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ABSTRACT
Toora, Parneet Kaur. M.Sc. The University of Manitoba, November, 2018. Genetic and
molecular bases of abscisic acid and gibberellin metabolism in regulating seed dormancy in
malting barley. M.Sc. supervisor: Dr. Belay T. Ayele.
Preharvest sprouting (PHS), the germination of the grain prior to harvest under high moisture
conditions, is one of the major problems for barley producers and malting industry since it causes
reduction in yield and malt quality. PHS is associated with the level of dormancy, a trait that blocks
the germination of an intact viable seed under favorable environmental conditions. Reduced seed
dormancy allows the seeds to germinate under suitable environmental conditions and causes PHS
whereas high dormancy leads to non-uniform germination and problems in the malting process.
Therefore, controlling the level of seed dormancy is important in barley to prevent PHS damage
and permit uniform germination after harvest during malting. Abscisic acid (ABA), which induces
dormancy, and gibberellin (GA), which induces germination, are plant hormones that act
antagonistically and control the level of dormancy present in seeds and seed’s ability to germinate.
The amount of these compounds in seeds is determined by their respective metabolic pathways.
Therefore, this thesis project was focused on investigating the molecular bases of ABA and GA

metabolism in different malting barley lines with varying level of seed dormancy.
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FORWARD
This thesis is written in manuscript style. A general introduction about research project and
literature review precedes the manuscript. An abstract, introduction, material and methods, results
and discussion form a complete manuscript. The manuscript is followed by a general discussion

and conclusions, a list of reference and appendices.
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1.0 GENERAL INTRODUCTION

Barley (Hordeum vulgare L.) is one of the major cereal crops cultivated throughout the world, and
Canada is the fifth largest producer of barley (USDA, 2017). It is widely adaptable to a range of
environmental conditions and grown for various purposes such as malting, animal feed and food
processing. However, the production of barley is negatively affected by biotic and abiotic stress
factors that can significantly influence its development, growth and productivity. PHS is of a great
concern for barley producers and malt industry as it is the main cause for the reduction of yield
and crop value (Gubler et al., 2005), as PHS damaged seeds cannot be used for brewing purposes
and are often downgraded as animal feed.

The degree of PHS tolerance is closely related to the level of seed dormancy which is
defined as a trait that prevents the germination of an intact viable seed under favorable
environmental conditions (Gao and Ayele, 2014). Seed dormancy is imposed during the later
stages of seed development and prevents premature germination of the seed. In spite of
preventing PHS, seed dormancy can also delay the malting process and cause non-uniform
germination (Sato et al., 2009). Thus, the control of dormancy is of great practical importance
in the production of malting barley. Seed dormancy is influenced by a number of exogenous
and endogenous factors; some endogenous factors such as plant hormones are involved in the
control of seed dormancy and germination, and abscisic acid (ABA) and gibberellin (GA) are
reported to be the major regulators (Finkelstein et al., 2008). The balance between these two
hormones determines seeds ability to maintain dormancy or germinate (Tuan et al., 2018).

Abscisic acid controls the onset and maintenance of primary dormancy in several plant
species and its level is controlled by the balance between its biosynthesis and catabolism (Fidler

et al., 2015). The major regulatory enzyme involved in the ABA biosynthesis is nine-cis-epoxy



carotenoid dioxygenases encoded by NCEDs (Nambara and Marion-Poll, 2005). In Arabidopsis,
the ABA biosynthetic mutants displayed high germination as compared to the wild type whereas
overexpression of ABA biosynthetic genes led to high dormancy, suggesting the importance of
NCED in accumulation of bioactive ABA and seed dormancy (Lefebvre et al., 2006). Imbibition
of after-ripened Brachypodium seeds displayed low ABA content due to low expression of NCED,
suggesting the role of this gene in ABA synthesis and dormancy (Barrero et al., 2012). In cereals
including barley and wheat the NCED genes have been reported to play roles in regulating the
accumulation of bioactive level of ABA and enhanced seed dormancy (Chono et al., 2006; Son et
al., 2016). The catabolism of ABA mainly takes place through ABA 8’ hydroxylation, which is
catalyzed by ABA8'OH, which is encoded by the cytochrome P450 monooxygenase 707A
(CYP707A, also referred to as ABA8'OH) gene family (Okamoto et al., 2006). Studies in
Arabidopsis showed that single and double mutants of ABA8'OH family genes have higher level
of ABA and increased dormancy whereas overexpression results in decreased ABA content and
dormancy indicating the role of ABA catabolism in dormancy (Kushiro et al., 2004; Millar et al.,
2006; Okamoto et al., 2006). Previous studies have shown the importance of the wheat homologs
of this gene in the regulation of ABA level and dormancy (Chono et al., 2013; Son et al., 2016;
Izydorczyk et al., 2018). The barley ABA8'OH1 has been reported to be involved in lowering the
level of ABA and dormancy release (Millar et al., 2006; Leymarie et al., 2008). Further genetic
analysis showed the physiological role of 4BA8'OH]I in the control of ABA level and seed
dormancy and germination (Gubler et al., 2008).

