific ACATCGTCGCCACAAA Sense

intron antisense gPCR AAG C

TraesCS3A02G432900  Specific GTCTGTACTTTGCCTC Antisense

intron antisense gPCR GGCT
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Table 2.1: Complete list of primers used in this project (continued).

Gene Description Sequence Orientation
Yeast
TraesCS3A02G432900 plasmid CGCGAATTCATGGLGC Sense
cloning GG CG
Yeast
TraesCS3A02G432900  plasmid CCEGATCCTCAAGELT  \ntisense
cloning TC CTCCC
Yeast
TraesCS3A02G434400 CCCEAATTCATEGLEE  gonge
P GG CG
cloning
Yeast
TraesCS3A02G434400 plasmid GCGGATCCTCAGGTCC Antisense
cloning TT CCTCG
TraesCS3A02G435000 Yeast CGCGAATTCATGGCGC
TraesCS3B02G470000 plasmid Sense
TraesCS3D02G428000  cloning GG CGCG
Yeast
TraesCS3B02G470000 plasmid GCGBATCCTCAAGTCCT Antisense
cloning TC CTTC
Yeast
TraesCS3D02G428000  plasmid CCGGATCCTCAAGTCCT pniisense
cloning TCTG
Yeast
TraesCS3A02G435000 plasmid GCGBATCCTCAAGTCCT Antisense
cloning TC CTTCCTTC
SPL-associated TFBS Dimer formation gi%(é%ngggggCGAA Sense
SPL-associated TFBS Dimer formation Xgi(ééig¥$ggggcep‘ Antisense
PGADA424 Spézirghdcing AATACCACTACAATGGA Sense
T
PGBTY Plasmid GAGTAGTAACAAAGGTC Sense
sequencing
AA
DHIS-2 Plasmid CTAGACCGCGGATCGA Sense

sequencing TT CG
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2.2.4.3 RNA-seq analysis and soft clustering

Abundance of transcripts was guanti fied
(https://github.com/pachterlab/kallisto; Bray et al. (2016)) and undertaken on

ARCA4, part of the High Performance Computing facilities at the University of Leeds,
UK. Using kallisto, a transcriptome index was produced from the RNA-seq
transcriptome output from Novogene. Pseudoalignments were generated using the
IWGSC Chinese Spring reference genome
(https://www.ebi.ac.uk/ena/browser/view/GCA 900519105.1; Appels et al.

(2018)). Kallisto-quantified abundance of transcripts were reported in transcripts
per kilobase million (TPM) and were analysed using the R package sleuth
(https://github.com/pachterlab/sleuth; Pimentel et al. (2017)). Using sleuth,

differential expression analysis was performed to identify genes that were
differentially expressed between conditions. Differentially expressed genes were
determined based on g-value < 0.05. Soft clustering of differentially expressed
genes was carried out using the mfuzz package (https://github.com/a-

velt/Mfuzz_RNAseq; Kumar and Futschik (2007)). An additional pre-processing

step was carried out to standardise gene expression to have a mean value of zero

and a standard deviation of one, to ensure that genes with similar changes in
expression were close in Euclidean space.
prevent clustering of random data and an o
selected based on the rate of decline of the mi ni mum di stance (Admi
cluster centroid. Soft clustering calculated the cluster centroid, which represents

the overall expression pattern within clusters. All genes were assigned a

membership value between 0-1 to determine which cluster best represents the

expression change observed in the gene. Plots of clusters were visualized using

t he function OTind u zShinyeO o t F7 platform

(http://bicinformatics.sdstate.edu/go/; Ge et al. (2020)) was used to perform gene

ontology (GO) enrichment analysis on genes and identify enriched pathways that
were overrepresented by the input gene list. Significant pathways were isolated by
filtering by enrichment FDR and sorting by fold enrichment value. Dotplots
representing GO terms were produced wusing t

(https://qgithub.com/sjmgarnier/viridis)
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2.3 Results

2.3.1 Vernalization of European winter wheat is achieved under warmer

temperatures

2.3.1.1 Winter wheat is successfully vernalized under temperatures of 10 °C
and 14 °C

Winter wheat cultivars Claire, Buster, Charger, and Hereward had varying
responses when grown under 8, 10, and 14 °C short-day (8 hr light/16 hr dark)
vernalization conditions (Figure 2.1). Overall, 6 weeks of growth under these
temperatures was the most effective to satisfy vernalization. Despite all cultivars
flowering under 10 °C and 14 °C, there was a statistically significant (p<0.05;
St u d e-est)disference in flowering time, with faster flowering observed after 6
weeks at 10 °C (Figure 2.1B). In addition, 8 weeks of growth under 10 °C and 14
°C was also sufficient for vernalization in all cultivars; flowering occurred faster
under 10 °C compared to 14 °C (statistically significant at p<0.05) (Figure 2.1B;
Figure 2.1C).

Two weeks of treatment was the least efficient method of vernalization; no cultivars
flowered after receiving two weeks of treatment at 8 °C (Figure 2.1A), only cultivars
Claire and Buster flowered at 10 °C, and a single cv. Claire plant flowered after two
weeks at 14 °C. Although vernalization was completed after two weeks for 10 °C
and 14 °C, plants flowered relatively late compared to other timepoints. Under 10
°C, cv. Buster flowered after 162 days of growth and cv. Claire flowered after 176
days (Figure 2.1B). At an increased temperature of 14 °C, cv. Claire flowered later
after 192 days (Figure 2.1C). After 4-weeks of temperature treatment, only cv.
Claire was vernalized under 8 °C and 10 °C, flowering after 132 and 159 days
respectively (Figure 2.1A; Figure 2.1B). However, 4-weeks of treatment at 14 °C
was sufficient to vernalize cultivars Claire, Buster, and Charger, with cv. Claire
flowering first (134 days) followed by cv. Charger (162 days) and cv. Buster (163
days) (Figure 2.1C). Despite successful flowering of these cultivars at a warmer
temperature, the total number of days between flowering of the first and final
individual was variable (34, 15, and 22 days for Claire, Charger, and Buster,
respectively). This would indicate that 4-weeks growth at 14 °C i s rthé most

efficient method of vernalization.
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With this in mind, the most consistent duration of treatment under each temperature
was 6-weeks of growth. At 8 °C, vernalization was satisfied in cultivars Claire,
Charger, and Buster after 6 weeks, and flowering was recorded after 102 days for
cultivars Claire and Charger and 124 days for cv. Buster (Figure 2.1A). Only a
single plant for cv. Buster was vernalized after 6 weeks at 8 °C, however an
increase to 10 °C led to flowering for all plants (Figure 2.1B). Furthermore, plants
flowered only 4 days later at this increased temperature. Another difference
observed after 6-weeks growth at 10 °C was the flowering of cv. Hereward,
indicating vernalization was completed under these conditions for this cultivar
(Figure 2.1B). Hereward flowered after 154 days of growth and the final plant
flowered after 158 days, signifying the vernalization was completely saturated at
this stage. Moreover, vernalization was completed in all cultivars after 6 weeks of
growth at 14 °C (Figure 2.1C). The flowering response was slightly delayed at 14
°C compared to 10 °C.

|l nterestingly, increasing the duration and
necessarily result in an earlier flowering response. Under 8 °C, only a single plant

for cultivars Claire and Charger were vernalized after 8 weeks growth (Figure

21A) . Similarly, after 8 weeks growth at 10
after 6 weeks growth (Figure 2.1B). Here, the staggered flowering response was

comparable to 6 weeks growth, with cv. Charger flowering first after 135 days,

followed by cv. Buster (144 days), cv. Hereward (155 days), and finally cv. Claire

(168 days). Since this flowering response range after 8 weeks (168-190 days) in

cv. Claire overlaps with 2 weeks (176-1 79 days), vernalization a
more efficient than vernalization after 2 weeks at 10 °C for this cultivar. Similar to

6 weeks, vernalization was completed for all four cultivars after 8 weeks growth at

14 °C (Figure 2.1C). Cv. Charger flowering first after 146 days, then cultivars

Buster and Claire after 160 days, then cv. Hereward after 174 days. Cultivars

flowered at a relatively similar rate, with the range of flowering dates overlapping

for all cultivars.
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2.3.1.2 Warmer temperature during vernalization corresponds with an
increase in apex length

Since a variable flowering response was observed across cultivars and
temperatures, rate of apex development was investigated as the stage of
development is often used as an indicator of successful vernalization in winter
cultivars. Therefore, apex development was recorded during growth under 8 °C,
10 °C, and 14 °C short-day (8 hr light/16 hr dark) conditions. From the length of
apices across the timecourse, the rate of development generally corresponded with
temperature, with the slowest rate of growth observed at 8 °C and the fastest rate at
14 °C (Figure 2.2). After 2 weeks of growth, there was no significant difference in
apex length between temperatures for any of the cultivars; however, by 4 weeks of
growth, differences between apex length were observed. The greatest difference in
length after 4 weeks was reported in cv. Hereward, with the average apex length
under 14 °C approximately 57% longer than under 8 °C (Figure 2.2C). In contrast,
the least difference was recorded for cv. Charger, with an 8% increase in length at
14 °C compared to 8 °C (Figure 2.2B). However, i t rioteworthy that cultivars
Hereward and Charger had the smallest average apex length when grown at 10 °C

(70.2 um and 82.3 um, respectively).

After 6 weeks of growth, differences in apex length across all cultivars became more
apparent. When comparing average apex length under 8 °C and 14 °C, all cultivars
exhibited an increase in length. The greatest percentage change was in cv. Charger,
with an 174% increase in length under 14 °C, a substantial increase compared to
the 8% increase observed at 4 weeks growth (Figure 2.2B). Cv. Buster had the
smallest percentage change (52.7% difference in average apex length between 8
°C and 14 °C), however the average apex length after 6 weeks growth at 8 °C (227.7

pm) was longer than all other cultivars (Figure 2.2A).
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The greatest average apex length overall occurred after 8 weeks growth at 14 °C,
with cv. Claire having the highest average length, 684.8 um, an increase of 121%
compared to growth under 8 °C (Figure 2.2D). Other cultivars were as follows: cv.
Buster, 593.33 pm (106% increase); Charger, 489.7 um (120.9%); Hereward,
476.01 Om (119.5%). Surprisingly, this incr
a transition from vegetative to reproductive tissue. This was deduced based on the
absence of double-ridge formation in the apices (Figure 2.3). When grown under 10
°C, after 2- and 4-weeks of growth, apices for all cultivars were at the early
vegetative stage of development. By 6 weeks, apices of cultivars Buster and Claire
had progressed to | ate vegetative stage, bu
ridge stage that indicates the generation of reproductive apical tissue (Figure 2.3A;
Figure 2.3D). By 8 weeks, cultivars Charger and Hereward had also reached the
late vegetative stage. Intriguingly, cv. Claire had an elongated apex by 8 weeks, but
lacked a double ridge and was still only forming leaf primordia along the apex
(Figure 2.3D). Under growth at 14 °C, the absence of double ridge was more
pronounced. Here, all cultivars had reached the late vegetative stage by 6 weeks of
growth (Figure 2.3E- Figure 2.3H). By 8 weeks, elongated apices were observed
for all cultivars, with the most distinctive elongation reported in cv. Claire. Similar to
growth under 10 °C, the elongated apices were still in the late vegetative stage of
development (Figure 2.3D; Figure 2.3H). This would indicate that these apices are
still in the process of transitioning to reproductive tissue formation even after 8
weeks. This is compelling as the flowering data suggests that vernalization was

complete before this point.



35

cv. Buster
8001 = 8°C
== 10 °C
T 6001 & 14 °C o
=
5, 400 - ;
c B
<@ 3
3 200 1
o
<C
o] ==
0 2 4 6 8
Vernalization duration (weeks)
C
cv. Hereward
800 -
E 600 1
2
.._C-‘ ﬁ
o 400 1
(e}
2 o
8 200 -
< o
0 1 S

0 2 4 6 8
Vernalization duration (weeks)

800 1

)
()]
o
o

Apex length (um

o

800 1

(o2}
o
o

Apex length (um)
NS
o o
& o

o

N
o
o

N
o
o

cv. Charger
o
g A
/
-
0 2 4 6 8
Vernalization duration (weeks)
cv. Claire
B
ios
8
=
0 2 4 6 8

Vernalization duration (weeks)

Figure 2.2: Development of winter wheat apices under varying vernalization

temperatures. Apex length (um) was measured at 2-week intervals for 8 weeks in

cultivars (A) Buster, (B) Charger, (C) Hereward, and (D) Claire. Plants were grown

under 8 hr light/16 hr dark for 8 weeks at temperatures of 8 °C (blue circle), 10 °C

(green triangle), and 14 °C (orange square). Coloured lines represent fitted linear

regression lines.
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Figure 2.3: Apex development of winter wheat over 8 weeks of growth under varying vernalization temperatures. (A-D) Growth
under 10 °C short day conditions; (E-H) Growth under 14 °C short day conditions. Numbers beneath apices signify duration of
vernalizing conditions. Cultivars are (A,E) Buster, (B,F) Charger, (C,G) Hereward, and (D,H) Claire. A scale bar (1000 pm) is

included to demonstrate scale.
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2.3.1.3 Key wheat vernalization genes are active under warmer
vernalization temperatures

To investigate the molecular mechanism underpinning the vernalization
under warmer temperatures, expression analysis was performed on leaf
tissue from plants grown under 8 °C, 10 °C, and 14 °C short day conditions.
First, expression of floral activator VRN1 was examined in cultivars Claire
and Charger (Figure 2.4A-Figure 2.4B). As the 4-week and 6-week
timepoint marked the completion of vernalization for these two cultivars,
VRN1 expression after 4 and 6 weeks was investigated. At a lower
temperature of 8 °C, there was no difference in expression level of VRN1
after 4 weeks between cultivars Claire and Charger. Similarly, under 10 °C,
and 14 °C, there was no significant difference in VRN1 in cv. Charger,
although expression was higher under 10 °C (Figure 2.4B). An increased
temperature of 14 °C corresponded with reduced expression of VRN1 for

both cultivars.

At 6 weeks, VRN1 expression under 8 °C was significantly higher (p<0.05;
Tukey post-hoc test) than 10 °C and 14 °C for cv. Claire. In contrast, cv.
Charger had high VRN1 level under both 8 °C and 10 °C, with the highest
expression level at 10 °C. Expression levels for both these temperatures
were significantly higher than at 14 °C (Figure 2.4). When comparing
cultivars, expression level of VRN1 under 10 °C was significantly higher for

cv. Charger at both 4 and 6 weeks.

Repression of the VRN2 locus by VRNL1 is understood to facilitate activation
of the vernalization pathway (Yan et al., 2004; Yan et al., 2003). Therefore,
VRN2 expression (i.e., cumulative expression of genes ZCCT-Al, ZCCT-B1,
ZCCT-D1, ZCCT-A2, and ZCCT-D2) under these same conditions in
cultivars Claire and Charger was similarly examined. In cv. Claire, there was
no difference in VRN2 expression between 4 and 6 weeks at 8 °C. At an
increased temperature of 10 °C, expression of VRN2 was completely
repressed by 4 weeks and remained off after 6 weeks (Figure 2.4C). Under
a temperature of 14 °C, VRN2 expression was higher at 4 weeks and down
regul ated to a signifi c atest)byd eapksanev.

Claire. However, in cv. Charger, VRN2 was down regulated at the 4- week

(p<0. 05;
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timepoint across all 3 temperatures (Figure 2.4D).

By 6 weeks of growth at 8 °C, VRN2 was sharply up regulated compared to 4
weeks; however, this result was not statistically significant (p>0.05; ANOVA).
Nonetheless, increased expression level of VRN2 at 8 °C aligned with later
flowering under this temperature; this is compelling as it indicates that down
regulation of VRN2 occurs at a higher temperature, leading to vernalization being

completed.

Expression analysis for VRN1 and VRN2 follows a typical vernalization route under
8 °C, but the pattern of expression for these genes deviates under warmer
temperatures. Furthermore, the low level of expression of floral activator VRN1 at
14 AC doesndét explain the vernalizati
observed under these conditions. Therefore, it was necessary to investigate other
candidate genes that could be involved in vernalization under a warmer

temperature.
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Figure 2.4: Expression of VRN1 and VRN2 in winter wheat under varying
vernalization temperatures. (A-B) VRNL1 expression in cv. Claire and cv. Charger
under 8 °C (blue), 10 °C (green), and 14 °C (purple) short day conditions; (C-D)
VRNZ2 expression in cv. Claire and cv. Charger under 8 °C (blue), 10 °C (green), and
14 °C (purple) short day conditions. Plants were exposed to the conditions for 4 and
6 weeks. Error bars = standard error of the mean for 3 biological replicates. Different
letters above bars represent statistically significant difference (p<0.05; ANOVA and
Tukey post-hoc test) in expression between temperature conditions at the respective

timepoint.
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2.3.1.4 RNA-seq reveals contrast in differential gene expression

In the previous section, the results of flowering indicated that 4 weeks of
vernalization at 14 °C effectively vernalized cultivars Buster and Charger, whereas
these cultivars were yet to be vernalized after 4 weeks at 10 °C (section 2.3.1.1;
Figure 2.1). Therefore, the 4-week timepoint was investigated in more depth to
determine why vernalization proceeded at a higher temperature instead of a lower
temperature in winter cultivars that have a moderate and high vernalization
requirement. To do this, differential expression analysis was performed on leaf
tissue from cv. Buster grown for 4 weeks under either 10 °C or 14 °C short day

conditions.

Sleuth analysis of the RNA-seq dataset identified 3,279 transcripts and 3,239 genes
that were being differentially expressed between a temperature of 10 °C and 14 °C.
In total, 1,502 transcripts were up regulated and 1,777 were down regulated
between the different temperatures (Figure 2.5). Four genes associated with
vernalization were differentially expressed; these were VRN-AL, VRT-A2, VRT-B2,
and VRT-D2. These genes were all down regulated under 14 °C short day compared
to 10 °C short day (Figure 2.5). Under 10 °C, VRN-A1 had an expression level of
4.729 TPM compared to 0.764 TPM under 14 °C (Figure 2.6). Expression level
varied when comparing the homoeologues of VRT2; the highest level of expression
was observed in VRT-D2 under 10 °C (42.144 TPM) and 14 °C (3.175 TPM),
followed by VRT-A2 (20.969 and 3.098 TPM), and VRT-B2 (1.032 and 0.147 TPM)
(Figure 2.6). None of the ZCCT genes or FT-B1 were differentially expressed
between temperatures. Furthermore, FT-B1 and ZCCT1 (ZCCT-Al, ZCCT-B1, and
ZCCT-D1) were not expressed under either temperature (Figure 2.6). ZCCT2 had
a low level of expression and there was no significant difference in expression of
ZCCT-A2 (0.127 TPM at 10 °C; 0.036 TPM at 14 °C) or ZCCT-D2 (0.141 TPM at
10 °C; 0.000 TPM at 14 °C) in response to temperature.
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Figure 2.5: Volcano plot displaying differentially expressed genes in cv. Buster after
4 weeks of growth under 10 °C and 14 °C short day conditions. Differentially
expressed genes were determined from comparing RNA-seq data for 10 °C vs 14
°C. Vernalization genes are annotated as follows: TraesCS5A02G391700 (VRN-A1),
TraesCS7A02G175200 (VRT-A2), TraesCS7B02G080300 (VRT-B2), and
TraesCS7D02G176700 (VRT-D2). Down regulated genes = blue; up regulated

genes = red; non-significant genes = grey.
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Since there was no difference in the expression level of central floral repressor
ZCCT genes at 10 °C and 14 °C, | considered the involvement of another floral
repressor that was supressing flowering in cv. Buster under 10 °C conditions. To
identify potential candidates, gene ontology (GO) enrichment analysis was carried
out on all differentially expressed genes. This analysis identified the top 19 GO
Biological Process pathways associated with the 3,279 differentially expressed
transcripts (Table 2.2). Within the top pathways, 3 were particularly relevant:
response to cold (fold enrichment = 4.3), response to temperature stimulus (fold
enrichment = 4), and response to abiotic stimulus (fold enrichment = 2.8)

pathways.

