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ABSTRACT

Kalota, Riya. M.Sc. The University of Manitoba, February 2024. Transcriptomic analysis
of seed dormancy in wheat. M.Sc. supervisor: Dr. Belay T. Ayele.

Wheat production is negatively affected by various factors, including preharvest sprouting
(PHS), which is defined as the germination of grains on the mother plant due to humid and
rainy weather conditions. Seed dormancy is an adaptive trait that has an influence on the
incidence of PHS. The presence of low dormancy in wheat seeds leads to PHS and therefore
significant losses in yield and quality. Therefore, it is essential to induce an adequate level of
seed dormancy to prevent PHS. To better understand the molecular mechanisms regulating seed
dormancy in wheat, this study performed comparative genome-wide transcriptomic analysis
between dormant and non-dormant (after-ripened) seeds of a highly dormant wheat genotype.
The findings of this thesis projects indicate that after-ripening effectively breaks seed dormancy
and causes differential expression of a large number of genes during imbibition. Gene ontology
enrichment analysis of the differentially expressed genes (DEGs) was performed to identify
the biological processes regulating seed dormancy. The study also examined the expression
patterns of abscisic acid (ABA) and gibberellin (GA), the two major hormones that control
seed dormancy, and the findings showed close association between the expression patterns of
specific genes involved in ABA and GA metabolism and signaling and the level of seed

dormancy.



FOREWORD

This thesis is written in manuscript style. A general introduction about the research project and
a literature review precedes the manuscript. An abstract, introduction, materials and methods,
results and discussion form a complete manuscript. The manuscript is followed by a general

discussion and conclusions, a list of references and appendices.
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1.0 GENERAL INTRODUCTION

Wheat is one of the most important cereal crops worldwide, serving numerous purposes such
as food, feed, and industrial applications. Its agronomic adaptability, convenience of grain
storage, ease of converting grain into flour, and unique viscoelastic properties makes it an ideal
global food crop (Giraldo et al., 2019; Shavanov and Shigapov, 2020). However, the production
and quality of wheat crop is negatively affected by several biotic and abiotic factors. One of
the major factors significantly impacting global wheat production is preharvest sprouting
(PHS), involving the germination of grains in the spikes prior to harvest due to exposure of
rain and high humidity (Gao and Ayele, 2014). PHS is associated with elevated a-amylase
activity in seeds, resulting in the breakdown of starch, thereby reducing the overall quality of
the wheat grains (Olaerts et al., 2016) and therefore resulting in huge economic losses to
farmers and food processors. In Canada, the economic loss associated with PHS is estimated
to be approximately $100 million (Clarke et al., 2005).

The phenomenon of PHS is closely linked with seed dormancy, an inherited
characteristic that prevents the germination of viable seeds under favourable environmental
conditions (Gao and Ayele, 2014). Cereal crops that exhibit insufficient or low level of
dormancy at the time of harvest are susceptible to PHS damage (Rodriguez et al., 2015).
Dormancy and PHS traits are influenced by several endogenous and exogenous factors such as
phytohormones, water, light, temperature, and after-ripening (Finkelstein et al., 2008; Ali et al.,
2019). Seed dormancy and germination are primarily regulated by two phytohormones,
gibberellin (GA) and abscisic acid (ABA). The plant hormone ABA plays a pivotal role via
inducing seed dormancy, and thereby inhibiting germination. In contrast, GA functions as a
negative regulator of dormancy as it promotes dormancy release and facilitates the initiation of
germination (Finkelstein et al., 2008). Therefore, these two hormones regulate dormancy

induction/release and germination through their antagonistic interaction. Previous studies



showed that the expression patterns of ABA and GA metabolism genes as well as their signaling
genes are related to dormancy and its decay in wheat seeds (Liu et al. 2013; Kashiwakura et al.
2016; Izydorczyk et al., 2018; Tuan et al., 2021). In addition, the developmental changes from
dormancy to germination in wheat seeds due to dormancy breaking factors such as after-
ripening are regulated by changes in the expression patterns of genes involved in several other
biological processes or molecular functions, including, jasmonate responses, cell wall
modification, nitrogen metabolism, carbohydrate metabolism, and histone modifications
(Barrero et al., 2009; Gao et al., 2012).

Considering the losses caused by PHS, a comprehensive understanding of the
mechanisms governing seed dormancy becomes crucial in developing PHS-resistant wheat
cultivars. The use of advanced approaches such as genome-wide transcriptomics and plant
materials with diverse genetic background has the potential to provides important information
in identifying biological processes, regulatory elements and candidate genes involved in the
regulation dormancy. Genome-wide transcriptomic studies use the application of next
generation sequencing technologies (NGS) such as RNA sequencing (RNA-seq) that allows to
examine differential expression of genes between dormant and non-dormant seeds. As the
result, this approach has the advantage of detecting both known and novel transcripts in a single
assay (Byron et al., 2016). In addition, availability of the wheat reference genome
sequence (International Wheat Genome Sequencing Consortium [IWGSC] RefSeq v1.0 and
v2.1) plays an important role in transcriptomic studies of different traits such as dormancy as it
facilitates the annotation of differentially expressed genes and identifying the biological
processes they represent. The specific objectives of this study are:

1. To identify biological processes/molecular functions involved in the regulation of

dormancy release by after-ripening.



2. To investigate changes in the expression pattern of ABA and GA metabolism and

signaling genes due to after-ripening.



2.0 LITERATURE REVIEW

2.1 Wheat: a major cereal crop

Wheat (Triticum aestivum L., 2n = 6x = 42, genome AABBDD) is among the world’s earliest
domesticated crop species, first cultivated in southeast Turkey at least 10,000 years ago (Faris,
2014). This prehistoric crop is a staple food for millions of people and is grown on more than
218 million hectares (540 million acres) globally (Giraldo et al., 2019). Wheat evolved through
a series of complex processes, including, polyploidization, domestication, natural
hybridization, and mutation from its ancient form (einkorn wheat) into the two main types of
wheat grown today; bread wheat (7. aestivum L.) and durum wheat (7. turgidum L.) (Peng et
al., 2011; Feldmam and Levy, 2012), with varying characteristics in terms of their genomic
content, grain composition, and end use. Wheat is a highly versatile cereal grain that can grow
in a wide geographical range, spanning from equatorial to temperate regions, including
latitudes as high as 60°N and 44°S, and altitudes up to 3000 meters above sea level (Enghiad
et al., 2017; de Sousa et al., 2021). This adaptability is a result of the genetic diversity present
within the wheat gene pool. Wheat is conventionally categorized into two distinct types: winter
wheat, which requires vernalization (planted in the fall and harvested in the summer) and spring
wheat without this requirement (planted in the spring and harvested in late summer) (Yan et
al., 2015).

Wheat has diverse applications and is used for various purposes, including human
consumption, animal feed, biofuel production, and bioplastics. Over two-thirds of global wheat
1s consumed as food, with 20% used for livestock feed, and 3-5% each allocated for seed,
industrial use, and other purposes (Shiferaw et al., 2013). It contributes substantially to global
food security, providing a principal source of nutrition for approximately 36% of the world's
population (Grote et al., 2021). Wheat accounts for around 55% of the carbohydrates and 21%

of the dietary calories consumed globally (Khalid et al., 2023). Additionally, the demand for



wheat is increasing globally due to the unique properties of gluten proteins found in it. Gluten
facilitates the production of processed foods, which are becoming more popular with the global
industrialization process and westernization of diets. Wheat endosperm proteins, specifically
gliadins and glutenins, are the main components of gluten in wheat flour (Dhaka and Khatkar,
2015). These proteins play a crucial role in breadmaking, as they determine the elasticity and
extensibility of the dough to be processed into various bakery products, including bread, cakes,
biscuits, pasta, and more (Pefa, 2002).

Global wheat production has grown significantly since the 1990s. Global yield averages
increased from just a little over 1 ton/ha in the early 1960s to around 3.5 tons/ha currently
(Erenstein et al., 2022). In 2022, the global production of wheat amounted to over 781 million
metric tonnes, exhibiting an increase as compared to the previous marketing year (Erenstein et
al., 2022). However, food insecurity is the biggest concern because of the influence of climate
change on wheat production at the global, regional, and local levels. The current population
growth is expected to increase wheat demand from 700 million tonnes in 2021 to over 900
million tonnes in 2050 (Grote et al., 2021). Therefore, continued research efforts are needed to
improve the yield and productivity of wheat, which includes developing new wheat varieties
with improved resistance to diseases and pests, implementing sustainable agricultural practices

to conserve water and maintain soil fertility, and promoting genetic diversity in wheat crops.

2.2 Wheat production in Canada

Wheat cultivation in North America, particularly in Canada, has a long history dating back to
the late 15th and 16th centuries. The cultivation of wheat in Canada was first initiated by French
settlers at Port Royal, Nova Scotia, in 1605, with the first exports occurring in 1654 (Hopper,
1923; Campbell, 2015). Early wheat farming in Western Canada faced challenges due to

unsuitable cultivars and harsh winters. At first, various trials were conducted using the



European cultivars, but some could not survive severe winters, while others matured too late
for the short growing season. In 1812, a larger plantation was initiated by settlers from Scotland
in Selkirk, Manitoba. They brought wheat seeds from their home nations for cultivation in
Canada, but their attempts were failed as it faced serious agronomic challenges including late
maturity, susceptibility to frost damage, lodging, stem rust, and shattering tendency (Buller,
1919; Newman 1928; McCallum and DePauw, 2008). Later, a Ukrainian cultivar, Red Fife
gained popularity in Canada for its high productivity and good milling and baking qualities
(Symko, 1999). However, it also suffered from freezing due to early frosts and it is believed
that Red Fife is the Galician cultivar from central Europe (Symko, 1999). Later, Sir Charles
Saunders developed the Marquis cultivar by crossing Hard Red Calcutta with Red Fife in 1904
(Symko, 1999). It was distributed in 1909 and gained rapid popularity across Canada for
excellent yield and superior milling and baking qualities (Morrison, 1960; Morrison, 2008).
Western wheat production soared from 2 million tonnes in 1904 to 7.7 million tonnes in 1913
(Campbell, 2015). Red Fife and Marquis established Canada's reputation for high-quality hard
red spring wheat (McCallum and DePauw, 2008). The cultivation of hard red spring wheat
further contributed to the growth of the wheat industry in Canada.

Though Canadian wheat production has fluctuated considerably in recent years, it has
shown a steady increase from 1971 to 2020, reaching 35 million tonnes in 2020 (Statistics
Canada, 2021). However, despite the extreme dry heat conditions that occurred during the 2021
growing season, Canadian farmers produced about 22 million tonnes of wheat, and Manitoba
accounted for 17% of total production (Government of Manitoba, 2021). The prairie provinces,
comprising Alberta, Saskatchewan, and Manitoba, represent the most important agricultural
areas in Canada. In year 2022, Saskatchewan and Alberta produced 14.8 and 11.3 million
tonnes of the wheat, respectively, while Manitoba produced 4.8 million tonnes (Statistics

Canada, 2022a). Canadian farmers reported planting approximately 25.4 million acres of wheat



in 2022, which reflects an increase of 8.7% compared to the previous year (Statistics Canada,
2022b). Consistently, Canada's wheat production surged by 51.7% in 2022, reaching 33.8
million tonnes, representing a significant increase in production as compared to 2021 (Statistics

Canada, 2022a).

2.3 Evolution and origin of wheat

The evolution of wheat from wild species to modern cultivars was a complex process that
involved multiple hybridization events, genetic mutations, and environmental pressures.
Genetics and archaeological studies suggest that the origins of modern wheat can be traced
back to the Karacadag mountain region in southeastern Turkey (Heun et al., 1997). Emmer and
einkorn wheats are indeed two of the eight founder crops that marked the beginning of
agriculture, along with barley, lentils, peas, chickpeas, bitter vetch, and flax (Abbo et al., 2013).
Wild emmer wheat (7. dicoccoides, 2n = 4x = 28, genome AABB) is a tetraploid derived from
wild diploid wheat (7. urartu, 2n=2x = 14, genome AA) and Goat Grass 1 (4egilops speltoides,
2n = 2x = 14, genome BB) through a hybridisation event around 0.5 million years ago (Dvorak
and Akhunov, 2005; Peng et al., 2011; Rahman et al., 2020). The earliest documented use of
emmer dates to about 23,000 years ago, when it was collected from wild areas by inhabitants
of the Ohalo II archaeological site in Israel (Feldman and Kislev 2007). Later, subconscious
selection gradually led to the development of a cultivated emmer (7. dicoccum, 2n = 4x = 28,
genome AABB) that underwent spontaneous hybridization with Goat Grass 2 (4e. tauschii, 2n
= 2x = 14, genome DD) around 9,000 years before present (BP), leading to the emergence of
an early spelt (7. spelta, 2n = 6x = 42, genome AuAuBBDD) (Matsuoka and Nasuda, 2004;
Peng et al., 2011). Early findings indicated that the cultivation of emmer wheat may be traced
back to the southern Levant, including sites such as Netiv Hagdud and Tell Aswad, both of

which are Pre-Pottery Neolithic A sites (Feldman and Kislev 2007).



Around 8,500 years ago, a natural mutation occurred in both emmer and spelt wheat
that changed the ears to a more easily threshed type (Peng et al., 2011) This mutation was
advantageous for farmers as it made the process of separating the wheat grain from the chaff
easier. Over time, this trait was selected for and became fixed in some populations, which
eventually evolved into free-threshing durum (7. durum, 2n = 4x = 28, genome AABB) and
bread wheat (7. aestivum, 2n = 6x = 42, genome AABBDD) (Peng et al. 2011). Overall, the
evolution of wheat from wild species to modern cultivars was a gradual process that involved
both natural and human-driven factors. Over time, wild grasses were domesticated and selected
for traits that were advantageous for human consumption and agricultural production. Einkorn,
on the other hand, is found in the northern Levant, including sites such as Abu Hureyra in Syria.
The wild ancestor of einkorn is believed to be 7. boeoticum, a wild grass that grows in the same

region (Faris, 2014).

2.4 Domestication of Wheat

Wheat was domesticated around 10,000 years ago in the Fertile Crescent, which includes parts
of the modern Middle East. This period, which is known as the "Neolithic revolution” or the
"agricultural revolution,” marks a significant transition from a lifestyle primarily based on
hunting and gathering to one that is more centred around sedentary agriculture. During the
domestication process of wheat, the plant's phenotype has experienced both rapid changes (in
a few hundred years), and slow changes (over thousands of years). These changes include
wheat's primary domestication trait of non-shattering, and secondary traits that include glume
reduction to enhance threshing, changes in plant architecture and size of ear and kernel,
dormancy loss, and decrease in grain protein and increase in grain carbohydrate content (Flint-

Garcia, 2013). According to historical records of wheat evolution, it is widely accepted that



only wild einkorn and wild emmer wheat went through the process of early domestication
selection (Peng et al., 2011).

The domestication of diploid einkorn wheat (T. monococcum) from its wild
progenitor, T. boeoticum, is considered one of the earliest examples of crop domestication in
the Fertile Crescent. Wild einkorn, a type of diploid wheat, was widely distributed across the
Middle East, often growing as a weed near roadsides and fields (Zohary et al., 2012). The
domestication process of einkorn wheat was facilitated by the occurrence of a genetic mutation
that led to a non-brittle rachis (Faris, 2014). This trait revolutionized the harvesting process,
enabling more efficient gathering of grains. Research utilizing amplified fragment length
polymorphism (AFLP) DNA fingerprinting identified the Karacadag region in southeastern
Turkey, located in the northern Levantine Corridor, as the probable site of einkorn
domestication (Heun et al., 1997; Faris, 2014). Today, einkorn wheat is grown as a relic crop
in certain Mediterranean countries for animal feed (Faris, 2014). Domestication of emmer
wheat represents another key milestone in agricultural history, as it is the only true wild
polyploid wheat of the lineage and the ancestor of modern durum and bread wheat varieties
(Faris, 2014). The specific location of emmer wheat domestication has been a subject of debate,
but genetic evidence points to the southern Levant and southeastern Turkey as possible
domestication centres (Faris, 2014). It is estimated that domesticated emmer wheat types with
naked, free-threshing grains emerged in these regions around 9,500 to 9,000 BP (Peng et al.,
2011). For over a millennium since its domestication, emmer wheat was cultivated and grown
alongside wild emmer wheat in a complex cropping system at numerous Levantine sites
(Feldman and Kislev, 2007; Rahman et al., 2020). This coexistence facilitated spontaneous and
uncontrolled hybridizations, resulting in the transfer of genes including the non-brittleness
gene, between the wild and domesticated populations (Feldman and Kislev, 2007, Rahman et

al., 2020). Subsequently, domesticated emmer wheat exhibited polymorphic populations with



a wide range of genetic diversity and traits (Feldman and Kislev, 2007). While the diploid and
tetraploid species einkorn and emmer experienced most of the morphological changes related
to domestication, neither of them is considered a significant crop in present times. Instead, they
have been replaced by the allohexaploid species known as T. aestivum. Today, modern wheat

varieties of T. aestivum are widely distributed and serve as a primary source of calorie globally.

2.5 Factors affecting wheat production

Wheat is widely recognized as the "King of Cereals" due to its significant global importance
as a staple crop. However, the global wheat production is facing threats from both abiotic and
biotic stresses. Abiotic stress refers to environmental factors that negatively affect plant growth
and productivity. On the other hand, biotic stress refers to biological factors like diseases,
insects, and pests that can harm crop plants (Abdulbaki et al., 2022). These biotic and abiotic
stress factors induce physiological and metabolic changes in plants, thereby affecting plant
growth. In general, wheat cultivation around the world faces a range of abiotic stresses such as
drought, salinity, extreme temperatures and preharvest sprouting (PHS) (Mamrutha et al.,
2022). For example, in 2021, wheat production in Canada experienced a significant decline of
38.5 percent, reaching 21.7 million tonnes, as compared to its production in the previous year,
2020 (Statistics Canada, 2021). This decline in wheat yield is attributed primarily to the adverse
effects of extreme hot and dry weather conditions in the Prairie regions during the 2021
growing season. PHS is another major abiotic constraint that affects the global production of
high-quality grains. Worldwide losses associated with PHS have been estimated at more than
a billion dollars annually (Derera, 1990). In Canada, PHS is estimated to cost the wheat
industry an average of $100 million loss (Clarke et al., 2005; Miao et al., 2013). Therefore,
effective and reliable methods of introducing PHS resistance in wheat cultivars play critical

roles in improving wheat yield quality.
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2.6 Preharvest sprouting in wheat and evaluation methods

PHS is defined as the germination of grains in the spikes before harvest due to exposure to rain
and high humidity (Gao and Ayele, 2014). PHS affects the production of wheat around the
world including Australia, Canada, China, Germany, India, Japan, and the USA (Derera, 1990;
Zhang et al., 2014; Dhariwal et al., 2021). It causes significant reduction in grain yield, test
weight, quality, and seed viability and vigour, resulting in major economic losses. The yield
and quality loss due to PHS is associated with its effect in activating hydrolytic enzymes such
as a-amylase, lipases, and proteases in the seeds, causing a cascade of physiological events
(Olaerts et al., 2016). The increased enzyme activity causes the degradation of carbohydrates
and proteins stored in the endosperm, lowering yield and test weight. Grain yield reductions
dur to PHS take place during threshing as the plumules, radicles, and lightweight kernels are
separated out by winnowing (Derera, 1979). The enzymatic breakdown of starch granules also
produces a honeycomb-like structure, which reduces gelation and pasting ability, and affects
grain texture and end product quality (Naguleswaran et al., 2012).

There are various visual symptoms of PHS, including premature kernel swelling, germ
discolouration, seed coat splitting, and root and shoot emergence from germinating seeds
(Groos et al., 2002; Simsek et al., 2014). However, relying solely on visual estimation to
determine sprouting damage in wheat is not reliable since a significant amount of the damage
occurs before the germination of grains becomes visible (Jensen et al., 1984; Barnard et al.,
2005). As a result, several accepted indicators and evaluation methods of PHS have been
developed. PHS is characterized by four primary characteristics: Hagberg falling number,
sprouting index, weighted germination index, and germination rate (Cabral et al., 2014; Miao
etal., 2019; Tai et al., 2021). A low falling number suggests high amylase activity, which is a
sign of low grain quality (Ral et al., 2016; Newberry et al., 2018; Tai et al., 2021). On the other

hand, sprouting index, weighted germination index, and germination rate values are directly
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correlated with PHS (Nakamura et al., 2011; Lin etal., 2015; Abe et al., 2019; Tai et al., 2021).
Germination tests conducted using individual seeds or intact spikes only provide information
about the grain's ability to germinate. Even if some grains do not exhibit obvious signs of
germination, they may still exhibit high o -amylase activity in the endosperm that induces
starch degradation. The falling number test serves as a preferred method for assessing a-
amylase activity and PHS damage that degrade quality (Wang, 2021). Falling number test is
based on the viscosity of a mixture consisting of flour derived from sampled grains and water.
It is important to note that this assessment does not distinguish damage due to other potential
factors, such as late-maturity a-amylase (LMA). Low falling number indicates starch
degradation due to increased a-amylase, leading to poor end use quality (Wheat Grain Quality
- Falling Number and Pre-Harvest Sprouting Resistance, 2022).

The occurrence of PHS is influenced by a variety of environmental and genetic factors.
The genetic factors influencing PHS are linked to various developmental, physiological, and
morphological characteristics of the spike and the seed, including pericarp colour and
permeability to water and/or oxygen, seed dormancy, enzymatic activity such as that of a-
amylase and levels and signaling of plant hormones ABA, and GA, all of which play a role
during this process (Ali et al., 2019; Sohn et al., 2021). Other factors such as hairiness, ear
morphology, waxiness, and germination inhibitory compounds have also been shown to be
associated with resistance/susceptibility to PHS (King and von Wettstein-Knowles, 2000;
Gatford et al., 2002; Ali et al., 2019; Sohn et al., 2021). Previous studies have reported the
presence of water-soluble compounds in the husks of T. aestivum and T. tauschii, as well as in
the endosperm of Uniola paniculata (Westra and Loomis, 1966; Gatford et al., 2002; Kato et
al., 2002; Duclos et al., 2013). A study conducted in barley revealed that the glaucous wild
type lines exhibit higher water repellency, leading to reduced wetting and a significant decrease

in-ear sprouting as compared to non-glaucous or less waxy lines (King and von Wettstein-
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Knowles, 2000). Among all these factors, seed dormancy is the primary genetic factor that
controls PHS, and it contributes to about 60% of variation in PHS resistance (DePauw and
McCaig, 1991; Cheng et al., 2021). Therefore, researchers have been interested in
comprehending the molecular mechanisms of seed dormancy and therefore developing

molecular tools for improving PHS resistance.

2.7 Seed development

The development of seed is a crucial stage in the life cycle of flowering plants, ensuring the
survival and dispersal of the species. In angiosperms, a mature seed consists of an embryo
along with other filial structures like cotyledons and endosperm that are filled with stored
nutrients (Dante et al., 2014; Sabelli, 2012). These structures support embryo development and
in certain species, assist in seedling growth during germination (Sabelli, 2012).

The process of seed development follows distinct sequential phases that are necessary
to form a fully functional reproductive structure (Sabelli, 2012). Typically, seed development
in angiosperms begins with a double fertilization process, where one of the two haploid pollen
nuclei fertilizes the haploid egg cell, and the other one fertilizes the diploid central cell within
the female gametophyte in the ovule (Sabelli, 2012). This syngamic process produces a diploid
zygote that later develops into the embryo and triploid primary endosperm nucleus,
respectively (Sabelli, 2012). After double fertilization, the process of early morphogenesis
starts with the division of the zygote into the apical and basal cells in the embryo sac, which
gives rise to the embryonic shoot and root systems, respectively (Sabelli, 2012). Endosperm
development involves three phases: syncytial, cellularization and differentiation. During the
syncytial phase, the endosperm goes through several rounds of division without cytokinesis,
which leads to the formation of a multinucleate cell called a syncytium. Once the syncytial

phase ends, the endosperm undergoes a transformative process known as the cellularization
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phase. This crucial stage involves the division of the syncytium into individual cells by forming
cell walls. Following this phase, the endosperm cells differentiate into a variety of cell types,
each with a specific function to support the embryo's growth and development. The endosperm
of cereal grains is composed of four main cell types: transfer cells, aleurone cells, starchy
endosperm cells, and embryo-surrounding region (ESR) cells (Sabelli and Larkins, 2009).
Upon completing morphogenesis and patterning stages, both embryo and endosperm enter a
maturation phase which comprises accumulation of storage reserves, dormancy induction,
arrest of embryo growth, desiccation-induced water loss and acquisition of desiccation

tolerance (Bewley and Black, 1994).