Gibberellin, which is known to act antagonistic to ABA, positively influences seed
germination (Finch-Savage and Leubner-Metzger, 2006). The biosynthesis of GA is catalysed

mainly by GA 20-oxidase and GA 3-oxidase enzymes, which are encoded by GA200x and GA30x



gene families, respectively, while the catabolism of GA is catalysed primarily by GA 2-oxidase,
encoded by GA2ox (Yamaguchi, 2008). Analysis of the GA200x1, 2, and 3 mutants demonstrated
the role of GA200x genes in the production of bioactive GA and regulation of seed germination in
Arabidopsis (Plackett et al., 2012). A study in wheat has shown that GA biosynthesis plays a major
role in controlling GA level and seed germination rather than its catabolism (Izydorczyk et al.,
2018), and the GA200x genes are reported to play regulatory roles with this respect. For example,
increased expression of embryonic GA200x1 leads to increased accumulation of bioactive GA and
enhanced germination in wheat seeds (lzydorczyk et al., 2018). In other cereal crops such as rice,
loss of function mutation in GA200x2 is also found to be responsible for reduced GA level and
enhanced dormancy, suggesting the role of GA in controlling seed germination (Ye et al., 2015).
For better understanding of the roles of ABA and GA in dormancy and PHS tolerance, this study
investigated the relationship between seed dormancy levels, tissue specific expression patterns of
ABA and GA metabolic genes, and allelic variation in ABA catabolic gene ABA8'OHI and GA

biosynthetic gene GA200x1 using different malting barley lines.



2.0 LITERATURE REVIEW

2.1 Importance of barley

Barley (Hordeum vulgare L.) is one of the major cereal crops that belongs to the Poaceae or grass
family. It is ranked as the fourth most important cereals crop next to maize, rice and wheat (Zohary
and Hopf, 2001). Approximately thirty species of the genus Hordeum have been domesticated over
four continents (Clark, 1967). Barley is not only an important crop (Baik and Ullrich, 2008) but
also serves as a model for studying the genetics and genomics of cereal crops (Sreenivasulu et al.,
2008). Barley is a widely adapted crop and is used as a major source of food in extreme climates
such as Himalayas, Ethiopia and Morocco (OECD, 2004; Baik and Ullrich, 2008; Kremer and
Ben-Hammouda, 2009). The genetics of barley is very diverse, and it is divided into winter and
spring barley, two or six rowed barley, hulled or hulless barley, and malting or feed barley. Based
on grain composition, barley is classified as normal, waxy, high lysine, high B-glucan, high
amylose starch or proanthocyanidin free. Its genetically diverse nature provides great opportunities
for breeding to increase grain yield and quality. It has immense health benefits, for example, it
consists of B-glucans and the antioxidant tocols including tocopherols and tocotrienols that help in
lowering the levels of blood cholesterol and serum low density lipoprotein (LDL) cholesterol,

respectively (Idehen et al., 2017).

2.2 Origin and domestication of barley

Barley was one of the first crops to be domesticated along with wheat, pea, and lentils. Barley was
domesticated from its wild relative (Hordeum spontaneum C. Koch) about 8000 B.C. as confirmed
by the archaeologists who found some barley grain fractions in the Fertile Crescent. The wild

barley was first domesticated in the Israel-Jordan area of Fertile Crescent and then seeds migrated