The response to cold pathway contained 21 differentially expressed transcripts,
of which 14 genes were down regulated and 7 were up regulated at 14 °C. All of
these transcripts were also identified in the desponse to temperature stimulusd
pathway; in total, this pathway group contained 39 differentially expressed
transcripts, including 18 transcripts unique to the response to temperature
stimulus pathway. Similarly, the response to abiotic stimulus pathway contained
all transcripts from the response to cold and response to temperature stimulus
pathways. In addition, this pathway also contained 60 other differentially
expressed transcripts not directly related to temperature. Since all the transcripts
identified in the response to cold pathway also were present in the other two

relevant pathways, this group was examined in more detail.

2.3.2 Vernalization in European winter wheat is achieved under an extended

day length

Results from section 2.3.1 highlights that increased temperatures of 10 °C and 14
°C are sufficient for vernalization to proceed, with successful vernalization of
winter cultivars Claire, Buster, Charger, and Hereward achieved by 6 weeks of
growth under these conditions. These findings are consistent with evidence from
Arabidopsis in which vernalization proceeds under warmer autumn temperatures
(Duncan et al., 2015; Hepworth et al., 2018). As this suggests that vernalization
under artificial temperatures of 4 °C-6 °C might not be the most efficient approach,
we investigated if adjusting the photoperiod from the standard 8 hr light/16 hr dark
would further optimise vernalization. Since section 2.3.1 indicated that

vernalization proceeded more efficiently under 10 °C compared to 14 °C, this
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temperature was selected as a starting point. Typically, a short-day photoperiod
is used for artificial vernalization of cereals, as this reduces expression of the floral
repressive locus VRN2. However, the results of expression analysis in section
2.3.1.4 revealed that the ZCCT genes that represent the VRN2 locus were
completely repressed in cv. Buster after 4 weeks growth at 10 °C, despite the
vernalization requirement yet to be met. In conjunction with examples that suggest
that repression of flowering pre-vernalization is a multigenic response (Greenup
et al., 2010; Xie et al., 2021), we considered that VRNZ2 is not a limiting factor for
vernalization to proceed. To investigate this, the vernalization response was
examined in cultivars Claire, Charger, and Hereward grown at 10 °C under an
extended photoperiod of 22 hr light/2 hr dark and increased light intensity (Figure
2.7A; Figure 2.7C). From here onwards, these conditions will be referred to as
speed vernalization (SV) (Figure 2.7B). For comparison, these cultivars were also
grown under 10 °C short day conditions and increased light intensity, referred to
as warm regular vernalization (WRV). To identify when vernalization was
completed, plants were moved into speed breeding conditions (22 °C, 22 hr
light/17 °C, 2 hr dark) and flowering date was recorded (Figure 2.7D).
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Table 2.2: Enriched biological pathways in winter wheat cv. Buster under 10 °C and
14 °C vernalization temperatures. DEGs = differentially expressed genes.

Fold

Total

Enrichment FDR DEGs Pathway
Enrichment Pathway
Genes
1.67E-14 6.917323 30 144 Chloroplast organization
3.49E-08 6.06596 19 104 Glycosyl
compound

metabolic proc.

1.75E-14 5.941616 34 190 Plastid organization
554E-13 5142081 35 226 Sulfur
compound
biosynthetic
proc.
5.65E-08 5.037719 22 145 Pyrimidine-containing

compound metabolic proc.

Pyrimidine-containing

6.77E-07 4.812051 20 138
compound biosynthetic
proc.
2.55E-06 4.251623 21 164 Response to cold
2.17E-12 3.969942 44 368 Protein folding
5.58E-11 3.960009 39 327 Response to temperature
stimulus
3.03E-16  3.210483 76 786 Sulfur compound
metabolic proc.
1.84E-11 3201732 54 560 Alpha-amino acid
metabolic proc.
200E-18  2.944265 101 1139 Small molecule

biosynthetic

proc.



1.11E-12

3.73E-17

4.20E-07

2.00E-18

2.27E-17

4.39E-09

3.20E-06

2.835856

2.814308

2.705442

2.396795

2.354713

2.314346

2.285412
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72

99
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143

139

75

53

843

1168

540

1981

1960

1076

770

Carboxylic acid
biosynthetic

proc.
Response to abiotic stimulus

Response to inorganic
substance

Oxoacid metabolic proc.

Carboxylic acid metabolic
proc.
Cellular amino
acid metabolic
proc.

Monocarboxylic
acid metabolic
proc.
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2.3.3 Winter wheat is satisfactorily vernalized using SV conditions

Under an extended photoperiod of 22 hr light at 10 °C, vernalization was
successfully completed in cultivars Claire, Charger, and Hereward. Comparative to
vernalization under 10 °C short day conditions, vernalization was not fully saturated
after 2 weeks. For cv. Claire, plants that received 2 weeks of SV flowered after 82
days, compared to 118 days for cv. Charger (Figure 2.8). This was earlier than for
plants that received 2 weeks of wRYV for both cultivars. In contrast, 2 weeks of SV
conditions was not sufficient for vernalization to proceed in cv. Hereward (Figure
2.10). However, after 4 weeks of SV, vernalization was satisfied in cv. Hereward,
with uniform flowering after 100 days (Figure 2.10). Similarly, cultivars Claire and
Charger were vernalized after 4 weeks of SV. Claire flowered after 65 days under
these conditions, butt her e wasnét a statistically sign
time when compared to wRV (Figure 2.8). Conversely, vernalization was
completed in Charger (Figure 2.9) and Hereward (Figure 2.10) under SV but not
WRYV conditions.

Interestingly, 4 weeks of SV satisfied vernalization for all cultivars with no
statistically significant difference in flowering time between 4 and 6 weeks of SV

(Figure 2.8; Figure 2.9; Figure 2.10). Flowering of cultivars Claire and Hereward

after 6 weeks of SV was not significantly different to 6 weeks of wRV. Furthermore,

cCV. Charger fl owered si gni ftestcaftan® wegks$vat er ( p
compared to 6 weeks WRV (Figure 2.9). Based on total spikelet number per ear,

there was a statistically significant difference in spikelet number when comparing

WRV and SV (Figure 2.11), with SV resulting in decreased spikelet number (Figure

2.11A; Figure 2.11B). No statistically significant difference in spikelet number was

reported under SGV conditions in cv. Charger (Figure 2.11C). For cv. Hereward,;

there was no statistically significant difference in spikelet number under SGV
compared to either wRV or SV (Figure 2.11F). Conversely, a statistically significant
difference (p<0.01; Mann- Whitney U test) was reported between 6 weeks wRV

and SV, with increased spikelet number under wRV conditions (Figure 2.11D;

Figure 2.11E). For cv. Claire, there was a statistically significant difference when
comparing 4 weeks of wRV ated) (Fgve 1140 . 01 ;
Figure 2.11H). Additionally, a statistically significant difference was observed when

comparing 6 weeks of wRV and SV (p<0.01; Mann-Whitney U test).
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Figure 2.7: Schematic of the speed vernalization protocol. (A) Schematic combining
speed vernalization (either SV or SGV) with SB to maximise effects of these protocols;
(B) lllustration depicting speed vernalization set up with the seed covered (SV) and
uncovered (SGV). For SV, temperature was measured both above and below the soil
surface; (C) lllustration showing plants growing under high light intensity during speed
vernalization in a growth cabinet; (D) Illustration showing plants flowering in speed

breeding post-speed vernalization in a glasshouse.
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Figure 2.8: Heading of winter wheat cv. Claire under the different vernalization
conditions. (A) Days until flowering from germination after 2, 4, and 6 weeks of
vernalization type; warm regular vernalization (WRV, green), speed vernalization (SV,
purple), speed green vernalization (SGV, red). (B) Flowering of the first individual plant,
including total days of vernalization treatment and total days of speed breeding (SB,

yellow) post-vernalization treatment.
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Figure 2.9: Heading of winter wheat cv. Charger under the different vernalization
conditions. (A) Days until flowering from germination after 2, 4, and 6 weeks of
vernalization type; warm regular vernalization (WRV, green), speed vernalization (SV,
purple), speed green vernalization (SGV, red). (B) Flowering of the first individual plant,
including total days of vernalization treatment and total days of speed breeding (SB,

yellow) post-vernalization treatment.
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Figure 2.10: Heading of winter wheat cv. Hereward under the different vernalization
conditions. (A) Days until flowering from germination after 2, 4, and 6 weeks of
vernalization type; warm regular vernalization (WwRV, green), speed vernalization
(SV, purple), speed green vernalization (SGV, red). (B) Flowering of the first
individual plant, including total days of vernalization treatment and total days of

speed breeding (SB, yellow) post-vernalization treatment.
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2.3.4 Expression analysis indicates complexity of SV process

Surprisingly, VRN1e x pr essi on wasno6t considerably

SV. Here, expression of VRN1 was examined as the difference in vernalization for
the winter cultivars tested was partially attributed to this gene. Using cultivars Claire
and Charger to investigate VRN1 expression across 2- to 6-weeks SV, expression
remained low (Figure 2.12). After 2, 4, and 6 weeks of SV, there was no significant

difference in VRN-A1 when comparing cultivars Claire and Charger.

2.3.5 Vernalization on the surface (SGV) is an effective method of
vernalization

Speed vernalization adequately vernalized cultivars Claire, Charger, and Hereward,
as demonstrated in section 2.4.1. However, we considered whether we could
optimise the  protocol furtherto reduce generation time and
develop our understanding of the pathway active during speed vernalization.
Expression analysis under SV conditions revealed that genes known to be
involved in cereal vernalization, including VRN1, ZCCT genes, and FT1,
were not behaving as expected. This indicates a separate pathway or element is
involved in SV. Germinating seeds uncovered on the surface of the soil resulted in
successful vernalization of the tested winter wheat cultivars Claire, Charger, and
Her ewar d. Further mor e, this form ver
onwards) resulted in earlier flowering when compared to SV and wRV (Figure 2.8;
Figure 2.9; Figure 2.10). Prior to flowering, plants grown under SGV differed in
appearance when compared to those grown under SV (Figure 2.13). When grown
under SGV, plants had a reduction in plant height and leaf length when compared
to SV (Figure 2.13). Nonetheless, SGV sufficiently vernalized plants grown under
these conditions. This response varied across timepoints, with 2 weeks of SGV
observed to be the least effective duration of vernalization for all cultivars. For cv.
Claire, there was a statistically significant difference (p<0.05; Mann-Whitney U test)
in flowering time between 2 weeks of wRV and SGV, with plants grown under SGV
flowering after 68 days compared to 94 days for wRV. In contrast, there was no
difference in flowering between wRV and SGV after 4 weeks for cv. Claire. By 6
weeks, vernalization was fully saturated in cv. Claire, similar to what was observed
under wRV and SV, indicating that 6 weeks is more than a sufficient amount of time

for vernalization to be completed for this cultivar. Furthermore, there was a

nal

up
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statistically significant difference (p<0.01; Mann-Whitney U test) between SGV and
WRYV at this timepoint, with SGV also resulting in earlier flowering (Figure 2.8).

In cv. Charger, the difference in flowering time between wRV and SGV was more
pronounced (Figure 2.9). Plants were vernalized after 2 weeks of SGV, with the
first plant flowering after 99 days. This was significantly earlier than under wRV,
where vernalization wasnot satisfied.
achieved under wRV conditions, and flowering under SV was significantly slower
(p<0.01; Mann-Whitney U test) than under SGV. Vernalization was almost
completed saturated by 6 weeks; here, plants flowered between 70 and 80 days
and this result was significantly different when compared to SV (p<0.01; Mann-
Whitney U test) and wRYV (p<0.01; Mann-Whitney U test).

A similar result was observed for cv. Hereward (Figure 2.10). After 2 weeks of SGV,
vernalization was completed; however, compared to cultivars Claire and Charger,
this duration wasnét as effective at
on to flower under these conditions. Nonetheless, longer duration of SGV resulted
in a higher number of vernalized plants, with 4 weeks of SGV leading to flowering
after 86 days (Figure 2.10) . I n contrast, cVv. He
vernalized after 4 weeks of wRV, with no flowering after 120 days growth. After 6
weeks of SGV, plants flowered after 84 days. There was no statistically significant
difference in flowering when comparing 4 weeks and 6 weeks of SGV; however,
flowering was slightly more uniform after 6 weeks (Figure 2.10). Conversely, there
was a statistically signif i ctast) tn flavering
between SGV and wRYV after 6 weeks, with SGV resulting in earlier flowering. When
comparing SV and SGV, there was also a statistically significant difference (p<0.01,;
Studenestps t

In addition to flowering, total spikelet number per ear was also investigated under
SGV conditions. For cv. Claire, there was no difference in total spikelet number per
ear when comparing wRV and SGV conditions after 2 weeks growth (Figure 2.11G;
Figure 2.111). However, spikelet number was lower when plants were grown for 4
weeks under SGV conditions compared to wRV. This result was statistically
significant (p<0.01; Mann-Whitney U test). Similarly, a statistically significant
difference (p<0.01; Mann-Whitney U test) was also observed after 6 weeks, with

fewer spikelets under SGV conditions. There was a statistically significant difference

Mor e (

achi ey

rewar d

er eneceée
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(p<0.01; Mann-Whitney U test) between spikelet number after 6 weeks of wRV
compared to SGV for cultivar Charger, with reduced spikelets under SGV conditions
(Figure 2.11A; Figure 2.11C). When comparing spikelet number for SV and SGV,
there was also a statistically significant difference (p<0.01; Mann-Whitney U test) at
6 weeks. For cv. Hereward, there was a statistically significant difference (p<0.01,;
Mann-Whitney U test) between spikelet number after 4 weeks of SV compared to
SGV,; here, higher spikelet number was observed under SGV conditions compared
to SV (Figure 2.11D; Figure 2.11F). However, a statistically significant difference
(p<0.01; Mann- Whitney U test) was observed for cv. Hereward between spikelet
number across vernalization conditions, with less spikelets produced under SGV
conditions compared to wRV. When comparing spikelet number at 6 weeks of SV
and SGV, a statistically significant difference (p<0.01; Mann-Whitney U test) was
also reported, with a wider range of total spikelet number per ear observed under
SGV conditions (Figure 2.11D; Figure 2.11F).
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Figure 2.11: Spikelet number per ear under different vernalization conditions. (A-C)
Total spikelet number per ear of winter cv. Charger under wRV (A), SV (B), and SGV
(C). (D-F) Total spikelet number per ear of winter cv. Hereward under wRV (D), SV
(E), and SGV (F). (G-I) Total spikelet number per ear of winter cv. Claire under wRV
(G), SV (H), and SGV (I). Each vernalization treatment was followed by SB conditions

to facilitate flowering.
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Figure 2.12: Expression of VRN1 throughout speed vernalization. The level
of VRN1 expression relative to the reference gene is shown for cultivars
Claire (red triangle) and Charger (green circle) across 6 weeks of growth
under speed vernalization (SV). Error bars represent the standard error of

the mean for 3 biological replicates.
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2.3.6 Expression analysis reveals differences in SV vs. SGV as a method of

vernalization

2.3.7 Central cereal vernalization gene expression d o e s mxplain the

flowering response observed in SV and SGV

Flowering of winter wheat cultivars indicated that vernalization proceeded under the
extended photoperiod present in both SV and SGV conditions. However, based on
the flowering response, vernalization under SGV was more effective than SV. This
introduced the question of whether classical vernalization genes were involved in SV
and SGV, and whether differences in gene expression could explain the differences
in vernalization observed for SV and SGV. To investigate this, leaf tissue from plants
undergoing SV and SGV was analysed to measure expression of vernalization

genes.

In cv. Hereward, vernalization genes appeared to behave differently under SV
compared to SGV (Figure 2.14). VRN1 was up regulated after 4 weeks of growth
under SV (Figure 2.14A). ZCCT1 was sharply down regulated between 2 and 3
weeks of SV but not completely repressed, with expression of the ZCCT1 genes
remaining stable between 3 and 6 weeks of SV. The counterpart of the VRN2 locus,
ZCCT2, was slightly up regulated between 2 and 3 weeks but down regulated
between 3 and 4 weeks (Figure 2.14A). The final level of ZCCT2 expression after 6
weeks SV was comparative to that of ZCCT1. Interestingly, flowering promoter FT-
B1 was completely switched off across the 6-week course of SV. Under SGV
conditions, these genes behaved slightly differently (Figure 2.14B). Here,
expression level of VRN1 was higher than SV after 2 weeks SGV and by 3 weeks,
expression of the gene was equal to highest expression at 6 weeks for SV (Figure
2.14B). Expression reduced moderately after this timepoint but remained stable
between 5 and 6 weeks of SGV. Surprisingly, floral repressors ZCCT1 and ZCCT2
were both up regulated over the course of SGV (Figure2.14B) . Thi s di dndt
with increased expression of VRNL1; instead, VRN1 was down regulated after 3
weeks SGV. Overall, ZCCT1 had the greatest rate of up regulation and steadily

increased over the course of SGV (Figure 2.14B).
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Figure 2.13: Comparison of plant growth for cv. Hereward under speed vernalization

conditions. (A-B) Aerial and side profiles of Hereward plants after 4 weeks growth
under SV conditions. (C-D) Aerial and side profiles of Hereward plants after 4 weeks
growth under SGV conditions.
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This analysis strongly suggested that the process of SV and SGV was following a
different molecular route than standard vernalization but concluding with the
same developmental output. This raised the question of which genes could be
involved in the process. Using literature mostly based on the Arabidopsis flowering
pathway, genes that were known to be involved in both light and temperature-
related promotion of flowering were identified and incorporated into further
analysis. These genes were PHYTOCHROME INTERACTING FACTOR 4 (PIF4) (Jin
& Zhu, 2019; Xu & Zhu, 2021), GIGANTEA (Gl) (Martin-Tryon et al., 2007; Park
et al.,, 2020), PHYTOCHROME C (PHYC), and CONSTANS1 (CO1) (Kinmonth-
Schultz et al., 2016).