2.8 Seed germination and the associated physiological events

Seed germination is a critical stage in plant development and plays a crucial role in determining
plant productivity. It is the process by which a seed begins to grow and develop into a seedling.
The process of seed germination begins with the absorption of water by the seed, and it is
completed with protrusion of the radicle through the covering structures (Bewley, 1997). Seed
germination is characterized by three distinct phases of water uptake, known as triphasic water
uptake. Phase | is marked by the rapid uptake of water by the dry seed, which causes significant
changes in the seed’s physical characteristics, including swelling and changes in seed shape.
As seeds absorb water, their cell membranes undergo structural changes, resulting in the instant
release of solutes and low molecular weight metabolites into the imbibition media (Bewley,
1997). However, after a brief period of hydration, the membrane structure undergoes repair
and is restored to its functional state. This phase of water uptake is marked by the activation of
respiratory process and the synthesis of proteins using pre-existing mRNAs (messenger

ribonucleic acid) in the dry seeds. In addition, first phase of water uptake involves the repair
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of cellular components including cell membranes, organelles, DNA (deoxyribonucleic acid)
and mitochondria which have been damaged during the desiccation phase (Bewley, 1997).
Phase II of water uptake begins when the rate of water absorption by the germinating
seed slows down and reaches a stable level of water content. Metabolic activities shift from
those associated with seed development to those involved in germination. Several events occur
during this stage of water uptake such as DNA restoration, synthesis of new mitochondria and
proteins, embryo growth and softening of seed covering layers (Bewley, 1997). The emergence
of the radicle through the testa or seed coat signifies the transition from phase II to phase III of
water uptake. Phase III marks post germination stage which is distinguished by the
mobilization of reserves stored in storage organs like the endosperm in cereal crops. This
mobilization of storage reserves leads to increased water uptake and subsequent growth of the
seedling (Nonogaki et al., 2010). Furthermore, the third phase includes important processes
such as DNA synthesis, cell division, and radicle cells elongation (Bewley, 1997; Nonogaki et
al., 2010). Dormant seeds do not enter the third stage of water uptake because they do not

complete germination.

2.9 Seed dormancy

Seed dormancy is the inability of seeds to germinate under conditions that are favourable for
germination (Gao and Ayele, 2014). In general, dormancy is an advantageous adaptive trait
since it prevents seeds from germinating when environmental conditions are temporarily
favourable but unsuitable for seedling establishment and growth. It is widely recognized as a
beneficial mechanism that increases the chances of survival of plant species by optimizing the
distribution of germination in both time and space. (Foley and Fennimore, 1998; Nautiyal et
al., 2023). The question of whether a seed should remain dormant or germinate under specific

environmental conditions is of great importance in two ways: firstly, it determines the species
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ability to survive under specific ecological conditions, and secondly, it has economic and
agricultural implications (Mbi et al., 2022). From an ecological perspective, dormancy is a
crucial survival mechanism that facilitates the propagation and dispersal of seeds to establish
plant populations (Hilhorst, 1995). Additionally, it allows for heterogeneous and asynchronous
seed germination over years, which aids in the survival of certain species. This is because
individual seeds in a seed population typically have varying levels of dormancy, causing their
germination to be spread out over time. Dormancy induced delay in germination helps in
avoiding unfavourable environmental conditions, such as drought and reduces intra-specific
competition for ecosystem resources (Mbi et al., 2022).

Seed dormancy is an important survival mechanism for wild plants in their natural
environment; however, strong dormancy is undesirable trait in the production of many field
crops because it negatively affects rapid and uniform germination and seedling establishment.
As a result, domestication of cereal crops from the wild ancestors was aimed at promoting a
uniform and rapid seed germination and seedling establishment (Simpson, 1990). Moreover,
many industrial processes involving seed germination, such as malting and sprouting, require
grains with low levels of dormancy to ensure a uniform germination (Gubler et al., 2005).
However, this resulted in a low level of dormancy in the seeds, thereby, favouring PHS, which
is a serious problem that affects grain yield and quality as well as seed viability and vigour
(Rodriguez et al., 2015). Therefore, all these problems linked with low level of seed dormancy
highlight the importance of incorporating a moderate or an intermediate level of dormancy into

superior wheat cultivars.

2.10 Types of seed dormancy
Dormancy can be categorized into primary and secondary categories based on the timing of

development. The phenomenon of primary seed dormancy occurs when the seed is released
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from the mother plant already in a dormant state (Buijs, 2020). Secondary dormancy occurs
when the seed becomes dormant after being released from the mother plant due to unfavourable
environmental factors (Buijs, 2020). For example, induction of secondary dormancy due to
high temperature and hypoxia occurs in seeds of numerous cereal species (Grahl, 1965;
Simpson, 1990).

In 2004, Baskin and Baskin proposed a hierarchical classification system for primary
seed dormancy based on a comprehensive system developed by seed physiologist Marianna G.
Nikolaeva in 1969 (Baskin and Baskin, 2004). This system is suggested as an internationally
acceptable classification of seed dormancy and includes modifications to Nikolaeva's original
system. The modified system comprises three hierarchical layers: class, level, and type; where
a level can only contain types and a class can contain both levels and types (Baskin and Baskin,
2004). This system contains five different classes of dormancy: physiological dormancy (PD),
morphological dormancy (MD), morphophysiological dormancy (MPD), physical dormancy
(PY), combinational dormancy (PY+PD) (Baskin and Baskin, 2004). PD is primarily
controlled by physiological processes within the seed, and it occurs when a dormant embryo
requires specific environmental conditions such as temperature or light to break dormancy and
initiate germination. Furthermore, PD consists of three levels, which includes deep
physiological dormancy (PD-D), non-deep physiological dormancy (PD-N) and intermediate
physiological dormancy (PD-1). PD-N is considered as the most common type of seed
dormancy and is found in gymnosperms as well as all major clades of angiosperms. While MD
is common in seeds that have underdeveloped embryo. However, it is important to note that
these embryos are not physiologically dormant rather they require more time to mature before
the seed can germinate. In contrast to MD, MPD is characterized by embryos that are
physiologically dormant and require a significantly long period of dormancy-breaking

treatment. PY is characterized by the presence of water impermeable seed coat ‘testa’ and fruit
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coat ‘pericarp’, while combinational dormancy is governed by both the physical and
physiological characteristics of the seed (Baskin and Baskin, 2004).

PD-N is the most common type of seed dormancy (Baskin and Baskin, 2004). There
are two types of PD-N, embryo and seed coat-imposed dormancy, based on the cause of
dormancy (Bewely and Black, 1994). Seed coat-imposed dormancy occurs due to structures
surrounding the embryo such as endosperm, pericarp or seed coat and extra floral organs, which
affect the absorption of water and gases that are essential for germination. Seed coat dormancy
is also associated with seed coat colour. Several studies have shown that the red grained wheat
genotypes have a higher level of dormancy than the white grained genotypes, suggesting the
presence of genes for grain dormancy in the pericarp/seed coat of red grained wheats (Zhang
et al., 2008). Embryo dormancy is mainly related to endogenous hormonal balance and the
plant hormone ABA play an important role in the induction and maintenance of seed dormancy

(Derera et al., 1977; Rodriguez-Gacio et al., 2009).

2.11 Regulation of seed dormancy and germination

2.11.1 Plant hormones

Phytohormones are molecules that are produced in plants at very low concentrations and
regulate plant growth and development as well as adaptation to adverse environmental
conditions (Smith et al., 2017). Plant hormones produced by plants include ABA, GA, auxins,
cytokinins (CK), ethylene, salicylic acid (SA), jasmonates (JA), brassinosteroids (BR) and
strigolactones (Verma et al., 2016; Wani et al.,, 2016). Among these, GA and ABA are
considered the major regulators of seed dormancy and germination (Tuan et al., 2018). Previous
studies reported the importance of both metabolic and signaling pathways of these two

hormones and their interplay in the regulation of dormancy and germination in cereal seeds.
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2.11.1.1 ABA Metabolism

ABA, a 15-carbon terpene molecule, was discovered in the 1960s and recognized as a growth-
inhibiting substance linked to fruit abscission in cotton and bud dormancy in maple, which was
referred to as dormin and abscisin II, respectively (Cutler, 2005). ABA biosynthesis takes place
mostly in the plastid and partly in the cytosol (Seo and Koshiba, 2002; Cutler et al., 2010).
ABA is synthesised by the cleavage of C40 epoxycarotenoid precursors into an intermediate
xanthoxin, which is transformed into ABA via ABA-aldehyde. Carotenoids, like other
isoprenoids, are derived from isopentenyl diphosphate (IDP), which is converted through a
series of reactions to geranylgeranyl pyrophosphate (GGPP) (Seo and Koshiba, 2002; Nambara
and Marion-Poll, 2005). GGPP then forms phytoene, a C40 molecule that serves as the
precursor for the synthesis of a wide variety of carotenoids including lycopene, beta-carotene,
and zeaxanthin (Seo and Koshiba, 2002). The process of ABA biosynthesis from zeaxanthin
involves three major steps. The first step involves the epoxidation of zeaxanthin to violaxanthin
by the enzyme zeaxanthin epoxidase (ZEP) and this reaction can be reversed by violaxanthin
de-epoxidase (VDE) to form zeaxanthin (Marin et al., 1996; Nambara and Marion-Poll, 2005).
Violaxanthin then forms 9’-cis-violaxanthin and 9’-cis-neoxanthin by neoxanthin synthase
(NSY) and an unknown isomerase. The next step of ABA biosynthesis involves the conversion
of the cis-isomers of violaxanthin and neoxanthin into xanthoxin, a C15 precursor molecule
and a C25 metabolite, respectively, by 9-cis-epoxycarotenoid dioxygenase (NCED) (Schwartz
et al., 1997; Schwartz et al., 2003). NCED is considered as the key rate-limiting enzyme in
ABA biosynthesis and facilitates the catalysis of the first irreversible step in the ABA
biosynthetic pathway (Qin and Zeevaart,1999; Thompson et al.,2000; Endo et al., 2008). The
third regulatory step involves the transportation of xanthoxin to the cytosol, where it is
transformed into ABA-aldehyde by ABA deficient 2 (ABA2), an enzyme that belongs to short-

chain dehydrogenase/reductase family (Seo and Koshiba, 2002; Nambara and Marion-Poll,
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2005). Finally, ABA-aldehyde oxidase 3 (AAO3) catalyses the oxidation of ABA-aldehyde to
form active ABA (Nambara and Marion-Poll, 2005). The rate of catabolism in plants also plays
a role in determining the level of bioactive ABA. ABA is catabolized mainly by ABA 8’-
hydroxylase, which catalyzes ABA hydroxylation at the 8’ position (Saito et al., 2004; Schwartz

et al., 2003).
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Figure 2.1. ABA biosynthesis and catabolism pathway in plants. ZEP, zeaxanthin epoxidase;
VDE, violaxanthin de-epoxidase; NSY, Neoxanthin synthase; NCED, 9-cis-epoxycarotenoid
dioxygenase; ABA2, ABA deficient 2; AAO3, abscisic aldehyde oxidase 3; ABAS’OH, ABA
8" hydroxylase; PA, Phaseic acid. (Adapted from Nambara and Marion-Poll, 2005).
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2.11.1.2 Role of ABA metabolism in the regulation of seed dormancy
ABA plays an important role in the regulation of seed dormancy and germination. However, it
is important to note that only ABA de novo synthesized in zygotic tissues during the later stages
of seed maturation plays a predominant role in inducing dormancy (Tuan et al., 2018). In wheat,
there are two distinct peaks of embryonic ABA accumulation during seed development, which
take place during the middle and later stages of seed maturation (Suzuki et al., 2000; Tuan et
al., 2018). The first peak appears approximately 25 days after pollination (DAP) and is
associated with the development of ABA sensitivity in embryo. However, the first peak alone
is not sufficient to induce dormancy because seeds which exhibit high ABA levels only around
25 DAP are non-dormant. The second peak occurs around 35 DAP and persists until 40 DAP
in dormant wheat lines, demonstrating the importance of ABA in the induction and
maintenance of seed dormancy during the middle to late stages of seed maturation (Suzuki et
al., 2000; Ali et al., 2019). A previous study has shown that imbibition of mature barley seeds
decreases ABA levels in both dormant and non-dormant seeds (after-ripened), but the decrease
in ABA level is more in non-dormant seeds, leading to their germination (Millar et al., 2006)
Research has established a direct correlation between changes in seed ABA levels and
expression profiles of the NCED and CYP707A4 in seeds of several species such as Arabidopsis,
barley, maize and wheat (Finkelstein et al., 2008; Nambara et al., 2010; Tuan et al., 2018). So
far, two NCED genes (TaNCEDI and TaNCEDZ2) have been identified in wheat and the
expression pattern of these genes are known to be correlated with seed dormancy (Zhang et al.,
2014; Son et al., 2016; Izydorczyk et al., 2018). For instance, a study in wheat showed higher
expression of 7aNCED? in imbibed seeds of the dormant genotype as compared to those from
a non-dormant genotype (Son et al., 2016). Another study showed imbibing wheat seeds at
supraoptiomal temperature inhibits germination by increasing embryonic ABA level via

upregulation of ABA biosynthetic genes (7aNCED1 and TaNCED?2) (Izydorczyk et al., 2018).
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Additionally, ABA catabolism, catalysed by ABA8'OH and encoded by cytochrome P450
monooxygenase 707A (CYP707A4) gene family play a vital role in regulating ABA level
(Okamoto et al., 2006). For example, mutations in the two homeologs of ABASOOH in wheat
(TaABASOOH1A4 and TaABASOOH1D) led to arise in ABA level in the embryos during the mid
and late phases of seed development (40—60 DAA), which results in a higher level of seed
dormancy (Chono et al., 2013; Tuan et al., 2018). In wheat, two CYP7074 (1aCYP707A1 and
TaCYP707A2) genes have been identified with their expression pattern linked to seed dormancy
(Chono et al., 2013; Iehisa et al., 2014; Kashiwakura et al., 2016; Son et al., 2016; Izydorczyk
et al., 2018). Imbibition of wheat seeds at low temperature (15 °C) leads to release of dormancy
due to a reduction in embryonic ABA level via increased expression of CYP707A4 genes
(Kashiwakura et al., 2016). Another study showed imbibing wheat seeds at suboptimal
temperatures, inhibits germination by increasing ABA level via upregulation of 7aNCEDs and
downregulation of 7TaCYP707A in both embryo and endosperm (Izydorczyk et al., 2018).
Maintenance of dormancy in imbibed wheat seeds is also reported to be mediated by the
expression patterns of 7aNCED?2 and TaCYP707A1 genes (Tuan et al., 2021; Rehal et al.,

2022).

2.11.1.3 ABA signaling and its role in the regulation of seed dormancy

ABA signaling pathway consists of three key components: the pyrabactin resistance/pyrabactin
like/regulatory components of ABA receptors (PYR/PYL/RCAR), protein phosphatase 2Cs
(PP2Cs) and SNF1-related protein kinase2s (SnRK2s) (Tuan et al., 2018). ABA binds to the
receptor which interacts with PP2Cs, a negative regulator of ABA signaling, and inhibits its
function. Inhibition of PP2C activates SnRK2s, a positive regulator of downstream components
(Raghavendra et al., 2010), which in turn activates ABRE-binding protein/ABRE binding

factor (AREB/ABF) transcription factors including ABI3, ABI4 and ABIS, which are critical
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for the regulation of ABA responsive genes in seeds (Nambara et al., 2010; Tuan et al., 2018).
The differences in dormancy dynamics cannot be attributed solely to the variations in
endogenous ABA content, without considering ABA sensitivity (Kawakami et al., 1997;
Rikiishi and Maekawa, 2010; Schramm et al., 2012; Rodriguez et al., 2015). Previous studies
have shown decreases in both ABA content and ABA sensitivity in various non-dormant wheat
mutants (Kawakami et al., 1997; Rodriguez et al., 2015). Moreover, variations in seed
dormancy among varieties within different cereal crops such as wheat, sorghum and rice do not
typically correlate with differences in ABA content (Walker-Simmons, 1987; Steinbach et al.,
1995; Gianinetti and Vernieri, 2007; Tuan et al., 2018). For example, seeds of the Zak ERA8
(ENHANCED RESPONSE to ABAS8) mutant of wheat exhibit a higher level of dormancy
relative to the Zak wild type, despite embryos of both lines contain a similar level of
endogenous ABA (Martinez et al., 2016), indicating that seed dormancy in these two lines is
closely linked to sensitivity of their embryos to ABA.

The varying levels of embryo sensitivity to ABA can be due to differences in the
efficiency of the molecular components involved in the ABA signaling pathway (Benech-
Arnold et al., 2006; Rodriguez et al., 2015). Previous studies in Arabidopsis have shown the
important roles played by the fourteen members of the PYR/PYL/RCAR protein family in seed
development. Specifically, the pyri/prii/pri2/pri4 quadruple mutants and pyl duodecuple
mutants have been observed to exhibit decreased seed dormancy and response to ABA (Ma et
al., 2009, Zhao et al., 2018; Ali et al., 2022). A study in sorghum showed enhanced expression
of ABI3, ABI4, ABI5, PKABAI (wheat ortholog of SnRK2) transcripts and ABIS protein in
dormant immature grains (30 DAP, before physiological maturity) in comparison to the grains
of lines that exhibit less dormancy (Rodriguez et al., 2009). It has also been shown that
imbibing wheat seeds under supraoptimal temperature delays germination by increasing the

expression of genes involved in ABA signaling such as PYLS5, SnRK2, ABI3, and ABI5
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(Izydorczyk et al., 2018). Furthermore, maintenance of dormancy in imbibed wheat seeds has
been found to be regulated by upregulation of ABA signaling genes (7TaPYL2, TaSnRK2,
TaABI3, TaABI4 and TaABI5) (Tuan et al., 2021; Rehal et al., 2022). Studies have also
uncovered the role of Delay of Germination 1 (DOGI)-like genes in imparting some level of
seed dormancy in wheat (Ashikawa et al., 2013, 2014). For instance, it has been shown that the
DOGT1 interacts with a subset of clade A PP2C phosphatases and this interaction inhibits the
phosphatase activity of PP2Cs, which is essential for maintaining seed dormancy (Née et al.,
2017). Further studies are required to validate the function of DOG-1 as a transcriptional factor.
In general, dormant wheat seeds exhibit enhanced sensitivity to ABA compared to non-dormant

seeds (Tuan et al., 2018).
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Figure 2.2. A simplified diagram of ABA signaling pathway. PYR/PYL/RCAR, pyrabactin
resistance/pyrabactin-like/regulatory components of ABA receptors; PP2C, protein
phosphatase 2C; SnRK2, SNF1-related protein kinase2; ABI3, abscisic acid insensitive 3;
ABI4, abscisic acid insensitive 4; ABIS, abscisic acid insensitive 5; ABF, ABRE binding factor.
(Adapted from Tuan et al., 2018).
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2.11.1.4 GA metabolism and signalling

GA is a tetracyclic di-terpenoid compound stimulating plant growth and development
(Yamaguchi, 2008). Over 136 GAs have been identified from plants, fungi and bacteria to date
(MacMillan, 2001; Gao and Chu, 2020). However, there are only a few GAs that are
biologically active such as GAi, GAs, GAs, and GA7, which regulate plant growth and
development. GA is known to promote seed germination, shoot growth, flowering, and
internode elongation (Gupta and Chakrabarty, 2013). The level of bioactive GAs in a plant
tissue is controlled by both the rates of their biosynthesis and catabolism (Yamaguchi, 2008).
The metabolism of GAs involves a number of reactions involving several enzymes; however,
the level of GA in plants is regulated mainly GA 20-oxidase (GA200x) and GA 3-oxidase
(GA30x) that catalyse reactions in the late stage of GA biosynthesis and GA 2-oxidase
(GA20x) that catalyse the main GA inactivation pathway (Sun, 2008).

The biosynthesis pathway of GA can be categorized into three main stages. The first
stage includes the conversion of geranyl-geranyl diphosphate
(GGDP) to ent-kaurene via ent-copalyl diphosphate (CDP) by two terpene synthases (TPSs),
namely ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS). The second
stage involves the conversion of ent-kaurene to GA12. This process involves six oxidation steps
catalysed by cytochrome P450 monooxygenases (P450s) known as ent-kaurene oxidase (KO)
and ent-kaurenoic acid oxidase (KAO) that introduce oxygen atoms into the ent-kaurene
structure and eventually forming GA12 (Helliwell et al., 1999: Nelson et al. 2004; Yamaguchi,
2008). During the last stage, GA12 is 13-hydroxylated by GA13-oxidase (GA130x) to produce
GAs3. Both GA; and GAs3 serve as substrates to produce bioactive GAs, GA4 and GAj,
respectively via a series of oxidation reactions catalysed by 2-oxoglutarate-dependent
dioxygenases (20DDs) enzymes, namely GA20o0x and GA3o0x (Sun, 2008). In addition to GA

biosynthesis, GA inactivation is equally essential for regulating the levels of active GAs within
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plants, thereby influencing various physiological processes. GA inactivation predominantly
takes place via 2B-hydroxylation of GAs by the action of a 20DD enzyme, GA20x (Hedden
and Thomas, 2012). The GA20x enzyme exhibit the capacity to act on a range of GAs,
including bioactive forms and their immediate precursors such as GAg and GAo (Regnault et
al., 2014). Studies has uncovered a distinct class of GA2oxs with a specific affinity for C20-
GAs, providing new insights into the diversity of GA catabolic pathways (Regnault et al.,

2014).
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Figure 2.3. Gibberellin metabolism pathway in plants. GGDP, geranylgeranyl diphosphate;
ent-CDP, ent-copalyl diphosphate; CPS, ent-copalyl diphosphate synthase; KS, ent-kaurene
synthase; KO, ent-kaurene oxidase; KAO, ent-kaurenoic acid oxidase; GA130x, GA 13-
oxidase; GA200x, GA 20-oxidase; GA20x, GA 2-oxidase; GA3ox, GA 3-oxidase. (Adapted

from Yamaguchi, 2018).

Molecular and genetic studies have also enhanced our understanding of GA signaling
mechanisms in plants. The presence of bioactive GA triggers the GA signaling in plants by
binding to its receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1) (Ueguchi-Tanaka et

al., 2005). DELLA proteins are plant specific proteins, which function as negative regulators
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GA signaling (Lacascio et al., 2013). The binding of GA to GID1 forms a GA-GID1-DELLA
complex, which further associates with the SCFS'YVGIP2 ybiquitin E3 ligase complex that leads
to the degradation of DELLA via ubiquitination (Ueguchi-Tanaka et al., 2005; Griffiths et al.,
2006). In the absence of bioactive GA, the DELLA proteins suppress GA dependent plant
responses such as growth and germination (Hussain et al., 2003). GAMYB, a GA-regulated
MYB transcription factor, is activated by the degradation of DELLA through GA action (Tuan
et al., 2018). GAYMB proteins stimulate a-amylase expression in barley and rice aleurone
layers by interacting with GA responsive elements (TAACAAA) found in its promoter region
(Gubler et al., 1999; Sun and Gubler, 2004; Tuan et al., 2018). In addition, a study in
Arabidopsis suggests that GAMYB may play a role in regulating GATA-type zinc finger

transcription factor, which positively controls seed dormancy (Ravindran et al., 2017).

!

Seed germination

Figure 2.4. A simplified diagram of GA signaling pathway. GA, gibberellin; GID1, gibberellin
insensitive dwarf 1; SCF, S-phase-kinase-associated protein 1, Cullin-1/Cdc53, and an F-Box
protein; gibberellin insensitive dwarf 2; GID2, gibberellin insensitive dwarf 2; RHT, reduced
height; GAMYB, GA regulated MYB transcriptional regulator. (Adapted from Tuan et al.,
2018)
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2.11.1.5 Role of GA in the regulation of seed dormancy

GA is known to have a negative effect on dormancy level and stimulates germination via
increasing the growth potential of the embryo (Debeaujon and Koornneef, 2000; Kucera et al.,
2005; Tuan et al., 2018). According to the hormone balance theory, loss of seed dormancy is
linked to a decrease in the levels of ABA and an increase in GA levels (Karssen and Lacka,
1986; Ali-Rachedi et al., 2004; Finch-Savage and Leubner-Metzger, 2006). A previous study
observed an increase in bioactive GA| during imbibition of after-ripened (AR) seeds compared
to dormant seeds in barley, when grains were germinating (Jacobsen et al., 2002). A study on
Arabidopsis seeds by Ariizumi et al. (2013) examined the impact of after-ripening on GA levels
using the highly dormant GA-insensitive sleepyl/-2 mutant and the results of this study
indicated that after-ripening led to an increase in GA levels.