from the Near East to South Asia. Therefore, the Himalayan-Tibet region is considered a region
of domesticated barley diversification (Badr et al., 2000). According to the modern taxonomy, H.
vulgare, H. spontaneum and H. agriocrithon are considered subspecies of H. vulgare (Bothmer et
al., 2003). The wild barley gave rise to cultivated barley with the same base chromosome number
of seven. Wild and domesticated barley are two-row, and the six-row and hulless types of barley
are formed from the domesticated two-row types through some mutations (Badr et al., 2000). The
selection of cultivated barley from its wild relative during domestication improved the harvest,
storage, and utilization of barley. Some of the characters that were selected include reduction/loss
of dormancy, rapid germination after sowing, non-brittle rachis and non-shattering of pods, short
flowering time and maturity, increased yield per plant, disease resistance and stress tolerance.
However, the most important characters for selection are loss of seed dormancy and non-shattering
spikes where the seeds stick to the rachis to prevent yield loss (Gross and Olsen, 2010). Initially
barley was domesticated for human food but later it was used as feed for animals, malting and
brewing purposes because of the preference of consumers for wheat and rice as major food crops.
Approximately 65% of the barley produced in western Canada in the year 2017 was used for

malting, 34% for feed and about 1% for food (Canadian Grain Commission, 2017).

2.3 Barley production

Barley has a wide geographical distribution from Israel, Turkey, Syria, and Egypt, eastward
to Pakistan, India and western China. The selection of the varieties well suited to an end use is
very important. Spring barley is planted in the northern hemisphere in April or May when winters
are too severe. Winter barleys is planted in September or November in warm regions. The brewing

industry uses more than 60 % of the barley produced. As malting and brewing industry is



dependant on barley seed germination therefore barley can be used as a model crop for seed
germination research (Mahalingam et al., 2017). In 2017, the worldwide barley production was
reported to be 144.26 million tonnes. In the same year, European Union produced the highest
amount of barley (59.06 million tonnes) followed by Russia (20.18 million tonnes), Ukraine (8.70
million tonnes), Australia (8.90 million tonnes) and Canada (7.50 million tonnes) (USDA, 2017).
The first cultivation of barley in Canada took place in Port Royal in 1606. In western Canada, the
total area under barley cultivation in the year 2017 was 2.22 million hectares with the production
of about 7.52 million tonnes (Canadian Grain Commission, 2017). Alberta and British Columbia
combined produced 3.94 million tonnes of barley in 2017 followed by Saskatchewan (3.13 million

tonnes) and Manitoba (0.43 million tonnes) (Canadian Grain Commission, 2017).

2.4 Physical and chemical characteristics of a barley grain

The barley grain consists of the seed, rachilla, palea and lemma. Covered (hulled) barley is
characterized by one of these structures attached to the seed. The barley seed consists of the
embryo, endosperm and the pericarp. The embryo uses the nutrients derived from the endosperm
tissue for its growth and development. The texture of endosperm and color of barley are main traits
considered for end use quality. Due to the presence of variable level of anthocyanin, the color of
the barley grain varies from light yellow to purple, violet, blue, and black. Barley grain which has
clean, bright yellow-white, plump, thin, hulled, medium hard or uniform size is considered good
for pearling and food (Pomeranz 1974). White and clean pearled grains and milled flours are
preferred by consumers and food manufacturers. Pearled barley can be used as a substitute to
polished rice. During the roller milling, barley bran shatters easily making it difficult to produce

white flour free from bran particles. The malting barley varieties have soft kernels whereas the



non-malting barley has hard kernels (Fox et al., 2007). The whole grain of barley generally consists
of 65-68% of starch, 10-17% protein, 4-9% B-glucan, 2-3% free lipids and 1.5-2.5% minerals
(Quinde et al., 2004, Baik et al., 2008). About one-third of the total barley proteins are left in the
final beer and a major fraction (80%) of the total proteins is hordeins (storage proteins)

(Mahalingam et al., 2017).

2.5 Uses of barley grains

The barley grain is used as animal feed, human food and for beer. The barley grain can be used as
feed for poultry, swine, sheep, and cattle, and over 60 percent of the total barley produced
worldwide is used for animal feed. The "feed barley" varieties are known to have high protein
content and the use of barley as animal feed causes less contamination of the environment with
phosphorus from the animal waste since animals can more readily absorb the phosphorus in barley
than other feed grains (Bleidere and Gaile, 2012). Barley, mainly hulless barley is used for human
consumption due to its ease for processing of food items. A bright white barley kernel obtained
after pearling of barley through removal of grain tissues (pericarp, testa, aleurone and germ) is
ideal for various food applications (Yeung and Vasanthan, 2001). The layers removed from the
grain are called pearl flour and are usually sold as feed, and the remainder part of the grain is called
pearled grain (Yeung and Vasanthan, 2001). Pearled grain of barley is used as a rice substitute for
the production of soy paste and soy sauce in Korea (Ryu, 1979). Some other food related
applications of barley include its use for baking breads and crackers, and making breakfast cereals,
noodles and baby foods. One of the major uses of barley is to produce malt, and malting barley is

characterized by its high starch content as compared to feed barley. Both two-rowed and six-rowed



malting barley can be used for beer production as long as the grains meet stringent specifications

of the malting and brewing industry.