Under SV, both PHYC and CO1 were expressed to a lower degree in cv. Hereward
than under SGV (Figure 2.15A; Figure 2.15B). Here, COL1 spiked after 4 weeks
under SGV whereas expression level of PHYC was highest after 5 weeks of SGV
(Figure 2.15B). For GlI, expression decreased after 4 weeks under SV; conversely,
Gl was up regulated over 4 weeks and 5 weeks of SGV (Figure 2.15C). In cv.
Hereward, expression of PIF4 steadily increased over the course of vernalization
under SV and SGV (Figure 2.15C; Figure 2.15D). Up until 4 weeks of growth,
expression level of PIF4 was similar under SV and SGV; beyond this point,
expression level deviated and PIF4 was expressed to a higher level under SGV
(Figure 2.15D). This initial analysis demonstrated that flowering genes were being
expressed differently under the SV and SGV conditions compared to wRV. This
highlighted that the process identified was most likely following a different
molecular pathway to regular vernalization. To understand the global gene
expression changes with the aim of identifying genes which are involved in the

newly identified molecular pathway, RNA-seq analysis was conducted.
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Figure 2.14: Expression of genes involved in the cereal vernalization pathway in cv.

Hereward under speed vernalization conditions. (A) Relative expression of VRN1
(green triangle), ZCCT1 (blue square), ZCCT2 (yellow diamond), and FT-B1 (red
circle) under SV conditions. (B) Relative expression of VRN1, ZCCT1, ZCCT2, and

FT-B1 under SGV conditions. Error bars represent the standard error of the mean for

3 biological replicates.
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A control condition was included of leaf tissue from Hereward plants that had
received SGV but the vernalization requirenm
results indicated that vernalization, and by extension flowering, proceeded faster

under SGV,thi s di dndédt necessarily correspond wi't
i ndividual s. Therefore, tissue from Her ewal
during SGV was an appropriate control as it reduced confounding variables and

enabled me to focus solely on the difference in vernalization response. RNA-seq

analysis of total transcripts per kilobase million (TPM) revealed expression level of

certain genes of interest under the three different vernalization conditions. First,

VRN-A1 was examined: this indicated that VRN-A1l was expressed during SV,

SGV, and the control condition (Figure 2.16A). The highest level of expression

was under control conditions, followed by SGV, then SV. However, these

di fferences in expression weBANOWA). statistioc

A

Expression of FT-B1 wa s n 0t detected under any of the
(Figure 2.16A). In contrast, VRT2 had high expression across all conditions and
for all homoeologues, with the highest level of expression overall in VRT-D2
(Figure 2.16B). Finally, expression of the 5 different ZCCT genes varied: lowest
expression level was in ZCCT-Al, followed by ZCCT-A2 with consistent low
expression across all conditions (Figure 2.16C). ZCCT-B1 had slightly higher level
of expression, with expression under SV higher (p<0.05; ANOVA and Tukey post-
hoc test) than both SGV and the control condition. Highest expression overall was
in ZCCT-D1, with a range of 12.7-16.4 TPM (Figure 2.16C). Furthermore, ZCCT-
D1 expression was greater under SV compared to the control condition, although

this difference was not statistically significant (p>0.05; ANOVA).
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Figure 2.15: Expression of light and temperature-responsive genes in cv.

Hereward under speed vernalization conditions. (A) Relative expression of
CONSTANS1 (CO1, blue circle),
PHYTOCHROME C (PHYC, green square) under 6 weeks of SV conditions. (B)
Relative expression of CO1, GI, and PHYC under 6 weeks SGV conditions. (C)

Relative expression of PIF4 under 6 weeks of SV conditions. (D) Relative

GIGANTEA (GI,

purple triangle), and

expression of PIF4 under 6 weeks of SGV conditions. Error bars represent the

standard error of the mean for 3 biological replicates.
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Figure 2.16: Expression of genes involved in the cereal vernalization pathway in cv.
Hereward under different speed vernalization conditions. Expression measured by
transcripts per kilobase million (TPM) for genes (A) VRN-A1 and FT-B1, (B) VRT2,
and (C) ZCCT1 and ZCCT2. The vernalization conditions are the control group
(grey), buried seed speed vernalization (SV, purple), and uncovered seed speed
vernalization (SGV, red). Error bars represent the standard error of the mean for 3
biological replicates; letters above bars indicate statistically significant differences in

expression level based on p-value, where p<0.05 using ANOVA and the Tukey post-
hoc test.
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Looking beyond known vernalization genes, expression of circadian clock and
photoperiod genes was examined further. Using cv. Hereward, transcript
abundance under SV, SGV, and the SGV control (incomplete vernalization under
SGV conditions) was quantified for PHYC, LUX, GI, CLAVATA2 (CLV2), EARLY
FLOWERING3 (ELF3), ELF4, CONSTANS-like (CO-like), and TIMING OF
CAB EXPRESSION1 (TOC1). Since expression was anticipated to differ
between homoeologues, these were included in the analysis. For genes
CLV2 (Figure 2.17D), ELF4 (Figure 2.17F), and CO-like (Figure 2.17G), there
were no statistically significant differences in expression level between SV, SGV,
and the control across any of the homoeologues. In contrast, LUX (Figure 2.17B)
and TOC1 (Figure 2.17H) had significant difference in one of their homoeologues.
LUX- D had a higher level of expression (p<0.05; ANOVA and Tukey post-hoc test)
under SV compared to both the control conditions and SGV conditions (Figure
2.17B). A similar result was observed in TOC-B1, with a greater expression
(p<0.05; ANOVA and Tukey post-hoc test) reported under SV conditions compared
to the control condition (Figure 2.17H). Overall, the prominent differences in
expression were in PHYC and ELF3. In PHYC-B, there were statistically significant
differences (p<0.05; ANOVA and Tukey post-hoc test) in expression level between
all three conditions, with highest expression under SV, followed by SGV, and the
control conditions (Figure 2.17A). Likewise, ELF-D3 had differences in expression
level. This statistically significant difference (p<0.05; ANOVA and Tukey post-hoc
test) in expression level occurred between the control and SV conditions, as well
as SV and SGV conditions, with highest overall expression under SV, followed by

SGV and the control conditions.
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2.3.8 Genes are differentially expressed between speed vernalization
conditions

Analysis with the sleuth package identified various genes that were being
differentially expressed between speed vernalization conditions. Comparison of
transcripts per kilobase million (TPM) for the total number of aligned transcripts
(133,346) in samples from SV and the control (i.e., non-vernalized) conditions
identified 2,606 transcripts that were differentially expressed. Of this list, 2,587
were individual genes. Based on the sleuth analysis, the calculated fold-change
values indicated that there were 811 transcripts up-regulated (fold-change value >
0) and 1,795 transcripts down-regulated (fold-change value < 0) between SV and

the control condition.

GO enrichment analysis was performed on this list of 2,606 transcripts; this
identified 801 enriched biological process pathways associated with the transcript
list. Filtering by enrichment FDR and sorting by fold enrichment value ranked these
pathways to indicate which pathways, and by extension genes within these
pathways, were overrepresented in the enrichment analysis. The top 30 most
enriched pathways are displayed in Figure 2.18. Within the top 30 pathways, there
were no pathways associated with vernalization, temperature response, or
reproductive processes; instead, pathways involved in chlorophyll biosynthesis and
metabolism, pigment, and amino acid synthesis were highly enriched. The
photosynthesis pathway was also highly enriched (fold enrichment = 4.2) with a
total of 72 differentially expressed transcripts. From the complete enriched pathway
list, certain pathways that could potentially elucidate genes of interest involved in
vernalization under SV are listed in Table 2.3.
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Figure 2.17: Expression of selected light and temperature-responsive genes in cv.

Hereward under different speed vernalization conditions. Expression measured by
transcripts per kilobase million (TPM) for genes (A) PHYC, (B) LUX, (C)
GIGANTEA, (D) CLAVATA2, (E) ELF3, (F) ELF4, (G) CONSTANS-like, and

(H) TOC1. The vernalization conditions are the control group (grey), buried seed

speed vernalization (SV, purple), and uncovered seed speed vernalization (SGV,

red). Leaf tissue was sampled after 4 weeks of growth. Error bars represent the

standard error of the mean for 3 biological replicates; letters above bars indicate

statistically significant differences in expression level based on ANOVA followed by

the Tukey post-hoc test.
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Table 2.3: Enriched pathways of interest from GO enrichment analysis of transcripts

differentially expressed between SV and the control sample.

Pathway transcripts Enrichment FDR  Fold enrichment
Response 0 5 0.000002 3.31
temperature stimulus

Response to cold 13 0.001 3.30
Reproductive

Response to  light 5, 0.000004 291

stimulus

Response to light 10 0.0001 5.26

intensity

Blue light signalling 4
pathway

0.002 11.09
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Comparison of TPM values for Speedvern samples grown beneath and on the
surface of the soil identified 1,437 transcripts that were differentially expressed,
1,425 of which were individual genes. Based on the sleuth analysis, the calculated
fold-change values indicated that there were 463 genes up-regulated (fold-change
value > 0) and 974 genes down-regulated (fold-change value < 0). GO enrichment
analysis assigned these differentially expressed transcripts to the most appropriate
biological process pathways. The most enriched pathways were alpha-amino acid,
cellular amino acid, and sulphur compound biosynthetic processes (Figure 2.19).
Of the top pathways, the photosynthetic pathway (fold enrichment = 4.9; total
differentially expressed transcripts = 47) was the most relevant pathway that could
elucidate the differences observed between SV and SGV conditions. Within the
total list of enriched pathways, relevant pathways included response to cold, cold
acclimation, response to temperature stimulus, and response to light stimulus and

intensity.

Comparative analysis of TPM values of the control, SV, and SGV samples revealed
417 transcripts which were differentially expressed between the three different
conditions. Within this list, 412 genes were differentially expressed. To explore this
set of differentially expressed transcripts further, soft clustering analysis was carried
out to further understanding of expression patterns between these conditions. In
preparation for this step, the expression values for all genes were standardised so
that the mean value was equal to zero and the standard deviation was equal to 1.
The optimal cluster number was set to 6 (Figure 2.20) and the total number of genes
per cluster is listed in Table 2.4; these soft clusters are shown in Figure 2.21. Of
these, clusters 2, 4, and 5 had expression profiles that were selected for further
analysis as these followed the observed vernalization response 1 i.e., no
vernalization in the control group, vernalization partially satisfied in SV, and
vernalization saturated in SGV. Cluster 2 contained 78 transcripts, cluster 4
contained 70 transcripts, and cluster 5 contained 81 transcripts. Each of these
clusters were subjected to GO enrichment analysis to identify enriched pathways.
However, none of these transcripts were enriched in pathways associated with
vernalization, temperature response, cold response or acclimation, or floral and/or

reproductive development.
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Figure 2.19: Enriched gene pathways under SV and the SGV vernalization
conditions. The top 19 pathways were identified based on GO enrichment analysis

of gene that were differentially expressed between vernalization conditions.
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72

2.3.9 Apex gene expression

Since vernalization facilitates the transition to reproductive tissue development in
the apex, expression level in cv. Hereward apical tissue compared to leaf tissue
during SGV. Hereward flowered after both 2- and 4-weeks of SGV, however
flowering was more efficient and consistent by 4-weeks; this suggests that
vernalization was in the process of completion between 2- and 4-weeks. For this
reason, expression analysis of tissue after 3-weeks of SGV was carried out.
Vernalization genes VRN1, ZCCT1, and ZCCT2 were examined in addition to PIF4.

Greater VRN1 expression level was observed in leaf tissue compared to apex
tissue after 3-weeks SGV (Figure 2.22A). This difference in expression level was
more marked for ZCCT1, with higher expression( p<0. 05 ; -test)uepostedt 6 s t
in the leaf compared to the apex (Figure 2.22C). Conversely, expression of ZCCT2
was higher in the apex compared to the leaf (Figure 2.22D). Similar expression
levels of PIF4 were present in the apex and leaf, with slightly higher expression

reported in the leaf (Figure 2.22B).
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Figure 2.22: Expression of select genes in leaf and apex tissue under SGV
conditions. (A) VRN1, (A) PIF4, (A) ZCCT1, and (A) ZCCT2 expression in cv.
Hereward in leaf (green) and apex (yellow) tissue after 3 weeks of growth under
SGV conditions. Expression analysis was carried out using qPCR. Error bars
represent the standard error of the mean for 3 biological replicates; asterisks above
bars indicate statistically significant differences in expression level based on p-value
(Studeretsds ,t * O 0.05.
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2.4 Discussion

2.4.1Vernalization is completed under warmer ambient temperatures and is
cultivar specific

Previous research has shown that vernalization can proceed under warmer
temperatures than would classically be expected for winter varieties. Here,
vernalization is completed under warmer temperatures of 10 °C and 14 °C short
day conditions for winter cultivars Claire, Buster, Charger, and Hereward. Despite
their similar genetic background, these cultivars have varying vernalization
requirements attributed to VRN-A1 copy number (Dixon et al., 2019). Previously, it
was reported that cv. Charger (3 copies of VRN-AL, high vernalization requirement)
had a delayed vegetative to reproductive transition of the apical meristem when
exposed to higher ambient temperatures post-standard vernalization (Dixon et al.,
2019). This indicates that floral repressors can be up regulated in response to
higher temperatures post- vernalization.

In this chapter, winter cultivars Claire, Buster, Charger, and Hereward were
successfully vernalized at temperatures between 8-14 °C; surprisingly,
vernalization was more efficient and uniform under temperatures of 10-14 °C
compared to a lower temperature of 8 °C. Since cv. Claire has a low vernalization
requirement and can be considered to

vernalizati on response under war mer

However, cultivars Charger and Hereward have a high vernalization requirement;
this is especially intriguing as their vernalization response is either more

accelerated or comparative to cv. Claire.

Vernalization was completed in all cultivars after 6 weeks and further exposure to
10AC or 14 AC didndét correspond with
transferred into 22 °C long day conditions post-vernalization. The responsiveness
of these cultivars with varying vernalization requirements could suggest that VRN-
Al is not the only element dictating vernalization under warmer temperatures.
VRN-AL expression in these cultivars supports this. For example, VRN-A1 was
higher in cv. Claire under 8 °C, whereas in cv. Charger, VRN-A1 was up regulated
under 8-10° C. Interestingly, VRN-AL in cultivars Claire, Buster, and Charger was

lowest at 14 °C. Despite low expression of VRN-A1, ZCCT genes were sufficiently

have
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repressed. This could indicate that either repression of the VRN2 locus via VRN1
is up regulated earlier (i.e., before 4 weeks) under warmer temperatures, or that an

additional floral activator which is yet to be identified is also involved.

If a winter cultivar goes on to flower, it is confirmation that the vernalization
requirement has been met. Completion of vernalization can be identified at an
earlier stage than this through the appearance of the double ridge stage of apex
development. When grown under a low temperature, plants develop slowly and
apices can remain in the vegetative stage for many weeks before temperature and
photoperiods increase, facilitating the transition to double ridge stage. In this
chapter, apices developed faster when grown under warmer temperatures during
vernalization. The elongated apices still had a single ridge after 8 weeks of growth
under warmer temperatures. As these lines had been vernalized after as little as 2
weeks, the absence of double ridge was especially interesting. This could
potentially signify that when vernalization is completed under warmer
temperatures, prolonged exposure to these temperatures can have a priming effect
on the developing apex in preparation for the apical transition that occurs under
florally-inducive conditions.

Since standard methods of vernalization aim to mimic winter, exposure to low
temperatures (e.g., O8 AC) over a |long peri
used to ensure that vernalization is fully satisfied. However, unlike photoperiod,

temperature throughout winter can naturally fluctuate daily and even hourly.

Successful vernalization of the winter cultivars examined in this chapter support

previous findings that vernalization can proceed under a wider range of
temperatures than originally thought (Duncan et al., 2015; O6 Ne i | |

et al., 2019). This supports looking beyond the standard vernalization

pathway to understand how vernalization operates in cereals.
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2.4.2 SV and SGV proceed in a manner that deviates from the classic cereal
vernalization pathway

Building upon vernalization under warmer temperatures, we examined whether we
could optimise the vernalization response further. As part of the speed breeding
protocol, extending the photoperiod to 22 hr light accelerates growth. Although this
adjustment can dramatically reduce generation time, cultivars with a moderate to
high vernalization requirement still need vernalization prior to speed breeding.
Under standard vernalization, this can add up to 8-12 weeks onto the speed
breeding timeline. We were interested in optimizing this vernalization step to reduce
the total vernalization to speed breeding timeline. Under 22 hr light/2hr dark at 22
°C, we would anticipate that cultivars with a high vernalization requirement that
d i d mebetve vernalization would exhibit accelerated growth but would remain
vegetative. In addition to a higher temperature, photoperiod has also been
considered a limiting factor here. It is well documented that standard vernalization
proceeds under a short- day photoperiod (Chouard, 1960). Central to this, floral
repressor VRN2 is down regulated under a short-day photoperiod (Dubcovsky et al.,
2006). Supplemented by suppression of VRN2 by VRN1, vernalization can proceed

under these conditions.

Unexpectedly, vernalization was satisfied in winter cultivars Claire, Charger, and
Hereward under the 22 hr light/2 hr dark photoperiod SV and SGV conditions
(Figure 2.8; Figure 2.9; Figure 2.10). This indicates that, despite an extended
photoperiod, the VRN2 locus is not actively repressing FT1 and the activation of
flowering under these conditions. Under SV, expression analysis revealed that the
VRN2 was down regulated over time i however, this did
significant up regulation of its repressor, VRN1. Even more surprising, VRN2 was
up regulated under SGV, contrasting with the down regulation of VRN1 after 3
weeks of growth. This deviation from the standard process of vernalization suggests
that a separate pathway that activates vernalization is operating under these
conditions. Furthermore, this indicates that perception of light levels could be
involved in this additional vernalization pathway, as plants were vernalized on the
surface under an extended photoperiod. It was particularly interesting to observe
that, although the classic vernalization genes were not being recruited for the

signalling, variation in the response between cultivars was present (demonstrated

(@}
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through different end flowering time). This is further supported as the cultivars
Hereward and Charger showed different flowering times despite having the same
VRN-A1 copy number (Figure 2.8; Figure 2.9). If the SV and SGV response are
using the classical vernalization pathway then we would anticipate that the cultivars
with the same copy number of VRN-A1 would respond in the same way. This
indicated that the response was under genetic regulation and therefore we can

anticipate identifying molecular components to that pathway.