Molecular mechanisms by which GA regulates seed germination and dormancy have
been elucidated through mutational and transcriptomic studies. For example, analysis of loss
of function mutation of GA20ox2 in rice resulted in lower GA levels in seeds and increased
dormancy (Ye et al., 2015). A previous study has also shown increase in expression of GA20ox
and GA4 levels in imbibing non-dormant seeds of sorghum (Rodriguez et al., 2012). Moreover,
expressing a runner bean GA catabolism GA2ox in wheat has been shown to cause a decrease
in GA level and increased seed dormancy (Appleford et al., 2007). Other studies in wheat have
also shown upregulation of the GA biosynthetic genes, GA20ox and GA3ox, during imbibition
of AR seeds, thereby improving their germination (Gao et al., 2012; Liu et al., 2013). Moreover,
imbibition of dormant wheat seeds at low temperatures (15°C) causes dormancy loss by
upregulating TaGA3ox2, leading to an increase in GA level in the embryo (Kashiwakura et al.,
2016). On the other hand, imbibing non-dormant wheat seeds at suboptimal temperature

inhibits germination by reducing GA content in both embryo and endosperm due to
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downregulation of GA biosynthetic genes, TuGA20oxs and TaGA3ox2 (I1zydorczyk et al.,
2018).

Seed dormancy or germination can be affected by variations in seed sensitivity to GA,
which is regulated by the expression of genes that encode the components of GA signaling
(Tuttle et al., 2015; Tuan et al., 2018). Previous research in Arabidospsis have found that sly/
mutant and the gidla gidlb gidlc triple mutants showed reduced or failed germination that
cannot be resecued by application of exogenous GA (Steber et al., 1998, Griftiths et al., 2006,
Ariizumi and Steber 2007; Tuchi et al., 2007; Hauvermale et al., 2015). On the other hand, the
mutation in GIDI and GID?2 of rice has been found to suppress the activity of a-amylase,
without affecting seed germination (Ueguchi-Tanaka et al., 2005). Expression analysis of GID1
and GID?2 in the seeds of cereals, including wheat, barley, and rice, revealed no correlation with
the seed germination phenotype (Barrero et al., 2009; Ueguchi-Tanaka et al., 2005; Izydorczyk
et al., 2018; Tuan et al., 2018) However, a recent study in wheat showed higher expression of
TaGIDI and TaGID? in less dormant seed than those that exhibit strong dormancy , suggesting
increased seed GA sensitivity (Tuan et al., 2021). Also, the role of GA is to counteract the
negative effect of DELLA on germination (Hauvermale et al., 2012). For instance, gal-3
mutant seeds in which GA biosynthesis is inhibited are known to exhibit high level of DELLA
protein, which suppresses germination. However, when these seeds are treated with GA,
DELLA proteolysis occurs and germination is triggered (Ariizumi and Steber, 2007). A study
in wheat showed imbibing non-dormant seeds at suboptimal and supraoptimal temperature
inhibits germination via increasing the expression of RH7/, a gene encoding the wheat DELLA
protein, in the embryo (Izydorczyk et al., 2018). Another study showed lack of correlation
between the expression patterns of GA signalling genes, RHT1 and GAMYB, and dormancy

phenotype of wheat seeds (Tuan et al., 2021).
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2.11.2 Environmental factors regulating seed dormancy

Seeds are known to act as environmental sensors, and their depth of dormancy varies in
response to the environmental signals (Footitt et al., 2011). Environmental factors such as light,
temperature, moisture, nitrate, and soil temperature play important roles in the regulation of
dormancy and germination. Among these factors, light and temperature are considered as the
most important environmental factor regulating dormancy and germination (Tognacca et al.,

2021).

2.11.2.1 Light

Light is an important environmental cue that regulates the cycle of germination and dormancy.
In cereals like barley and wheat, blue light promotes dormancy, while in Arabidopsis, white
and red light promotes germination (Gubler et al., 2008). The inhibitory action of blue light on
the germination of barley and wheat grains is linked with an increase in embryonic ABA
content due to wupregulation of ABA biosynthetic genes (NCEDI and NCED?2) and
downregulation of ABA catabolic gene (CYP707A1) (Gubleret al., 2008; Jacobsen et
al., 2013). In barley, blue light also reduces GA content, and this has been shown to be
associated with upregulation of G420x3 and GA20x5 and downregulation of G430x (Gubler et
al., 2008; Hoang et al., 2014). Several studies on Arabidopsis have also revealed the role of
red/far-red light on seed germination. This effect of red/far-red light is mediated by interactions
between phytochrome (phy) and PIF1 (PHYTOCHROME-INTERACTING FACTORsS),
which ultimately control the ABA and GA metabolism and signaling pathways (de Wit et al.
2016; Wei et al., 2023). A study in lettuce seeds also showed that red light promotes germination
by reducing ABA levels through downregulation of ABA biosynthetic genes, NCED?2 and

NCED4 and upregulation of the ABA catabolic gene, ABA8ox4 (Sawada et al., 2008).
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2.11.2.2 Temperature

Temperature is one of the environmental factors regulating dormancy and germination.
Temperature is known to regulate the expression of genes that control the production of GA
and ABA (Toh et al., 2008). Suboptimal and supraoptimal temperature can inhibit seed
germination by increasing the ABA content through upregulation of genes involved in ABA
biosynthesis and ABA signaling (Izydorczyk et al., 2018). In addition, suboptimal temperature
decreases the GA content in seeds via downregulation of the GA biosynthetic genes as well as
inhibit GA signaling (Izydorczyk et al., 2018). Moreover, the effect of temperature depends on
the developmental phase of the seeds. In wheat and barley, seed treatment with low temperature
increases seed germination, whereas low temperature during grain filling induces dormancy

(Nyachiro et al., 2002; Gualano and Benech-Arnold, 2009; Tuan et al., 2021).

2.11.2.3 After-ripening

Seed after-ripening occurs during a period of dry storage of seeds (Meimoun et al., 2014). Dry
after-ripening does not result in an immediate transition from dormancy to full germination.
Instead, it makes the seeds more responsive to favourable germination conditions while
reducing their responsiveness to inhibitory conditions (Iglesias et al., 2011). Specific
environmental conditions that influence after-ripening of seeds vary with species. For instance,
cereal species like rice, wild oat, and barley require warm and dry conditions for effective after-
ripening to occur. Previous studies have shown that after-ripening has little impact on ABA
content in dry seeds but induces reduction of ABA levels after imbibition (Millar et al., 2006;
Gubler et al., 2008; Iglesias et al., 2011). Studies in barley and Arabidopsis have shown that
upregulation of the ABA catabolic gene, CYP707A1, and lower levels of ABA in AR than
dormant seeds (Millar et al., 2006; Okamoto et al., 2006; Barrero et al., 2009). Moreover, after-

ripening causes upregulation of 7aCYP707A4 and downregulation of 7aNCED1 (Jacobsen et al.,
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2013). Other studies have also shown the effect of after-ripening in decreasing the expression
of ABA signaling genes, which suggests a decrease in ABA sensitivity (Liu et al., 2013).
Another mechanism that has been associated with after-ripening is the generation of reactive
oxygen species, which lead to post-translational modification of mRNA and proteins through
oxidation (Bazin et al., 2011; El-Maarouf-Bouteau et al., 2013; Gao et al., 2013). This can in
turn affect the regulation of gene expression and other cellular processes, potentially

contributing to the effect of after-ripening on dormancy release.

2.12 Wheat genome and transcriptomics
A genome contains the entire set of genetic instructions of an organism’'s DNA, and it remains
stable throughout the life of a given organism (Keller, 2011). It represents the blueprint for all
the proteins and functional RNA (ribonucleic acid) molecules that can be produced (Keller,
2011). On the other hand, the content of a transcriptome is dynamic and can vary depending
on various factors such as tissue type, developmental stage, environmental conditions, and
cellular responses (Brady et al., 2006; Zapalska-Sozoniuk et al., 2019). This dynamic nature of
the transcriptome allows organisms to respond and adapt to changes in their environment,
development, and physiological processes (Brady et al., 2006). Transcriptomics involves
analysis of all RNA molecules/transcripts produced by the genome at a specific time or under
specific conditions. Transcriptomic study in plants, thus, provide insights into gene expression
patterns, identify novel genes, and understand the molecular mechanisms underlying growth,
development, and responses to various stresses. Transcriptomic studies involve the application
of different approaches such as genome-wide RNA sequencing (RNA-seq), microarray
analysis, and quantitative polymerase chain reaction (QPCR).

The availability of an accurate reference genome sequence of an organism via the

application of high-throughput next generation sequencing technologies (NGS) is crucial for
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advancing genomic and transcriptomic studies and fully harnessing NGS data. This holds
particularly true for crops such as wheat that possess complex and large genomes. The common
wheat genome is exceptionally large compared to other plant genomes, and it is estimated to
be around 17 gigabases (Gb) in size (Uauy, 2017). This is approximately 130 times larger than
the genome of Arabidopsis (~135-megabases), a widely studied model plant (Arabidopsis
Genome Initiative, 2000). To tackle the challenges posed by the complexity and size of a wheat
genome, the IWGSC was established in 2005 (Guan et al., 2020). The IWGSC employed a
novel strategy to overcome the complexity and size constraints of the wheat genome prior to
sequencing. They isolated individual wheat chromosomes and chromosome arms using flow
cytometry and sequenced them separately (Eversole et al., 2014; Mayer et al., 2014). This
approach allowed for a more manageable sequencing process. Initially, the IWGSC released a
physical map and survey sequences, followed by the first version of the wheat reference

sequence in 2017 (https://www.wheatgenome.org/about/roadmap). Subsequent updates to the

wheat whole-genome assembly were made by the IWGSC, resulting in the latest version,
IWGSC RefSeq v2.1. The updated assembly utilized advanced sequencing technologies and
assembly methods such as whole-genome optical mapping and long-read PacBio contigs (Zhu
et al., 2021). These improvements enhanced the accuracy and completeness of the wheat
genome assembly. Generation of RefSeq v2.1 involved better placement of scaffolds within
the genome including anchoring previously unassigned scaffolds and closing gaps (Zhu et al.,
2021). Genome assemblies like IWGSC RefSeq v2.1 serve as a robust reference framework
for transcriptomic analysis in wheat. They enable precise gene annotation, identification of
differentially expressed genes (DEGSs), analysis of alternative splicing events, discovery of
novel transcripts, and construction of gene co-expression networks. These resources empower

wheat researchers and breeders to gain a comprehensive understanding of gene expression
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dynamics, functional gene networks, and regulatory mechanisms. Ultimately, this knowledge

will contribute to targeted breeding efforts for improved agronomic traits of wheat.

2.13 Gene expression analysis: genome-wide and targeted
Gene expression analysis is a fundamental tool in modern biology that allows researchers to
gain insights into the transcriptional behaviour of biological systems. Researchers can uncover
the molecular mechanisms underlying various biological processes that govern plant growth,
development, and responses to environmental stimuli by studying gene expression patterns.
There are two main approaches to study gene expression: genome-wide and targeted
(Bartlett, 2002; VanGuilder et al., 2008; Dekkers et al., 2012; Kogenaru et al., 2012; Mo et al.,
2012; O'brien et al., 2012). In genome-wide approaches, researchers aim to capture the entire
transcriptome of a biological system, even when the specific genes of interest are not known.
This is achieved through the use of approaches such as microarrays or RNA-seq (Kogenaru et
al., 2012). Microarrays involve the attachment of an array of oligonucleotide probes to a solid
substrate and the RNA molecules present in the sample are converted into labeled
complementary DNA (cDNA). The labeled cDNA is hybridized with cDNA sequences on the
probes (Govindarajan et al., 2012). The amount of hybridization is measured using a
fluorescence scanner, which provides information about the expression levels of specific genes.
DNA microarrays allow for the simultaneous analysis of multiple genes and have been widely
used in various biological studies (Bumgarner, 2013). RNA-seq, on the other hand, utilizes
NGS technologies to sequence and quantify the RNA molecules in a sample (Wang et al.,
2009). This method provides a more comprehensive view of the transcriptome, enabling the
detection of known and novel transcripts. Understanding the cell transcriptome is crucial as it
bridges the gap between the genetic information encoded in the genome and the observable

characteristics/ phenotype (Wang et al., 2009). By profiling the transcriptome, researchers can
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identify genes differentially expressed between different tissues or under different
experimental conditions. This information helps uncover the regulatory networks and
molecular pathways that drive specific cellular behaviours. In cases where the genes of interest
are already known, more targeted methodologies can be employed for gene expression analysis
such as qPCR, a highly sensitive technique that measures the expression levels of target genes
(Bartlett, 2002). For years, gPCR has provided a reliable and robust approach to quantitatively
examine gene expression in a precise and targeted manner. It is commonly used for validating
gene expression results obtained from genome-wide analysis or when studying a small number
of specific genes (VanGuilder et al., 2008). Overall, gene expression analysis plays a crucial
role in understanding the dynamic nature of gene regulation and its impact on cellular

processes.

2.13.1 Data generation through RNA sequencing

RNA-seq involves multiple steps to prepare the RNA samples for NGS. This process begins
with extracting and isolating RNA from a biological sample such as a frozen tissue sample.
The next step involves library construction from the RNA samples, which starts by depleting
ribosomal RNA (rRNA) or enriching mRNA, as rRNA makes up most of the total RNA in cells
or tissues (Shi et al., 2021). The extracted RNA is further converted into cDNA using reverse
transcription (RT). After cDNA synthesis, the subsequent steps involve the cleavage and
amplification of cDNA molecules and the binding of sequencing adapters (Prakash and
Haeseler, 2017). Adapter sequences are short oligonucleotides ligated to both ends of the
cDNA during library preparation to ensure proper attachment of the DNA fragments to the
sequencing flow cell (Jiang et al., 2014; Akintunde et al., 2023). It can include additional
functional elements like barcode/index for multiplexing and a sequencing-priming site for

paired-end sequencing (Pereira et al., 2017). Achieving optimal results and accuracy in RNA-
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seq experiments requires accurate quantification of the NGS libraries. This can be conducted
through gPCR and use of various commercial Kits (Pereira et al., 2017). The RNA-seq library
is then used as the input for a sequencing platform, which generates reads (Kukurba and

Montgomery, 2015).

2.13.2 RNA-seq Data Analysis: transforming raw data into meaningful interpretation

Strict quality control measures need to be implemented to carefully evaluate the quality of the
raw sequencing reads and detect any possible errors in the experimental setup. Raw read data
often exhibit biases and artifacts that arise from experimental and sequencing protocols
(Deshpande et al., 2023). These factors can significantly impact the accuracy of read
alignments and downstream analysis. Therefore, it is important to generate summary of
statistical analysis that evaluate the overall quality of the generated data. The statistical analysis
involves assessing the distribution of nucleotide and quality score, along with sequence
properties such as GC-content, levels of sequence ambiguity, overrepresented k-mers, and
PCR artifacts (Pfeifer, 2016). Several popular tools can be used for conducting the quality
assessment. These include FastQC and HTSeq (Anders et al., 2014), Kraken (Davis et al.,

2013), NGSQC (Dai et al., 2010), PRINSEQ (https://prinseq.sourceforge.net/), qrqc

(https://github.com/vsbuffalo/grgc), RSeQC (Wang et al., 2012), and SAMStat (Lassmann et

al., 2010). Based on the results of the analysis, low-quality bases are removed, adapter
sequences are trimmed, and any sequencing-related anomalies or biases are filtered out.
Various tools such as Trimmomatic (Bolger et al., 2014), BBDuk, Cutadapt (Mago¢ and
Salzberg, 2011), Sickle (Joshi and Fass, 2011), and FAST X-toolkit (Hannon, 2010) have been

used to successfully achieve this task.
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2.13.3 Read Alignment

RNA-seq data does not provide specific information about the arrangement and origin of the
reads such as details about the specific genomic region, homologous sequence, or strand of the
genome from which the reads originate (Deshpande et al., 2023). However, the genomic
locations from which the reads originated can be determined through computational alignment
(Brown, 2002). Read alignment aims to efficiently map short sequencing reads to a large
reference genome. Read alignment allows us to identify the genomic loci from which the reads
originate while also considering errors in the sequence reads. The conventional alignment tools
such as Bowtie (Langmead et al., 2009) and Burrows-Wheeler Aligner (BWA) (Li and Durbin,
2009) have been extensively employed to map DNA sequencing reads. However, these
methods are commonly considered not suitable for mapping RNA-seq reads. Aligning RNA-
seq reads poses extra difficulties due to the presence of reads that span splice junctions. To
overcome these challenges, various computational tools and algorithms, which can accurately
align the reads by considering the presence of spliced junctions and alternative splicing events,
have been developed. Some examples of these tools include GSNAP (Wu and Nacu, 2010),
TopHat (Trapnell et al., 2009), STAR (Dobin et al., 2012), HISAT2 (Kim et al., 2019) and
MapSplice (Wang et al., 2010). HISAT2 is a widely used RNA-seq alignment tool that
succeeded both HISAT and TopHat2. HISAT2 is a high-speed spliced mapper specifically
designed for mapping RNA-seq data to the reference genome

(https://daehwankimlab.github.io/hisat2/). It considers the presence of spliced junctions and

the possibility of reads being split across multiple exons with intronic gaps. It employs
advanced indexing technigues including the Burrows-Wheeler transform (BWT) and
Ferragina-Manzini (FM) index to efficiently store and compress the genome, and thereby

reducing the storage space required (Kim et al., 2019). Several RNA-seq studies in wheat
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utilized HISAT2 to align the generated reads to the Chinese Spring reference genome (Wang

etal., 2021; Gong et al., 2022; Sun et al., 2023).

2.13.4 Transcript assembly and quantification

Once the RNA-seq reads have been aligned, the next step is to assemble them into transcripts.
There are two primary methods for transcriptome assembly: de novo and reference-guided
assembly. De novo assemblers like Trinity (Grabherr et al., 2011) and Oases (Schulz et al.,
2012) identify overlaps between reads, and construct complete transcripts without aligning the
reads to a genome (Kovaka et al., 2019). However, this approach is challenging due to the
presence of paralogous genes and overlapping isoforms, resulting in fragmented and error-
prone transcriptomes (Kovaka et al., 2019). On the other hand, reference-guided assemblers
like Cufflinks (Trapnell et al., 2010), Bayesembler (Maretty et al., 2014), StringTie (Pertea et
al., 2015), TransComb (Liu et al., 2016), and Scallop (Shao and Kingsford, 2017) utilize an
existing genome (Kovaka et al., 2019). The RNA-seq reads are aligned to this genome using
spliced aligners such as HISAT2 or STAR (Kovaka et al., 2019). These assemblers can
generate more accurate transcript reconstructions by leveraging the reference genome.

The transcript reconstruction software has the ability to estimate gene expression levels
(Kukurba and Montgomery, 2015). For example, StringTie performs gene assembly for each
dataset separately while estimating expression levels for both genes and isoforms during the
assembly process (Pertea et al., 2016). StringTie uses advanced computational methods to
reconstruct transcript structures and estimate transcript abundance from bulk RNA-Seq reads
aligned to a reference genome. Its input consists of spliced alignments in coordinate-sorted
SAM/BAM/CRAM format and the output is gene transfer format (GTF) which includes
assembled transcript structures, their estimated expression levels (fragments per kilobase per

million mapped fragments/ transcripts per kilobase million; FPKM/TPM) and base coverage
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values (https://ccb.jhu.edu/software/stringtie/). In addition, normalizing read counts is crucial
to account for systematic variability that can affect gene expression analysis. Such variability
includes differences in library fragment size, bias in sequence composition, and variations in
read depth (Oshlack and Wakefield, 2009; Roberts et al., 2011). One way to normalize RNA-
seq data is by utilizing the reads per kilobase of transcript per million mapped (RPKM) metrics.
This metric considers the transcript length and the total number of reads mapped in the sample
(Kukurba and Montgomery, 2015). On the other hand, the FPKM metric is used for
normalization of paired-end data, measuring the fragments per kilobase of transcript per million

mapped (Trapnell et al., 2010; Kukurba and Montgomery, 2015)

2.13.5 Differential gene expression

The primary objective of gene expression studies is to detect transcripts that exhibit differential
expression under two or more conditions (Glaus et al., 2012). The count-based nature of RNA-
seq data presents difficulties in accurately modelling gene expression variability (Kukurba and
Montgomery, 2015). Early studies suggested that read counts followed a Poisson distribution,
which became the foundation for modelling RNA-seq count data (Marioni et al., 2008;
Kukurba and Montgomery, 2015). However, models using the Poisson distribution failed to
account for biological variability across samples, leading to a high false discovery rate due to
underscoring of sampling error (Anders and Huber, 2010; Robinson and Oshlack, 2010;
Kukurba and Montgomery, 2015). To address this limitation, the negative binomial (NB)
distribution was introduced. The NB distribution extends the Poisson distribution by
incorporating an additional dispersion parameter for extra variability observed in biological
replicates (Di, 2015). This methodology effectively models count across samples and provides
accurate measures of statistical significance. By using the NB distribution, variability in gene

expression can be captured better and reduce false discovery rates in RNA-seq data analysis.
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The best-performing tools for differential gene expression analysis are edgeR (Robinson et al.,
2010), DESeq (Love et al., 2014), DESeq2 (Anders and Huber, 2010), Limma (Ritichie et al.,
2015), and baySeq (Hardcastle and Kelly, 2010). All these tools are based on the negative
binomial or log-normal distributions and utilize various statistical methods to improve the
ability to detect significant changes based on limited replicates and handle the unique
characteristics of count data. However, careful interpretation of the biological conclusions
obtained from these methodologies is essential. Variability in library construction and inherent
variability in biological samples can significantly impact the number of false positives.
Therefore, it is essential to include biological replicates in the RNA-seq dataset as they play a
vital role in accurately measuring the intrinsic variability of the sample. The edgeR tool
implements the NB distribution for differential gene expression analysis, and it is
recommended for experiments with fewer than 12 replicates and provides better control over
false positives (Schurch et al., 2016). It identifies genes exhibiting statistically significant
differential expression by applying statistical tests. For example, a comparative RNA-seq study
that involved the use of edgeR tool identified 8,013 DEGs between drought susceptible and
drought tolerant wheat genotypes (Iquebal et al., 2019). Whereas another RNA-Seq study,
which used the DESeq2 R package, reported a total of 3,106 DEGs between PHS-sensitive and
PHS-resistant rice varieties under high humidity conditions (Liu et al., 2022). The DEGs can
be further validated using independent techniques such as qPCR. In addition, functional
analysis methodologies such as gene ontology enrichment analysis and pathway analysis can
be employed to gain a comprehensive understanding of the biological significance of these
genes. These methodologies facilitate identifying biological processes, molecular functions,

cellular components, and pathways associated with the genes exhibiting differential expression.
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2.13.6 Gene set enrichment analysis

Conventional gene expression analysis involves comparing the expression levels of individual
genes in different samples using statistical tests and adjusting for multiple comparisons.
However, this approach often yielded false negatives due to the implementation of conservative
adjustment methods. Furthermore, the utilization of arbitrary threshold values led to varying
interpretations and the approach overlooks the valuable information available in public
databases about gene sets and their biological functions (Subramanian et al., 2005; Maleki et
al., 2020). To address these limitations, gene set analysis, also known as enrichment analysis,
was developed. Gene set analysis focuses on identifying the enrichment or depletion of
expression levels within specific gene sets of interest (Maleki et al., 2020). This approach seeks
to overcome the shortcomings of single-gene analysis and provides valuable insights from gene
expression data by considering groups of functionally related genes rather than individual
genes alone. Moreover, the single-gene approach struggled in accurately identifying
differences in gene expression from variations caused by biological variability when measured
values for a single gene across treatments are subtle (Subramanian et al., 2005; Maleki et al.,
2020). In contrast, gene set analysis showed better results in detecting subtle but consistent
changes in the gene expression patterns within a gene set (Maleki et al., 2020). The application
of enrichment analysis bioinformatic methods utilizing gene annotation databases has led to
the development of various powerful tools. Examples of such tools include the DAVID online
analysis tool (Sherman et al., 2022), the R Cluster-Profiler package (Wu etal., 2021), and Meta-
scape (Zhou et al., 2019) among others. These tools have become integral in analysing gene
function and exploring biological knowledge derived from high-throughput sequencing
technologies. Most of the tools currently used rely on enrichment analysis of Gene Ontology

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). These tools utilize the curated
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information provided by GO and KEGG to identify overrepresented biological processes,

molecular functions, cellular components, and pathways associated with a specific set of genes.

2.13.7 Gene Ontology
The GO project is an initiative that aims to annotate genes across different species. It provides

a curated set of terms that describe the function, biological process, or cellular component of a

gene product. The GO project (http:// www.geneontology.org/) led by the GO Consortium, has
achieved remarkable success in systematically characterizing the biological characteristics of
genes, paving the way for effortless integration, retrieval, and analysis of genetic data. The GO
project was initiated in 1998 by researchers who were investigating the genetic makeup of three
model organisms: fruit fly (Drosophila melanogaster), mouse (Mus musculus), and yeast
(Saccharomyces cerevisiae). Over time, the GO Consortium has witnessed the inclusion of
databases for other organisms such as wheat, which has significantly contributed to the
expansion and development of the GO project (The Gene Ontology Consortium, 2004). The
primary objective of GO is to conduct enrichment analysis for sets of genes. If we have a group
of genes that are upregulated in specific conditions, an enrichment analysis can be conducted
to identify which GO terms are over-represented or under-represented in the identified group
of genes. For instance, the GO enrichment analysis of genes differentially expressed between
PHS sensitive wheat cultivar ‘Long 13-3778” and its PHS resistant mutants indicates a major
difference in chitin catabolism activity (Li et al. 2021). A recent RN A-seq based transcriptomic
analysis in wheat showed the enrichment of gene sets that exhibit higher expression levels in
PHS resistant as compared to PHS susceptible cultivar in specific GO categories including
response to reactive oxygen species, trehalose biosynthesis, abscisic acid transport,
endopeptidase inhibitor activity, and response to oxidative stress (Lee et al. 2021). Another

RNA-seq based study in wheat reported the enrichment of DEGs in PHS resistant isolines at
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15, 25, and 35 days post anthesis (DPA) in cell, cell part, organelle, membrane and membrane
part, catalytic activity, binding and transporter activity, metabolic process, cellular process,
response to stimulus, and biological regulation GO terms (Wang et al. 2021). Enrichment
analysis of DEGs between PHS-sensitive and PHS-resistant rice varieties also revealed their
enrichment in nutrient reservoir activity, signal transducer activity, response to stimulus, and

transporter activity GO terms (Liu et al., 2022).