2.6 Constraints in barley production
Grain quality of barley has a direct influence on its end-use quality. While non-sprouted and good
quality barley seeds are used for malting purposes, barley with lower quality is used for feed
purposes. However, the flavor, texture and taste of barley food products are poor as compared to
other cereal crops such as wheat and rice thereby, decreasing its use as a food crop (OECD, 2004).
As aresult, crops like wheat and rice hold a huge market of food products (Baik and Ullrich, 2008).
Barley seeds require moderate level of dormancy for achieving good yield and quality.
However, strong dormancy affects the malting quality as germination of up to 50% within 1-2 days
and 95-100% within 3 days of imbibition is required for malting barley seeds. Low level of
dormancy on the other hand leads to sprouting of the seeds on the parent plant (defined as pre-
harvest sprouting) during maturation even with exposure to very low level of moisture. Thus, pre-
harvest sprouting affects barley yield and quality tremendously. Other abiotic stress factors that
affect barley production include extreme temperatures and drought. It has been reported that an
increase in average temperature by 1'C leads to a 4.1 to 10.0 % decrease in grain yield of cereals
such as barley (Hatfield et al., 2011). Furthermore, barley is very sensitive to elevated soil
temperature and acidity (Petra et al., 2013). Increases in drought periods result in a decrease in
grain filling period and ultimately reduction in grain yield and quality in barley (Savin et al., 1997).
Apart from the abiotic stress factors, many biotic stresses including diseases and insect-
pests affect barley production (Walters et al., 2012). Diseases affect the yield and quality of barley

grain every year, leading to a considerable damage to productivity. Some of such diseases include



leaf scald or blotch (causal organism, Rhynchosporium commune), powdery mildew (causal
organism, Blumeria graminis f. sp. Hordei), net blotch (causal organism, Pyrenophora teres f.
teres), spot blotch (causal organism, P. teres f. maculata), brown rust (causal organism, Puccinia
hordei), yellow rust (causal organism, Puccinia striiformis), and Ramularia leaf spot (causal

organism, Ramularia collo-cygni) (Walters et al., 2012).

2.7 Seed germination
Seed germination begins when the quiescent dry seed absorbs water and terminates with the
protrusion of the radicle through seed covering layers (Bewley and black, 1994). Further growth
of the seedling follows through the depletion of the storage reserves. The process of germination
has several requirements such as overcoming the physical barriers to growth by activating the cell
wall degradation enzymes and resumption of active growth through cell elongation and division
accompanied by mobilization of the storage reserves, which is accumulated during the seed
filling/maturation phase (Finkelstein et al., 2008). Seed germination is triphasic in terms of water
uptake. It starts with the rapid uptake of water by the seed or imbibition (phase 1), followed by
slow and constant rate of water uptake forming a plateau phase (phase 2), and another increase of
water up take (phase 3). During the first phase of water uptake, structural changes in cell
membranes of seeds occur causing fast leakage of solutes and low molecular weight metabolites
into the surrounding imbibition medium. The seed activates the repair of cell membranes, DNA
and mitochondria damaged by the desiccation process. After imbibition, the seed starts respiratory
activities and protein synthesis using the transcripts already present in the dry seed (Bewley, 1997).
In the second phase of water uptake, the seed resumes its metabolic activity and prepares

for subsequent growth. The energy (ATP) for first few hours after imbibition is provided by the



mitochondria present in the mature dry seeds and repaired during imbibition. After that, the energy
is provided by the newly synthesized mitochondria in the oil storing seeds, and repaired and
revived mitochondria present inside the starchy seeds (Bewley, 1997). Furthermore, enzymes
required for overcoming the constraints of seed covering layers and inducing the embryo growth
potential are synthesized to trigger the emergence of radicle. The end of the second phase of
germination is marked by the emergence of the radicle out of the seed covering layers, and then
the seed enters into third phase of water uptake, which is associated with the growth phase.