In addition to extended photoperiod, increased light intensity paralleling Speed
Breeding methods was also incorporated into the SV and SGV protocol. Since the
key difference between the SV and SGV protocol was that seeds were buried in soll
for SV in contrast to being placed uncovered on the soil surface for SGV, recognition
of light level would be expected to vary between these conditions. In plants, the
phytochrome family of photoreceptors function as red and far-red light sensors that
facilitate development under varying light levels. Phytochromes can be further
broken down into three groups: PHYTOCHROME A (PHYA), PHYB, and PHYC
(Mathews & Sharrock, 1997). Unlike in Arabidopsis, PHYC in wheat is functional
and stable when other phytochromes are absent, with PHYC promoting flowering
under florally inductive conditions (Chen et al., 2014). In cereals, PHYC is linked to
VRN1, contextualising its role in the flowering pathway (Chen & Dubcovsky, 2012).
PHYC was more active under SGV compared to SV, supporting the hypothesis that

this separate pathway is linked to light sensing.

In addition to the photoreceptor PHYC, clock genes were also examined. The
circadian clock plays an integral role in regulation of plant development in response
to changes in the environment. The evening complex, comprised of ELF3, ELF4,
and LUX, facilitates the expression of PIF4 and PIF5 (Nusinow et al., 2011). Given
that the components identified as showing differential expression between the SV,
SGV and control samples were related to light and circadian signalling, as well as
the identification of a nhumber of pathways linked to light signalling (Table 2.3) it
suggests that the alternative pathway may relate to high light stress signalling. This
would explain why SV/SGYV is able to bypass the vernalization signalling as it is

triggering a more innate survival response.
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In addition, it may also indicate why the pathway has not been identified before as it
relates to stress responses rather than photoperiodic or vernalization responses. This
is an area of interest which would be interesting to further understand. This is
especially the case as if we were able to select for the SV/SGV response but not
impact vernalization genes then breeding companies may be able to select for
SV/SGV as a response to accelerate population development without impacting how

the plants grow in the field.

For this reason, genes beyond the usual candidates should potentially be considered.
In Arabidopsis, regulation of flowering under high light intensity involves multiple

complex signals, including silencing of floral repressor FLC (Feng et al., 2016).
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Chapter 3: Characterization of ODDSOC gene diversity

3.1 Introduction

3.1.1 Introducing MADS-box MIKC genes in plants

The role of MADS box genes in plant evolution and development is well recognised,
occupying an essential role in plant survival and success through their involvement
in many biological processes ranging from embryo to root to fruit development
(Becker & TheilRen, 2003; Gramzow & Theil3en, 2010; Theil3en et al., 2000). Of
particular interest for research into reproductive development and flowering, MADS
box genes control floral organ identity, ultimately driving floral development (Coen
& Meyerowitz, 1991). MADS-box proteins are believed to function as transcription
factors and bind to double-strand DNA as dimers. These proteins preferentially bind
to AT-rich regions of DNA containing a highly conserved 10 bp core following the
format of CC(A/T)eGG, known as the CArG box (Messenguy & Dubois, 2003).
Variants of this CArG box, such as CC(A/T);G and C(A/T)sG, also function as
binding sites for some MADS-box proteins (Aerts et al., 2018; Folter & Angenent,
2006).

MADS box genes derive their name from MINICHROMOSOME MAINTENANCE 1
(MCM1), AGAMOUS, DEFICIENS, and serum-response factor (SRF) genes, as
the domain common to these genes was originally identified in yeast, Arabidopsis,
Antirrhinum, and humans respectively (Riechmann & Meyerowitz, 1997). Despite
their ubiquity across eukaryotes, MADS box genes occupy an especially important
role in plant development; this is supported by the presence of hundreds of MADS
box genes in flowering plants, compared to only a handful in animals, fungi, and
protists (Gramzow & Theil3en, 2010; Paremicov§ et al., 2003; Riechmann et al.,
2000). A defining feature of all MADS-box genes is the MADS domain, a highly
conserved sequence of approximately 180 bp that drives DNA-binding of MADS-
domain proteins (Kaufmann et al., 2005).

MADS-box genes have been classified into two types: type | and type Il (Alvarez-
Buylla et al., 2000). Type | MADS-box genes encompass SRF-like genes and lack
the keratin-like domain present in the type Il group (De Bodt et al., 2003; Shore &

Sharrocks, 1995). However, relatively little is known about the function of type |
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genes in plants, with the vast majority of key developmental genes belonging to the
type Il group (Alvarez-Buylla et al., 2000; Becker & Theif3en, 2003; De Bodt et al.,
2003). The type Il group include Myocyte Enhancer Factor 2 (MEF2)-like
transcription factors in fungi and animals and MIKC-type genes in plants (Becker &
Theil3en, 2003).

MIKC-type genes are made up of four discrete domains: MADS-box (M),
intervening (1), keratin-like (K), and C-terminal (C) (Parenicovs et al., 2003). These
domains have specific functions, with the M and | domain facilitating DNA binding
and dimerization, the K domain guiding protein dimerization, and the C domain
acting as a transcriptional activation domain as well as contributing to protein
interaction specificity (Egea-Cortines et al., 1999; Masiero et al., 2002; van Dijk et
al., 2010). In total, the bread wheat genome contains 201 MIKC-type genes that
are distributed equally across the chromosomes (Schilling et al., 2020). This
number is substantially higher than many other plant species, with flowering plants
previously reported to have between 24 (Medicago trunculata) and 113 (Malus
domestica) MIKC-type genes (Gramzow & Theil3en,2013). |1t 6 s spec
high number of these genes in wheat can partly be attributed to expansion and
duplication events that have enhanced adaptability of wheat to a wide range of

environments (Schilling et al., 2020).

3.1.2 The role of MADS-Box genes in vernalization

Since MADS-box genes are central components in flowering processes such as
floral induction, meristem development, and reproductive organ formation, this
group contains many well-characterised flowering time genes (Kaufmann et al.,
2005). This includes genes from the vernalization pathway, which will be expanded

on in the following sections.

In Brassicaceae, such as Arabidopsis and Brassica species, FLOWERING LOCUS
C (FLC) is the major locus determining the vernalization requirement (Alexandre &
Hennig, 2008; Michaels & Amasino, 1999; Sheldon et al., 1999). FLC is a well-
characterised MADS-box gene that functions as a floral repressor through
downstream/subsequent suppression of floral activators FT and MIKC-type MADS-
box gene SOC1 (Helliwell et al., 2006; Lee et al., 2000; Michaels & Amasino, 1999).

ul at ed
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FLC functions as a central component of the vernalization pathway, with the level
of FLC transcript corresponding with the extent of vernalization requirement;
alternately, duration of cold exposure corresponds with downregulation of FLC
(Sheldon et al., 2000). However, FLC is also responsive to temperature cues that
are not associated with vernalization: for example, increased ambient temperature
downregulates FLC (Gan et al., 2014), whereas short-term exposure to cold
temperature upregulates FLC (Jung et al., 2013).

An interesting feature of FLC is its downregulation via a collection of FLC-
associated non-coding antisense transcripts (Liu et al., 2010; Swiezewski et al.,
2009). Of these antisense transcripts, the most extensively characterised is
COOLAIR (Swiezewski et al., 2009). COOLAIR long non-coding RNA (IncRNA)
antisense transcripts are transcribed downstream from FLC and terminate beyond
the sense strand transcription start site for FLC (Liu et al., 2010; Marquardt et al.,
2014; Swiezewski et al., 2009). A second group of INncRNA transcripts associated
with FLC is COLDAIR (Heo & Sung, 2011). COLDAIR is transcribed from the first
intron of FLC and suppresses FLC activity through enrichment of POLYCOMB
REPRESSION COMPLEX 2 (PRC2) (Kim et al., 2017).

As previously mentioned, the identification of FLC outside of Brassicaceae has
been challenging (Kennedy & Geuten, 2020; Ruelens et al., 2013). This is partly
due to the large number of highly similar MADS-domain proteins in wheat, and also
as the vernalization pathway in cereals was identified to be operating independently
of FLC. Instead, the MIKC-type MADS-box gene VRNL1 is the main locus involved.
VRN1 has been characterised as an orthologue of MIKC-type MADS-box gene
APETALAL (AP1) in Arabidopsis (Yan et al., 2003). As the MIKC-type classification
suggests, VRNL1 is comprised of a 60 amino acid MADS-box domain and a 90
amino acid K- domain, in addition to | and C domains (Danyluk et al., 2003). In
barley, VRN-H1 protein binds sites involved in flowering, including FT1,
CONSTANS-like genes, and VRN2 (Deng et al., 2015). Interestingly, VRN-H1 also
binds to the promoter of a MIKC-type MADS-box floral repressor unique to cereals:
HvODDSOC?2 (Deng et al., 2015).
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3.1.3 Discovery of ODDSOC1 and ODDSOC2

ODDSOC genes were first named and characterised in barley as HvOS1 and
HvOS2 (Greenup et al., 2010). However, these genes were first identified by
Trevaskis et al. (2003) based on difference in expression level of MADS box
genes in spring versus winter wheat seedlings. Here, MADS box gene 23
(TaMX23) was more strongly expressed in the non-vernalized winter cultivar
compared to spring; subsequent vernalization repressed TaMX23 in the same
winter line. Later, Winfield et al. (2009) reported that TaMX23 had high sequence
similarity (95%) to the previously annotated gene TaAGL42. In addition, TaMX23
also had high sequence similarity (85%) to TaAGL33 (Winfield et al., 2009).
TaAGL33 and TaAGL42 have the closest amino acid sequence similarity (72%
and 61%, respectively) to OSMADS51 in rice (Winfield et al., 2009; Zhao et al.,
2006). The transcript profiles of TaAAGL33 and TaAGL42 led Winfield et al. (2009)
to describe TaAGL33 as a repressor of flowering and TaAGL42 as a promoter in

winter wheat cultivars.

Returning to TaMX23, two homologues in barley were identified by Greenup et al.
(2010). No equivalent was found in Arabidopsis, although both genes shared
weak similarity with AtSOC1 1 therefore, the genes were assigned the names
HvODDSOC1 (HvOS1l) and HvODDSOC2 (HvOS2) (Greenup et al., 2010).
Based on amino acid sequence similarity, HvOS1 shared greatest similarity with
TaAGL42 and HvOS2 was most similar to TaAGL33 (both 95% match),
corresponding with what was reported by Winfield et al. (2009). For HvOS1, the
next closest amino acid sequence was that of BAOS1 in B. distachyon, whereas
HvOS2 shared greatest similarity with TaAGL41 and BdOS2 after TaAGL33
(Greenup et al., 2010). Beyond this point, HvOS1 and HvOS2 converged in
sequence similarity, with their next closest genes being OsMADS51, SbOS-like
in Sorghum bicolor, and ZmQOS-like in Zea mays (Greenup et al., 2010). Despite
the additional identification of these ODDSOC-like genes in Brachypodium,
sorghum, maize, and rice, so far these genes appear to be unique to grasses
(Greenup et al., 2010).

Despite HVOS1 and HvOS2 sharing 88.9% sequence similarity (Kapazoglou et al.,
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2012), Greenup et al. (2010) observed that HvOS1 was upregulated during
vernalization, whereas HvOS2 was downregulated. Furthermore, expression of
HvOS2 was decreased in a barley line containing a HYWRN1 allele that conferred
reduced vernalization requirement and higher HYWRN1 levels when compared to
the wild-type version of the HVVRN1 allele; this suggests that HvVRN1
downregulates HvOS2 (Greenup et al., 2010). In contrast, overexpression of
HvOS2 resulting in delayed flowering and inhibited leaf and apex development
(Greenup et al., 2010). Additionally, overexpression of HvOS2
downregulated the equivalent of FLOWERING PROMOTING FACTOR
1 (FPF1), further supporting the predicted role of HvOS2 as a repressor of flowering
(Greenup et al., 2010).

Furthering the link between HvOS2 and vernalization, HvOS2 was downregulated
in winter barley grown under long-day conditions at 25°C and short-day conditions
at 15°C (Hemming et al., 2012). Conversely, under short-day conditions at 25°C
HvOS2 was upregulated (Hemming et al., 2012). In conjunction with the increased
HvOS2 transcript levels in non-vernalized barley plants that had yet made the
transition from vegetative to reproductive growth (Hemming et al., 2012), it would
suggest that HvOS2 inhibits floral transition under unfavourable flowering
conditions such as short-day photoperiod warm temperature. Interestingly,
transcript levels of HvOS1 were lowest under long-day conditions at 25°C
(Hemming et al., 2012). This is unexpected as OS1 has been considered to function
as a floral activator in a similar manner to VRN1, potentially suggesting that OS1

has a role in the vernalization pathway at an earlier stage of development.

In addition to being expressed during vegetative and early reproductive
development, OS1 and OS2 have also reported to be involved in other
developmental processes. For example, HvOS1 and HvOS2 are differentially
expressed in the endosperm during seed development of facultative barley
cultivars (Kapazoglou et al., 2012). HvOS2 transcripts have also been detected in
roots, leaves, and immature flowers (Kapazoglou et al., 2012). Furthermore, in the
tetraploid spring wheat cv. Kronos, the homologue of HvVOS2, TaAGL33, was
upregulated in phytochromeB-null and phytochromeC-null wheat TILLING mutants,

alongside central flowering gene CONSTANSL1 (Pearce et al., 2016). This could



84

suggest that the role of the ODDSOC gene family in cereals extends beyond

repression and activation of flowering.

3.1.4 Parallels between ODDSOC genes and FLC

ODDSOC genes were first characterised as part of the FLC-like gene group by
Ruelens et al. (2013). Here, a putative FLC subfamily in cereals was identified based
on syntenic markers including tandem repeats in close proximity to SEPALLATA and
SQUAMOSA genes across a range of genera such as Oryza, Brachypodium,
Populus, Vitis, and Solanum (Ruelens et al., 2013). Using this approach, OsMADS37
and OsMADS51 were identified as strong candidates for the closest FLC-like gene
in rice. This links FLC-like genes with the orthologues of OsMADS51, HvOS2
(Greenup et al., 2010) and BdOS2 (Ruelens et al., 2013).

In Brachypodium, Ruelens et al. (2013) reported that BAOS2 was downregulated
when exposed to a prolonged period at 4 °C. In contrast, BAOS2 was upregulated
when exposed to 28°C conditions (Ruelens et al., 2013). These findings were
explored further by (Sharma et al., 2017), confirming that BAOS2 is downregulated
in Brachypodium during cold exposure in a manner similar to FLC. Furthermore,
overexpression of BAOS2 in a facultative winter barley cultivar that had received 2
weeks of vernalization at 4 °C resulted in delayed flowering and increased
vernalization requirement (Sharma et al.,, 2017). Conversely, when BdOS2 was
knocked out, this led to accelerated flowering when plants were grown without initial
vernalization at 4°C, effectively removing the vernalization requirement (Sharma et
al., 2017). Finally, differences in H3K27me3 modifications of BAOS2 was observed
for spring and winter Brachypodium, with the winter line exhibiting H3K27me3
enrichment across the entire locus during vernalization (Sharma et al., 2017). This
is reminiscent of the regulation observed across the FLC locus in Arabidopsis (De
Lucia et al., 2008; Heo & Sung, 2011; Swiezewski et al., 2009).
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In addition, equivalents of the IncRNA COOLAIR transcript that regulates FLC has
been identified in Brachypodium (Jiao et al., 2019). These transcripts were named
BACOOLAIR1 and BACOOLAIR2 and were associated with BdOS1 and BdOS2,
respectively (Jiao et al., 2019). In a winter Brachypodium accession, these antisense
transcripts were induced by the cold (Jiao et al., 2019). Intriguingly, BACOOLAIR1
and BACOOLAIR2 were both upregulated during vernalization; this resulted in both
BdOS1 and BdOS2 being suppressed, indicating interaction between transcripts
(Jiao et al., 2019). Both BACOOLAIR IncRNA were well conserved across 54
Brachypodium lines (Jiao et al., 2019). Additionally, similar antisense were identified
in silico for two bread wheat OS2 genes, TaAGL33 and TaAGL41 (Jiao et al., 2019).

3.1.5 The role of ODDSOC genes in cereal vernalization

The characterisation from barley and Brachypodium has identified that the ODDSOC
genes OS1 and OS2 are MIKC-type MADS-box genes speculated to be involved in
the vernalization pathway in cereals (Deng et al., 2015; Greenup et al., 2010;
Sharma et al., 2017). The exact molecular mechanism and nature of this role has
yet to be determined, with more occurrences in the literature of characterisation of
OS2 compared to OS1. Furthermore, most findings have been reported in the model
cereal diploid B. distachyon and the diploid barley, with no in-depth analysis of the

existence and role of ODDSOC genes in hexaploid wheat.

In barley, HvOS2 is down regulated by low temperature, with the prolonged low
temperature associated with vernalization up regulating HvWRN21 which further down
regulates HvOS2 (Greenup et al., 2010). A similar result has been reported for
BdOS2 in B. distachyon (Ruelens et al., 2013). Studies using cultivars with varying
VRNL1 alleles identified that HvOS2 is repressed independently of HVWRN1 but
sustained repression of HVOS2 by HvVRNL1 is necessary in vernalized plants
(Greenup et al., 2010). Similarly, BAOS2 in B. distachyon is down regulated prior to
up regulation of BAVRN1 (Sharma et al., 2017). This indicates that OS2 is not
exclusively repressed by VRN1 and that other unidentified elements are involved in
this mechanism. Photoperiod also plays a role in this process, with HvOS2 up
regulated in short-day warm temperature but down regulated in long-day warm

temperature conditions (Hemming et al., 2012).
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Additionally, HvOS1 in barley has been shown to be up regulated in response to
low temperature (Greenup et al., 2010). However, in B. distachyon BdOS1 was
reportedly down regulated during vernalization (Jiao et al., 2019). This
demonstrates how the connection between OS1, OS2, and other components of
the vernalization pathway, including VRN1 and floral repressor VRN2 remains
unclear. To investigate this further, | aimed to identify the relationship between
ODDSOC genes in wheat and investigate their role in temperature

responsiveness.
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3.2 Material and Methods
3.2.1 Growth conditions and phenotyping

3.2.1.1 Germplasm and experimental set up

Winter wheat cv. Claire was germinated in cereal mix as described in section 2.2.2.
Once established, plants were grown under 10 °C short-day (8 hr light/16 hr dark)
photoperiod conditions in a Sanyo MLR-352 plant growth chamber. After 4 weeks
of growth under these conditions, leaf tissue for 3 biological replicates was sampled
in 1.5 mL microcentrifuge tubes containing sterile ball bearings and flash frozen in

liquid nitrogen.