2.13.8 Kyoto Encyclopedia of Genes and Genomes

The KEGG database serves as a valuable resource for comprehending high-level functions and
utilities of the biological systems ranging from cells to organisms and ecosystems based on
molecular-level data, particularly those generated through genome sequencing and other high-
throughput experimental techniques (Kanehisa and Goto, 2000; Kanehisa, 2002). The KEGG
project aims to establish connections between genomic information and higher-level functional
insights by systematically organizing current knowledge on cellular processes and
standardizing gene annotations (Kanehisa and Goto, 2000). Within the KEGG pathway
databases, one can find an array of ortholog group tables that include primary, sub-category,
and secondary pathways. These pathways are encoded by genes located on chromosomes,
thereby enabling us to make predictions about gene function (Kanehisa and Goto, 2000). Thus,
KEGG pathway is widely recognized as one of the most effective methods in enrichment
analysis platforms. A recent RNA-seq study analyzed DEGs between rice seeds imbibed for 6
hours after imbibition (HAI) and 24 HAI, and the study identified metabolic pathways,
biosynthesis of secondary metabolites, and ribosome pathways as enriched in gene sets
upregulated in 24 h imbibed seeds compared to those imbibed for 6 h. On the other hand,
pathways of plant hormone signal transduction and spliceosome showed significant enrichment

in gene sets downregulated in the same seed sample (Li et al., 2022). Furthermore, DEGs
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derived from the response of two rice varieties (PHS-sensitive and PHS-resistant) to high
humidity are found to be associated with plant hormone signal transduction, carbon
metabolism, starch and sucrose metabolism, and phenylpropanoid biosynthesis pathways (Liu
et al., 2022). Similarly, a KEGG pathway enrichment analysis of key DEGs between PHS
resistance and susceptible near isogenic lines of wheat suggested that the DEGs to be linked
with pathways such as MAPK signaling pathway, purine metabolism, fatty acid biosynthesis,
starch and sucrose metabolism, phenylpropanoid biosynthesis, biosynthesis of secondary
metabolite, and plant hormone signal transduction (Wang et al., 2021). To summarize, previous
studies have shown that seed dormancy and germination are regulated by a wide range of
biological pathways mainly plant hormone signal transduction, secondary metabolite

biosynthesis, MAPK signaling, and spliceosome pathways.

2.14 Transcriptomic analysis of dormancy release by after-ripening
Several studies have been performed to understand changes in gene expression during seed
imbibition and dormancy release due to after-ripening. Dry after-ripening has been shown to
induce changes in gene transcript abundance in seeds of various plant species including
Nicotiana tobacum, barley, and wheat. These changes in transcript abundance may arise from
transcriptional regulation or differential mRNA turnover (Rajjou et al., 2004; Bove et al., 2005;
Leubner-Metzger, 2005; Bazin et al., 2011; Nelson and Steber, 2017). Regardless of the
underlying mechanisms involved in modifying the transcriptome during dry seed after-
ripening, it is crucial to assess whether such alterations can affect the germination potential of
seeds.

Under favourable environmental conditions, changes in transcript abundance that occur
during dry seed storage regulate the ability to germinate upon seed imbibition, and differences

in gene expression have been observed between dormant and AR seeds of Arabidopsis, wheat,
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and barley (Cadman et al., 2006; Barrero et al., 2009; Gao et al., 2012; Liu et al., 2013).
Transcriptomic analysis of dormant and AR imbibed seeds of Arabidopsis with differing level
of dormancy revealed differential expression of genes related to seed dormancy or germination
such as PHYTOCHROME-INTERACTING FACTOR 6 (PIF6), GIBBERELLIN 3-OXIDASE 2
(GA30x2), ALTERED SEED GERMINATION 5 (ASGS5), and late embryogenesis abundant
(LEA) proteins encoding genes (Yazdanpanah et al., 2017). A recent study has shown that after-
ripening treatment of GA-insensitive mutant (s/y/-2) seeds significantly downregulated the
expression of two positive regulators of seed dormancy, DELLA GAI (GA-INSENSITIVE) and
the histone deacetylase HDA6/SIL1 (MODIFIERS OF SILENCING]). Furthermore, the same
study demonstrated that an increase in germination potential by after-ripening is linked to the
expression of genes related to protein translation (Nelson et al., 2017).

Comparative transcriptomics analysis was performed using dormant and AR barley
seeds, and the results revealed differential expression of genes related to jasmonate responses,
cell wall modification, nitrate and nitrite reduction, and stability of mRNA that may act
downstream of ABA signalling in the coleorhiza of imbibing seeds (Barrero et al., 2009).
Moreover, after-ripening was found to stimulate ABA catabolism and reduce ABA sensitivity
through differential expressions of genes involved in these processes. Transcriptomic study in
wheat has revealed upregulation of genes involved in histone modification, nitrogen
metabolism, carbohydrate metabolism, jasmonate biosynthesis, cytoplasmic membrane-bound
vesicle, and cell wall modification during imbibition of AR seeds (Gao et al., 2012). For
example, genes encoding xyloglucan endo-transglycosylase 7, basic chitinase, and beta-D-
xylosidases were found to be upregulated in AR than dormant seeds, thus revealing that
breakage of seed dormancy due to after-ripening is mediated by activation of the cell wall
loosening process (Gao et al., 2012). Another study in wheat showed that dormancy release by

after-ripening is associated with transcriptional activation and repression of specific BR, ET,
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CK, and SA related gene sets (Chitnis et al., 2014). However, there is still a lack of
comprehensive understanding regarding the molecular mechanisms that regulate dormancy

breakage in wheat.
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3.0 TRANSCRIPTOMIC ANALYSIS OF SEED DORMANCY IN WHEAT

Abstract

Preharvest sprouting, germination of grains in the spikes before harvest due to exposure to rain
and high humidity, is highly influenced by the level of seed dormancy. In this study, we
employed genome-wide transcriptomic analysis to get a better understanding of the molecular
mechanisms regulating seed dormancy in a highly dormant wheat genotype. After-ripening of
the dormant seeds led to the decay of dormancy. A total of 33,905 differentially expressed
genes (DEGs) were identified between dry and imbibed samples of the dormant and after-
ripened seeds. Gene ontology (GO) enrichment analysis showed that the GO terms enriched
with the DEGs include those related to response to auxin, endopeptidase and peptidase inhibitor
activity, glutathione metabolic process, and response to endogenous stimulus. Specific genes
involved in abscisic acid (ABA) biosynthesis such as NCEDI and NCED3 showed
upregulation during imbibition of dormant seeds relative to the after-ripened seeds while those
involved in ABA catabolism such as CYP707A1 and CYP707A43 exhibited downregulation in
the same seed samples. Our results also observed upregulation of genes involved in ABA
signaling such as SnRK3, SnRK10, and ABI5 during imbibition of dormant seeds as compared
to the after-ripened seeds. In contrast, genes involved in gibberellin (GA) biosynthesis such as
TaGA3ox and TaGA20ox were downregulated in the dormant seeds. The findings of this study
also suggest post-transcriptional regulation of genes involved in GA signaling such as 7aGID1

and TaGAMYB.
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3.1 Introduction

Seed dormancy is regarded as the key genetic factor that determines resistance to preharvest
sprouting (PHS). Domestication and conventional breeding of cereal crops such as wheat from
the wild ancestors was aimed at promoting a uniform and rapid seed germination as well as the
establishment of seedlings (Simpson, 1990). This resulted in a low level of dormancy in the
seeds, thereby, favouring PHS. Therefore, it is necessary for grains to have a
moderate/optimum level of seed dormancy to prevent sprouting damage (Gao and Ayele, 2014).
The establishment of seed dormancy occurs during embryo maturation and can be alleviated
by various methods such as after-ripening (Nelson et al., 2017; Ali et al., 2022). The time
needed for dormancy loss by after-ripening varies depending on the degree of seed dormancy
(Nelson et al., 2017).

A plant's life cycle starts from a seed, which serves as the fundamental unit of
propagation. Seed germination is a crucial process necessary for the maintenance of plant
species and plays a key role in determining both crop yield and quality. Germination is a three-
phase process that starts with the absorption of water and concludes with the emergence of
radicle through the seed coat. Phase I involves the rapid uptake of water by the seed, followed
by phase II which involves high metabolic processes and restricted water uptake. The Third
phase involves rapid water absorption, reserve mobilization and root growth (Bewley, 1997).
Seed germination and dormancy are controlled by various internal and environmental factors,
including temperature, water, light as well as plant hormones (Nautiyal et al., 2023).

The transition from dormancy to germination of wheat seeds is controlled by
differential expression of genes related to various biological processes and molecular functions.
For example, a microarray analysis of dormant and after-ripened (AR) seeds in barley revealed
that after-ripening alters the expression of genes representing on various biological processes,

including jasmonate responses, cell wall modification, nitrate and nitrite reduction, and mRNA
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stability (Barrero et al., 2009). A large-scale gene expression study in wheat revealed that after-
ripening causes an increase in the expression of genes related to histone modification, nitrogen
metabolism, carbohydrate metabolism, jasmonate biosynthesis, cytoplasmic membrane-bound
vesicle, and cell wall modification in imbibed AR seeds (Gao et al., 2012). RNA-seq study in
wheat also showed the enrichment of genes differentially expressed between a PHS resistant
mutant and the wild-type line in chitin catabolic pathway (Li et al. 2021). Other recent RNA-
seq studies in wheat reported the involvement of several biological processes and molecular
functions including response to reactive oxygen species, trehalose biosynthesis, abscisic acid
transport, endopeptidase inhibitor activity, catalytic activity, binding and transporter activity,
and response to oxidative stress in regulating seed dormancy (Lee et al. 2021; Wang et al.,
2021).

It is widely recognised that abscisic acid (ABA) and gibberellin (GA) play a crucial role
in controlling seed dormancy and germination (Tuan et al., 2018). Several studies have shown
that expression of ABA biosynthesis genes, in particular the NCEDs and ABA catabolism
genes, CYP7074s, regulating ABA level and seed dormancy. The level of dormancy in seeds
developed at different seed development temperatures is shown to be regulated by the
expression level of TaNCED?2 and TaCYP707A1 genes (Tuan et al., 2021). Imbibition of
dormant seeds as compared to non-dormant seeds was found to be linked with upregulation of
TaNCED?2 and downregulation of 7aCYP707A41 (Son et al., 2016). In addition, the same study
reported that ectopic expression of TaNCEDZ2A in Arabidopsis resulted in a substantial increase
of ABA level in seeds. Moreover, imbibing wheat seeds at high temperatures and at low
temperatures inhibit germination by increasing ABA levels, which is regulated by the
expression levels of 7aNCED?2 and TaCYP707A1 genes (Izydorczyk et al., 2018). A study in
barley also showed upregulation of HvCYP707A1 during imbibition of non-dormant seeds

relative to dormant seeds, leading to reduction in ABA level (Millar et al., 2006).
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Seed dormancy is also controlled by how responsive the seed is to ABA. ABA signaling
pathway consists of three major components: the pyrabactin resistance (PYR)/pyrabactin like
(PYL)/regulatory components of ABA receptors (RCAR), protein phosphatase 2Cs (PP2Cs)
and SNF1-related protein kinase2s (SnRK2s) along with downstream transcription factors
including ABI3, ABI4 and ABIS (Tuan et al., 2018). Because of their downregulation in AR
seeds relative to dormant seeds, a previous study in wheat suggested that ShRK2 and ABI5 genes
play a role in regulating the loss of ABA sensitivity due to after-ripening (Liu et al., 2013).
Moreover, the expression of the 7a4BFI (wheat homolog of AtABI5) was found to increase
during the imbibition of dormant wheat grains (Johnson et al., 2000). Recent studies have also
shown increase in the expression of genes encoding PYL35, SnRK2, ABI3, and ABI5 in dormant
seeds during imbibition (Izydorczyk et al., 2018; Tuan et al., 2021). A study in sorghum also
found increased expression level of ABI5 in the seeds of a highly dormancy cultivar as
compared to seeds of a cultivar with low level of dormancy (Rodriguez et al., 2009).

GA stimulates dormancy alleviation and germination. The amount of bioactive GAs is
controlled by the rate of its biosynthesis and catabolism (Yamaguchi, 2008). Previous studies
on different plant species such as Arabidopsis (Finch-Savage et al., 2007) and wheat (Gao et
al., 2012; Liu et al., 2013) have shown after-ripening mediated increases in expression levels
of GA biosynthetic genes (GA20ox and GA3ox) and decrease in expression level of GA
catabolic gene (GA2ox) in non-dormant seeds. A study in sorghum also showed upregulation
of GA20ox and an increase in the level of GA during imbibition of non-dormant seeds
(Rodriguez et al., 2012). In addition, imbibition of dormant wheat seeds at low temperatures
(15°C) causes upregulation of 7aGA30x2, an increase in GA level, and a decline in dormancy
level (Kashiwakura et al., 2016). Imbibing wheat seeds at suboptimal temperature was shown
to inhibit germination by decreasing the expression of 7aGA20ox and TaGA30x2 and GA level

(Izydorczyk et al., 2018). In addition, increases in GA levels have been shown during imbibition
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of AR seeds (Jacobsen et al., 2002; Ariizumi et al., 2013). Seed dormancy is also controlled by
how the seed responds to GA. The GA signalling pathway involves its receptor protein called
GIBBERELLIN INSENSITIVE DWARF1 (GID1). DELLA protein, a negative regulator of GA
signalling, is another important player in GA signaling, and an F-box protein GID2/SLY 1 plays
a crucial role by breaking down the DELLA protein, thereby activating the downstream
transcription factor GAMYB that controls the expression of GA responsive genes (Tuan et al.,
2018). However, previous reports showed a lack of correlation between the germination or
dormancy phenotype of cereal seeds and the expression pattern of GIDI (Barrero et al., 2009;
Liu et al., 2013; Izydorczyk et al., 2018; Tuan et al., 2018) and GAMYB (Tuan et al., 2021). In
addition, mutations in GAMYB and GID1 genes of rice have no impact on germination but can
inhibit a-amylase activity (Sasaki et al., 2003; Kaneko et al., 2004; Ueguchi-Tanaka et al.,
2005). Previous studies provided insights into molecular mechanisms regulating seed dormancy
in wheat. However, more study is needed to identify more candidate genes and biological

processes involved in regulating seed dormancy.

3.2 Materials and methods

3.2.1 Plant materials and growth conditions

For this study, wheat genotype RL4137 was used. RL4137 is characterized by its high
resistance to PHS, and it has been widely used as a parent in Western Canadian Spring wheat
breeding programs. Canada Western Red Spring (CWRS) wheat cultivars with RL4137 in their
ancestry showed lower PHS score compared to those CWRS wheat cultivars without it
(DePauw et al., 2009). RL4137 originated from the cross RL2520/Thatcher *6/Kenya Farmer
and its high level of dormancy is mediated by two factors: one factor is the red colour of the
seed coat while the other one is linked to factors independent of the seed coat colour (DePauw

et al., 2009). Seeds of RL4137 were imbibed and transplanted to pots in a growth chamber
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under 22/18°C (day/night) and 16/8 h photoperiod. Seeds were harvested at harvest maturity;
portion of the seeds were AR for 12 months while the remaining portion were stored at -80°C

to maintain dormancy.

3.2.2 Germination Assay

Mature dry seeds of RL4137 were surface sterilized with 70% ethanol for 1 min followed by
5% sodium hypochlorite treatment for 20 min on MaxQ™ 4000 Benchtop orbital shaker
(Thermofisher Scientific, Waltham, MA, USA). Afterward, the seeds were washed 5 times with
sterile water to eliminate traces of sodium hypochlorite. The seeds were then imbibed with 7
mL sterile water in a 9 cm sterile Petri-plate with two layers of Whatman# 1 filter paper kept
under darkness at room temperature (25 seeds per plate, 3 replicates). Germination was
monitored daily for 7 days and seeds were marked as germinated when protrusion of coleorhiza
through the seed coat was visible (Gao et al., 2012). Embryonic tissues were excised from

dormant and AR seeds at 0, 12, and 24 HAI and stored at -80°C until further use.

3.2.3 RNA extraction, cDNA library preparation, and RNA-seq

Total RNA was extracted from the embryos of dry, 12 h and 24 h imbibed dormant and AR
seeds as described previously (Mukherjee et al., 2015) and then digested with DNAse (DNA-
free Kit; Ambion, Austin, TX, USA) to remove genomic DNA contamination. The quality and
purity of the RNA samples were verified by gel electrophoresis and spectrophotometer
analysis. The quality and integrity of RNA samples were further examined using Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA). Total RNA samples with RIN
value >8.0 were used for isolating mRNA samples, which were then subjected to preparation
of cDNA library using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (New

England Biolabs, Ipswich, MA, USA) following the manufacturer’s protocol. Briefly, mRNA
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was isolated from total RNA using poly-T oligo-attached magnetic beads, followed by
fragmentation in NEBNext First Strand Synthesis Reaction Buffer. The first strand cDNA
synthesis was performed using a random hexamer primer and M-MuLV Reverse Transcriptase
(RNase H), followed by second strand cDNA synthesis using DNA Polymerase I and RNase
H. The subsequent steps involved conversion of the remaining overhangs to blunt ends, 3'
adenylation, and adapter ligation. The cDNA fragments of 150-200 bp in length were purified
with AMPure XP system (Beckman Coulter, Beverly, MA, USA) and amplified. The cDNA
library quality was assessed using the high-sensitivity protocol of Qubit 2.0 Fluorometer,
Bioanalyzer 2100 (Agilent) and qPCR. Subsequently, the cDNA libraries were sequenced using
the [llumina NovaSeq 6000 platform. Paired-end (150 bp) sequencing was conducted with the

generation of approximately 9.5 GB of data per sample.

3.2.4 Pre-processing and RNA-seq read alignment
The quality of the sequencing data was assessed using FastQC tool (Andrews, 2010:

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Preprocessing of the data was

performed using Trimmomatic tool (Bolger et al., 2014). Low-quality reads with a Phred quality
score of < 20, reads containing ambiguous bases ‘N’, adaptor sequences and low-quality bases
from 5’ and 3’ ends were trimmed to improve the quality of the sequencing data. The high-quality
filtered reads were then mapped to the Chinese Spring wheat reference genome (RefSeq v2.1,
IWGSC) using Hisat2 v2.0.5 tool (Pertea et al. 2016; Wei et al., 2023) and annotated files were
directly downloaded from the genome website (IWGSC Annotation v2.1;

https://urgi.versailles.inrae.fr/download/iwgsc/IWGSC_RefSeq Annotations/v2.1/). The

mapped reads of each sample were assembled by StringTie v1.3.3b (Pertea et al. 2015). The
FPKM of each gene was calculated based on the length of the gene and the read count mapped

to this gene.
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3.2.5 Differential expression analysis

The abundance of each transcript was calculated using FPKM. Analysis of the differentially
expressed genes between the samples was performed using the edgeR v3.22.5 (Robinson et al.,
2010) The P values were adjusted using the Benjamini and Hochberg method, and the
differentially expressed genes (DEGs) were identified based on the log2 fold change (log2FC)

>+ 1or<-1(>+2or<-2-fold on linear-scale) in expression and adjusted p-value of <0.05.

3.2.6 GO enrichment analysis of differentially expressed genes
GO enrichment analysis of the DEGs was performed using the clusterProfiler v3.8.1 (Wu et
al., 2021). GO terms with adjusted P value < 0.05 were considered significantly enriched with

DEGs.

3.2.7 Identification of ABA and GA metabolism and signaling genes

Genes involved in ABA and GA metabolism and signalling were identified using the cDNA
sequences of the corresponding genes of the model plant Arabidopsis, which were obtained
from Arabidopsis Information Resource (TAIR) database. The cDNA sequences of the
respective genes were used to search the wheat homologs in the wheat genome database using

BLAST (https://plants.ensembl.org/Triticum_aestivum/Tools/Blast; Bolser at al., 2016)

3.2.8 Expression analysis of the target genes

The targeted genes with > 1-fold change on log2-scale (>2-fold on linear-scale) and P < 0.05
were considered as differentially expressed between the two comparisons. The negative fold
changes indicated downregulated genes, while the positive fold changes indicated upregulated

genes.

56


https://plants.ensembl.org/Triticum_aestivum/Tools/Blast

3.2.9 Validation of RNA-seq data using qPCR

3.2.9.1 Primer design
The primers for validation of the expression patterns of randomly selected DEGs were designed

from the conserved coding regions of the three homoeologous genes using the online

PrimerQuest Tool on IDT website (https://sg.idtdna.com/Primerquest/Home/Index). The
specificity of the primers was determined by BLAST search against GenBank database and
melting curve and qPCR analysis. The sequences of the primers used for qPCR analysis are

shown in Appendix 1.

3.2.9.2 cDNA synthesis

Total RNA was isolated from the sample, followed by digestion with DNase (Ambion, Austin,
TX, USA) to eliminate genomic DNA. After digestion, cDNA was synthesized by using iScript
Reverse transcriptase supermix (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s

protocol. The cDNA samples were then diluted 20x to be used for qPCR analysis.

3.2.9.3 qPCR assay

The qPCR assays were conducted using CFX96 real-time PCR system (Bio-Rad, Hercules,
CA, USA). The gqPCR reaction mixture consisted of 5 uL diluted cDNA, 1.2 pL forward primer
(5 uM; final concentration 300 nM), 1.2 pL reverse primer (5 uM; final concentration 300 nM),
10 puL of Eva Green Supermix (Bio-Rad), and 2.6 uL sterile water, with a total reaction volume
of 20 pL. The thermal cycling conditions used were as follows: initial denaturation and DNA
polymerase activation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 15
sec, annealing at 60°C for 30 sec and extension at 72°C for 30 sec. The Livak and Schmittgen
(2001) method was employed to determine the relative transcript levels of the candidate genes,

and the wheat f-Actin gene was used as a reference gene for normalization.
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3.3 Results

3.3.1 Effect of after-ripening on the germination of dormant seeds

A comparative study was conducted to investigate the germination potential of dormant and
AR seeds. After 24 h imbibition, the coleorhiza was visible in 93 % of the AR seeds, indicating
successful germination of the dormant seeds due to after-ripening. In contrast, none of the

dormant seeds germinated.
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Figure 3.1. Germination percentage of dormant (D) and after-ripened (AR) seeds at 0 and 24
hours after imbibition (HAI). Data are mean and standard error (SE) of 3 replicates. ng, no
germination.

3.3.2 Comparative analysis of differentially expressed genes

Comparative transcriptomic analysis was performed to understand the changes in gene
expression during imbibition and between the dry and imbibed seeds of the dormant and AR
samples. Three sets of comparisons were conducted in this study. The first comparison aimed
to identify DEGs within dormant seeds during imbibition (Figure 3.2a) and the second

comparison also to identify DEGs within AR seeds during their imbibition (Figure 3.2b). The
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third set comparison examined DEGs between dry and imbibed dormant and AR seeds (Figure
3.2¢).

The first set of comparison revealed that a total of 33,885 genes exhibited differential
expression among dry and imbibed dormant seeds (Figure 3.2a). A total of 29,289 DEGs were
differentially expressed between dry and 12 HAI dormant seeds (D_0 vs D_12) (Figure 3.2a).
Of these, 10,274 genes were upregulated and 19,015 genes were downregulated in D 0 seeds
(Appendix 2a). Our analysis also revealed 22,131 DEGs between dry and 24 HAI dormant
seeds (D_0 vs D 24); 10,421 genes were upregulated and 11,710 genes were downregulated
in the dry dormant seeds relative to 24 h imbibed dormant seeds (Figure 3.2a; Appendix 2b).
During the transition from 12 to 24 h imbibition of dormant seeds (D 12 vs D 24), a total of
1,158 DEGs were detected; 752 genes upregulated and 406 genes downregulated in 12 h
imbibed dormant seeds (Figure 3.2a; Appendix 2c¢). A total of 17,750 DEGs were found to be
common between dry and 12 HAI, and dry and 24 HAI dormant seed (D 0 vs D 12 and D 0
vs D 24) comparisons (Figure 3.2a). Only 606 DEGs were shared between dry and 24 HAI,
and 12 HAI and 24 HAI dormant seed (D 0 vs D 24 and D 12 vs D 24) comparisons while
695 DEGs were common between the comparisons between dry and 12 HAI and 12 HAI and
24 HAI dormant seeds (D 0 vs D 12 and D 12 vs D 24) comparisons (Figure 3.2a).
Additionally, a total of 358 DEGs were uniquely expressed among all three sets of comparisons
(D OvsD 12,D 12 vs D 24 and D 0 vs D_24) (Figure 3.2a).