The third phase is marked by further increase of water uptake by the seed, and during this
phase cell division and DNA synthesis that are required for growth of the radicle/seedling occur
(Bewley, 1997). Seed storage reserves of the endosperm tissue are also mobilized during this phase
to support the growth of the seedling. The growth phase of germination is regulated by diverse
signals such as light and water availability, salinity, temperature, and nutrient status, and it is the

most critical phase of the life cycle of the plant (Finkelstein, 2010).

2.8 Preharvest sprouting

Preharvest sprouting is defined as the germination of the seed while still on the mother plant under
moist conditions (Fang and Chu, 2008; Rodriguez et al., 2015), and it is regulated by a number of
genetic and environmental factors (Gao et al., 2013; Gubler et al., 2005; Rodriguez et al., 2015).
Wheat, rye and triticale are particularly more affected by PHS (Fidler et al., 2015). PHS is the
main cause of yield, productivity and crop value reduction in cereals (Gubler et al., 2005); it is
estimated to cause huge economic losses up to $1 billion worldwide (Black et al., 2006). After
PHS damage, the grain cannot be used for bread and brewing purposes rather it is often

downgraded as animal feed. Moreover, PHS damage may lead to loss of grain viability. PHS of
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cereal is tightly related to the extent of seed dormancy, a trait that inhibits seed germination under
favorable environmental conditions (Gao and Ayele, 2014). In cereal crops such as barley, high
level of dormancy at harvest is not good for the next growing season as it affects rate and
uniformity of germination. In addition, it causes the need for longer storage times as dormant
barley grains need to be after-ripened before the malting process begins and thereby increased
storage costs (Rodriguez et al., 2015). Seed storage is also associated with reduction in germination
energy and seed quality, which ultimately causes poor-malt quality possessing high level of wort,
B-glucan and low-extract. Contrary, low seed dormancy gives rise to PHS. This entails the need to
breed for intermediate level of dormancy to prevent not only PHS but also the problem of non-
uniform germination at the time of planting (Chono et al., 2013).

Preharvest sprouting is generally measured more exactly by visually measuring the
sprouting score and/or a-amylase activity, or indirectly by falling number test (Ullrich et al., 2008).
There are different levels of sprouting damage to the seed. In the case of slightly damaged grains,
there is still a possibility of obtaining good quality malt as long as the barley grains are stored
under cool and dry conditions that prevent further occurrence of biochemical processes that can
lead to the loss of germination potential of the seed (Edney et al., 2013). The major enzyme
responsible for the conversion of starch into simple sugars is a-amylase. When humid and moist
conditions occur before or at the time of harvest, susceptible mature grains sprout rapidly,
triggering increased expression and activity of a-amylases, which causes degradation of the stored
starch reserves of the endosperm. One method by which PHS damage in barley grains is estimated
is through the rapid viscosity analyser (RVA), which is based mainly on inverse relationship
between viscosity of the barley/water slurry, and amount of a-amylase in barley grains

(Izydorczyk, 2008). The level of PHS damage can also be assessed by methods such as falling
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number test and seed germination percentage. The falling number is estimated based on the activity
of a-amylase enzyme; the poor and good quality malting barley grains have high and low falling
numbers, respectively. Seed germination percentage is determined based on the number of seeds

germinated per the total number of seeds imbibed.

2.9 Seed dormancy

Seed dormancy is an adaptive trait that makes viable seeds unable to germinate under optimal
conditions including adequate amount of moisture and oxygen, and optimal temperature (Finch-
Savage and Footitt, 2017). It is a quantitative genetic trait involving many genes and influenced
by the environment (van der Schaar et al., 1997). The level of dormancy can be measured by seed
germination percentage. Wild species of crop plants exhibit seed dormancy to survive unfavorable
conditions and decrease competition with other species whereas selection against dormancy has
been practiced on domesticated agricultural crops such as barley and wheat, leading to weak
dormancy (Nakamura et al., 2016). Dormancy is induced during seed development and maintained
through seed maturity. Several endogenous and exogenous factors including hormones, light
quality, temperature, and nutrition affect the maintenance of seed dormancy (Finch-Savage and

Leubner-Metzger, 2006; Finkelstein et al., 2008).