To examine response to photoperiod independent to temperature, cultivars Claire,
Buster, and Charger were germinated in cereal mix (described in 2.2.2) and grown
in a Sanyo MLR-352 plant growth chamber under 22 °C short day (8 hr light/16 hr
dark), long day (16 hr light/8 hr dark), and long-long day (22 hr light/2 hr dark)
conditions. These conditions were not inducive to vernalization. Leaf tissue was

sampled after 3 weeks of growth.

For investigation of expression over a 24-hr period, cv. Buster was germinated in
cereal mix and grown at either 10 °C or 16 °C short day (8 hr light/16 hr dark)
photoperiod conditions, or 10 °C or 16 °C long-long day (22 hr light/2 hr dark)
photoperiod conditions in a SnijJders MICROCLIMA MC1000 plant growth cabinets.
Leaf tissues was sampled at zeitgeber ZTO, ZT5, ZT8, ZT10, ZT15, and ZT20
timepoints and flash-frozen in liquid nitrogen. Experimental setup and sample

processing was carried out by Dominique Hirsz.

Winter wheat cv. Julius and cv. Buster were germinated in cereal mix and grown
under 10°C short-day (8 hr light/16 hr dark) photoperiod conditions in a Sanyo
MLR- 352 plant growth chamber for 3 weeks, at which point leaf tissue was
sampled at the zeitgeber ZT20 timepoint, i.e., 20 hours post-dawn. Tissue from 3
biological replicates was sampled in 1.5 mL microcentrifuge tubes containing sterile

ball bearings and flash-frozen in liquid nitrogen.
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3.2.2 Gene and transcript expression

3.2.2.1 YoGl expression data

Expression data from the YoGI panel dataset was provided by Dr Andrea Harper at
the University of York. The experimental design is described in (Barratt, Reynolds,
et al., 2023), but briefly, 342 wheat lines from the YoGI accession panel were grown
under long day glasshouse conditions (16 hr light/8hr dark, 20°C/14°C). Leaf tissue
was sampled at GS13 (i.e., 3-leaf) stage for expression analysis. Total transcripts
were normalised as Fragments Per Kilobase of transcript per Million mapped reads
(FPKM).

3.2.2.2 RNA extraction

Frozen leaf tissue from cv. Claire, Buster, and Julius was disrupted using the
TissueLyser 1l (Qiagen). RNA from disrupted tissue was extracted using the
SpectrumE  Plant Total RNA Kit (Sigma-Aldrich) following the manuf ac
instructions and eluted in 50 pL dH20. The concentration and purity of extracted RNA
was measured using the NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific). RNA was stored at -80 °C.

3.2.2.3 cDNA synthesis

RNA from cv. Claire, Buster, and Julius was used as a template for cDNA synthesis
following the method already described in section 2.2.4.1. Once synthesised, cDNA

was stored at -20 °C.

3.2.2.4 gPCR analysis

Expression level of genes was quantified using gPCR. First, primers were designed
within the CDS of the gene for quantification of gene expression level and within the
antisense transcript for quantification of the IncRNA transcript. Primers amplifying
the normalisation gene TraesCS5A02G015600 were also used; complete list of
primers used are listed in Table 2.1. The gPCR reaction and cycling conditions were
previously described in section 2.2.4.1.

turer ¢
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3.2.3 In silico analysis of ODDSOC genes and gene structure

3.2.3.1 Identification of ODDSOC genes within a flowering eQTL

Expression quantitative trait locus (eQTL) dataset was generated and kindly
provided by Dr Andrea Harper at the University of York. Gene expression marker
(GEM) analysis was performed to identify markers with a significant (p < 0.05) false
discovery rate (FDR) score. Expression was scored against the early vegetative
trait.

3.2.3.2 Using pathway networks/phylogenetics to infer additional
ODDSOC genes
Involvement of genes of interest in genetic pathways was analysed using the

Reactome Pathway Browser (www.reactome.org). Knetminer (www.knetminer.com)

was used to identify involvement of genes in additional pathways and processes.
IWGSC RefSeq v1.0 (2018) gene I.Ds were obtained from Ensembl Plants, whereas
IWGSC RefSeq v2.1 (2021) gene |.Ds were obtained from GrainGenes
(https://wheat.pw.usda.gov/GG3/genome_browser). The online platform PLAZA

(https://bioinformatics.psb.ugent.be/plaza/versions/plaza v5 monocots/; Van Bel et

al. (2022)) was used to build a phylogenetic tree. A network was generated using the
original ODDSOC gene TraesCS3A02G435000 (see Table 3.1 for all IWGSC IDs
for this gene) as a seed gene to generate a network by combining MUSCLE multiple

sequence alignment (https://www.ebi.ac.uk/Tools/msa/muscle/; Edgar (2004))

across multiple genes in T. aestivum with the FastTree construction algorithm
(Ahttps:// github. com/ PThis gddicedraghylegeretictrdea st Tr e
of 188 T. aestivum genes that were the closest related to the seed gene, based on
amino acid sequence alignment. To determine the presence of homoeologues,

genes were input into Ensembl Plants (https://plants.ensembl.org/index.html).

Domain identification within the amino acid sequence of each gene was performed

using ScanProsite (https://prosite.expasy.org/scanprosite/). To identify potential K-

domains, position of coiled coils was first predicted using DeepCoil2

(https://toolkit.tuebingen.mpg.de/tools/deepcoil2; Gabler et al. (2020)), after which

K- domains were identified manually. Secondary structures in the amino acid

sequence were predicted using Quick2D


http://www.reactome.org/
http://www.knetminer.com/
https://wheat.pw.usda.gov/GG3/genome_browser
https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v5_monocots/
https://www.ebi.ac.uk/Tools/msa/muscle/
https://plants.ensembl.org/index.html
https://prosite.expasy.org/scanprosite/
https://toolkit.tuebingen.mpg.de/tools/deepcoil2
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(https://toolkit.tuebingen.mpg.de/tools/quick2d; Gabler et al. (2020)).

3.2.3.3 Analysis of ODDSOC gene structure and sequence motif identification

To verify the amino acid sequence provided by EnsemblPlants, the CDS was input
into the Expasy translation tool (https://web.expasy.org/translate/) to confirm that the

sequence was in frame. Next, the list of ODDSOC genes was input into BioMart

(https://plants.ensembl.org/biomart/) to collect additional gene features. The 2.5 kb

region upstream of the transcription start site (TSS) was analysed using the

PlantPan 3.0 promoter analysis tool (http://plantpan.itps.ncku.edu.tw/; Chow et

al. (2018)). Based on the output of the promoter analysis, predicted transcription
factor binding sites (TFBS) were filtered depending on transcription factor (TF) family
and prioritised with respect to genes involved in the flowering and/or
vernalization response. Promoter analyses were compared between ODDSOC
genes to identify predicted TFBS that were conserved throughout the group. The

first intron of each ODDSOC was analysed using the same approach.

Predicted epigenetic modifications in genes were visualised using the JBrowse
wheat  browser, available via the  WheatOmics 1.0 platform
(http://wheatomics.sdau.edu.cn/; Ma et al. (2021)). This browser uses cv. Chinese

Spring as a reference genome. Histone modification tracks for H3K27ac,
H3K27mel, H3K4mel, H3K4me3, and H3K9ac were selected to identify regions of
the chromatin associated with up-regulation. In addition, the long non-coding RNA
(IncRNA) track was selected and filtered by antisense transcripts enriched at the

5 énd of the gene and the first intron.


https://toolkit.tuebingen.mpg.de/tools/quick2d
https://web.expasy.org/translate/
https://plants.ensembl.org/biomart/
http://plantpan.itps.ncku.edu.tw/
http://wheatomics.sdau.edu.cn/
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3.2.4 Cloning of ODDSOC genes

3.2.4.1 Isolation of genes from wheat DNA

The complete set of ODDSOC genes cloned is listed in Table 3.2. To clone
TraesCS3A02G432900 and TraesCS3A02G434400, template cDNA from the
winter cv. Claire was used. In preparation, the CDS for each ODDSOC gene in the
reference genome for cv. Chinese Spring was aligned to cv. Claire scaffold (release
ver. Elv1.1) using the BLASTNn feature of EnsemblPlants

(https://plants.ensembl.org/Multi/Tools/Blast) and specific forward and reverse

primers were designed to amplify the complete CDS. The full list of primers is listed
in Table 3.3. To clone the CDS, cDNA of cv. Claire was used. From previous
investigation in chapter 2 section 2.3.1.3, leaf cDNA from 4 weeks of growth under
short day/10°C conditions was used as gPCR analysis indicated high levels of
transcript for several ODDSOC genes at this stage of development (see Figure
3.19). RNA was extracted from leaf tissue using the SpectrumE Plant Total RNA
Kit as per the manufacturerodés instructions
extracted RNA as described in section 2.2.4.1. TraesCS3A02G435000,
TraesCS3B02G470000 and TraesCS3D02G428000 were synthesised using the

service provided by Genewiz (https://www.genewiz.com/en-GB), now part of Azenta

(https://www.azenta.com/), as gene-speci fi c primers coul dnot

identical coding sequences at the start and end of the gene. All genes were amplified
using Q5® High-Fidelity DNA Polymerase (NEB) and the following annealing
temperatures: TraesCS3A02G432900, 64 °C; TraesCS3A02G434400, 65 °C.
Polymerase Chain Reaction (PCR) conditions described in detail in Table 3.4.

Following PCR, reactions were ran on a 1% agarose gel. The gel was comprised of
molecular-grade agarose and 1x TAE (Invitrogen; 40 mM Tris-acetate, 10 mM

EDTA) buffer. GelRed ® Nucleic Acid Stain (Biotium) at 1X final concentration (i.e.,

5 L of 10,000X GelRed in 50 mL TAE buffer) was used to visualise the product on

the gel. Band size was inferred using a 100 bp DNA ladder (NEB) and bands of

correct size were excised from the gel and the product was extracted using Monarch

® DNA Gel Extraction Kit (NEB) followingtheman uf act ur er 6s i nstructi
in 20 pL dH20.


https://plants.ensembl.org/Multi/Tools/Blast
https://www.genewiz.com/en-GB
https://www.azenta.com/
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Table 3.1: ODDSOC genes cloned in this project.

Gene

TraesCS3A02G432900

TraesCS3A02G434400

TraesCS3A02G435000

TraesCS3B02G470000

TraesCS3D02G428000

Source Final vector
cv. Claire cDNA pGAD424; pGBT9
cv. Claire cDNA pGAD424; pGBT9
pUC57 plasmid pGAD424; pGBT9
pUCS57 plasmid pGAD424; pGBT9

pUC57 plasmid pGAD424; pGBT9

Vector description
yeast
yeast
yeast
yeast

yeast
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3.2.4.2 Cloning genes into the pGEM®-T Easy Vector

Once cloned, TraesCS3A02G432900, TraesCS3A02G434400, and
TraesCS3D02G428000 genes were transferred into a vector to ensure stability and
facilitate ease of transfer to subsequent vectors. The pGEM®-T Easy Vector
Systems (Promega) was used. Prior to ligation into the pGEM vector, a pre-cursor
step was <carri ed cenunes tdtoe blard-ehd RCR tfragaent3aq a d
polymerase (Jena Biosciences), 10X Crystal buffer (Jena Bioscience), and 10 mM
dATPs (NEB) were added to a 0.2 ml PCR tube containing the purified PCR fragment

and incubated for 30 mins at 72 °C. This is a variation of the protocol described in
Table 3.4. Next, a ligation reaction was performed. The reaction containing the PCR
fragment, now with addit i oentafuged 3o0gatterdtieeni ne s,
contents at the bottom of the tube. A ligation reaction was set up following the NEB

T4 DNA Ligase protocol, maintaining a 1:3 ratio of pGEM® vector to PCR product.

To ensure maximum efficiency, the ligation reaction was incubated at 4 °C overnight.

Next, the ligated product and vector was transformed into NEB® 10-beta Competent
E. coli (High Efficiency) cells. Competent cells were gently thawed on ice and once
thawed, 25 pL of cells were carefully transferred to a sterile 1.5 ml microcentrifuge
tube. The ligation reaction was centrifuged and 1 pL was added to the tube
containing the cells. The mixture was then kept on ice for 30 mins. After incubation
on ice, the tube was placed in a water bath for 47 secs at 42 °C to heat-shock the
cells. The tube was returned to ice for 2 mins. Next, 450 uL of NEB® 10-beta/Stable
Outgrowth Medium was added to the transformation. This was incubated at 37 °C
with shaking (~200 rpm) for 60 mins. To aid selection of successfully transformed
bacterial colonies, a blue-white screening technique was applied. This technique is
compatible with the pGEM®-T Easy Vector System, as the pGEM® vector contains
a multiple cl oni nme pgiitdee wiotdhiinrg trree i-&n of
galactosidase. Therefore, successful recombination with the GOI within this region

interrupts the enzyme activity and enables selection of white colonies.
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Table 3.2: Alignment of ODDSOC CDS in the cv. Chinese Spring (CS) reference
genome with the cv. Claire scaffold Elv1.1. Only the region at the start and end of the

CDS alignment (i.e., where the primers bind) is depicted.

CS
query
Claire
hit

CS

query
Claire
hit

CS

query
Claire
hit

CS

query
Claire

hit

CS

query
Claire
hit

CSs

query
Claire
hit

CSs

query
Claire
hit

TraesCS3A02G432900
50 30
ATGGCGCGGCGCGGACGGAGT.............. AGAATGGGAGGAAGGCTTGA

ATGGCGCGGCGCGGGCGGET ........ AGAATGGGAGGAAGGCTTGA

TraesCS3A02G434400
56 36
ATGGCGCGGCGCGGGCGTGT ....vvvven AGAAGCGAGGAAGGACCTGA

ATGGCGCGGCGCGGGCGTGT ........ AGAAGCGAGGAAGGACCTGA

TraesCS3A02G434900
56 36
ATGGCGCGGCGCGGGCGTGT............ CTGGAAGGAGGAAGGACTTGA

ATGGCGCGGCGCGGGCGTGT ... CTGGAAGGAGGAAGGACTTGA

TraesCS3A02G435000

50 36
ATGGCGCGGCGCGGGCGTGT ............... AGAAGGAAGGAAGGACTTGA
ATGGCGCGGCGCGGGCGTGT ......... AGAAGGAAGGAAGGACTTGA
TraesCS3B02G469700

50 30
ATGGCGCGGCGCGGGCGTGT .............. AGAAGCGAGGAAGGACTTGA

ATGGCGCGGCGCGGGCGTGT ........ AGAAGCGAGGAAGGACTTGA

TraesCS3B02G470000
56 36
ATGGCGCGGCGCGGGCGTGT .............. AGAAGGAAGGAAGGACTTGA

ATGGCGCGGCGCGGGCGTGT ........ AGAAGGAAGGAAGGACTTGA

TraesCS3D02G427700
56 30
ATGGCGCGGCGCGGGCGTGT .............. AGAAGCGAGGAAGGACCTGA

ATGGCGCGGCGCGGGCGTGT ........ AGAAGCGAGGAAGGACCTGA
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Table 3.2: Alignment of ODDSOC CDS in the cv. Chinese Spring (CS)
reference genome with the cv. Claire scaffold Elv1.1, continued.

TraesCS3D02G427900

50 30
CS ATGGCGCGGCGCGGGCGTGTGE é é AGGAGGGAGGAAGGACTTGA
query
Claire ATGGCGCGGCGCGGGCGTGTGE é é AGGAGGGAGGAAGGACTTGA
hit

TraesCS3D02G428000

5606 30
CS ATGGCGCGGCGCGGGCGETGT ...t GGAACTCCAGAAGGACTTGA
query
Claire ATGGCGCGGCGCGGGCGTGT ........ GGAACTCCAGAAGGACTTGA
hit

TraesCS4B02G351500
50 30
CS ATGGCGCGGCGCGGGCCGGT............. AGGAGGAAGGAAGGAGCTGA

query
Claire ATGGCGCGGCGCGGGCCGGT........ AGGAGGAAGGAAGGAGCTGA
hit

TraesCS4D02G346300

56 36
CS ATGGAGGGACCCGTCCCGTC.............. AGGAGGAAGGAAGGAGCTGA
query
Claire ATGGAGGGACCCGTCCCGTC......... AGGAGGAAGGAAGGAGCTGA
hit

TraesCS5A02G520200

56 36
CS ATGGAGGACCCCGTCCCGTC .............. AAGAGGAAGGAAGGAGCTGA
query
ﬁlaire ATGGAGGACCCCGTCCCGTC ......... AAGAGGAAGGAAGGAGCTGA

it

TraesCS7A02G260900

56 36
CS ATGGCGGAGGATGTGGGGAG .............. AAGAGTCGGGAAAAGAGTGA
query
Claire ATGGCGGAGGATGTGGGGAG ......... AAGAGTCGGGAAAAGAGTGA
hit

TraesCS7B02G158900

56 36
CS ATGGCGGAGGATGTGGGGAG .............. AAGAGTCAGGAAAAGAGTGA
query
Claire ATGGCGGAGGATGTGGGGAG ......... AAGAGTCAGGAAAAGAGTGA
hit

TraesCS7D02G261900

56 36
CS ATGTCGGAGGATGTGGGGAG............... AAGAGTCGGGAAAAGAATGA
query
Claire ATGTCGGAGGATGTGGGGAG......... AAGAGTCGGGAAAAGAATGA

hit
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To select on plates, 250 pL o f | s o pD-lettpogdlactopyranoside (IPTG, 100
mM) and 250 pL X-Gal solution (20 mg/mL) was added to 25 mL LB agar to make a
single 25 mL plate. After incubation, 100 pL of the transformation was plated on a
LB/ampicillin/IPTG/X-Gal agar plate. The plate was incubated upside-down
overnight at 37 °C and when colonies appeared, white colonies were selected. To
isolate the vector containing the GOI from the cells, individual colonies were pricked
and cultured overnight in LB and selective antibiotic (ampicillin or kanamycin), where
the final concentration of ampicillin was 100 pg/ml and kanamycin was 50 pug/ml. In
parallel, glycerol stocks were made from the same culture: 250 yL of an 80%
glycerol stock was added to 750 pL of the culture so that the final concentration was
preserved in 20% glycerol. Stocks were rapidly cooled in a dry ice ethanol bath and
stored at -80 °C.