The second set comparison revealed a total of 55,458 DEGs among dry and imbibed
AR seeds (Figure 3.2b). Our data showed a total of 33,477 DEGs between dry and 12 HAI AR
seeds (AR _0 vs AR 12) (Figure 3.2b). Of these genes, 12,722 genes were upregulated and
20,755 genes were downregulated in dry AR seeds relative to 12 h imbibed AR seeds
(Appendix 3a). A total 46,317 DEGs were found between dry and 24 HAI AR seeds (AR 0 vs

AR _24) out of which 15,929 genes were upregulated and 30,389 genes were downregulated in
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dry AR seeds as compared to 24 HAI AR seeds (Figure 3.2b; Appendix 3b). During the
transition from 12 to 24 h imbibition (AR 12 vs AR 24), a total of 21,445 genes were
differentially expressed; 6,332 genes upregulated, and 15,113 genes downregulated in 12 HAI
AR seeds as compared to 24 HAI seeds (Figure 3.2b; Appendix 3c). A total of 27,134 DEGs
were found to be common between dry and 12 HAI AR, and dry and 24 HAI AR (AR 0 vs
AR 12 and AR 0 vs AR 24) seeds (Figure 3.2b). A total of 16,536 shared DEGs were found
between the comparisons of dry AR and 24 HAI AR, and 12 HAI AR and 24 HAI AR seeds
(AR 0 vs AR 24 and AR 12 vs AR 24) (Figure 3.2b). There were a total 8,709 DEGs that
were common between the comparisons of dry AR and 12 HAI AR, and 12 HAI AR and 24
HAI AR seeds (AR 0 vs AR 12 and AR 12 vs AR 24) (Figure 3.2b). Additionally, a total of
6,598 DEGs were uniquely detected among all three sets of comparisons (Figure 3.2b).
Analysis of the third set comparison revealed a total of 33,905 DEGs between dry and
imbibed dormant and AR seeds. Only 82 genes were differentially expressed between dry
dormant and dry AR seeds (D 0 vs AR 0) (Figure 3.2¢). Our analysis showed that a total of
43 genes were upregulated, and 39 genes were downregulated in the dry dormant seeds as
compared to dry AR seeds (Appendix 4a). The number of DEGs between the two seed samples
increased to 12,081 and 29,230 at 12 HAI (D 12 vs AR 12) and at 24 HAI (D_24 vs AR 24),
respectively (Figure 3.2c). Our comparative analysis further revealed upregulation of 6,413 and
9,737 genes and downregulation of 5,668 and 19,493 genes in dormant seeds relative to AR
seeds at 12 HAI and 24 HALI, respectively (Appendix 4b, c¢). Only 24 DEGS were found to be
shared between D_0 vs AR 0 and D 12 vs AR 12 comparisons. Comparisons between D 12
vs AR 12 and D 24 vs AR 24 exhibited 7,444 DEGs while only 36 DEGs are shared between
D 0vsAR 0and D 24 vs AR 24 comparisons. Only 16 DEGs were found to overlap among

all three sets of comparisons (Figure 3.2c¢).
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D 0OvsD 12 D _0vsD 24 AR 0vsAR 12 AR_OvsAR 24

D 12vsD 24 AR 12vsAR 24
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D OvsAR 0 D 12vsAR 12

D 24vsAR 24

Figure 3.2. Venn diagrams showing the number of unique and shared DEGs among the different
samples of dormant seeds at 0, 12 and 24 HAI (a), after-ripened (AR) seeds at 0, 12 and 24 HAI
(b), dormant vs. AR seeds imbibed at 0, 12 and 24 HAI (c). Each circle represents the total
number of DEGs for each comparison and the overlapping area represents DEGs shared by the

different comparisons.
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3.3.3 Gene ontology enrichment analysis of differentially expressed genes

3.3.3.1 Genes differentially expressed between dry dormant and after-ripened seeds
Only 82 differentially expressed genes were found between dry dormant and AR seeds, out of
which 39 were downregulated and 43 were upregulated in dormant seeds (Appendix 4a). Given

the small number of DEGs observed, no GO enrichment analysis was performed.

3.3.3.2 Genes differentially expressed between dormant and AR seeds at 12 h imbibition
Regarding comparison between dormant and AR seeds imbibed for 12 h (D_12 vs AR 12),
163 DEGs were enriched in GO terms related to biological processes including transmembrane
transport, organic substance metabolic process, response to stimulus, and cellular processes
(Figure 3.3). Specifically, many of the DEGs are enriched in response to auxin, cell wall
biogenesis, glutathione metabolic process, and cellular modified amino acid metabolic process

GO terms (Figure 3.3).
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Figure 3.3. Gene ontologies enriched with genes differentially expressed between dormant and
after-ripened seeds at 12 HAI. Different colours of the bar graphs represent the three main gene
ontology domains: biological process (BP), cellular component (CC) and molecular function

(MF).

Genes downregulated in D 12 as compared to AR 12 samples are primarily enriched
in glutathione metabolic process, response to stimulus, including response to auxin, response
to hormone, response to organic substance, and response to oxidative stress GO terms (Figure
3.4). Genes upregulated in D 12 as compared to AR 12 samples are enriched in GO terms

related to photosynthesis, pentose metabolic process, and gene silencing (Figure 3.5).
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Figure 3.4. Gene ontologies enriched with genes downregulated in dormant as compared to

after-ripened seeds at 12 HAI. Graph descriptions are as shown in Figure 3.3.

Under the cellular component domain of GO, 122 DEGs between D 12 and AR 12 seeds
are found to be enriched in the broad categories of protein containing complex and cell

anatomical entity (Fig. 3.3). Specifically, extrinsic component of membrane, photosystem,

oxidoreductase complex, and photosynthetic membrane are among the topmost GO terms

enriched with the DEGs (Figure 3.3). The same enriched GO terms are found to be enriched

with genes upregulated in D _12 as compared to AR 12 samples (Figure 3.5). The functional

GO terms enriched with genes downregulated in D_12 as compared to AR 12 samples genes
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include origin recognition complex, cell wall, SAGA -type complex, and histone

acetyltransferase complex (Figure 3.4).
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Figure 3.5. Gene ontologies enriched with genes upregulated in dormant as compared to after-
ripened seeds at 12 HAI. Graph descriptions are as shown in Figure 3.3.

With respect to the molecular function domain, 124 DEGs between D 12 and AR 12
seeds are enriched in the catalytic activity and binding activity GO terms. Many of the 124
DEGs are specifically enriched in the alpha-L-arabinofuranosidase activity, cellulose synthase
activity, chitinase activity, calcium ion binding, exopeptidase activity, and kinase binding GO
terms (Figure 3.3). Peroxidase activity, oxidoreductase activity, antioxidant activity, and some
catalytic activity terms are among GO terms enriched with genes downregulated in D 12
relative to AR 12 seeds (Figure 3.4). Genes upregulated in the same D 12 seeds are enriched

in catalytic activity and binding activity GO terms (Figure 3.5).
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3.3.3.3 Genes differentially expressed between dormant and AR seeds at 24 h imbibition

Regarding comparison between dormant and AR seeds imbibed for 24 h (D_24 vs AR 24), a
total of 173 DEGs are enriched with specific biological processes GO terms, which include the
broad categories of cellular process, organic substance metabolic process, and growth (Figure
3.6). In particular, the DEGs are mainly found to be enriched in positive regulation of biological
process, microtubule-based process, oligosaccharide metabolic process, and growth GO terms
(Fig. 3.6). The genes down regulated in D 24 relative to AR 24 seeds are primarily enriched
in the positive regulation of biological process, growth, response to auxin, and movement of
cell GO terms (Figure 3.7). Whereas genes upregulated in the same D 24 seed samples are
enriched in the GO categories of generation of precursor metabolites and energy, cellular

respiration, aerobic respiration, and electron transport chain (Figure 3.8).
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Figure 3.6. Gene ontologies enriched with genes differentially expressed between dormant and
after-ripened seeds at 24 HAI. Graph descriptions are as shown in Figure 3.3.
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When considering the cellular component GO domain, 123 DEGs between D_24 and
AR 24 seeds are identified to be related to cellular anatomical entity; extracellular region, extra
cellular matrix, peroxisome, microbody, and microbody are among the GO terms enriched with
the DEGs (Figure 3.6). Gens downregulated in D_24 as compared to AR 24 seeds are primarily
enriched in the extracellular region, mitochondrion, cell wall, and apoplast GO terms (Figure
3.7) while genes upregulated in the same seed sample are enriched GO terms related to extra

cellular matrix, extracellular region part, peroxisomal membrane, and microbody membrane

(Figure 3.8).
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Figure 3.7. Gene ontologies enriched with genes downregulated in dormant as compared to
after-ripened seeds at 24 HAI. Graph descriptions are as shown in Figure 3.3.
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A total of 170 DEGs between D 24 and AR 24 seeds are enriched in the GO terms under
the molecular function domain, which include the broad categories of catalytic activity, enzyme
regulator activity, and transporter activity. with the top enriched GO terms specifically are the
cytochrome-c oxidase activity, oxidoreductase activity, metalloendopeptidase activity, and
microtubule motor activity GO terms (Figure 3.6). The genes downregulated in D_24 relative
to AR 24 seeds are notably enriched with GO terms related to motor activity,
polygalacturonase activity, microtubule motor activity, and tubulin binding (Figure 3.7). While
the genes upregulated in the same seed sample are primarily related to the heme-copper
terminal oxidase activity, cytochrome-c oxidase activity, oxidoreductase activity,

endopeptidase inhibitor activity, and metalloendopeptidase activity GO terms (Figure 3.8).
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Figure 3.8. Gene ontologies enriched with genes upregulated in dormant as compared to
after-ripened seeds at 24 HAI. Graph descriptions are as shown in Figure 3.3.
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3.3.3.4 Genes differentially expressed in dormant seeds during imbibition
A total of 328 genes differentially expressed between dry and dormant seeds imbibed for 12 h
(D_0 vs D_12) are enriched with biological processes GO terms. with the top GO terms
enriched with these DEGs are telomere maintenance, telomere organization, cell recognition,
and anatomical haemostasis (Appendix 5). The same GO terms were found to be enriched with
genes downregulated in D 0 as compared to D12 seeds (Appendix 6a). Whereas gene
upregulated in D_0 relative to D12 seeds are enriched in GO terms were related to aerobic
respiration, DNA integration, and cellular respiration (Appendix 6b). With respect to cellular
component GO domain, a total of 159 genes differentially expressed between D 0 and D 12
seeds are enriched in photosystem, photosynthetic membrane, thylakoid part, and photosystem
IT (Appendix 5). Genes downregulated in D_0 as compared to D12 seeds are enriched in GO
terms related to cell wall, external encapsulating structure, apoplast, and cell periphery
(Appendix 6a) while the genes upregulated in the same samples are primarily related to
photosystem, photosynthetic membrane, thylakoid part, and photosystem I GO terms
(Appendix 6b). Under the molecular function Go domain, a total of 305 are enriched in double-
stranded DNA binding, pattern binding, and polysaccharide binding GO terms, and the same
GO terms are primarily enriched with genes downregulated in D 0 as compared to D12 seeds
(Appendix 5, 6a). The genes upregulated in the same seed samples are related mainly to the
RNA-DNA hybrid ribonuclease activity, cytochrome-c oxidase activity, and oxidoreductase
activity GO terms (Appendix 6b).

A total of 98 genes differentially expressed between dormant seeds imbibed for 12 and
24 h (D_12 and D_24) are enriched in specific biological processes GO terms; the top top GO
terms enriched with these DEGs include DNA replication, DNA-dependent DNA replication,
fatty acid biosynthetic process, and fatty acid metabolic process (Appendix 7). Genes

downregulated in D_12 relative to D_24 seeds are enriched with GO terms related to cell wall
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organization, aminoglycan metabolic process, and aminoglycan catabolic process (Appendix
8a). The genes upregulated in the same seed samples are primarily related to DNA replication,
DNA-dependent DNA replication, and fatty acid biosynthetic process GO terms (Appendix
8b). Concerning the cellular component GO domain, only 16 genes differentially expressed
between D 12 and D 24 samples are found to be enriched in specific GO terms, which include
chromosome, cytochrome complex, origin recognition complex, and extracellular region
(Appendix 7). Genes downregulated in D 12 relative to D_24 seeds are enriched in GO terms
related to extracellular region, chloroplast, and plastid (Appendix 8a) while those upregulated
in D 12 seeds are primarily related to chromosome, cytochrome complex, and origin
recognition complex GO terms (Appendix 8b). In regard to the molecular function GO domain,
a total of 53 DEGs between D_12 and D 24 samples are enriched with specific GO terms that
include 3-beta-D-glucan synthase complex, chitin binding, tubulin binding, and microtubule
binding (Appendix 7). Genes downregulated in D 12 relative to D_24 seeds are enriched in
GO terms related to chitin binding, enzyme inhibitor activity, chitinase activity, and
pectinesterase activity (Appendix 8a) while those upregulated in D 12 seeds are primarily
related to chromosome, tubulin binding, microtubule binding, and cytoskeletal protein binding

GO terms (Appendix 8b).

3.3.3.5 Genes differentially expressed in after-ripened seeds during imbibition

In regard to comparison between dry and 12 h imbibed AR seeds (AR 0 vs AR 12), 366 DEGs
were found to be enriched in the biological processes GO terms, which include response to
auxin, cell recognition, pollination and pollen-pistil interaction, and the same GO terms are
enriched with those downregulated in AR 0 as compared to AR 12 seeds (Appendix 9, 10a).
Genes upregulated in AR 0 as compared to AR 12 seeds are enriched in functional GO terms

related to cellular respiration, generation of precursor metabolites and energy, and aerobic
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respiration (Appendix 10b). With respect to cellular component GO domain, 134 DEGs
between AR 0 vs AR 12 seeds are attributed to photosystem, photosynthetic membrane,
cytoskeletal part, and thylakoid part (Appendix 9). Genes downregulated in AR 0 as compared
to AR 12 seeds are enriched in GO terms related to cell wall, external encapsulating structure,
apoplast, and extracellular region (Appendix 10a) while those upregulated are enriched in
photosystem, photosynthetic membrane, thylakoid part, and thylakoid GO terms (Appendix
10b). Concerning the molecular function GO domain, 191 DEGs between AR _0 vs AR 12
seeds are shown to be enriched in double-stranded DNA binding, phospholipase activity, and
lipase activity GO terms (Appendix 9). Genes downregulated in AR 0 as compared to AR 12
seeds are enriched with double-stranded DNA binding, pattern binding, and polysaccharide
binding GO terms (Appendix 10a) while those upregulated in AR 0 are primarily related to the
RNA-DNA hybrid cytochrome-c oxidase activity, oxidoreductase activity, and heme-copper
terminal oxidase activity GO terms (Appendix 10b).

Concerning comparison between 12 h and 24 h imbibed AR seeds (AR 12 vs AR 24),
a total of 307 DEGs are enriched with specific GO terms related to biological processes, which
include multicellular organismal process, metal ion transport, and reproduction (Appendix 11).
Genes downregulated in AR 12 as compared to AR 24 seeds are enriched with GO terms
related to response to oxidative stress, metal ion transport, and multicellular organismal process
(Appendix 12a). The upregulated genes, however, were primarily related to response to water,
response to acid chemical, and response to oxygen-containing compound GO terms (Appendix
12b). With respect to cellular component GO domain, a total of 134 DEGs were found to be
enriched in photosystem, photosynthetic membrane, and cytoskeletal part GO terms (Appendix
11). Genes downregulated as well as upregulated in AR _12 as compared to AR 24 seeds are
primarily enriched in GO terms related to photosystem II, extrinsic component of membrane,

photosystem II oxygen evolving complex, and thylakoid membrane (Appendix 12a, b).
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Concerning molecular function GO domain, 244 DEGs are enriched with flavin adenine
dinucleotide binding, FAD binding, pattern binding, and N,N-dimethylalaniline
monooxygenase activity GO terms (Appendix 11). Genes downregulated in AR 12 as
compared to AR 24 seeds are enriched in GO terms related to flavin adenine dinucleotide
binding, N,N-dimethylalaniline monooxygenase activity, and oxidoreductase activity
(Appendix 12a) while those upregulated are primarily related to chromosome, kinase binding,

protein kinase binding, and phospholipase A2 activity GO terms (Appendix 12b).

3.3.4 Differential expression of genes involved in ABA metabolism

3.3.4.1 Expression of ABA biosynthesis genes

Of the ZEP homeologs of wheat, the 7aZEP 2A4 homeolog showed similar level of expression
between the dormant and AR seeds except that it was downregulated (over 2-fold) in dormant
seeds relative to AR seeds at 12 h imbibition (Figure 3.9; Appendix 13). In dormant seeds,
TaZEP 24 was downregulated (over 2-fold) after 12 h imbibition and remained at similar level
between 12 and 24 HAI (Figure 3.9; Appendix 13). The first 12 h imbibition did not affect
TaZEP 24 expression level in AR seeds; however, a marked downregulation (over 3-fold) was
observed during transition from 12 to 24 h imbibition (Figure 3.9; Appendix 13). For the
TaZEP 2B homeolog, no difference in its expression level was evident between dry dormant
and dry AR seeds (Figure 3.9; Appendix 13). However, the same gene showed downregulation
(over 3-fold) in dormant seeds at 12 and 24 HAI, respectively (Figure 3.9; Appendix 13). In
dormant seeds, 7aZEP 2B homeolog exhibited similar level of expression during imbibition.
In AR seeds, it exhibited upregulation (over 3-fold) after 12 h imbibition but a decrease (over
2-fold) during 12 to 24 HAI (Figure 3.9; Appendix 13). Furthermore, the 7aZEP 2D homeolog
showed no change in expression level between the dormant and AR seeds at 0 and 24 HAI but

was downregulated (over 3.5-fold) in dormant seeds after 12 h imbibition (Figure 3.9; Appendix
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13). In dormant seeds, 7aZEP_2D exhibited downregulation during the first 12 h imbibition but
remained at a similar level between 12 and 24 HAI (Figure 3.9; Appendix 13). In contrast, it
exhibited similar expression at 12 HAI in AR seeds but exhibited downregulation (over-2 fold)
during transition from 12 to 24 h imbibition (Figure 3.9; Appendix 13).

With respect to the VDE homeologs of wheat; TaVDEI 24 and TaVDEI 2B showed
similar expression levels between dormant and AR seeds at 0 and 12 HAI but were
downregulated in dormant seeds (over 3-fold) by 24 HAI (Figure 3.9; Appendix 13). In dormant
seeds, no difference in TaVDEI 24 and TaVDEI 2B expression level was evident during
imbibition while in AR seeds both homeologs exhibited similar expression at 12 HAI and
upregulation (over 6-fold) during transition from 12 to 24 h imbibition (Figure 3.9; Appendix
13). The 7TaVDEI 2D homeolog showed similar expression level between dormant and AR
seeds at any time points of imbibition (Figure 3.12, Appendix 6). In contrast, the same
homeolog showed upregulation in both dormant and AR seeds at 12 HAI (over 3-fold) and no
change in its expression level between 12 and 24 HAI (Figure 3.9; Appendix 13).

Concerning the wheat homeologs of the NCEDI gene, TaNCEDI 6B showed similar
expression level between dormant and AR seeds at 0 and 24 HAI but was upregulated (over 4-
fold) in dormant seeds at 12 HAI (Figure 3.9; Appendix 13). In dormant seeds, 7TaNCEDI 6B
was upregulated (4.8-fold) by 12 h imbibition and remained at similar level following 12 HAI
(Figure 3.9; Appendix 13). In AR seeds, the first 12 h imbibition did not affect its expression
level but a marked upregulation (over 10-fold) of this gene was observed at 24 HAI (Figure 3.9;
Appendix 13). The TaNCEDI 6D homeolog showed similar level of expression between
dormant and AR seeds at 0 HAI and 12 HAI but was downregulated (over 2-fold) in dormant
seeds as compared to AR seeds at 24 HAI (Figure 3.9; Appendix 13). The TaNCEDI 6D

homeolog showed upregulation (over 2-fold) during imbibition of both dormant and AR seeds

73



except there was no difference in its expression level between 12 and 24 HAI in dormant seeds
(Figure 3.9; Appendix 13).

The homeologs of another member of the 7TaNCED gene family, TaNCED3, showed
differential expression between the dormant and AR seeds (Figure 3.9; Appendix 13). The
TaNCED3 54 homeolog showed upregulation (over 6-fold) at 12 HAI in dormant seeds relative
to AR seeds with no difference in its expression between the two seed samples at 0 and 24 HAI
(Figure 3.9; Appendix 13). In dormant seeds, no difference in the expression level of
TaNCED3 54 occurred during imbibition; however, it exhibited downregulation (over 4.5-
fold) and upregulation (over 10-fold) after 12 h and 24 imbibition of AR seeds, respectively
(Figure 3.9; Appendix 13). The 7aNCED3 5B homeolog was the only gene that exhibited
differential expression before imbibition, with an over 8-fold upregulation observed in dormant
relative to AR seeds (Figure 3.9; Appendix 13). This homeolog also showed upregulation (over
3-fold) in dormant as compared to AR seeds at 12 HAI but had similar expression between the
two seed samples (Figure 3.9; Appendix 13). In dormant seeds, TaNCED3 5B showed
upregulation (over 3-fold) after 12 h imbibition and remained at similar level by 24 HAI (Figure
3.9; Appendix 13). Moreover, the same homeolog showed upregulation (over 5-fold) in AR
seeds during imbibition (Figure 3.9; Appendix 13). The 7aNCED3 5D homeolog showed a
similar differential expression pattern as TaNCED3 54 between the two seed samples (Figure
3.9; Appendix 13). It exhibited upregulation (over 15-fold) at 12 HAI but showed similar
expression level at 0 and 24 HAI (Figure 3.9; Appendix 13). In dormant seeds, 7TaNCED3 5D
was downregulated (over 3-fold) at 12 HAI with no change in its expression during 12 to 24 h
imbibition (Figure 3.9; Appendix 13). This homeolog also showed downregulation (over 28-
fold) in AR seeds after 12 h imbibition; however, its expression was upregulated (over 20-fold)

during 12 to 24 h imbibition (Figure 3.9; Appendix 13).
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The NCED4 gene was identified to have only one homeolog, TaNCED4_ 2D, which
showed no change in its expression level between dormant and AR seeds at 0, 12 and 24 HAI
(Figure 3.9; Appendix 13). In dormant seeds, 7aNCED4_2D showed no change in expression
during the first 12 h imbibition but exhibited upregulation (over 40-fold) at 24 HAI (Figure 3.9;
Appendix 13). In AR seeds, the same homeolog showed no change in expression during
imbibition (Figure 3.9; Appendix 13). The NCEDS5 gene was identified to have only two
homeolog, 7aNCEDS5 5B which exhibited similar expression between dormant and AR seeds
at 0 and 12 HAI but was upregulated (over 5-fold) in dormant seeds at 24 HAI (Figure 3.9;
Appendix 13). In both dormant and AR seeds, the same homeolog showed upregulation (over
9-fold) during the first 12 h imbibition (Figure 3.9; Appendix 13). During 12 to 24 h imbibition,
the same gene showed no change in expression in dormant seeds but exhibited downregulation
(over 4-fold) in AR seeds (Figure 3.9; Appendix 13). The 7aNCEDS5 5D homeolog showed
similar expression between dormant and AR seeds before and after imbibition (Figure 3.9;
Appendix 13). The same homeolog showed upregulation (over 4-fold) in both dormant and AR
seeds during the first 12 h imbibition but exhibited similar expression and downregulation (over
3-fold) in dormant and AR seeds, respectively during 12 to 24 h imbibition (Figure 3.9;
Appendix 13).