2.10 Types of seed dormancy

Seed dormancy can be classified into two types based on the time of its occurrence: primary and
secondary dormancy. The primary seed dormancy is attained during the seed maturation phase and
secondary dormancy is the type of dormancy induced in non-dormant seeds due to the occurrence

of unfavorable environmental conditions (Finkelstein et al., 2008). The primarily dormant seeds
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have a very low probability of germination under optimal conditions. It is caused mainly by ABA
level and sensitivity during seed development (Bewley, 1997). The accumulation of ABA is low
during the early stages of seed development, however, its level is highest during the mid-phase of
seed development when storage reserves are synthesized, and the level declines as the seed passes
through maturation drying.

Primary dormancy is further divided into five types namely, physiological (PD),
morphological, morpho-physiological, physical and combinatorial dormancy (Nikolaeva, 1969;
Baskin and Baskin, 2004; Finch-Savage and Leubner-Metzger, 2006). Physiological dormancy is
the most common type of seed dormancy in model species such as Arabidopsis, Sunflower, tomato
and tobacco, and several cereal crop species. Physiological dormancy is further divided into three
types; deep, intermediate and non-deep. In case of seeds with deep level of primary dormancy,
excised embryos produce abnormal seedling and seeds require a relatively longer period of
stratification (7 to 14 weeks) and after-ripening (about 3-4 months) to break dormancy (Nikolaeva,
1969). In addition, their dormancy cannot be broken by the GA treatment. Embryos excised from
seeds with intermediate level of primary dormancy produce normal seedling and such seeds require
a shorter period of stratification for promoting germination. The most abundant form of dormancy
in seeds is the non-deep dormancy; non-deep dormant embryos also produce normal seedlings and
this type of dormancy can be broken by GA treatment, scarification, after-ripening, and cold or
warm stratification depending on species. Non-deep dormancy is classified into two types: embryo
and seed-coat imposed dormancy. Some species have a difficulty of germination due to the
inability of the embryo to germinate whereas some seeds with non-dormant embryos are unable to
germinate due to structures around its embryo. Hard-seed coat/seed covering layers such as the

endosperm in species such as Arabidopsis prevent the uptake of water during seed germination
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(waxy or lignified tissue in legume seeds), cause mechanical obstruction due to radicle emergence,
interfere with gaseous exchange, and are able to retain or produce germination inhibiting
compounds such as ABA. In some species, the glumellae (lemma and palea) also acts as a
restriction for embryo germination (Corbineau and Come, 1980; Benech-Arnold et al., 1999).
Embryo dormancy is caused by some inherent characteristics of the embryo such as amount of
ABA, and embryo sensitivity to this phytohormones (Bewley, 1997). In species such as
Arabidopsis and coffee, ABA inhibits germination through suppression of embryo growth
potential and the weakening of the endosperm/seed covering layers (Muller et al., 2006; da Silva
et al., 2004).

In seeds that show morphological dormancy, the embryos are under developed and are non-
dormant physiologically (Baskin and Baskin, 1998). These embryos can germinate once they are
fully matured. Morpho-physiological dormancy is caused by under developed embryos along with
some physiological dormancy. Seeds with this type of dormancy require dormancy breaking
treatments and prolonged period for germination. Physical dormancy is due to the presence of
some palisade water-impermeable layers in the seed coat (Baskin et al., 2000), and such type of
dormancy can be broken by mechanical or chemical scarification to let water move into the seed
to support germination. Combinatorial dormancy is the mixture of physiological and physical
dormancy. In this case, the embryo is not able to germinate, and the seed coat is water
impermeable. Usually, the physiological component of dormancy is non-deep type and the embryo
can germinate very easily after dry storage or some time after seed maturation under field

conditions.
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2.11 Release of seed dormancy