Colonies were isolated using the NEB® Plasmid Miniprep kit following the
manufacturerds instructions. PReéteansgnedudingpur i ty
a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). To confirm the

presence of the GOI in the pGEM® vector, the plasmid was diluted if necessary to a
concentration of 30-100 ng/pL and sequenced using Sanger sequencing (Eurofins;

Genewiz) and the appropriate sequencing primer (Table 2.1).
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¥0S 69 9100103001001 10219VVIL 9SIansYy
19 19099909099090991V piemiod  006.2vO20dESISaeIL
109 99 10110931031 10019VVvIL 9SIa/A3Y
1919099909099090991V piemiod  00./.2¥O20dESIOSsaelL
140 €9 1011001100110219VVOL 9SI9N9Y
1919099909099290991V piemiod  0000L79c0dESISael L
¥0S 89 O110110921030110019VVIOl 9SIanay
O 1919099909099290991V premiod  00L6979c0dESIS9eI L
¥0S 79 O191011231102112319V 9SIanaYy
1919099909099290991V premiod  000SEYOCOVESISaeIL
¥0S L9 OVOO11001221123219VVIOLl 9SI9A9Y
19192999309299090991V premiod  0067EYOCOVESISaeIL
¥0S 69 101109301021102199VOL 9SI9A9Y
19190999309299090991V premiod  00VPEYOCOVESISaeIL
T10S .9 1011VvVO0010311009VVIOLl 9SI9A9Y
19992VO9I09099092991V premiod  006ZEVOCOVESISaeIL

(da) azis (Q.)

1onpoid  wy Buleauue

SO G0

aouanbas uonelusLO

Table 3.3: Primers used to amplify target ODDSOC CDS.
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099 99 O9O11010VODDIL111D11VIOL 9SIanaY
OVOOOID1D1IVOOVODILILY piemioq  00619¢9¢0d.LSIOsael L

819 <99 O11010VODI2I1111012VIOL 9SIaA3Y
O1VOOVIOOVIOOIVIOOOOLOLY premiod  0068519209.S0S9elL

¥S9 19 11010VO1001111012VOl 9SIoA9Y
OVOOOIOLOIVOIVOOIDOLY premiod  00609¢9c0V.LSOSaelL

609 99 110102011021120109VOl 9SIoA9Y
1903019223V OOVIOOLY premiosd 0020259 20VSSOsaelL
¥c9 0L 9100103011021122109VOL 9SIaA3Y

190031923V IDIVOILY premiod  00€9YEODC0AYSISaeIL
15774 L9 301020112301 10301209VIL 9SIaA3Y

19902099909099090991V p/emiod  00STSEDC0AYSIOsaell
08y L9 90001 19VOO1LD11D0219V 9SIaA3Y

19190999209299092991V p/emio4  000829OC0dESISaeIL

(da) azis (Do)

1onpoud  wy Bulesuue

SO GO

aouanbas uonelusLO

Table 3.3: Primers used to amplify target ODDSOC CDS (continued).




99

Table 3.4: PCR reaction set up and cycling conditions to amplify ODDSOC genes
from wheat cDNA. Asterisk indicates range in annealing temperature based on
specific ODDSOC gene.

Reaction set up: Component 50 uLlreaction Final concentration
volume
5X Q5 Reaction
Buffer 104k X
10 mM dNTPs 1 pL 200 pM
10 puM Forward
2.5 puL 0.5 uM
Primer
10 uM Reverse
2.5 uL 0.5uM
Primer
Template cDNA 1.5 L ~500 ng
Q5 High-Fidelity 05 L 0.02 Ul
DNA Polymerase
5X Q5 High GC
Q5 Hig 10 pL 1X
Enhancer
Nuclease-Free
5L -

Water

Thermocycling

conditions: Step Temperature Duration
Denaturation 98 °C 30 secs
Annealing 98 °C 5 secs
*64-65 °C 30 secs
72 °C 45 secs

Extension 72 °C 2 mins
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3.2.5 Yeast two-hybrid analysis

3.2.5.1 Gene transformation into yeast

To investigate the binding of ODDSOC proteins to other proteins, a GAL4-based two-
hybrid system was used to detect protein interactions in vivo in yeast. Genes were
cloned into the yeast vectors pGAD424 and pGBT9 (both Clontech) for expression
in a yeast two-hybrid system (Fields & Song, 1989). Here, the MatchmakerE GAL4
Two-Hybrid System 2 (Clontech) was used. This system uses a plasmid containing
a yeast GAL4 activation domain (pGAD424, target) and a yeast GAL4 DNA-binding
domain (pGBTY9, bait). When genes expressed in the target and the bait plasmids
interact, the activation and DNA-binding domains are brought in proximity and
transformed yeast can be screened on selective media. The yeast plasmids contain
the ampicillin resistance gene bla and either the LEU2 (pGAD424) or the TRP1
(pGBT9) nutritional genes, enabling selection when grown on media supplemented
with ampicillin and lacking specific amino acids. Full description of this protocol is

described in the manufactureroés manual

To transport the coding region from either the pGEM vector or the pUC-57 construct
into the yeast vectors, a double restriction digest was performed. Primers were
designed to attach the restriction enzyme digest sites for EcoRl (GAATTC) and
BamH | (GGATCC) along with random space
flanking ends of the gene coding region and a PCR was carried out. PCR cycling
conditions and primers are outlined in Table 3.4. Fragments were amplified, the
product was run on a gel, and extracted as described in section 3.2.3.1. Once
extracted, the fragment was digested with EcoRI-HF® and BamHI-HF® (both NEB)
as following the NEB double-d i ge st manufacturerdés p
pGAD424 and pGBT9 were digested in the same fashion using the same restriction

enzymes.

To ensure successful ligation of the digested fragment into the vector, the digested
vector was run on an agarose gel and the linearised plasmid was extracted. Then,
both the digested fragment and linearised plasmid were ligated together following
the ligation reaction method described in section 3.2.3.2. Subsequently, the ligated

product was transformed into NEB® 10-beta Competent E. coli (High Efficiency)

r fl a

Frot occ
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cells as described in section 3.2.3.2. The transformant was plated on LB agar plates
supplemented with ampicillin (100 pg/mL). Plates were incubated upside-down
overnight at 37 °C. Colonies were selected, cultured overnight in LB and ampicillin
(100 pg/mL), and plasmids isolated using the Monarch® Plasmid Miniprep Kit (NEB)
and eluted in 50 pL elution buffer. Plasmid concentration was determined using the
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). The presence of the
correct insert in the vector was confirmed by sequencing, as described in section

3.2.3.2. Sequencing primers are described in Table 2.1.

Next, pGAD424 and pGBT9 vectors containing the inserted ODDSOC CDS were
transformed into the AH109 Saccharomyces cerevisiae yeast strain. Prior to
transformation, AH109 yeast was cultured on yeast peptone dextrose adenine
(YPDA) media plates for several days to ensure viable yeast. 1L YPDA media
contained the following: 10g Bacto yeast extract, 20 g Bacto peptone, 20g Glucose
monohydrate, 40 mg Adenine hemisulfate, 20 g Bacto Agar, and 800 ml dH>O. Media
was autoclaved at 121°C for 15 mins minimum before use. The yeast transformation
protocol used is adapted from the method described by Amberg et al. (2006). Briefly,
deoxyribonucleic acid sodium salt type Il from salmon testes was denatured by
boiling at 100 °C for 5 mins; next, 1M sterile lithium acetate, sterile polyethylene
glycol (PEG)-3 350 50 % w-+mnercaptoathadol viere combined to make a
transformation master mix. The denatured deoxyribonucleic acid sodium salt,
transformation master mix, plasmid to transform, and a large AH109 yeast colony
were thoroughly mixed in a sterile 1.5 mL microcentrifuge tube. These steps were
carried out on ice, under sterile conditions. Once sufficiently mixed, the transformant
was incubated with shaking at 37 °C for 45 mins. After incubation, the transformant
was plated on yeast synthetic drop-out media lacking either the amino acid leucine
(pGAD424) or tryptophan (pGBT9). Plates were incubated upside-down without
shaking at 29 °C for up to 7 days. To test interaction between ODDSOC proteins and
VRN-A1, the VRN-A1l and the VRN-A1 exon 4 SNP genes were also cloned into
yeast plasmids and generously provided by Dominique Hirsz.
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3.2.5.2 Validation of yeast co-transformation to determine strength of
interaction

Vectors containing the GOI were co-transformed following the adapted yeast
transformation described above (section 3.2.3.1). To test for the formation of
heterodimers, an AH109 yeast strain transformed with pGAD424:gene-1 was co-
transformed with the pGBT9:gene-2, with gene-1 and gene-2 being the protein-
protein interaction tested. For testing the formation of homodimers, the co-
transformation follows the format pGAD424:gene-1 and pGBT9:gene-1. Once co-
transformed, the transformant was plated on yeast synthetic drop-out media lacking
the amino acids leucine and tryptophan for low stringency screening of protein-
protein interaction. Plates were incubated upside-down at 29 °C until colonies

appeared.

To eliminate any false-positives from the low-stringency screening, the co-
transformed yeast colonies were plated on synthetic drop-out media lacking leucine,
tryptophan, adenine, and histidine. This medium is auxotrophic for yeast lacking
pGAD424 (LEU1), pGBT9 (TRP2), and a protein-protein interaction that activates
expression of adenine-synthesising gene ADE2 and histidine-synthesising gene
HIS3. Growth of yeast colonies on this media confirmed protein-protein interaction
and the strength of the interaction was further tested by supplementing the media
lacking leucine, tryptophan, adenine, and histidine with 3-amino-1,2,4-triazole (3-
AT). 3-AT is a competitive inhibitor of the HIS3 protein and was added to media in

concentrations of 2.5 mM, 5 mM, and 10 mM.
3.2.6 Watkins collection

To investigate ODDSOC gene allelic diversity in a large wheat population, the
Watkins bread wheat landrace collection was used (Winfield et al., 2018; Wingen et
al., 2014; Wingen et al., 2017). Access to this short-read sequenced collection was
provided pre-publication by the John Innes Centre, Norwich and facilitated by Dr
Simon Griffiths. Information for each line, including the Germplasm Resource Unit
(GRU) ID and source country, is available from the Watkins Historic Collection of

Landrace Wheats portion of the SeedStor site (https://www.seedstor.ac.uk/search-

browseaccessions.php?idCollection=4). Haplotype maps for each of the ODDSOC

genes were provided by Shifeng Chen (Agricultural Genomics Institute at Shenzhen,


https://www.seedstor.ac.uk/search-browseaccessions.php?idCollection=4
https://www.seedstor.ac.uk/search-browseaccessions.php?idCollection=4
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Chinese Academy of Agri Sciences) and Dr Simon Griffiths as part of the Wat-Seq
initiative.
3.2.7 Identification of ODDSOC-associated non-coding transcripts

Identification of long non-coding RNA (IncRNA) transcripts from the 10 °C and 14 °C
RNA-seq dataset described in section 2.3.1.4 was carried out by Wilfried Haerty at
the Earlham Institute, Norwich, UK. Each transcript was submitted to the BLASTn to
identify which ODDSOC gene it was associated with. The 2.k kb region downstream

of the associated gene was processed using MEME (https://meme-suite.org/meme/)

to identify potential CArG-box sites from which the transcripts were transcribed. To
investigate the presence of transcripts in samples, gPCR primers were designed to
amplify a region common to each IncRNA transcript population (Table 2.1). gPCR
using cDNA was performed as described in section 2.2.4.1. To confirm the presence
of the OS1-associated INCRNA transcripts, the same gPCR primers were used to
amplify a band from cDNA via PCR assay and subsequent gel electrophoresis. The
excised band was extracted, ligated into pGEM® and transformed into NEB® 10-
beta Competent E. coli (High Efficiency) cells. The transformant was plated on LB
agar supplemented with ampicillin, X-GAL, and IPTG. Positive transformed colonies
were selected and cultured overnight in LB supplemented with ampicillin. Plasmids
were isolated from the culture using Monarch® Plasmid Miniprep Kit and sequenced
using Sanger sequencing. Full details of this cloning process are described in
section 3.2.3.2.

3.2.8 Statistical analysis

Statistical anal ysi s was p-test{haomahdstdbutiory
or Mann-Whitney U test (non-normal distribution) when comparing two groups, and
ANOVA followed by the Tukey post-hoc test for data with three or more groups to

compare.

ng

e


https://meme-suite.org/meme/
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3.3 Results

3.3.1 Multiple OS2 genes are identified in the wheat genome

The investigation into OS2 genes was initiated by results from a flowering eQTL
analysis (Barratt, He, et al., 2023; Barratt, Reynolds, et al., 2023) which had been
performed to infer genes involved in the vegetative to reproductive transition. This
analysis was conducted in bread wheat that had a spring background, linking gene
expression with the floral development phenotype. A panel of 95 spring wheat
cultivars was used and GEM analysis was performed. This analysis was carried out

by Dr Andrea Harper at the University of York.

GEM analysis identified seven genes out of >45,000, indicating these candidates
were involved in the floral development response. BLASTX results indicated that six
of the seven genes were predicted to be MADS-box genes (MADS-box transcription
factor 51-like and TaAGL33, respectively) which had not previously been well-
characterised (Table 3.5). These genes were: TraesCS3A02G435000,
TraesCS3B02G470000, TraesCS3D02G428000, TraesCS4B02G351500,
TraesCS4D02G346300, and TraesCS5A02G520200. Ensembl Plants had
annotated TraesCS3A02G435000, TraesCS3B02G470000,
TraesCS3D02G428000 as homoeologues and TraesCS4B02G351500,
TraesCS4D02G346300, and TraesCS5A02G520200 as homoeologues. Alignment
of the protein sequences of these genes revealed a high level of similarity within
homoeologous triads: TraesCS3A02G435000 shares 96.4% sequence similarity
with TraesCS3B02G470000 and 89.9% with TraesCS3D02G428000, whereas
TraesCS4B02G351500 shares 90.9% similarity with TraesCS4D02G346300 and
92.1% with TraesCS5A02G520200. A summary of these results in relation to OS1
and OS2 in cereals is shown in Table 3.6.

3.3.2 Pathway networks and phylogenetics can be used to identify putative
additional OS2 genes

To uncover more information about these genes, all six were input into the Reaction
Pathway Browser to investigate whether these genes had been categorised as part
of a plant reaction pathway. This uncovered the involvement of the six genes in a

Oshday r egul at ed expression of florigeno p a
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orthologues of rice gene OsMADS51. This sub-group within the pathway consisted
of six additional genes: TraesCS3A02G432900, TraesCS3A02G434400,
TraesCS3A02G434900, Traes C S 3B02G469700, TraesCS3D02G427700,
and TraesCS3D02G427900. When these gene were analysed using Ensembl
Plants, it was uncovered the following homologous groups: TraesCS3A02G434400,
TraesCS3B02G469700, and TraesCS3D02G427700; TraesCS3A02G434900 and
TraesCS3D02G427900.

To validate the relationship between these 12 genes (6 original genes derived from

the flowering eQTL and the 6 -daydkdulatedo n al g

expression of florigendé pathway), t he

revealed the involvement of all 12 genes in 4 discrete pathways: Growth and
developmental processes, Reproductive structure development, Inflorescence
development, and, as previously mentioned, Short-day regulated expression of
florigen. A condensed version of the overlapping relationships of the putative OS2

genes in these four pathways is presented in Table 3.7.

Next, the translated protein sequences of all 12 genes were scanned using BLASTn.
This confirmed that all 12 genes had the closest match with each other and that no
additional genes with high amino acid sequence similarity had been omitted from the
list. As well as the top 12 most similar genes, 4 additional genes were within 89.8%
sequence similarity. These genes were TraesCS7A03G0604100,
TraesCS7B03G0432700, TraesCS7D03G0591000, and TraesCS3A02G434700.
To determine whether to include these 4 genes in further ODDSOC analysis and to
explore how closely these genes were related over an evolutionary timescale, a
phylogenetic tree was generated, as described in materials and methods section
(Figure 3.1). Using TraesCS3A02G435000 as a seed gene, the tree re-affirmed the
remaining 11 genes as the closest neighbours of TraesCS3A02G435000 (70%
confidence node representing linkage between branches).

gene
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Table 3.5: Summary table of the OS2 candidate genes identified in GEM and eQTL

analysis.

Marker (IWGSC RefSeq FDR score FDR-corrected BLASTx functional annotation

v1l.1) (GEM) P-value (eQTL) best match
MADS-box transcription
factor 51-like

TraesCS3D02G428000.1 0.003888937 7.12E-05
[Aegilops tauschii subsp.

tauschii]

MADS-box transcription factor

TraesCS3A02G435000.1 0.004277599 0.001361929 " ,
TaAGL33 [Triticum aestivum]

MADS-box transcription factor

TraesCS4D02G346300.1 0.003807903 1.39E-13 51-like [Aegilops tauschii

subsp. tauschii]

MADS-box transcription

TraesCS5A02G520200.1 0.008759601 1.19E-07 factor 51-like
[Aegilops tauschii subsp.
tauschii]

MADS-box transcription factor

TraesCS3B02G470000.1 0.014998818 0.002318561 y _
TaAGL33 [Triticum aestivum]

MADS-box transcription factor

TraesCS4B02G351500.1 0.01287821  7.74E-09 51-like [Aegilops tauschii
subsp. tauschii]



107

Table 3.6: Summary of ODDSOC genes named in the literature.
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Next, the translated protein sequences of all 12 genes were scanned using BLASTn.
This confirmed that all 12 genes had the closest match with each other and that no
additional genes with high amino acid sequence similarity had been omitted from the
list. As well as the top 12 most similar genes, 4 additional genes were within 89.8%
sequence similarity. These genes were TraesCS7A03G0604100,
TraesCS7B03G0432700, TraesCS7D03G0591000, and TraesCS3A02G434700.
To determine whether to include these 4 genes in further ODDSOC analysis and to
explore how closely these genes were related over an evolutionary timescale, a
phylogenetic tree was generated, as described in materials and methods section
(Figure 3.1). Using TraesCS3A02G435000 as a seed gene, the tree re-affirmed the
remaining 11 genes as the closest neighbours of TraesCS3A02G435000 (70%
confidence node representing linkage between branches). Branches represent the
level of relatedness, with homoeologues sharing the closest level of similarity. Based
on the phylogenetic tree, the 4 additional genes (TraesCS7A03G0604100,
TraesCS7B03G0432700, TraesCS7D03G0591000, and TraesCS3A02G434700)
had close proximity to the already identified 12 genes based on an 82% confidence
level of similar phylogeny. Of the additional 4 genes, TraesCS7A03G0604100,
TraesCS7B03G0432700, and TraesCS7D03G0591000 were identified as
homoeologues via Ensembl Plants. No known homoeologues were identified for
TraesCS3A02G434700. The complete set of 16 genes is listed in Table 3.7.

3.3.3 Analysis of ODDSOC gene structure and sequence motif identification

The identification of a potentially expanded ODDSOC gene family raised the
guestion of how closely related these genes were and how many shared high
similarity to the previously identified OS1 and OS2 in barley and B. distachyon.
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. Original OS2 genes from flowering eQTL

Genes within the 'short-day
pathway

d expression of

MADS-box genes in close proximity to OS2 group

Figure 3.1: Phylogenetic tree based on ODDSOC input seed genes. Tree generated
using MUSCLE MSA of protein sequences and FastTree
(https://github.com/PavelTorgashov/FastTree) and Monocots PLAZA 5.0.



https://github.com/PavelTorgashov/FastTree

Table 3.7: ODDSOC candidate genes based on in-silico investigation.