Expression of the homeologs another ABA biosynthesis gene, AAO, was examined.
Homeolog 7a4A0O 74 showed similar expression level in dry dormant and dry AR seeds
(Figure 3.9; Appendix 13). However, the same gene was upregulated (over 2-fold) between the
two seed samples at 12 HAI and 24 HAI (Figure 3.9; Appendix 13). No change in the
expression level of 7uAAO 74 occurred during imbibition of the dormant seeds; however, in
AR seeds it showed downregulation and upregulation (over 2-fold) during the first 12 h
imbibition and during the 12 to 24 h imbibition, respectively (Figure 3.9; Appendix 13). The

TaAAO_7B homeolog showed a similar expression as 7aAA0O 74 between the two seed samples
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and during imbibition of dormant seeds (Figure 3.9; Appendix 13). In AR seeds, this homeolog
showed downregulation (over 4-fold) after 12 h imbibition (Figure 3.9; Appendix 13). However,
it exhibited similar expression during 12 h to 24 h imbibition (Figure 3.9; Appendix 13). The
TaAAO_7D homeolog exhibited upregulation (over 6-fold) in dormant as compared to AR seeds
at 12 HAI with no difference in its expression level between the two seed samples at 0 and 24
HAI (Figure 3.9; Appendix 13). The 7a4AAO 7D homeolog showed no change in expression
during imbibition of dormant seeds, like that observed for 7aAA0O 7B and TaAAO 7A (Figure
3.9; Appendix 13). In AR seeds, the same gene exhibited downregulation (over 4-fold) during
the first 12 h imbibition and upregulation (over 3-fold) during 12 to 24 h imbibition (Figure 3.9;

Appendix 13).

3.3.4.2 Expression of ABA catabolism genes
We also analysed the expression of genes involved in ABA catabolism. Two homeologs of
TaCYP707A41, a member of the TaCYP707A gene family, were identified (Figure 3.9; Appendix
13). The TaCYP70741 64 homeolog showed similar expression between dormant and AR
seeds at 0 and 24 HAI but it was downregulated (over 2-fold) in dormant seeds at 12 HAI
(Figure 3.9; Appendix 13). The same homeolog exhibited downregulation (over 2-fold) after
12 h imbibition but remained at similar level during 12 to 24 h imbibition in both dormant and
AR seeds (Figure 3.9; Appendix 13). The 7aCYP707A41 6B homeolog showed no difference in
its expression level between dormant and AR seeds at any imbibition time points (Figure 3.9;
Appendix 13). It showed downregulation (over 2-fold) during the first 12 h imbibition (Figure
3.9; Appendix 13).

Two homeologs of another member of the 7aCYP707A4 gene, TaCYP707A3, were
identified. The 7TaCYP70743 5B homeolog showed similar expression level in dormant relative

to AR seeds at 0 and 12 HAI but was downregulated (over 100-fold) in dormant seeds by 24
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HAI (Figure 3.9 Appendix 13). The same homeolog showed a similar expression level during
the first 12 h imbibition of dormant seeds but was downregulated (over 100-fold) during the 12
to 24 h imbibition (Figure 3.9; Appendix 13). In AR seeds, it showed similar expression during
the whole duration of imbibition (Figure 3.9; Appendix 13). The TaCYP70743 5D homeolog
showed no difference in its expression between the two seed samples at 0, 12 and 24 HAI
(Figure 3.9; Appendix 13). However, it showed downregulation (over 2-fold) in both dormant
and AR seeds during the first 12 h imbibition but no change in its expression level during the

12 to 24 h imbibition period (Figure 3.9; Appendix 13).
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Figure 3.9. Heatmap depicting changes in the expression of genes involved in ABA
metabolism. Log2-scale fold change in expression of ABA biosynthesis and catabolism genes
between dormant and after-ripened seeds at different time points of imbibition (D _0 vs AR 0,
D 12 vs AR 12 and D 24 vs AR 24) and during imbibition of dormant (D 12 vs D_0 and
D 24 vs D _12) and after-ripened (AR 12 vs AR 0 and AR 24 vs AR 12) seeds. The negative
and positive numbers on the bar show log2 fold change values. Red colour indicates
upregulation and green colour indicated downregulation. ZEP, zeaxanthin epoxidase; VDE,
violaxanthin de-epoxidase; NCED, 9-cis-epoxycarotenoid dioxygenase; AAOQO, abscisic
aldehyde oxidase.
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3.3.5. Differential expression of genes involved in ABA signaling

This study investigated the expression pattern of genes encoding PYL, the ABA receptors
(Figure 3.10; Appendix 14). All the three homeologs 7aPYL4 2A, TaPYL4 4B, and
TaPYL4 4D homeologs showed similar expression level between dormant and AR seeds before
imbibition (Figure 3.10; Appendix 14). All the three homeologs showed downregulation (over
2-fold) in dormant seeds relative to AR seeds during imbibition (Figure 3.10; Appendix 14).
The TaPYL4 24 homeolog showed upregulation (over 4-fold) during the first 12 h imbibition
in both dormant and AR seeds; however, it was either downregulated (over 2-fold) in dormant
seeds and showed similar expression in AR seeds during the 12 to 24 h imbibition (Figure 3.10;
Appendix 14). The expression level of 7aPYL4 4B showed no change and upregulation (over
5-fold) during imbibition of dormant and AR seeds, respectively (Figure 3.10; Appendix 14).
The TaPYL4 4D homeolog was upregulated (over 100-fold) after 12 h imbibition but remained
at similar level during 12 to 24 h imbibition of the dormant seeds (Figure 3.10; Appendix 14).
In AR seeds, it showed upregulation (over 2-fold) during imbibition (Figure 3.10; Appendix
14). A homeolog of another member of 7aPYL gene family, TaPYL9 7A, showed upregulation
(over 50-fold) between the dormant and AR seeds at 0 HAI with no difference in its expression
level after 12 h imbibition (Figure 3.10; Appendix 14). By the 24 HAI, the same it was
downregulated (over 2-fold) in dormant seeds as compared to AR seeds (Figure 3.10; Appendix
14). In both seed samples, 7aPYL9 7A was upregulated (over 20-fold) after 12 h imbibition
with no change in its expression level during the next 12 h imbibition (Figure 3.10; Appendix
14). For the 7aPYL10 1A homeolog, no change in its expression was found at 0 and 12 HAI
between the two seed samples (Figure 3.10; Appendix 14). The same gene showed
downregulation (over 4-fold) in dormant relative to AR seeds after 24 h imbibition (Figure 3.10;
Appendix 14). TaPYL10 1A homeolog exhibited similar expression during imbibition of both

dormant and AR seeds (Figure 3.10; Appendix 14).
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One of the homeologs of 7aPP2C, TaPP2C8 3A exhibited no change in expression in
dormant relative to AR seeds at 0 and 12 HAI. By 24 HAI, the same homeolog showed
upregulation (over 3-fold) in dormant seeds relative to AR seeds (Figure 3.10; Appendix 14).
The 7TaPP2C8_3A4 homeolog showed similar expression during imbibition of both dormant and
AR seeds (Figure 3.10; Appendix 14). The 7aPP2C8 3B homeolog showed upregulation (over
2-fold) in dormant as compared to AR seeds before and after imbibition; by 24 HAI, the level
of its upregulation in dormant seeds was over 35-fold (Figure 3.10; Appendix 14). Within the
dormant seeds, the same homeolog showed no change in its expression level during imbibition,
whereas it showed a similar level of expression during the first 12 h imbibition but exhibited
downregulation (over 12-fold) after 24 h imbibition in AR seeds (Figure 3.10; Appendix 14).
For the 7aPP2C8 3D homeolog, similar level of its expression was observed between dry
dormant and AR seeds; however, it exhibited upregulation (over 2-fold) in dormant seeds
relative to AR seeds during imbibition (Figure 3.10; Appendix 14). The same homeolog
exhibited upregulation (over 2-fold) after 12 h imbibition of dormant seeds but remained at
similar level from 12 to 12 HAI In AR seeds, it showed similar expression during the first 12
h imbibition but showed downregulation (over 2-fold) during the 12 to 24 h imbibition (Figure
3.10, Appendix 14). Regarding the 7aPP2C30 44 homeolog, it showed no difference in
expression level between dormant and AR seeds at 0 and 24 HAI (Figure 3.10; Appendix 14).
However, the same homeolog showed upregulation (over 12-fold) in dormant seeds relative to
AR seeds after 12 h imbibition. In dormant seeds, it showed upregulation (over 2-fold) after 12
h imbibition but no change in its expression was found during the next 12 imbibition (Figure
3.10; Appendix 14). In contrast, it exhibited downregulation (over 6-fold) during the first 12 h
imbibition and upregulation (over 7-fold) during the 12 to 24 h imbibition in AR seeds (Figure

3.10; Appendix 14).

79



The homeolog of another member of 7auPP2C gene family, TaPP2C37 2A, showed no
difference in its expression level between the dormant and AR samples at 0 HAI but showed
upregulation (over 2-fold) in dormant seeds at 12 and 24 HAI (Figure 3.10; Appendix 14). The
same homeolog showed downregulation (over 2-fold) during imbibition in both dormant and
AR seeds, except there was no change in its expression level during 12 to 24 h imbibition in
dormant seeds (Figure 3.10; Appendix 14). The 7TaPP2C37 2B homeolog showed no difference
in its expression level between the two seed samples at 0 and 12 HAIL. By 24 h imbibition, the
same homeolog exhibited upregulation (over 7-fold) in dormant seeds relative to AR seeds
(Figure 3.10; Appendix 14). It exhibited similar expression during imbibition of dormant seeds
but downregulation (over 2-fold) in AR seeds (Figure 3.10; Appendix 14). The 7aPP2C50 14
homeolog showed similar expression at 0 HAI but showed upregulation (over 5-fold) in
dormant seeds relative to AR seeds at 12 and 24 HAI (Figure 3.10; Appendix 14). This
homeolog showed similar expression level during imbibition of the dormant seeds (Figure 3.10;
Appendix 14). In AR seeds, it showed downregulation (over 4-fold) during the first 12 h
imbibition with no change in its expression level during the 12 h to 24 h imbibition (Figure
3.10; Appendix 14).

The homoeologous genes encoding another member of 7aPPP2Cs, which includes
TaPP2C50 (TaPP2C50 34, TaPP2C50 3B, and TaPP2C50 3D) and TaPP2C51
(TaPP2C51 1A, TaPP2C51 1B, and TaPP2C51 1D) showed similar expression levels
between dormant and AR seeds at 0 HAI and upregulation (over 2-fold) in dormant seeds during
imbibition (Figure 3.10; Appendix 14). The homoeologous genes showed no change in their
expression level during imbibition of dormant seeds but were downregulated (over 2-fold)
during the first 12 h imbibition of AR seeds except the TaPP2C51 1D homeolog which showed
no change in its expression level (Figure 3.10; Appendix 14). From 12 to 24 h imbibition, the

gene sets showed no change in their expression level except that the 7aPP2C51 1D homeolog
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was downregulated (over 2-fold) in AR seeds (Figure 3.10; Appendix 14). This study also
examined the expression pattern of the homeologs of another member of the 7aPP2C gene
family, which include 7aPP2C68 54 and TaPP2C68 5D. The TaPP2C68 54 homeolog
showed similar expression between the dormant and AR seeds at 0 HAI; however, it was
upregulated (over 5-fold) in dormant seeds during imbibition (Figure 3.10; Appendix 14). In
dormant seeds, no change in its expression level was found during imbibition while it showed
downregulation (over 15-fold) in AR seeds during the first 12 h imbibition but remained at a
similar level during the next 12 h imbibition (Figure 3.10; Appendix 14). The 7TaPP2C68 5D
homeolog exhibited upregulation (over 2-fold) in dry and imbibed dormant seeds relative to the
AR seeds (Figure 3.10; Appendix 14). The same homeolog showed no change in its expression
level in both dormant and AR seeds during imbibition (Figure 3.10; Appendix 14).

Regarding SnRK genes, the 7aSnRK3 14 and TaSnRK3 1B homeologs showed similar
expression between dormant and AR genes at 0 HAI but exhibited upregulation (over 3-fold)
in dormant seeds compared to AR seeds at both 12 and 24 HAI (Figure 3.10; Appendix 14).
The two homeologs exhibited no change in expression level during imbibition of dormant seeds
(Figure 3.10; Appendix 14). In AR seeds, 7aSnRK3 1A showed downregulation (over 2-fold)
and 7aSnRK3 1B exhibited no change in expression during the first 12 h imbibition, but no
change in expression level of both homeologs was observed during 12 to 24 h imbibition
(Figure 3.10; Appendix 14). A homeolog of another member of the 7aSnRKs gene family,
T1aSnRK10 44, exhibited similar expression level between dormant and AR seeds before
imbibition and 12 HAIL By 24 HAI, it exhibited strong upregulation (over 7-fold) in dormant
relative to AR seeds (Figure 3.10; Appendix 14). The same homeolog showed downregulation
(over 2-fold) in both dormant and AR seeds during imbibition except it had similar expression

level from 12 to 24 h imbibition in dormant seeds (Figure 3.10; Appendix 14). Homeolog
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TaSnRkl10 4D also exhibited similar expression pattern as TaSnRKI10 4A (Figure 3.10;
Appendix 14).

Our study also investigated the expression pattern of genes encoding TaABIS5, a
transcription factor. The TaABI5 3A, TaABI5 3B, TuABI5 3D, TaABI5 2A, and TaABI5 4A4
homeologs of TaABI5 showed similar expression patterns during imbibition (Figure 3.10;
Appendix 14). These five homeologs showed no change in expression level between dormant
and AR seeds at 0 and 12 h imbibition (Figure 3.10; Appendix 14). By 24 HAI, the TaABI5 34,
TaABI5 3B, and TuABI5 3D homeologs exhibited upregulation (over 5-fold) in dormant seeds
compared to AR seeds except that the 7TudBI5 24 and TaABI5 44 homeologs exhibited
downregulation (over 3-fold) in dormant seeds (Figure 3.10; Appendix 14). All the five
homeologs showed no change in expression during imbibition of dormant seeds. They also
showed no change in their expression level in AR seeds during the first 12 h imbibition except
for TaABI5 4A4 homeolog which showed upregulation (over 2-fold) (Figure 3.10; Appendix 14).
During 12 to 24 h imbibition, the 7TaABI5 34, TaABI5 3B, and TuABI5 3D homeologs showed
downregulation (over 5-fold) in AR seeds (Figure 3.10; Appendix 14). In contrast, the
expression of TuABI5 24 homeolog increased (over 3-fold) while there was no change in the
expression level of TaABI5 44 homeolog during 12 to 24 h imbibition in AR seeds (Figure

3.10; Appendix 14).
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Figure 3.10. Heatmap depicting changes in the expression of genes involved in ABA signaling.
Log2-scale fold change in expression of ABA signaling genes between dormant and after-
ripened seeds at different time points of imbibition (D 0 vs AR 0, D 12 vs AR 12 and D 24
vs AR 24) and during imbibition of dormant (D 12 vs D 0 and D 24 vs D 12) and after-
ripened (AR 12 vs AR 0 and AR 24 vs AR 12) seeds. The negative and positive numbers on
the bar show log2 fold change values. Red colour indicates upregulation and green colour
indicated downregulation. PYL, pyrabactin-like; PP2C, protein phosphatase 2C; SnRK, SNF1-
related protein kinase; ABI, abscisic acid insensitive.

3.3.6. Differential expression of genes involved in GA metabolism

3.3.6.1 Expression of GA biosynthesis genes

This study also analysed the expression of genes involved in GA biosynthesis. The homeologs
of TaCPS1, specifically 7aCPS1 14, TaCPSI 74, and TaCPSI 7B showed no difference in
expression level in dormant relative to AR seeds at all imbibition time points (Figure 3.11;

Appendix 15). The only notable difference was the over 2-fold downregulation of 7aCPSI 14
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homeolog after 12 h imbibition in dormant seeds (Figure 3.11; Appendix 15). The 7aCPS1 14
homeolog showed similar expression level but upregulation (over 2-fold) during the initial 12
h imbibition in dormant and AR seeds, respectively (Figure 3.11; Appendix 15). In contrast, the
T1aCPS1 74 and TaCPS1_7B homeologs showed over 2-fold decrease in their expression levels
in both seed samples after 12 h imbibition (Figure 3.11; Appendix 15). During 12 to 24 h
imbibition, no change in the expression level of all the three homeologs was detected in both
dormant and AR seeds (Figure 3.11; Appendix 15). For the 7aKO2 7B homeolog, similar
expression level was evident between the dormant and AR seeds at 0 and 12 h imbibition but
by 24 h imbibition its expression level was over 2-fold higher in dormant relative to AR seeds
(Figure 3.11; Appendix 15). The 7aKO2 7B homeolog showed similar expression in both
dormant and AR seeds during imbibition except it was downregulated (over 2-fold) during 12
to 24 h imbibition in AR seeds (Figure 3.11; Appendix 15).
The 7aKAO1 homeologs, which include TuKAOI 44, TaKAO1 5B, and TaKAOI 5D,
showed similar expression level in dormant seeds and AR seeds at 0 and 12 HAI (Figure 3.11;
Appendix 15). However, these homeologs showed over 2-fold lower expression in dormant
than AR seeds after 24 h imbibition (Figure 3.11; Appendix 15). The three homeologs showed
no change in their expression level during the process of imbibition in dormant seeds except
the 7TaKAOI 5D homeolog was downregulated (over 4-fold) after 12 h imbibition (Figure 3.11;
Appendix 15). The same three homeologs showed similar expression level in AR seeds during
the first 12 h imbibition (Figure 3.11; Appendix 15). During 12 to 24 h imbibition, the
TaKAOI1 4A and TaKAOI 5D homeologs were upregulated (over 2-fold) in AR seeds except
there was no change in the expression of 7aKAO! 5B homeolog (Figure 3.11; Appendix 15).
The expression patterns of homeologs of T7aGA20ox1, (TaGA200xIA _4A,
T1aGA200x1A_5B, and GA200xID_5D) and TaGA200x2 (TaGA200x2 34 and TaGA200x2 3B)

were also studied (Figure 3.11; Appendix 15). All the homeologs of 7aGA20oxI and
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TaGA200x2 showed no difference in their expression level before imbibition between dormant
and AR seeds (Figure 3.11; Appendix 15). The same five homeologs were downregulated (over
3-fold) during imbibition in dormant relative to AR seeds, except for the 7aGA200x2 34 and
TaGA200x2 3B homeologs which showed similar expression between the two seeds after 24 h
imbibition (Figure 3.11; Appendix 15). Within dormant seeds, the 7aGA20oxIA 5B,
GA200x1D 5D, and TaGA200x2 3B homeologs showed upregulation (over 3-fold) during the
first 12 h imbibition while the expression levels of 7aGA20oxIA 4A and TaGA20ox2 34
showed no change in their expression level (Figure 3.11; Appendix 15). During 12 to 24 h
imbibition, the expression level of all these homeologs remained unchanged except for
TaGA200x2 3B exhibited over 2-fold upregulation in dormant seeds (Figure 3.11; Appendix
15). All the homeologs of 7aGA200x1 and TaGA200x2 showed upregulation (over 18-fold) in
AR seeds after 12 h imbibition (Figure 3.11; Appendix 15). During 12 to 24 h imbibition, the
TaGA200x1-A 44, TaGA200x1-A 5B, and TaGA20ox1-D 5D homeologs showed no change in
expression level but the TaGA200x2 34 and TaGA200x2 3B homeologs exhibited over 2-fold
downregulation (Figure 3.11; Appendix 15).

This study also examined the expression of 7aGA3ox homeologs, which include
TaGA3ox2-1 34 and TaGA3o0x2-3 3B (Figure 3.11; Appendix 15). The expression levels of the
two homeologs in dormant compared to AR seeds were similar before imbibition but showed
downregulation (over 19-fold) during imbibition in dormant seeds (Figure 3.11; Appendix 15).
The same homeologs exhibited no change in expression during the process of imbibition in
dormant seeds (Figure 3.11; Appendix 15). In AR seeds, both homeologs showed a marked
upregulation (over 85-fold) after 12 h imbibition and over 3-fold upregulation during 12 to 24

h imbibition ((Figure 3.11; Appendix 15).
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3.3.6.2 Expression of GA catabolism genes

The study also examined the expression of the homeologs of GA catabolism gene, 7aGA20x.
The homeologs of TauGA20x3 (TaGA20x3 34, TaGA20x3 3B and TaGA20x3 3D) showed
similar expression level in both dry dormant and dry AR seeds but were downregulated (over
2-fold) in dormant relative to AR seeds after 12 h imbibition (Figure 3.11; Appendix 15). By 24
HAI, the TaGA20x3 34 homeolog exhibited over 2-fold downregulation in dormant relative to
AR seeds while the TaGA20x3 3B and TuGA20x3 3D homeologs showed similar expression
in dormant seeds (Figure 3.11; Appendix 15). In dormant seeds, the three homeologs showed
over 10-fold upregulation after 12 h imbibition and showed no change in their expression level
during 12 to 24 h imbibition (Figure 3.11; Appendix 15). The expression levels of the same
homeologs increased significantly (over 90-fold) during the initial 12 h imbibition of AR seeds
but exhibited over 2-fold downregulation during the 12 to 24 h imbibition period (Figure 3.11;
Appendix 15).

Of the three homeologs of 7aGA20x6 (TaGA20x6 24, TaGA20x6 2B, and
TaGA20x6 2D), TaGA20x6 2A4 showed similar expression in both dry dormant and AR seeds
but exhibited over 5-fold downregulation during imbibition in dormant seeds compared to AR
seeds (Figure 3.11; Appendix 15). The same homeolog was upregulated (over 3-fold) in both
dormant and AR seeds after 12 h imbibition and there was no change in its expression level in
both seed samples during 12 to 24 h imbibition (Figure 3.11; Appendix 15). The expression
level of the 7aGA20x6 2B homeolog did not show difference between dormant and AR seeds
at 0, 12 and 24 HAI. (Figure 3.11; Appendix 15). It exhibited a similar expression pattern as
TaGA20x6 24 during imbibition in both dormant and AR seeds. Homeolog 7aGA20x6 2D
showed upregulation (over 2-fold) in dry dormant seeds relative to dry AR seeds but showed
no change in expression between the two seed samples during imbibition. The same homeolog

showed upregulation (over 6-fold) during the initial 12 h imbibition in both dormant and AR
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seeds. During 12 to 24 h imbibition, it showed similar expression level in each seed samples

(Figure 3.11; Appendix 15).
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Figure 3.11. Heatmap depicting changes in the expression of genes involved in GA metabolism.
Log2-scale fold change in expression of GA biosynthesis and catabolism genes between
dormant and after-ripened seeds at different time points of imbibition (D 0 vs AR 0, D 12 vs
AR 12 and D 24 vs AR 24) and during imbibition of dormant (D 12 vs D 0 and D 24 vs
D 12) and after-ripened (AR 12 vs AR 0 and AR 24 vs AR 12) seeds. The negative and
positive numbers on the bar show log2 fold change values. Red colour indicates upregulation
and green colour indicated downregulation. CPS, ent-copalyl diphosphate synthase; KO, ent-
kaurene oxidase; KAO, ent-kaurenoic acid oxidase; GA130x, GA 13-oxidase; GA200x, GA 20-
oxidase; GA20x, GA3ox, GA 3-oxidase and GA 2-oxidase.

3.3.7 Differential expression of genes involved in GA signaling genes

This study also examined the expression of genes related to GA signaling. The TaGIDI
homeologs, which include 7aGIDI 14, TaGIDI IB, TaGIDI 1D, and TaGIDIC 2D,
exhibited similar expression levels in dormant and AR seeds before and during imbibition

(Figure 3.12; Appendix 16). The only noticeable exception was the upregulation of 7aGIDI IB
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and 7TaGID1 1D (over 2-fold) in dormant seeds relative to AR seeds at 24 HAI (Figure 3.12;
Appendix 16). During the initial 12 h imbibition, the 7aGIDI 14, TaGIDI 1D, and
TaGID1C 2D homeologs exhibited upregulation (over 2-fold) in dormant seeds and there was
no change in the expression level of homeolog 7aGID1 1B (Figure 3.12; Appendix 16). In AR
seeds, only the 7auGIDI 1A and TaGIDI ID homeologs showed over 3-fold upregulation
during the first 12 h imbibition while the expression level of the other two homeologs remained
unchanged (Figure 3.12; Appendix 16). During 12 to 24 h imbibition period, the expression
level of all the three homeologs of TaGID1 remained unchanged in both dormant and AR seeds
(Figure 3.12; Appendix 16).

The expression of an 7aRHT1 homeolog, TaRHTI 4D, had a similar expression level
between dormant and AR seeds at 0, 12 and 24 HAI (Figure 3.12; Appendix 16). There was no
change in its expression during imbibition of AR seeds, but it was upregulated (over 8-fold)
during the initial 12 h imbibition of dormant seeds and remained at similar level from 12 to 24
h (Figure 3.12; Appendix 16). Our results indicated that the TaGAMYBI 1A homeolog of
TaGAMYB showed no difference in its expression level between dormant and AR seeds at any
point of imbibition. The same homeolog showed similar level of expression during imbibition
in dormant seeds, but it was downregulated (over 2-fold) in AR seeds during the initial 12 h
imbibition and there was no change in expression from 12 to 24 h imbibition (Figure 3.12;
Appendix 16). The TaGAMYB1 1B homeolog showed similar level of expression in dormant
relative to AR seeds at 0 and 12 h imbibition but it was upregulated (over 4-fold) in dormant
seeds after 24 h imbibition (Figure 3.12; Appendix 16). The same homeolog showed similar
expression level during imbibition in dormant seeds. In AR seeds, it showed 3-fold
downregulation during the first 12 h imbibition and there was no change in its expression level

from 12 to 24 h imbibition (Figure 3.12; Appendix 16). The TaGAMYBI 1D homeolog showed
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similar expression patterns as TaGAMYB1 1B between dormant and AR seeds at any time point

of imbibition as well as during imbibition of two seed samples (Figure 3.12; Appendix 16).
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Figure 3.12. Heatmap depicting changes in the expression of genes involved in GA signaling.
Log2-scale fold change in expression of GA signaling genes between dormant and after-ripened
seeds at different time points of imbibition (D Ovs AR 0,D 12vs AR 12andD 24 vs AR 24)
and during imbibition of dormant (D 12 vs D 0 and D 24 vs D 12) and after-ripened (AR 12
vs AR 0 and AR 24 vs AR 12) seeds. The negative and positive numbers on the bar show log2
fold change wvalues. Red colour indicates upregulation and green colour indicated
downregulation. GID, gibberellin insensitive dwarf, GAMYB, GA regulated MYB
transcriptional regulator and RHT, reduced height.