IWGSC RefSeq v2.1 I.D.

TraesCS3A03G1006400
TraesCS3A03G1009400
TraesCS3A03G1009900
TraesCS3A03G1009700
TraesCS3A03G1010200
TraesCS3B03G1159100
TraesCS3B03G1160000
TraesCS3D03G0940300
TraesCS3D03G0940900
TraesCS3D03G0941100
TraesCS4B03G0914000
TraesCS4D03G0803000
TraesCS5A03G1215600
TraesCS7B03G0432700
TraesCS7A03G0604100
TraesCS7D03G0591000

IWGSC RefSeq v1.1 I.D.

TraesCS3A02G432900
TraesCS3A02G434400
TraesCS3A02G434900
TraesCS3A02G434700
TraesCS3A02G435000
TraesCS3B02G469700
TraesCS3B02G470000
TraesCS3D02G427700
TraesCS3D02G427900
TraesCS3D02G428000
TraesCS4B02G351500
TraesCS4D02G346300
TraesCS5A02G520200
TraesCS7B02G158900
TraesCS7A02G260900
TraesCS7D02G261900

Position (v2.1)

Chr3A:674409622..
Chr3A:676393319..
Chr3A:677066707.
Chr3A:677032258..
Chr3A:677322033.
Chr3B:731424430..
Chr3B:731996693..

Chr3D:541989070..
Chr3D:542195220..
Chr3D:542421172..

Chr4B:642788532..

Chr4D:500441774..

Chr5A:682786658.
Chr7B:229626646..

Chr7A:258977308.

Chr7D:240960460..

674433638 (+ strand)
676429534 (- strand)

.677087044 (- strand)

677035388 (+ strand)

677352530 (- strand)

731456570 (- strand)
732027796 (- strand)
542021642 (- strand)
542227445 (- strand)
542455539 (- strand)
642791635 (+ strand)

500444389 (+ strand)

682789182 (+ strand)

229663264 (+ strand)

.259018791 (+ strand)

240990049 (+ strand)

Homoeologues

v6



95

Table 3.8: Abridged table of key genes of interest involved in Growth and
developmental processes, Reproductive structure development, Inflorescence

development, and Short-day regulated expression of florigen pathways. Sourced from

Knetminer (https://knetminer.com/Triticum aestivum/).
IWGSC RefSeq v1.1 I.D.

2018 Gene Pathway seed
Traescs3A02G435000 Traescs3A02G435000 yes
Traescs3B02G470000 Traescs3B02G470000 yes
Traescs3D02G428000 Traescs3D02G428000 yes
Traescs4B02G351500 Traescs4B02G351500 yes
Traescs4D02G346300 Traescs4D02G346300 yes
Traescs5A02G520200 Traescs5A02G520200 yes
Traescs3A02G434700 AGL14 no
Traescs3B02G612500 AGL29 no
Traescs7D02G388600 AGLS57 no
Traescs3B02G612800 AGL61 no
Traescs2A02G174300 AGL79 no
Traescs3B02G612400 AGL91 no
Traescs3B02G612300 AGL91 no
Traescs2D02G181400 AP1 no
Traescs2B02G200800 AP1 no
Traescs6A02G214900 BHLH128 no
Traescs2A02G486100 BZIP18 no
Traescs1B02G091500 BZIP53 no
Traescs7A02G211300 CO no
Traescs2D02G563400 DOF3.4 no
Traescs5D02G318000 DREB1A no
Traescs5A02G310500 DREB1B no
Traescs5D02G317800 DREB1B no
Traescs5A02G310600 DREB1C no
Traescs5D02G318100 DREB1F no
Traescs1B02G235100 DREB2B no


https://knetminer.com/Triticum_aestivum/
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Table 3.8: Abridged table of key genes of interest involved in Growth and
developmental processes, Reproductive structure development, Inflorescence

development, and Short-day regulated expression of florigen pathways (continued).

IWGSC RefSeq vl.1

Pathway seed

.D. (2018)
Traescs5A02G376500 PIF4 no
Traescs5B02G380200 PIF5 no
Traescs5B02G422000 PIF5 no
Traescs5A02G420200 PIF5 no
Traescs3A02G436100 TCP16 no
Traescs3B02G470700 TCP6 no
Traescs3D02G428700 TCP6 no

Traescs4D02G364500 ZCCT1 no
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To investigate this, the CDS of each gene was aligned (Figure 3.2). In general, the
complete CDS for all genes was between 309- and 660 bp in length. Conserved
regions could be observed across all 16 genes; unsurprisingly, the greatest level of
conservation occurred between homoeologues. The CDS alignment revealed several
outliers i for example, TraesCS3A02G434700 was considerably shorter than all other
genes, with a CDS of 309 bp compared to an CDS between 480-660 bp for the other
genes. TraesCS3A02G434700 shared the highest level of similarity (93.7%) with
TraesCS3B02G470000 and TraesCS3D02G428000. However,
TraesCS3A02G434700 is in close proximity (32,140 bp) upstream of
TraesCS3A02G434900 (93% sequence similarity), indicating TraesCS3A02G434700
possibly originated from a duplication event of TraesCS3A02G434900. On the other
end of the scale, the homoeologues TraesCS7A03G0604100,
TraesCS7B03G0432700, and TraesCS7D03G0591000 were larger in length (618-
660 bp) than all other genes, containing an additional regional of approximately 120
bp preceding the ATG start codon of most other genes. Interestingly,
TraesCS4D02G346300 and TraesCS5A02G520200 also had a precursory region of
approximately 120 bp, despite aligning with the ATG start site of the majority of the
other genes. This possibly suggests a conserved regulatory region within this area.

A further indication of conserved regulatory regions was an unusually long intron of
>17,000 bp common to 12 of the 16 putative ODDSOC genes (Figure 3.3). To
investigate the level of conservation that was potentially present, an intron alignment
for all genes was carried out. For TraesCS3A02G432900, TraesCS3A02G434400,
TraesCS3B02G469700, TraesCS3D02G427700, TraesCS3A02G434900,
TraesCS3D02G427900, TraesCS3A02G435000, TraesCS3B02G470000, and
TraesCS3D02G428000, the first intron was the longest intron (Figure 3.4).
However, for TraesCS7A02G260900, TraesCS7B02G158900, and
TraesCS7D03G0591000, the largest intron was the second intron i therefore, this
intron was selected for alignment. When the first intron of TraesCS7A02G260900,
TraesCS7B02G158900, and TraesCS7D02G261900 was analysed using BLASTX,
the only matches were these same genes. This indicated that the first and second
introns in TraesCS7A02G260900, TraesCS7B02G158900, and
TraesCS7D02G261900wer endt the result of division o

genes.
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TraesCSTA02G260900

TraesCS7B02G156900
TraesCS7D02G261900
TrassCSIA02G434700
TraesCS3A02G432900
TraesCSIA02G435000
TrassCS3BO2G470000
TraesCSID02G428000
TrapsCS4D02G346300
TraesCS4B02G351500
TraesCS5A02G520200
TraesCS3BO2G469700
TraesCSIN02G434400
TraesCSID02G427700
1raesCS3A02G434900

>>>>>> > > > >> > >

TraesCS7A02G260900

TraesCS4D02G346300
TraesCS4B02GI51500
TrapsCS5A02G520200

Tra0sCSIA02G434400
TraesCS3D02G427700

TraesCS7A026260900 A c "' CAl £
Tra0sCS7B02G 158900 ACCC CA CA :-:"glcxcccnuré“ wl:
TraosCS7002G261900 y Acccl CACCCAAA

AflA

TraesCS3A02G434700
TraesCSIA02G432900
TrassCS3A02G435000
TraesCS3B02G470000
Tra0sCS3D02G428000
TraesCS4D02G346300
TraesCS4B02GI51500
TraesCS5A02G520200
TraesCSIBO2GA69700
TrapsCSIAD2G434400
TraesCS3D02G427700
TraesCSIN02G434900
TraesCS3D02G427900

Figure 3.2: Alignment of the 16 ODDSOC genes CDS. The CDS were retrieved from Ensembl Plants and aligned using Clustal

Omega.
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TraesCS7B02G158900.1 0.02699
TraesCS7A02G260900.1 0.03457
TraesCS7D02G261900.1 0.033
TraesCS3A02G432900.1 0.28477
TraesCS3A02G434900.1 0.03968
TraesCS3D02G427900.1 0.03662
TraesCS3D02G427700.1 0.01424
TraesCS3A02G434400.1 0.05785
TraesCS3B02G469700.1 0.1314
TraesCS3A02G434700.1 0.2924
TraesCS4B02G351500.1 0.14353
TraesCS4D02G346300.1 0.09744
TraesCS5A02G520200.1 0.09009
TraesCS3D02G428000.1 0.09
TraesCS3B02G470000.1 0.05622
TraesCS3A02G435000.1 0.04699

Figure 3.3: Phylogenetic tree of the alignment of introns for the 16 ODDSOC genes.

The tree was generated using Clustal Omega; scores represent the sequence

distance score calculated from the multiple sequence alignment (MSA).
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TraesCS3B02G470000
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Figure 3.4: Gene structure of ODDSOC genes in bread wheat and SOC1 and FLC in

Arabidopsis (A. thaliana). Genes are scaled appropriately in relation to length in base-

pairs. Red sections represent exons; green sections represent introns. Asterisks

represent anomalies: TraesCS3A02G434700 only contains a single intron, whereas
TraesCS7A02G260900, TraesCS7B02G158900, and TraesCS7D02G261900 have a

large second intron instead of first intron.
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Of the putative identified ODDSOC genes, TraesCS3A02G434700,
TraesCS4B02G351500, TraesCS4D02G346300, and TraesCS5A02G520200d i d n o't
have an extended intron (Figure 3.4). In this case, the first intron of these genes was

between 254 bp and 570 bp; these introns were also included in the alignment. Once

aligned, a phylogenetic tree was generated to represent level of similarity between

introns (Figure 3.3). The phylogenetic tree generated showed that the intron

sequence was conserved to varying degrees between genes. Furthermore,
conservation of introns corresponds with conservation of the CDS (Figure 3.2); this

suggests that the CDS and first intron of each gene were subjected to the same

selection pressure. This is most apparent for homoeologues, with the highest level of

similarity observed between homoeologues for both the CDS and the first intron.

Genes with the highest distance score (i.e., most dissimilar based on the output of

the multiple sequence alignment) were TraesCS3A02G434700 (0.2924) and
TraesCS3A02G432900 (score = 0.28477). TraesCS3A02G434700 di dn o6t share
significant |l evel of similarity in CDS and
similarity, and appeared to be a partial duplication of TraesCS3B02G470000; for this
reason, it wasno0tODDISDC pendirerestigation beyant this pointe

Next, presence of a MIKC-type MADS-domain were identified in all 15 putative
ODDSOC genes (Figure 3.5). This MADS-domain spans approximately the first 60
amino acids and is highly conserved (Figure 3.5). Several coiled coils were
predicted roughly between amino acid position 100 and 130 for
TraesCS3A02G432900, and amino acid position 115 and 145 for the remaining
ODDSOC genes. Therefore, putative K1, K2, and K3 domains were identified within
this region (Figure 3.5). When compared with MADS- and K-domains in notable
MIKC-type genes AtSOC1, AtFLC, AtAP1, and TaVRN-A1, positions of the domains
were highly similar (Figure 3.6).

When analysing the MADS-box domain in all ODDSOC genes, multiple
t r ans me mbhalniex ,-stténa secorfidary structure features were identified
from the amino acid sequence (Figure 3.7). Interestingly, the TraesCS3A02G432900
MADS-box domain was truncated compared to the other ODDSOC genes, with a
length of 51 amino acids instead of 60-62 amino acids. This truncated domain was

| ackihred i & e s -saamds spamningd5-7 amino acids towards the end of the
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domain, which was conserved in all other ODDSOC genes (Figure 3.7). Next, the list
of ODDSOC genes was input into BioMart (https://plants.ensembl.org/biomart/) to

collect additional gene features; these results are summarised in Table 3.8. The
associated GO terms were similar for all genes, and included terms related to DNA

binding and transcription as would be expected for MADS-domain proteins.

To explore regulation mechanisms of these genes, the genomic region upstream of
each gene was analysed to identify the potential transcription factor binding sites.
Since MADS domain proteins preferentially bind to CArG box sites (Aerts et al., 2018;
Tilly et al., 1998), the upstream region was scanned for CArG binding sites
(CC(AIT)sGG, CC(A/T)7G, C(AIT)sG). Potential CArG binding sites were discovered in
the region upstream for all genes. Additionally, this same upstream region was
analysed using PlantPan: this identified potential transcription factor binding sites
associated with SOCl1-like (AT4G24540, AT4G22950), AP1 (AT1G26310), SVP
(AT3G57230), and FLC (AT3G57230, AT2G45650) genes in Arabidopsis (Table 3.9).
The identification of an expanded family of ODDSOC genes that contain conserved
protein motifs, regulatory regions, CArG-boxes, and an elongated first intron strongly
suggests that at least some of these may have additional features of regulation as

observed in FLC i for example, regulatory IncCRNA.

3.3.4 In-silico investigation and RNA-seq analysis reveals INCRNA transcripts
associated with ODDSOC genes

Initial exploration into epigenetic modifications associated with ODDSOC genes
utilised pooled online datasets that uncovered intriguing histone modification peaks in
region in close proximity to both the first and final exon (Figure 3.8). Histone
modification tracks linked to up-regulation (H3K27ac, H3K27mel, H3K4mel,
H3K4me3, and H3K9ac) were selected, there modification peaks localised to the first
exon were presumably associated with transcription of the gene. In contrast, peaks
localised to the final exon suggests additional transcription in the region directly
downstream of the gene. Given that IncRNA is a known mechanism of regulation of
FLC (Csorba et al.,, 2014; Liu et al., 2010; Swiezewski et al., 2009), this was
investigated in the putative ODDSOC genes. The IncRNA track displayed numerous
antisense transcripts aligning with the latter half of the gene. This pattern was

consistent for all ODDSOC genes, and the results are summarised in Table 3.10.


https://plants.ensembl.org/biomart/
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Figure 3.5: Domains associated with MIKC-genes identified within ODDSOC amino acid sequences.

MADS-box domains for each cluster was identified using PROSITE (https://prosite.expasy.org/) and are represented with a pink

box. K- domains are denoted by K1, K2, and K3 within a grey box; position of predicted K-domains were identified via the
identification of coiled coils using DeepCoil2 (https://toolkit.tuebingen.mpg.de/tools/deepcoil2).



https://prosite.expasy.org/
https://toolkit.tuebingen.mpg.de/tools/deepcoil2
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Figure 3.6: Domains within relevant MIKC-type genes amino acid sequences. (A) MADS-Box domains within the amino

acid sequence for Arabidopsis genes AtSOC1, AtFLC, AtAP1, and bread wheat gene TaVRN-AL. (B) K-Box domains within
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Table 3.9: Summary of the BioMart output for the ODDSOC genes.

Transcriptio

n start site

GO term

accession

GO term name

TraesCS3A02G432900 674,255,51
7

676,243,86

TraesCS3A02G434400 6

TraesCS3A02G434900 676,906,06
0

TraesCS3A02G435000 677,172,17
0

G0O:0003677
G0:0046983

G0:0006351
G0O:0005634
G0:0003677
G0:0046983
G0:0045944
G0O:0000977
G0:0006355

G0:0006351
G0:0005634
G0:0003677
G0:0046983
G0:0045944
GO:0000977

G0:0006351
G0:0005634
G0O:0003677
G0:0046983
G0:0045944
G0O:0000977

DNA binding,
protein dimerization activity

DNA-templated
transcription nucleus

DNA binding
protein dimerization activity

positive regulation of
transcription by RNA
polymerase Il

RNA polymerase I

transcription regulatory region
sequence-specific DNA binding

regulation of DNA-templated
transcription

DNA-templated

transcription nucleus

DNA binding
protein dimerization activity

positive regulation of
transcription by RNA
polymerase Il

RNA polymerase Il

transcription regulatory region
sequence-specific DNA binding
DNA-templated

transcription nucleus

DNA binding
protein dimerization activity

positive regulation of
transcription by RNA
polymerase Il

RNA polymerase I



TraesCS3B02G469700 716,741,91
4
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G0O:0006351
G0O:0005634
G0:0003677
G0:0046983
G0:0045944
G0O:0000977

transcription regulatory region
sequence-specific DNA binding

DNA-templated
transcription nucleus

DNA binding
protein dimerization activity
positive regulation of

transcription by RNA
polymerase Il

RNA polymerase I
transcription regulatory region
sequence-specific

DNA binding



Transcription

start site

TraesCS3B02G470000 717,310,147

106

(€10)

ter

m accession

G0:000635
1
G0O:000563
4
G0O:000367
.
G0:004698
3
GO0:004594
4
GO:000097
.
G0O:000635
5
GO:000097
8
G0O:000635
5
G0:000098
1

Table 3.9: Summary of the BioMart output for the ODDSOC genes, continued.

GO term name

DNA-templated

transcription nucleus

DNA binding
protein dimerization activity

positive regulation of
transcription by RNA polymerase
I

RNA polymerase Il transcription
regulatory region sequence-
specific DNA binding

regulation of DNA-templated
transcription

RNA polymerase Il cis-regulatory
region sequence-specific DNA
binding

regulation of transcription by
RNA polymerase I

DNA-binding transcription factor
activity, RNA polymerase II-
specific



TraesCS3D02G427700 541,197,902

TraesCS3D02G427900 541,403,704
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G0O:000635
1
G0O:000563
4
G0O:000367
5
G0:004698
3
G0:004594
4
G0O:000097
.
G0O:000635
5

GO:000635
1
G0O:000563
4
G0:000367
4
G0:004698
3
G0:004594
4
GO:000097
.

DNA-templated

transcription nucleus

DNA binding

protein dimerization activity
positive regulation of
transcription by RNA polymerase
I

RNA polymerase Il transcription
regulatory region sequence-
specific DNA binding

regulation of DNA-templated

transcription

DNA-templated

transcription nucleus

DNA binding
protein dimerization activity
positive regulation of

transcription by RNA polymerase
Il

RNA polymerase I
transcription regulatory region
sequence-specific

DNA binding



108

Table 3.9: Summary of the BioMart output for the ODDSOC genes, continued.

Transcription GO

GO term name
start site ter

m accession

DNA-templated

transcription nucleus

DNA binding
protein dimerization activity

positive regulation of

GO:000635  yranscription by RNA

1 polymerase Il

GO:000563 A polymerase II transcription

4 regulatory region sequence-
TraesCS3D02G428000 541,632,751 9000357 gpecific DNA binding

7 regulation of DNA-templated

G0:004698 transcription

3 RNA  polymerase Il cis-

GO:004594 o latory region  sequence-

4 specific DNA binding

GO:000097 regulation of transcription by

7 RNA polymerase Il

G0:000635 DNA-binding transcription factor

5

activity, RNA polymerase II-
GO0:000097  specific

8
GO0:000635
7
G0O:000098
1



TraesCS3A02G432900 643,648,509
0

TraesCS3A02G432900 500,311,363
1

TraesCS3A02G432900 681,001,943
2
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G0O:000635
1
G0O:000563
4
GO:000367
5
G0:004698
3
G0:004594
4
GO:000097
.

GO:000635
1
G0O:000563
4
G0:000367
4
G0:004698
3
G0:004594
4
G0O:000097
.

G0O:000635
1
G0O:000563
4
GO:000367

DNA-templated
transcription nucleus
DNA binding
protein dimerization activity
positive regulation of
transcription by RNA
polymerase Il
RNA polymerase I
transcription regulatory
region
sequence-
specific DNA binding

DNA-templated
transcription nucleus

DNA binding

protein dimerization activity
positive regulation of
transcription by RNA
polymerase Il

RNA polymerase I
transcription

regulatory region

sequence- specific

DNA binding

DNA-templated

transcription nucleus

DNA binding
protein dimerization activity

positive regulation of
transcription by RNA

polymerase I
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7 RNA polymerase Il transcription

. regulatory region sequence-
GO:004698 5 ecific DNA binding
3

G0:004594
4
GO:000097
.
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Table 3.9: Summary of the BioMart output for the ODDSOC genes, continued.

Transcription GO

GO term name
start site ter

m accession

TraesCS3A02G432900 254,390,155
3

TraesCS3A02G432900 215,932,303
4

TraesCS3A02G432900 238,974,776
5
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Figure 3.7: Secondary structure features of the MADS domain of ODDSOC genes

TraesCS3A02G432900, TraesCS3B02G470000, and TraesCS3D02G428000.

Structures were predicted by Quick2D (https://toolkit.tuebingen.mpg.de/tools/quick2d)
and compile predictions from a range of secondary structure feature prediction tools
and are listed on the left.
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Table 3.10: Predicted MADS-box TFBS within the 2.5 kb region upstream of the OS2
genes. Motifs were predicted using PlantPan 3.0 multiple promoter analysis tool

(http://plantpan.itps.ncku.edu.tw/promoter multiple.php).

OS2 gene Associated gene Gene description

TraesCS3A02G432900
TraesCS3A02G434400
TraesCS3A02G435000
TraesCS3B02G469700
TraesCS3B02G470000
TraesCS3D02G427900 AT1G60920
TraesCS3D02G428000 (A. thaliana)

TraesCS4B02G351500

TraesCS4D02G346300

TraesCS5A02G520200

TraesCS7A02G260900

TraesCS7D02G261900

TraesCS3A02GA435000 Encodes a MADS-box protein involved in
flowering; regulates the expression of

TraesCS3B02G470000 SOC1 and is also upregulated by SOC1,;

TraesCS3D02G428000 ATAG24540 maintenance of inflorescence meristem

TraesCS4D02G346300 identity, regulation of timing of transition

TraesCS5A02G520200 from vegetative to reproductive transition

TraesCS7A02G 260900 positive  regulation of vernalization
response

TraesCS3A02G435000

TraesCS3B02G470000 MADS-box protein AGL19; FYF-like

gene that belongs to the SOC1 group;
TraesCS3D02G428000 AT4G22950

regulation of timing of transition from

TraesCS4D02G346300 . :
vegetative to reproductive phase,

TraesCS5A02G520200
TraesCS7A02G260900

involved in vernalization response


http://plantpan.itps.ncku.edu.tw/promoter_multiple.php
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Table 3.10: Predicted MADS-box TFBS within the 2.5 kb region upstream of the

OS2 genes, continued.

OS2 gene Associated gene

TraesCS3A02G434400
TraesCS4B02G351500
TraesCS7B02G158900
TraesCS7D02G261900

AT5G62165

TraesCS3A02G435000
TraesCS3B02G470000
TraesCS3D02G428000
TraesCS4D02G346300 AT1G26310

TraesCS5A02G520200
TraesCS7A02G260900
TraesCS3A02G435000
TraesCS3B02G470000
TraesCS3D02G428000
TraesCS4D02G346300
TraesCS5A02G520200 AT2G45650
TraesCS7A02G260900

TraesCS3A02G435000
TraesCS3B02G470000
TraesCS3D02G428000
TraesCS4D02G346300
TraesCS5A02G520200 AT3G57230
TraesCS7A02G260900

TraesCS3A02G435000
TraesCS3B02G470000
TraesCS3D02G428000
TraesCS4D02G346300

TraesCS5A02G520200 AT3G57390
TraesCS7A02G260900

Gene description

FYF; Involved in floral transition;

regulation of flower development

Floral homeotic gene encoding a MADS
domain protein homologous to AP1; floral

meristem determinacy

Negatively regulates the FLC/MAF clade
genes and positively regulates FT;
positive regulation of flower
development, vegetative to reproductive

phase transition of meristem

Directly interacts with SVP and indirectly
interacts with FLC; long-day

photoperiodism, flowering

Negative regulation of flower
development; Negative regulation of

short-day photoperiodism; flowering
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Table 3.10: Predicted MADS-box TFBS within the 2.5 kb region upstream of the OS2
genes, continued.

OS2 gene Associated gene Gene description

TraesCS3A02G4350
00

TraesCS3B02G4700 Maintenance of floral meristem identity;

00 vegetative to reproductive phase
TraesCS3D02G4280 ATAG11880 transition of meristem

00
TraesCS4D02G3463
00
TraesCS5A02G5202
00
TraesCS7A02G2609
00
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3.3.5 Validation of findings using the available literature

To determine whether the collated list of ODDSOC genes had been previously
described, I cross-referenced the list with the literature. Since domain analysis had

characterised all the genes as MADS-box genes based on their predicted/conserved

MADS-box binding domain, | investigated whether any of these genes had been
characterised in widescale analyses of wheat MADS-box genes. Schilling et al.
(2020) had previously annotated all 15 genes as forms of TaFLC in their genome-
wide analysis of MIKC-type MADS-box wheat genes. In support of their findings,
Raza et al. (2021) identified these same genes in their analysis of MADS-box genes
in wheat. Both these in-silico findings are distilled with respect to the OS2 gene list
and represented in Table 3.12. In addition, distilling the in-silico/bioinformatics
findings of both the literature and this project, the genomic position of these
ODDSOC genes is represented in Figure 3.9, highlighting the migration of these 15
genes across all 3 sub genomes.

3.3.6 Are all ODDSOC genes created equal?

The identification of the extended ODDSOC gene family and the related analysis
indicated that 4 genes arose from duplications in chromosome 3A, 2 genes from
chromosome 3B, and 3 genes from chromosome 3D. This conclusion was based on
close proximity and high sequence similarity; positions are described in Table 3.1.
Furthermore, the gene family was comprised of 5 discrete homoeologous groups
that were distributed across the A, B, and D sub genome, with the exception of
TraesCS3A02G434900 and TraesCS3D02G427900, which had no homoeologue
from the B sub genome. Position and movement in relation to the sub genome is
represented in Figure 3.9. This level of relatedness between these genes raised the
guestion of which ODDSOC genes were involved in the regulation of floral transition
in wheat. Since TraesCS3A02G432900 was most likely the equivalent of OS1 in
wheat, this gene was selected for further investigation. Interestingly, no
homoeologues were identified for TraesCS3A02G432900. TraesCS3A02G435000,
TraesCS3B02G470000, and TraesCS3D02G428000 were studied in more detalil
as these homoeologues were highlighted in eQTL analysis as having a role in the
vegetative to reproductive transition (see section 3.3.1).
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Figure 3.8: Schematic of histone modifications and IncRNA transcripts
associated with the genomic region containing TraesCS3A02G434400
(chr3A:676200201..676247350). Tracks were available from the JBrowse
wheat browser provided by WheatOmics (http://wheatomics.sdau.edu.cn/).



http://wheatomics.sdau.edu.cn/
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Table 3.11: Long non-coding antisense transcripts associated with ODDSOC genes.
(Epigenome browser last accessed 09/04/23).

Gene Homoeologues Transcript number Tissue type
TraesCS3A02G432900 13 Seedling, root,
spike, stem
TraesCS3A02G434400 24 Leaf, seedling,
root, spike, stem
TraesCS3A02G434900 10 Leaf, seedling,
root, spike
TraesCS3A02G435000 4 Leaf, seedling,
root
TraesCS3B02G469700 22 Leaf, seedling,
root, spike, stem
TraesCS3B02G470000 5 Leaf, seedling,
root
TraesCS3D02G427700 16 Leaf, seedling,
root, spike, stem
TraesCS3D02G427900 13 Leaf, seedling,
root, spike
TraesCS3D02G428000 3 Leaf, root
TraesCS4B02G351500 1 Root
TraesCS4D02G346300 1 Root
TraesCS5A02G520200 1 Root
TraesCS7B02G158900 6 Seedling, spike
TraesCS7A02G260900 0 -

TraesCS7D02G261900 1 Seedling
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Table 3.12: Nomenclature of ODDSOC in wheat from previous studies.
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Figure 3.9: Chromosomal position of ODDSOC genes across the three wheat sub
genomes. Red lines depict the relationship between homoeologues across genomes;
blue lines depict hypothesised duplication events between genes that are not part of
the same homoeologues triad. The position of TraesCS3A02G432900, which lacks

homoeologues and hypothesised duplication events, is represented by a yellow circle
on chromosome 3A.
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3.3.7 ODDSOC genes interact with each other

MADS-domain proteins are understood to form homodimers and heterodimers with
each other, as exemplified by the ABC model of floral development (Coen &
Meyerowitz, 1991; Riechmann et al., 1996), as well as participating in larger multi-
protein complexes that can determine functional specificity. This specificity involves
association with CArG box domains and therefore the transcriptional activity of
MADS-box proteins (Shore & Sharrocks, 1995). Since the ODDSOC genes
examined here are characterised as MADS-box genes, this indicates the possibility
of the formation of ODDSOC protein complexes. Furthermore, protein complex
formation could elucidate understanding of how these proteins function in floral
development. As the examination of protein complex formation is not yet feasible in
transgenic wheat, protein-protein interactions were examined within a yeast two-

hybrid system.

When examining the interactions of several ODDSOC proteins, a range of
interactions were observed. Here, OS1 (TraesCS3A02G432900) and OS2
(TraesCS3A02G434400, TraesCS3A02G435000, TraesCS3B02G470000, and
TraesCS3D02G428000) were cloned into the plasmids pGAD424 and pGBT9 to test
homo- and heterodimerization in yeast. This revealed that TraesCS3B02G470000
didndédt f or m h o mdidureBeld)dn conirasthTraesCS3®026428000
was observed to form weak (2.5 mM 3-AT) and moderate (5 mM 3-AT) homodimers
(Figure 3.11). As TraesCS3B02G470000 and TraesCS3D02G428000 are
homoeologues that shared 95.6% amino acid sequence similarity, this difference in

homodimer formation is intriguing.



TraesCS3B02G470000
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TraesCS3B02G470000
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TraesCS3A02G435000
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+
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Figure 3.10: Protein-protein interactions for TraesCS3B02G470000. Capital letters

indicate amino acids lacking in synthetic yeast media, i.e., L (leucine), W
(tryptophan), H (histidine), and A (adenine). Empty plasmids = pGAD424-
TraesCS3B02G470000 co-transformed with empty pGBT9 plasmid; 3-AT = 3-

aminotriazole concentration.
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Next, heterodimer formation was investigated. TraesCS3B02G470000 did not
interact with its homoeologues TraesCS3D02G428000 or TraesCS3A02G435000
(Figure 3.10). However, TraesCS3A02G435000 and TraesCS3D02G428000 did
form strong heterodimers (94.9% amino acid sequence similarity), indicating that the
absence of heterodimer formation with TraesCS3B02G470000 may be meaningful.
Strong heterodimer formation was observed between TraesCS3A02G434400 and
TraesCS3B02G470000; in contrast, only a weak heterodimer formation was
recorded between TraesCS3A02G434400 and TraesCS3D02G428000 (Figure
3.11). This indicates that despite high amino acid conservation and conservation of
the MADS-box domains between ODDSOC genes, specific interactions between
genes were observed. To further explore this variation in dimer formation between
homoeologues TraesCS3B02G470000 and TraesCS3D02G428000, interaction
between these OS2 proteins and OS1, TraesCS3A02G432900, was tested.
Interestingly, TraesCS3B02G470000 and TraesCS3A02G432900 formed strong
heterodimers (Figure 3.12). However, no heterodimer formation occurred between
TraesCS3D02G428000 and TraesCS3A02G432900 (Figure 3.12). This furthers the
suggestion that TraesCS3B02G470000 and TraesCS3D02G428000 inhabit
different roles in vernalization/development despite their high level of structural and

sequential similarity.

Since VRN-A1 has been reported to supress OS2, interactions between OS2
proteins, TraesCS3B02G470000 and TraesCS3D02G428000, and VRN-A1 was
investigated. For both OS2 proteins, an interaction with VRN-A1 was observed
(Figure 3.13). TraesCS3B02G470000 and VRN-A1 formed strong (under 10 mM 3-
AT) heterodimers (Figure 3.13). Similarly, TraesCS3D02G428000 and VRN-A1l
formed strong heterodimers with the inclusion of 3-AT. Next, heterodimer formation
between TraesCS3B02G470000 and a variant of VRN-A1 with a SNP in exon 4
conferring a stronger vernalization requirement was tested (Diaz et al., 2012; Dixon
et al., 2019). In contrast to WT VRN-A1,theexon4 SNPVRN-A1 v ari ant
heterodimers with TraesCS3B02G470000 (Figure 3.13). Considering that the
difference between these forms of VRN-ALl is a single nucleotide difference, it
demonstrates the varying specificity of the MADS-Box domain interactions. This
potentially suggests an important role for TraesCS3B02G470000 in mediating a

longer vernalization requirement in cultivars that contain the VRN-A1 exon 4 variant.

di dno
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Figure 3.11: Protein-protein interactions for TraesCS3D02G428000. Capital letters
indicate amino acids lacking in synthetic yeast media, i.e., L (leucine), W (tryptophan),
H (histidine), and A (adenine). Empty plasmids = pGAD424- TraesCS3D02G428000
co-transformed with empty pGBT9 plasmid; 3-AT = 3-aminotriazole concentration.
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Figure 3.12: Protein-protein interactions for TraesCS3A02G432900. Capital letters
indicate amino acids lacking in synthetic yeast media, i.e., L (leucine), W (tryptophan),
H (histidine), and A (adenine). Empty plasmids = pGAD424- TraesCS3A02G432900

co-transformed with empty pGBT9 plasmid; 3-AT = 3-aminotriazole concentration.
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Figure 3.13: Protein-protein interactions for ODDSOC and VRN-A1. Capital letters

indicate amino acids lacking in synthetic yeast media, i.e., L (leucine), W (tryptophan),

H (histidine), and A (adenine). 3-AT = 3-aminotriazole concentration.
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3.3.8 Watkins diversity panel, YoGl expression panel, and WatSeq
uncovers variation in ODDSOC gene expression

As the interaction analysis supported that hexaploid wheat OS2 did associate with
VRN1, | wanted to further investigate whether there was any association between
the expression of the ODDSOC genes and growth habit.

To explore whether variation in OS1 and OS2 expression is present between spring
and winter wheat, expression from the YoGlI accession of 339 lines was analysed.
This revealed trends in expression between genes. OS1/TraesCS3A02G432900
had a relatively equal level of expression between spring and winter wheat lines,
with both the highest (19.74812856 FPKM) and lowest (0.084473841 FPKM) level
of expression recorded in spring lines (Figure 3.14A). Similarly, OS2 gene
TraesCS3D02G427900d i dn 6t di s qallyasignificant tsehdaawards thigher
expression in spring compared to winter lines, although the overall level of
expression was lower than TraesCS3A02G432900 (0.391076725 and 4.165609224
FPKM, respectively) (Figure 3.14C). Likewise, OS2 genes and homoeologues
TraesCS3A02G434400, TraesCS3B02G469700, and TraesCS3D02G427700
d o nshotv a significant trend to a particular habit (Figure 3.15A-C).

Conversely, TraesCS3A02G434900 (Figure 3.14B), TraesCS3A02G435000,
TraesCS3B02G470000, TraesCS3D02G428000 (Figure 3.15D-F),

TraesCS4B02G351500, TraesCS4D02G346300, TraesCS5A02G520200 (Figure
3.16A-C), TraesCS7B02G158900, TraesCS7A02G260900, and
TraesCS7D02G261900 (Figure 3.16D-F) all show a trend towards higher
expression levels in winter wheat lines. Variation in gene expression existed within
this subset: the average expression levels were TraesCS3A02G434900 (1.634
FPKM), TraesCS3A02G435000 (1.876 FPKM), TraesCS3B02G470000 (6.101
FPKM), glasshouse conditions; therefore, it was necessary to determine whether
the observed higher expression in winter lines for certain ODDSOC genes was
consistent under different conditions. To  begin, expression of
TraesCS3A02G435000, TraesCS3B02G470000, TraesCS3D02G428000,
TraesCS3A02G434400, TraesCS3B02G469700, and TraesCS3D02G427700

was investigated.
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Figure 3.14: ODDSOC gene expression in YoGlI lines for the first set of genes.

Expression data was acquired from the YoGI accession lines (n = 339) and contains
winter (blue) and spring (yellow) habit wheat. (A) = TraesCS3A02G432900; Figure (B-
C) = homoeologues TraesCS3A02G434900 and TraesCS3D02G427900. Leaf tissue

was sampled at the 3-1 e af stage

University of York.

of devel opment
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Figure 3.15: ODDSOC gene expression in YoGl lines for the second set of genes.
Expression data was acquired from the YoGl accession lines (n = 339) and contains
winter (blue) and spring (yellow) habit wheat. (A-C) = homoeologues
TraesCS3A02G434400, TraesCS3B02G469700, and TraesCS3D02G427700; (D-F)
= TraesCS3A02G435000, TraesCS3B02G470000, and TraesCS3D02G428000. Leaf
tissue was sampled atthe 3-l eaf st age of devel opment

University of York.
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Figure 3.16: ODDSOC gene expression in YoGl lines for the third set of genes.
Expression data was acquired from the YoGlI accession lines (n = 339) and contains
winter (blue) and spring (yellow) habit wheat. (A-C) = homoeologues
TraesCS4B02G351500, TraesCS4D02G346300, and TraesCS5A02G520200; (D-F)

= homoeologues TraesCS7B02G158900, TraesCS7A02G260900, and
TraesCS7D02G261900. Leaf tissue was sampled at the 3-leaf stage of development

by Dr Andrea Harperbd6s team, University of













































































































































































































































































































