3.3.8 Validation of RNA-seq data

To validate the RNA-seq data, we conducted qPCR analysis of specific differentially expressed
genes selected from the data. Our data showed strong positive correlation (r > 0.9) between the
relative expression levels obtained from qPCR analysis and those determined from the RNA-

seq data (Appendix 17).

3.4 Discussion
In this study, we employed RNA-seq analysis to identify biological processes and ABA and GA
related candidate genes regulating seed dormancy. Comparative analysis of germination

between dormant and AR seeds has shown that after-ripening is effective in breaking seed
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dormancy in wheat (Carrera et al., 2008; Gao et al., 2012; Liu et al., 2013). We observed that
AR seeds germinated within 24 h imbibition. This indicates that the 24 h mark is crucial for
studying the mechanism of germination initiation (Liu et al.,2013; Li et al., 2022).

This study examined changes in gene expression within dormant and AR seeds as well
as between the two seed samples at 0, 12 and 24 h imbibition. Analysis of the RNA-seq data
showed differential expression of 33,905 genes between dormant and AR seeds at any stage
imbibition. In addition, the data revealed that there were only 82 DEGs between dry dormant
and dry AR seeds. This suggests that significant changes in gene expression mainly occur after
seed imbibition. Previous studies have also reported the minimal changes in gene expression
between dormant and non-dormant dry seeds, likely due to the absence of free water required
for enzymatic reactions in a completely dry state (Carrera et al., 2008; Sano and Marion-Poll,
2021). Studies have suggested that the occurrence of oxidation and Amadori-Maillard reactions
during after-ripening could be linked with the release of dormancy (El-Maarouf-Bouteau et al.,
2013; Nee et al., 2017). In contrast, imbibed dormant and AR seeds are characterized by large
sets of DEGs. Previous transcriptomic studies have identified a significant number of DEGs
between dormant and non-dormant seeds during imbibition in several plant species, including
Arabidopsis (Dekkers et al., 2016), barley (An and Lin, 2011), wheat (Gao et al., 2012), rice
(Xie et al., 2019; Liu et al., 2022), and peanut (Xu et al., 2020).

In addition, this study showed that the number genes that showed differential expression
during imbibition was higher in AR than the dormant seeds, suggesting that changes in
physiological and biochemical processes are more activated in imbibed AR than dormant seeds.
Our findings suggest that AR plays a significant role in regulating the expression of genes
participating in biological processes linked with seed dormancy and germination during the
process of imbibition, and the DEGs identified serve as reliable indicators of the specific

biological processes, cellular components, and molecular functions involved in seed dormancy.
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In general, the GO analysis indicated that energy production, hormonal responses, response to
stimulus, and stress-related metabolic pathways as biological processes are enriched with the
DEGs between dormant and AR seeds, suggesting that these biological processes play vital
roles in regulating seed dormancy in wheat, as reported previously (Gao et al., 2012; Lee et al.,
2021). In addition, GO terms related to membrane, cell, cell parts, and organelles are found to
be the most common in the cellular component category enriched with the DEGs while GO
terms related to catalytic activity, binding, and transporter activity are the most abundant in the
molecular function category (Lee et al., 2021; Wang et al., 2021), indicating the importance of
these GO terms in regulating seed dormancy in wheat.

Response to auxin, response to endogenous stimulus, response to hormone, response to
oxidative stress, antioxidant activity, pentose, arabinose, and polysaccharide metabolic
processes are among the GO terms enriched with DEGs between dormant and AR seeds at 12
HAI. Additionally, downregulation of genes associated with glutathione metabolic processes
in dormant seeds compared to AR seeds at 12 HAI points toward the importance of these
metabolic processes in dormancy decay. Glutathione (GSH) acts as a crucial component of
antioxidant systems that help to eliminate excessive ROS molecules (Koramutla et al., 2021).
Studies have indicated the role of GSH in breaking seed dormancy in barley and its significance
as a signaling molecule in regulating ABA signaling (Kalemba and Ratajczak, 2018; Koramutla
et al., 2021). Additionally, GO terms associated with cellular respiration, aerobic respiration,
generation of precursor metabolites and energy, and electron transport chain are enriched with
genes upregulated in dormant seeds at 24 HAI although dormant seeds did not germinate. The
downregulation of genes related to endopeptidase and peptidase inhibitor activity in AR seeds
at 24 HAI indicates enhanced mobilization of wheat storage proteins during and after

germination is consistent with previous studies (Gao et al., 2012). Overall, these results
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provided insights into the complex biological processes that controls dormancy and
germination.

ABA plays a vital role in regulating seed dormancy during maturation and imbibition.
Its biosynthesis is catalysed primarily by ZEP and NCED enzymes while its catabolism is
catalysed mainly by ABA 8'-hydroxylase, which belongs to the cytochrome P450 (CYP) 707A
family (Marin et al., 1996; Nambara et al., 2010). Previous research showed that the reduction
of ABA levels during the imbibition process is the cause for seed dormancy decay and
germination in cereals (Millar et al., 2006; Gubler et al., 2008). This reduction in seed ABA
levels is primarily linked to the expression patterns of the NCED and CYP707A genes (Nambara
et al., 2010; Tuan et al., 2018). The results of this study showed no differential expression of
TaZEP, TaVDE, TaNCED, TaAAO, and TaCYP707A4 genes between the dry dormant seeds and
dry AR seeds. Similarly, no difference in the amount of ABA was found between dry AR and
dry dormant seeds (Millar et al., 2006; Liu et al., 2013; Gubler et al., 2008). This study also
investigated the expression of ABA metabolic genes during imbibition. The results of this study
showed downregulation of 7aZEP in 12 h imbibed dormant seeds as compared to AR seeds.
However, the loss of function mutation in ZEP causes decreased seed dormancy in Arabidopsis
and Nicotiana plumbaginifolia (Koornneef et al., 1982; Marin et al., 1996) and overexpression
of ZEP leads to an increased dormancy in tobacco seeds (Frey et al., 1999). Therefore, the lack
of correlation between the expression pattern of ZEP and seed dormancy in this study might
suggest that ZEP expression is subjected to post-transcriptional regulatory mechanisms.

Furthermore, this study found upregulation of 7aNCED genes, including TaNCEDI1
(7TaNCED1 6B)and TaNCED3 (TaNCED3 54, TaNCED3 5B, TaNCED3 5D) in 12 h imbibed
dormant seeds as compared to AR seeds. By 24 h imbibition, only 7aNCEDS5 5B showed
upregulation in dormant seeds relative to AR seeds. These results suggest the temporal

differential roles of the 7aNCED gene family members in regulating ABA levels and seed
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dormancy. Similarly, upregulation of specific NCED genes such as HYNCEDI, TaNCEDI
and BANCED1 were reported in imbibed dormant seeds of barley, wheat, and Brachypodium,
respectively (Millar et al., 2006; Barrero et al., 2012; Jacobsen et al., 2013). Another study
found higher expression of 7aNCED?2 in both dry and imbibed seeds of a dormant wheat
genotype than that found in a non-dormant genotype (Son et al., 2016). A study by Hwang et
al. (2010) showed the role of NCED3 of rice in regulating seed dormancy through its ectopic
expression in Arabidopsis. Additionally, 7aAA0 (1aAAO 74, TaAAO 7B and TaAAO_7D)
genes showed upregulation in dormant seeds relative to AR seeds during imbibition, and this
result is in support of the role of ABA biosynthesis in controlling seed dormancy. For instance,
a study in Arabidopsis showed that mutation in 440 gene results in reduction in ABA content
and level of seed dormancy (Seo et al., 2000).

ABA catabolism plays a crucial function in the regulation of ABA levels (Nambara and
Marion-Poll, 2005; Tuan et al., 2018). The 7aCYP70741 6A4 gene showed downregulation at
12 HAI dormant seeds relative to AR seeds but exhibited no change in expression between the
two samples at 24 HAIL. On the other hand, 7aCYP70743 5B showed similar expression
between dormant and AR seeds at 12 HAI but showed a strong downregulation in dormant
seeds after 24 h imbibition. Thus, our findings suggest that genes related to ABA catabolism
have specific temporal functions. Previous reports have also indicated a higher expression of
CYP707A41 in non-dormant barley seeds relative to dormant seeds, which results in the decrease
of ABA levels (Millar et al., 2006) and repression of CYP707A1 that causes higher ABA level
and an increase in the degree of dormancy in barley (Gubler et al., 2008). It was also observed
that a single mutation in 7aCYP707A4 1D showed no effect on seed germination when compared
to the wild type whereas double mutations in 7aCYP707414 and 1TaCYP707A41D homeologs
caused an increase in ABA levels in the embryo and a decrease in the rate of germination,

indicating the importance of the two CYP707A4 1 homeologs in the regulation of ABA level and
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germination (Chono et al., 2013). A study in Arabidopsis demonstrated that ectopic expression
of the B genome copy of 7aCYP707A1 (TaCYP707A41B) is involved in regulating ABA level
and seed dormancy (Son et al., 2016). Additionally, research in rice showed a correlation
between reduced ABA levels and increased expression of OsCYP707A4 during imbibition of
non-dormant rice seeds (Zhu et al., 2009; Du et al., 2015).

The ABA signaling pathway plays a crucial role in seed dormancy and germination. Our
results showed the downregulation of the ABA receptor gene TaPYL (TaPYL4 2A, TaPYL4 4B,
TaPYL4 4D, TaPYL9 7A, and TaPYL10 1A4) in dormant seeds relative to AR seeds during
imbibition, and the expression patterns of 7aPYL genes did not show any correlation with
dormancy level. A previous gene expression analysis in wheat also showed similar
downregulation of PYL genes in dormant as compared to AR seeds following imbibition (Liu
et al., 2013). Our results also showed upregulation of 7aPP2Cs that regulate ABA signaling
negatively in dormant seeds compared to AR seeds during imbibition, but there was no
association between TaPPP2C expression and the dormancy level. Previous studies have also
observed a lack of association between the expression of PP2C and dormancy phenotype in
Arabidopsis and wheat seeds (Maia et al., 2014; Izydorczyk et al., 2018). Lack of correlation
between expression patterns of 7aPYL and TaPP2C genes might indicate that these two genes
are regulated post-transcriptionally. With respect to the 7aSnRK genes that regulate ABA
signaling positively, this study showed upregulation of 7aSnRKs in imbibed dormant seeds,
suggesting the positive role of these genes regulating seed dormancy in wheat. The
TaSnRK3 1A and TaSnRK3 IB gene showed upregulation in dormant seeds relative to AR
seeds during the whole imbibition period. However, 7TaSnRKI10 44 and TaSnRKI10 4D
exhibited similar expression between dormant and AR seeds at 12 HAI and showed
upregulation in dormant seeds at 24 HAI. A previous study in wheat revealed that loss of ABA

sensitivity with after-ripening is linked with the downregulation of specific SnRK2 genes in
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imbibed AR seeds (Liu et al., 2013). Another study showed that a triple mutant snrk2.2 snrk2.3
snrk2.6 in Arabidopsis resulted in the loss of seed dormancy (Fujji et al., 2009). The
transcription factors ABI3, ABI4 and ABIS are recognised as the key regulators mediating the
seed response to ABA (Holdsworth et al., 2008; Tuan et al. 2018; Ali et al. 2022). Results of
this study showed upregulation of TaABI5 (TaABI5 3B and TaABI5 3D) in 24 HAI dormant
seeds compared to AR seeds, suggesting an increase in ABA sensitivity and dormancy and
similar results have reported previously (Liu et al, 2013; Izydorczyk et al. 2018; Tuan et al.,
2021). A study in sorghum also reported higher expression levels of 4B15 and the ABIS protein
in seeds of a sorghum cultivar with high dormancy than a cultivar with low degree of dormancy
(Rodriguez et al., 2009).

GA is a key plant hormone that plays a crucial role in the regulation of seed dormancy
and germination (Tuan et al., 2018; Ali et al., 2019). The results of this study indicated
downregulation of the GA biosynthesis genes TaGA3ox and TaGA20ox in imbibing dormant
seeds as compared to AR seeds, suggesting a decrease in the amount of GA and maintenance
of dormancy. Similarly, loss of dormancy in AR barley and wheat seeds was shown to be linked
with an increase in the expression of the GA20ox and GA3ox genes, as well as a higher
concentration of bioactive GA1 (Gubler et al., 2008; Liu et al., 2013; Kashiwakura et al., 2016;
Tuan et al., 2018). In addition, increased expression of GA20ox orthologs of sorghum has been
reported to result in an elevated level of GAs in embryos of non-dormant sorghum seeds
(Rodriguez et al., 2012). This study also investigated the expression pattern of GA2o0x genes
that encode a major GA catabolic enzyme in plants. The results showed repression of 7aGA20x
genes including 7aGA20x3 34, TaGA20x3 3B, TaGA20x3 3D, and TaGA20x6 24 by 12 HAI
and TaGA20x3 34 and TuGA20x6 24 by 24 HAI in imbibing dormant as compared to AR
seeds. The observation of repression of the G420x genes could be due to the low level of GA

in the dormant seeds since this gene is known to feedback regulated by GA. Previous studies

95



have shown no change in the expression level of GA20x genes between dormant and non-
dormant seeds of Arabidopsis and wheat during their imbibition, suggesting a minor effect of
GA catabolism in controlling bioactive GA level and germination (Ogawa et al., 2003;
Izydorczyk et al., 2018).

GA signaling also plays a crucial role in regulating germination. Our results showed
upregulation of 7aGIDI (1aGIDI 1B and TaGIDI 1D) in 24 h imbibed dormant seeds as
compared to AR seeds, suggesting regulation of 7aGID1 by post-transcriptional mechanism. A
previous transcriptomic study in wheat also showed that 7aGIDI exhibited either similar
expression or upregulation in imbibed dormant compared to AR seeds (Liu et al., 2013). Such
lack of correlations between seed dormancy levels and expression profile of GIDI have been
documented in barley and wheat by other studies (Barrero et al., 2009; Izydorczyk et al., 2018;
Tuan et al., 2018). In agreement with these results, mutations in GIDI of rice have no effect on
germination but result in the suppression of a-amylase activity (Sasaki et al., 2003; Ueguchi-
Tanaka et al., 2005). This study also found upregulation of TaGAMYB (TaGAMYB1 1B and
TaGAMYBI 1D) in imbibed dormant seeds compared to AR seeds, indicating lack of
correlation between expression of this gene and dormancy phenotype. However, a loss of
function mutation in GAMYB of rice, which inhibits the expression of a-amylase, did not affect

seed germination (Kaneko et al., 2004).
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4.0 GENERAL DISCUSSION AND CONCLUSION

Wheat is one of the most widely cultivated cereal crop and serves as a staple food for billions
of people globally. However, wheat production faces various challenges, including preharvest
sprouting (PHS). PHS is the germination of seeds on the mother plant due to humid and rainy
weather conditions and significantly reduces the quality of wheat grains. Moreover, climate
change is resulting in more frequent and intense extreme weather occurrences such as heavy
precipitation and heatwaves, all of which can contribute to the conditions conducive to PHS
and therefore worsening the problem. Seed dormancy is considered as the key genetic factor
determining PHS resistance in which varieties with inadequate or low seed dormancy levels
are susceptible to PHS. Therefore, researchers are keenly interested in understanding the
molecular mechanisms of seed dormancy to improve PHS resistance in wheat. With the advent
of NGS technologies, RNA sequencing (RNA-seq) has become the preferred method for
genome-wide transcriptomic analysis of different crop traits, including seed dormancy. RNA-
seq provides a comprehensive and accurate assessment of gene expression levels and does not
rely on pre-existing genomic annotations.

This thesis project conducted a comparative genome-wide transcriptomic analysis
between dormant and after-ripened (AR) or non-dormant seeds of wheat. It initially examined
the effect of after-ripening on dormancy release, and our results indicated that after-ripening
effectively breaks seed dormancy. RNA-seq analysis of the AR and dormant seeds revealed
differential expression of 33,905 genes between the two seeds before and during their
imbibition. Our data also showed that major changes in gene expression occur primarily during
seed imbibition as only a few DEGs were detected between dry dormant and AR seeds. Gene
ontology (GO) analysis was performed to annotate and categorize differentially expressed
genes based on their molecular functions, biological processes, and cellular components. GO

analysis showed that after-ripening upregulates the expression of genes involved in glutathione
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metabolic process, response to hormone, response to organic substance, response to oxidative
stress, growth, and oxidoreductase activity. While the genes downregulated in AR seeds were
related to endopeptidase and peptidase inhibitor activity, electron transport chain,
photosynthesis and pentose metabolic process GO terms. Overall, these results suggests that
these processes may regulate seed transition from dormancy to germination.

This study also examined the expression pattern of genes involved in ABA and GA
metabolism and signaling. Genes involved in ABA biosynthesis, specifically 7aNCEDI and
TaNCED3 exhibited upregulation in dormant seeds relative to AR seeds at 12 HAI, while only
TaNCEDS5 shows upregulation by 24 HAI in dormant seeds. These findings indicate
temporally distinct roles of 7aNCED gene family members in controlling ABA levels and
seed dormancy. Furthermore, 74440 exhibited higher expression in dormant seeds compared
to AR seeds during imbibition. This finding provides further evidence for the involvement of
ABA biosynthesis in regulating ABA level and seed dormancy. The study also indicated
downregulation of TaCYP707A1 in dormant relative to AR seeds at 12 HAI. In addition,
downregulation of TaCYP707A3 was observed in dormant seeds at 24 HAI, suggesting that
genes related to ABA catabolism also have temporally distinct functions. A lack of correlation
was observed between the expression patterns of specific genes involved in ABA signaling
(TaPYL and TaPP2C) and the level of seed dormancy, suggesting post-transcriptional
regulation of these genes. In contrast, our data showed upregulation of 7aSrRK, a positive
regulator of ABA signaling, and 7a4BI5, a downstream transcription factor, in dormant seeds
indicating their involvement in maintaining seed dormancy. With respect to the expression
pattern of genes involved in GA metabolism, 7aGA3ox and TaGA20ox exhibited
downregulation in dormant seeds relative to AR seeds during imbibition, suggesting reduction
in GA level and maintenance of dormancy. The decreased expression of GA catabolism gene,

TaGA20x, in imbibing dormant seeds as compared to AR seeds may suggest feedback
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regulation of this gene by GA. The results of this study also showed lack of correlation between
the level of dormancy and expression patterns of genes involved in GA signaling (GID] and
GAMYB), suggesting their regulation by post-transcriptional mechanisms.

In summary, the findings of this study provided important information about
transcriptional regulations of wheat genes representing biological processes and molecular
functions associated with seed dormancy as well as genes involved in the metabolism and
signaling pathways of ABA and GA, which play crucial roles in controlling dormancy.
However, functional characterization of these genes through the use of different methods such
as CRISPR/Cas9-mediated gene knockout and gene overexpression study are required to

confirm their roles in regulating seed dormancy.
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Appendix 1. Primer sequences used for qPCR.

APPENDIX

Gene Type Primer sequence (5'to 3")

TaEAR1 FP GAGGTGGTGGACAGAGGAAC
TaEAR1 RP CTGCCGACGAACTTGTTGAT
TaNCED3 FP GTATGACTCGGACGATTCCC
TaNCED3 RP CATGCAGGAGCAAATGATGAC
TaPGAM FP GAGATGATCGACGACCAGATG
TaPGAM RP TAGCTGAAATGGGTGAAGAAGG
TaGA20X3 FP CGGCTGTCGGTGATCTACTT
TaGA20X3 RP TTGTAGGCGGCCTTCTTGTA
TaTIP1-2 FP CATCGCCATCGGCTTCATC
TaTIP1-2 RP CCCAGTGGTTCTCCCAGAC
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Appendix 2. Volcano plot showing the number of DEGs between dormant seeds at 0 and 12
HALI (a) 0 and 24 HAI (b) 12 and 24 HAI (c). The x-axis represents the log2 fold change, while
the y-axis represents the P-values. The upregulated genes are depicted in red, while the
downregulated genes are depicted in green. Genes exhibiting no significant differential
expression between the respective comparison are represented in blue.
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Appendix 3. Volcano plot showing the number of DEGs between after-ripened seeds at 0 and
12 HAI (a) 0 and 24 HAI (b) 12 and 24 HAI (c). Graph descriptions are as shown in Appendix

2.
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Appendix 4. Volcano plot showing the number of DEGs between dormant and after-ripened
seeds at 0 and 12 HAI (a) 0 and 24 HAI (b) 12 and 24 HAI (c). Graph descriptions are as shown
in Appendix 2.

(a) (b)

D_OvsAR_0O D_12vsAR_12
40
.
.
.
s
200 prete
30 o
oo
s
i
padj<0.05 _ 2 padj<0.05
5 llog2FoldChangel-1 & % ?. o Jlog2FoldChangel>1
g s . uPa3 1 ."‘-.o o Pl
2 * DOWN3s 2 _'.?}" * DOWNs6o8
2 © NO 103363 - . 2 + NO 105209
100 oy 5 T
. ;
. . 3
£ . 3
10
]
e 13014 -*
Efl ] RN m
log2FoldChange
D_24vsAR_24
200
_ padj<0.05
T |log2FoldChange|>1
g * uPoTaT
2 * DOWN 19453
2 + NO 113352

190

1201

125



Appendix 5. Gene ontologies enriched with genes differentially expressed between 0 and 12 HAI
dormant seeds. Different colours of the bar graphs represent the three main gene ontology domains:

biological process (BP), cellular component (CC) and molecular function (MF).
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Appendix 6. Gene ontologies enriched with genes downregulated (a) and upregulated (b) in 0 HAI as

compared to 12 HAI dormant seeds. Graph descripitions are as shown in Appendix 5.
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Appendix 7. Gene ontologies enriched with genes differentially expressed between 12 and 24 HAI

dormant seeds. Graph descriptions are as shown in Appendix 5.

Category

I oer
=

<
(Iped)oBof-

CcC

v

2 3

5

5

8
7
8 4
II |

111

1

1

10
4
5
III : a : :
5 Y O S

9
II |

10

2
(o]

128



Appendix 8. Gene ontologies enriched with genes downregulated (a) and upregulated (b) in 12 HAI

as compared to 24 HAI dormant seeds. Graph descriptions are as shown in Appendix 5.
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Appendix 9. Gene ontologies enriched with genes differentially expressed between 0 and 12 HAI

after-ripened seeds. Graph descriptions are as shown in Appendix 5.
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Appendix 10. Gene ontologies enriched with genes downregulated (a) and upregulated (b) in 0 HAI

as compared to 12 HAI after-ripened seeds. Graph descriptions are as shown in Appendix 5.
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Appendix 11. Gene ontologies enriched with genes differentially expressed between 12 and 24 HAI

after-ripened seeds. Graph descriptions are as shown in Appendix 5.
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Appendix 12. Gene ontologies enriched with genes downregulated (a) and upregulated (b) in 12 HAI

as compared to 24 HAI after-ripened seeds. Graph descriptions are as shown in Appendix 5.
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Appendix 13. DEGs involved in ABA metabolism

D 0vsAR 0 D_12vsAR_12 D_24vs AR 24 D_12vD_0 D 24vsD_12 AR _12vs AR 0 AR _24 vs AR 12
IWGSC gene ID Gene ]l;ggz ]l*:lCn “ 52-11ue ll;ggz ll;lCn “ \l:xlue ll;ggz ll;g “ :;lue ll;?:gz ll‘:é:" “ \[:;lue ll;?:gz ll‘:é:" “ \Zlue Il‘: ggz Il‘: iCnear Sz-ilue ]I;ggz II‘:iCnear 52-1|ue
TraesCS2A03G0784800 ZEP_24 -0.08 -1.06 0.59 -1.55 -2.93 0.00 0.05 1.04 0.81 -1.56 -2.95 0.00 0.01 1.01 0.97 -0.07 -1.05 0.61 -1.66 -3.15 0.00
TraesCS2B03G0871900 ZEP 2B -0.38 -1.30 0.02 <230 494 0.00 -1.61 -3.05 0.00 -0.06 -1.04 0.70 -0.62 -1.53 0.00 1.89 3.71 0.00 -1.38 -2.60 0.00
TraesCS2D03G0723400 ZEP_2D -0.05 -1.04 0.74 -1.92 378 0.00 -0.61 -1.53 0.00 -1.97 -3.91 0.00 0.16 1.12 0.43 -0.08 -1.06 0.58 -1.21 -2.32 0.00
TraesCS2A03G0699100 VDEI 24 2.59 6.02 0.75 0.67 1.59 0.73 -3.02  -8.10 0.00 2.08 423 0.24 -1.09 -2.13 0.52 4.36 20.52 0.23 2.65 6.27 0.01
TraesCS2B03G0779000 VDEI 2B 4.67 25.39 0.26 2.65 6.28 0.08 -1.79 346 0.01 0.73 1.66 0.65 -0.20 -1.15 0.91 3.22 9.32 0.52 4.20 18.44 0.00
TraesCS2D03G0648100 VDEI 2D -0.63 -1.54 0.70 0.30 1.23 0.39 -0.79  -1.73 0.06 2.58 5.98 0.00 -0.25 -1.19 0.00 1.66 3.17 0.04 0.78 1.71 0.01
TraesCS6B03G0859400 NCEDI_6B -1.00  -2.01 0.78 2.03 4.08 0.03 -097  -1.96 0.07 229 4.90 0.04 0.38 1.30 0.61 -0.74 -1.66 0.75 3.33 10.06 0.00
TraesCS6D03G0608400 NCEDI_6D 0.94 1.92 0.70 0.54 1.46 0.14 -1.33 -2.52 0.00 2.66 6.34 0.00 -0.65 -1.57 0.22 3.12 8.70 0.00 1.14 221 0.00
TraesCS5A03G0898000 NCED3_54 0.72 1.65 0.11 2.78 6.87 0.00 -0.93 -1.90 0.03 -0.28 -1.21 0.42 -0.26 -1.20 0.53 -2.31 -4.95 0.00 3.39 10.48 0.00
TraesCS5B03G0943700 NCED3_5B 3.01 8.03 0.03 1.67 3.17 0.00 -0.62  -1.53 0.09 1.79 3.47 0.00 0.28 1.22 0.51 3.20 9.21 0.01 2.50 5.66 0.00
TraesCS5D03G0859900 NCED3_5D 0.68 1.60 0.23 3.92 15.11 0.00 -0.53 -1.44 0.36 -1.67 -3.19 0.00 0.09 1.07 0.87 -4.84 -28.55 0.00 447 22.09 0.00
TraesCS2D03G0580300 NCED4_2D 0.68 1.60 0.89 -2.75 -6.72 0.66 2.08 423 0.22 -4.07 -16.81 0.27 5.42 42.75 0.03 -0.79 -1.73 0.79 0.70 1.62 0.85
TraesCS5B03G0068800 NCEDS5_5B 0.96 1.94 0.04 0.98 1.97 0.00 2.36 5.12 0.00 3.17 9.00 0.00 -0.80 -1.74 0.00 3.17 9.01 0.00 -2.23 -4.71 0.00
TraesCS5D03G0099600 NCEDS5_5D 0.49 1.40 0.06 -026  -1.19 0.06 0.76 1.69 0.00 2.10 429 0.00 -0.72 -1.65 0.00 2.87 7.31 0.00 -1.80 -3.47 0.00
TraesCS7A03G1236900 AAO_74 -0.01 -1.01 0.98 1.94 3.83 0.00 1.13 2.19 0.00 0.47 1.38 0.01 0.30 1.23 0.15 -1.46 -2.74 0.00 1.04 2.06 0.00
TraesCS7B03G1123600 AAO_7B 0.41 1.33 0.02 2.38 5.19 0.00 1.69 323 0.00 -0.26 -1.20 0.12 -0.07 -1.05 0.72 -2.20 -4.59 0.00 0.56 1.47 0.00
TraesCS7D03G1177500 AAO_7D 0.58 1.50 0.00 2.71 6.53 0.00 0.79 1.73 0.00 -0.18 -1.13 0.27 0.10 1.08 0.57 -2.28 -4.85 0.00 1.96 3.88 0.00
TraesCS6A03G0725000 CYP70741_64 0.12 1.09 0.45 -1.34 253 0.00 -092  -1.89 0.00 -2.49 -5.63 0.00 -0.24 -1.18 0.26 -1.01 -2.02 0.00 -0.72 -1.65 0.00
TraesCS6B03G0858400 CYP70741_6B 0.37 1.29 0.01 -038  -1.30 0.01 -0.65 -1.57 0.00 -1.91 -3.77 0.00 -0.35 -1.28 0.08 -1.14 -2.20 0.00 -0.14 -1.11 0.34
TraesCS5B03G0619900 CYP70743_5B 1.75 3.37 0.13 0.09 1.06 0.94 <746 -1755 0.00 -0.15 -1.11 0.90 -6.97 -125.1 0.00 1.55 293 0.13 0.57 1.48 0.41
TraesCS5D03G0566800 CYP70743_5D 0.34 1.26 0.49 -0.12  -1.09 0.86 0.93 1.90 0.16 -1.94 -3.83 0.00 0.67 1.59 0.22 -1.46 -2.75 0.01 -0.44 -1.36 0.50
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Appendix 14. DEGs involved in ABA signaling

D 0vsAR 0 D_12vsAR_12 D_24vs AR 24 D_12vsD_0 D 24vsD_12 AR _12vs AR 0 AR _24 vs AR 12
. N A T
TraesCS2A03G0179800 PYL4 24 -0.27  -1.20 0.50 -1.05 2,07 0.00 -1.96  -3.90 0.00 2.16 4.47 0.00 -1.36 -2.56 0.00 2.96 7.80 0.00 -0.51 -1.42 0.00
TraesCS4B03G0534100 PYL4_4B -1.57 297 0.58 -3.94  -1533 0.00 -6.62  -98.10  0.00 2.07 4.20 0.14 -0.13  -1.10 1.00 4.39 20.93 0.00 233 5.04 0.00
TraesCS4D03G0474100 PYL4_4D -4.18  -18.07  0.26 -3.00  -7.99 0.00 -4.74 2674 0.00 6.78 11026  0.00 0.06 1.04 0.95 4.98 31.51 0.00 1.57 2.98 0.00
TraesCS7A03G0875800 PYL9 74 5.71 52.51 0.03 0.35 1.28 0.05 -lL1s 222 0.00 4.55 23.41 0.00 -0.79  -1.73 0.00 10.31 1270.60  0.00 0.65 1.57 0.00
TraesCS1A03G0514200 PYLI0_14 0.21 1.16 0.29 -0.92  -1.90 0.00 215 444 0.00 -0.36 -1.28 0.05 -0.18  -1.14 0.45 0.80 1.74 0.00 0.99 1.98 0.00
TraesCS3A03G0611800 PP2C8 34 0.25 1.19 0.67 0.80 1.74 0.02 1.85 3.60 0.00 0.85 1.80 0.03 0.63 1.55 0.04 0.33 1.26 0.49 -048  -1.40 0.22
TraesCS3B03G0691500 PP2C8 3B 1.03 2.05 0.02 1.34 2.53 0.00 531 39.61 0.00 0.60 1.52 0.05 0.39 1.31 0.22 0.33 1.25 0.53 -3.66  -12.63 0.00
TraesCS3D03G0560900 PP2C8 3D 0.27 1.21 0.55 1.35 2.55 0.00 245 5.48 0.00 1.48 2.78 0.00 -0.10  -1.07 0.68 0.42 1.34 0.31 -1.27 241 0.00
TraesCS4A03G0193400 PP2C30_44 -0.31 -1.24 0.61 3.70 12.99 0.00 0.59 1.50 0.17 1.30 247 0.00 -0.19  -1.14 0.65 -2.67 -6.36 0.00 2.87 7.29 0.00
TraesCS2A03G0000700 PP2C37_24 0.13 1.09 0.57 1.22 233 0.00 295 7.74 0.00 -1.23 235 0.00 0.36 1.29 0.15 2231 -4.95 0.00 -1.43 -2.69 0.00
TraesCS2B03G0000400 PP2C37 2B 0.22 1.17 0.32 0.78 1.72 0.00 2.94 7.68 0.00 -0.83  -1.78 0.00 0.00 -1.00 1.00 -1.36 -2.57 0.00 222 467 0.00
TraesCS1A03G0875600 PP2C50_14 0.39 1.31 0.27 2.53 5.79 0.00 2.59 6.02 0.00 -0.03  -1.02 0.93 0.04 1.03 0.89 -2.16 -4.46 0.00 -0.07  -1.05 0.93
TraesCS3A03G0639700 PP2C50_34 -0.08  -1.06 0.73 1.69 323 0.00 2.56 5.88 0.00 0.18 1.13 0.35 0.24 1.18 0.31 -1.57 -2.97 0.00 -0.69  -1.61 0.02
TraesCS3B03G0718700 PP2C50_3B -0.14  -1.10 0.58 1.75 335 0.00 1.32 2.50 0.00 0.45 1.37 0.03 -0.11 -1.08 0.62 -1.41 -2.65 0.00 0.25 1.19 0.24
TraesCS3D03G0584600 PP2C50_3D -0.05  -1.04 0.81 1.70 324 0.00 1.72 3.29 0.00 0.10 1.07 0.65 0.57 1.48 0.02 -1.63 -3.09 0.00 0.48 1.40 0.17
TraesCS1A03G1005000 PP2C51_14 0.76 1.69 0.13 1.58 2.99 0.00 2.29 4.90 0.00 -0.90  -1.87 0.04 0.33 1.26 0.49 -1.70 -3.25 0.00 -047  -1.38 0.33
TraesCS1B03G1186600 PP2C51_1B 0.22 1.17 0.74 2.09 424 0.00 1.16 223 0.02 0.07 1.05 0.90 -0.02  -1.01 1.00 -1.75 -3.37 0.04 0.84 1.79 0.25
TraesCS1D03G0967400 PP2C51_1D 0.20 1.15 0.63 0.03 1.02 0.94 1.23 2.35 0.01 -0.01 -1.00 1.00 -0.10  -1.07 0.80 0.19 1.14 0.67 -1.36 2,57 0.00
TraesCS5A03G0486100 PP2C68 54 0.48 1.40 0.22 4.16 17.88 0.00 235 5.10 0.00 -0.41 -1.33 0.24 -0.18  -1.14 0.71 -4.04 -16.48 0.00 1.56 2.94 0.06
TraesCS5D03G0449300 PP2C68_5D 1.24 2.36 0.01 2.29 4.90 0.00 1.86 3.63 0.00 0.67 1.60 0.02 0.09 1.06 0.79 -0.36 -1.28 0.59 0.46 1.38 0.36
TraesCS1A03G0569000 SnRK3 14 0.47 1.38 0.04 1.62 3.08 0.00 2.83 7.11 0.00 -0.08  -1.06 0.68 0.73 1.66 0.00 -1.21 232 0.00 -0.53 -1.45 0.02
TraesCS1B03G0660500 SnRK3_IB 1.15 222 0.16 3.17 8.99 0.00 4.99 31.74 0.00 -026  -1.20 0.23 0.70 1.62 0.01 -2.25 -4.71 0.14 -L18 226 0.53
TraesCS4A03G0621500 SnRK10_44 0.00 -1.00 0.98 0.77 1.71 0.00 2.82 7.07 0.00 -1.44 271 0.00 0.35 1.27 0.07 -2.19 -4.57 0.00 -1.76 - -3.39 0.00
TraesCS4D03G0149100 SnRK10_4D -0.16  -1.12 0.26 0.50 1.41 0.00 2.19 4.57 0.00 -1.55 293 0.00 0.16 111 0.42 -2.19 -4.57 0.00 -1.60  -3.02 0.00
TraesCS3A03G0880400 ABI5 34 0.30 1.23 0.08 0.93 1.91 0.00 3.36 10.30 0.00 -0.17  -1.12 0.25 -0.11 -1.08 0.57 -0.78 -1.71 0.00 -2.61 -6.09 0.00
TraesCS3B03G1007500 ABI5 3B 0.44 1.35 0.01 0.53 1.44 0.00 3.01 8.05 0.00 0.60 1.51 0.00 -0.02  -1.01 0.92 0.53 1.44 0.00 2256 -5.90 0.00
TraesCS3D03G0808000 ABI5_3D 0.53 1.44 0.00 0.01 1.01 0.94 2.38 5.22 0.00 0.32 1.24 0.02 -0.56  -1.47 0.00 0.86 1.81 0.00 299 -7.96 0.00
TraesCS2A03G0203300 ABI5 24 1.06 2.08 0.24 -036  -1.28 0.59 -1.64 313 0.02 111 -2.15 0.09 0.36 1.28 0.72 0.33 1.25 0.73 1.63 3.10 0.00
TraesCS4A03G0272300 ABI5_44 0.32 1.25 0.72 -0.31 -1.24 0.45 -1.89  -3.70 0.01 0.75 1.69 0.16 -0.96  -1.95 0.23 1.41 2.66 0.01 0.59 1.51 0.07
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Appendix 15. DEGs involved in GA metabolism

D 0vsAR 0 D_12vsAR_12 D_24vs AR 24 D_12vsD_0 D 24vsD_12 AR _12vs AR 0 AR _24 vs AR 12
Woscine e L L T L D Bl G Bl e BoLe e bobe D Lohe De
TraesCS1A03G0294800 CPSI1_14 -0.52 -1.44 0.41 -1.20 230 0.00 -0.55  -1.46 0.28 0.40 1.32 0.49 -0.10  -1.07 0.88 1.09 213 0.00 -0.82  -1.77 0.02
TraesCS7A03G1343500 CPS1_74 0.02 1.02 0.98 1.02 2.02 0.06 0.95 1.94 0.16 -l.46 275 0.00 0.13 1.09 0.82 242 =537 0.00 0.13 1.10 0.90
TraesCS7B03G1281000 CPS1_7B -0.18  -1.13 0.42 0.80 1.74 0.00 0.76 1.69 0.03 -1.03 -2.04 0.00 -0.35  -1.28 0.27 -1.98 -394 0.00 -0.38  -1.30 0.20
TraesCS7B03G0729700 K02 7B 0.11 1.08 0.58 -0.19  -1.14 0.24 1.06 2.09 0.00 -0.83  -1.77 0.00 0.07 1.05 0.76 -0.50  -1.41 0.01 -1.25 -2.38 0.00
TraesCS4A03G1158000 K401 44 0.23 1.18 0.29 -0.13  -1.09 0.48 -l.44 271 0.00 0.05 1.04 0.82 -0.03  -1.02 0.91 0.43 1.35 0.02 1.22 232 0.00
TraesCS5B03G0103000 K401 5B -046  -1.38 0.40 -0.83  -1.78 0.03 -1.29 244 0.01 -0.18  -1.14 0.72 -0.36  -1.29 0.52 0.20 1.15 0.66 0.05 1.03 0.91
TraesCS5D03G0113400 K401 5D 0.94 1.92 0.35 -0.94  -1.91 0.51 212 434 0.00 -2.31 -4.96 0.00 1.31 248 0.18 -040  -1.32 0.84 248 5.59 0.01
TraesCS4A03G0796400 GA200x1-4_44 0.26 1.20 0.93 -2.86  -727 0.00 -329 976 0.00 1.09 2.12 0.24 0.10 1.07 0.96 4.20 18.39 0.00 0.50 1.41 0.03
TraesCS5B03G1356500 GA200x1-A_5B 240 -526 0.06 -3.39 -1047  0.00 222 -4.66 0.00 4.18 18.10 0.00 0.29 1.23 0.50 5.15 35.59 0.00 -0.92  -1.89 0.00
TraesCS5D03G1210400 GA200x1-D_5D -0.22 -1.16 0.94 -3.12 872 0.00 236 -5.13 0.00 3.06 831 0.00 0.16 1.12 0.70 6.01 64.28 0.00 -0.65 -1.57 0.00
TraesCS3A03G0950800 GA200x2_34 3.50 11.32 0.54 -1.94 383 0.00 0.51 1.42 0.46 233 5.04 0.06 1.25 2.38 0.11 8.14 281.45 0.00 -1.28 243 0.01
TraesCS3B03G1087000 GA200x2_3B 0.77 1.71 0.72 <250 -5.65 0.00 -022  -1.16 0.59 1.91 3.76 0.01 111 2.16 0.01 5.21 37.02 0.00 -1.23 -2.35 0.00
TraesCS3A03G0268400 GA3ox2-1_34 3.75 13.49 0.31 -432 -19.95 0.00 -6.40  -8430  0.00 0.21 1.16 1.00 0.19 1.14 1.00 8.68 410.96 0.00 1.87 3.65 0.00
TraesCS3B03G0336700 GA3ox2-3_3B 0.68 1.60 0.89 -5.40 4229  0.00 -5.04  -33.01 0.00 0.30 1.23 1.00 2.12 4.34 0.11 6.43 86.02 0.00 1.60 3.03 0.00
TraesCS3A03G0732000 GA20x3 34 1.43 2.70 0.46 -1.97 392 0.00 -1.32 250 0.00 3.70 12.99 0.00 -0.34  -1.27 0.28 7.07 134.34 0.00 -1.04  -2.06 0.00
TraesCS3B03G0838600 GA20x3 3B 1.01 2.01 0.39 <206  -4.17 0.00 -091  -1.87 0.00 341 10.62 0.00 0.00 1.00 0.98 6.51 91.12 0.00 -1.22 234 0.00
TraesCS3D03G0675100 GA20x3_3D -033  -126 1.00 -1.39 263 0.00 0.03 1.02 0.97 5.63 49.48 0.00 -0.08  -1.06 0.82 6.68 102.56 0.00 -1.55 -2.94 0.00
TraesCS2A03G0918900 GA20x6_24 0.86 1.82 0.39 <252 =573 0.00 -3.08  -8.43 0.00 1.95 3.86 0.00 0.03 1.02 0.94 5.35 40.75 0.00 0.49 1.41 0.03
TraesCS2B03G1008100 GA20x6_2B 0.19 1.14 0.71 -0.72 -1.65 0.00 -0.81  -1.75 0.00 2.73 6.65 0.00 -046  -1.37 0.09 3.67 12.72 0.00 -0.43 -1.35 0.01
TraesCS2D03G0858900 GA20x6_2D 1.41 2.65 0.03 -0.70  -1.62 0.00 -0.65  -1.57 0.03 2.60 6.05 0.00 -0.85  -1.80 0.00 4.73 26.61 0.00 -0.96  -1.94 0.00
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Appendix 16. DEGs involved in GA signaling

D 0vsAR 0 D_12vsAR_12 D_24vs AR 24 D_12vsD_0 D 24vsD_12 AR_12vs AR 0 AR _24 vs AR 12
Woscine e L L T L D Bl G Bl e BoLe e bobe D Lohe De
TraesCS1B03G0743300 GIDI1_1B 0.14 1.10 0.51 0.08 1.06 0.60 1.09 213 0.00 0.20 1.15 0.28 0.64 1.55 0.00 0.29 1.22 0.13 -0.45 -1.36 0.00
TraesCS1D03G0613500 GID1_ID 0.19 1.14 0.27 -0.02  -1.01 0.87 1.02 2.03 0.00 1.44 2.71 0.00 0.57 1.48 0.00 1.68 3.20 0.00 -0.54  -145 0.00
TraesCS2D03G0307200 GIDIC 2D 275 -6.74 0.74 0.95 1.94 0.22 0.16 1.12 0.77 6.96 12420 0.00 0.21 1.15 0.74 2.65 6.27 0.13 0.92 1.90 0.24
TraesCS1A03G0764700 GAMYBI_14 -0.15  -L.11 0.43 0.35 1.28 0.02 0.75 1.68 0.00 -0.75  -1.69 0.00 -0.03  -1.02 0.88 -1.23 235 0.00 -048  -1.40 0.00
TraesCS1B03G0874000 GAMYBI_IB 0.30 1.23 0.62 2.79 6.92 0.00 2.18 4.53 0.00 0.67 1.60 0.14 0.31 1.24 0.52 -1.79 =345 0.01 0.86 1.81 0.16
TraesCS1D03G0731600 GAMYBI_ID -0.14  -1.10 0.44 1.17 2.26 0.00 1.21 231 0.00 -0.79  -1.73 0.00 0.03 1.02 0.93 -2.08 423 0.00 -0.07  -1.05 0.79
TraesCS4D03G0067000LC  RHTI_4D -1.55 0 -2.92 0.71 -048  -1.40 0.36 -1.21 -2.32 0.47 3.08 8.46 0.00 -1.32 249 0.42 1.96 3.89 0.07 -0.68  -1.60 0.24
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Appendix 17. Validation of the RNA-seq data with qPCR. Comparison of relative expression values
of selected differentially expressed genes between the RNA-seq and qPCR data. TaEARI (a)
TaNCED3 (b) TaPGAM (c) TaGA20x3 (d) TaTIPI1-2 (e).

(a) (b)
TaEAR1 (R=0.90) —@— RNA-seq TaNCED3 (R=0.94) —— RNA-seq
- - _ - =@ =« (RT-PCR
4 ~-% -- (RT-PCR - 4 _ 25 - ! r 25 _
3 5 3 3
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g 3 L3 g & 2 3
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g 2 2 2 g 2
o & K ks
0 : : : : : 0 0 *
* 3> > * 3 N
Q' N Vv N Vv
A
Samples Samples
(©) (d)
TaPGAM (R=0.92) —@— RNA-seq TaGA20x3 (R=0.95) —@— RNA-seq
- =@ --gRT-PCR - =% -~ qRT-PCR
15 - r 15 _ 8 1 -8
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AAO3

ABA

ABA2

ABF

ABF

ABI

AFLP

AR

AREB

ASGS5

BP

BR

BWA

BWT

cDNA

CK

CPS

CWRS

DAP

DEGs

DNA

DOG1

DPA

Abbreviations

abscisic aldehyde oxidase 3

abscisic acid

ABA deficient 2

ABA-responsive element binding factor
ABRE binding factor

abscisic acid insensitive

amplified fragment length polymorphism
after-ripened

ABA-responsive element binding protein
altered seed germination 5

before present

brassinosteroids

burrows-Wheeler Aligner
burrows-Wheeler transform
complementary DNA

cytokinins

copalyl diphosphate synthase

Canada Western Red Spring

days after pollination

differentially expressed genes
deoxyribonucleic acid

Delay of Germination 1

days post anthesis

139



ERAS

ESR

FM

FPKM

GA

GAl30x

GA200x

GA20x

GA3ox

GAI

GAMYB

GARE

GGDP

CDP

GGPP

GID1

GID2

GO

GSH

GTF

HAI

HDA6

IDP

IWGSC

JA

enhanced response to ABA8
embryo-surrounding region
ferragina-Manzini

fragments per kilobase per million mapped fragments
gibberellin

GA13-oxidase

GA 20-oxidase

GA 2-oxidase

GA 3-oxidase

GA-INSENSITIVE

GA regulated MYB transcriptional regulator
GA-responsive elements

geranyl-geranyl diphosphate

copalyl diphosphate

geranylgeranyl pyrophosphate

gibberellin insensitive dwarf 1

gibberellin insensitive dwarf 2

gene Ontology

glutathione

gene transfer format

hours after imbibition

histone deacetylase 6

isopentenyl diphosphate

International Wheat Genome Sequencing Consortium

jasmonates
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KAO
KEGG
KO
KS
LMA
MD
MPD
mRNA
NB
NCED
NGS
NSY
ODDs
PA

PD
PD-D
PD-I
PD-N
PHS
phy
PIF1
PIF6
PP2Cs
PY

PYL

kaurenoic acid oxidase

Kyoto Encyclopedia of Genes and Genomes

kaurene oxidase

kaurene synthase

late-maturity a-amylase
morphological dormancy
morphophysiological dormancy
messenger ribonucleic acid
negative binomial
9-cis-epoxycarotenoid dioxygenase
next generation sequencing
neoxanthin synthase
oxoglutarate-dependent dioxygenases
phaseic acid

physiological dormancy

deep physiological dormancy
intermediate physiological dormancy
non-deep physiological dormancy
preharvest sprouting

phytochrome
phytochrome-interacting factor 1
phytochrome-interacting factor 6
protein phosphatase 2Cs

physical dormancy

pyrabactin-like
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PYR
qPCR
RCAR

RHT

RNA-seq
RPKM
rRNA
RT

SA

SCF

SIL1
SnRK2s
TPM
TPSs
VDE

ZEP

pyrabactin resistance

quantitative polymerase chain reaction

regulatory components of ABA receptors

reduced height

ribonucleic acid

RNA sequencing

reads per kilobase of transcript per million mapped
ribosomal RNA

reverse transcription

salicylic acid

S-phase-kinase-associated protein 1, Cullin-1/Cdc53, F-Box

protein

modifiers of silencing 1
SNF1-related protein kinase2s
transcripts per kilobase million
terpene synthases

violaxanthin de-epoxidase

zeaxanthin epoxidase
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