Seed dormancy can be broken by treatments such as after-ripening, cold stratification, warm
stratification, light, nitrate, and treatment with GA (Bewley and Black, 1994; Bethke et al., 2006).
The period of dry storage required for breaking dormancy depends on species, and seeds of some
barley species can lose dormancy within few weeks while other species can maintain dormancy
for extended period of time (Bewley and Black, 1994). For example, a barley cv. Ashkelon was
found to lose dormancy after 28 days of after ripening whereas cv. Mehola takes 70 days of after-
ripening to lose dormancy and germinate (Vanhala and Stam, 2006). Another study also found that
cv. Haruna Nijo losses dormancy after 5 weeks of after-ripening whereas cv. H602 remained
completely dormant after 5 weeks of after-ripening (Sato et al., 2009). Seed moisture content,
storage temperature and oxygen determine the efficiency of after-ripening in breaking dormancy.
Generally, 8-15% of seed moisture is required for after-ripening (Leubner-Metzger, 2005). The
loss of seed dormancy in cereals is associated with changes in gene expression, protein expression
and epigenetic modifications (Gao et al., 2012; Gao et al., 2013; Gao and Ayele, 2014). Various
studies explained the importance of the metabolic and signaling components of different
phytohormones in the maintenance and release of seed dormancy (Liu et al., 2013; Shu et al.,
2016), mainly the balance of ABA and GA (Baskin and Baskin, 2004). ABA promotes induction
and maintenance of seed dormancy whereas GA helps in promotion of seed germination (Kucera
et al., 2005; Finkelstein et al., 2008). Therefore, low ABA: GA ratio due to enhanced GA
biosynthesis and ABA degradation accounts for the release of seed dormancy (Ali-Rachedi et al.,
2004; Shu et al., 2016; Finch-Savage and Footitt, 2017). A decrease in the embryo ABA content
plays a role in seed dormancy release whereas GA promotes germination (Fidler et al., 2015).

Instead of ABA content, ABA sensitivity is associated with the level of seed dormancy leading to
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assumption that changes in ABA signaling are responsible for dormancy release (Gubler et al.,

2005).

2.12 Regulation of seed dormancy and germination

2.12.1 Environmental factors

Seed germination and dormancy are regulated by several environmental factors such as oxygen,
water, light, temperature and nitrogen (Finch-Savage and Leubner-Metzger, 2006). In barley grain,
seed covering layers pose a hindrance to the oxygen availability of the embryo, which cause
increased sensitivity to high temperature, ABA and GA (Bradford et al., 2008). Temperature is the
other important environmental factor affecting seed dormancy and germination. In some crops
species such as wheat and barley, lower temperature enhances seed germination whereas high
temperature inhibits germination (Corbineau and Céme, 1996). In mature cereal grains, a growing
temperature higher than 15-20°C deepens the primary dormancy whereas a temperature of 30°C
can induce thermo-dormancy; grain losses its capacity to sprout (Leymarie et al., 2008; Fidler et
al., 2015). The seed incubation temperature has also been reported to affect seed dormancy and
embryo responsiveness to ABA (Corbineau and Come, 2000). Light affects ABA and GA
metabolism and hence controls germination. For example, blue light promotes dormancy in barley
seeds via induction of ABA biosynthetic gene NCED1 but does not affect the expression of genes
encoding the ABA catabolic enzyme, ABA8'OH (Barrero et al., 2009). Previous studies have
shown that germination of barley seed is repressed by white light whereas red light stimulates the
germination of Brachypodium (Brachypodium distachyon) (Fidler et al., 2015). Germination of
cereal seeds including barley and wheat is also enhanced by darkness. Other environmental factors

such as water and nutrient stress (Matakiadis et al., 2009) also influence the depth of dormancy.
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Exogenous application of nitrate or nitrate provided by maternal plant to the growing seeds has
been reported to cause a decline seed ABA content and stimulate seed germination in Arabidopsis
(Alboresi et al., 2005; Matakiadis et al., 2009), and this decline in seed ABA content has been

found to occur due to induced expression of CYP707A2 (Matakiadis et al., 2009).

2.12.2 Plant hormones
Seed dormancy and germination are regulated by internal factors including plant hormones
(Koornneef et al., 2002). Hormonal balance between GA and ABA is the most important factor in
this regard. The ABA/GA ratio is controlled by synergistic and antagonistic regulation of their
metabolic and signalling components, as well as their interaction with other hormones and the
environment (Gazzarrini et al., 2015). ABA is considered the most important molecule in
dormancy induction and maintenance (Finkelstein et al., 2008; Rodriguez et al., 2015; Shu et al.,
2016). Embryonic ABA imposes dormancy during seed development (Nambara and Marion-Poll,
2005), and ensures dormancy maintenance during imbibition (Kucera et al., 2005). The level of
ABA in embryos and seeds increases during development until the maturation phase and this
increase appears to prevent the precocious germination. Overexpression of ABA biosynthesis genes
such as NCED1 of bean and NCED3 of Arabidopsis can increase seed ABA content and delay
germination (luchi et al., 2001; Qin and Zeevaart 2002). GA, which can break dormancy and
promote germination in cereals (Tuttle et al., 2015), is mainly synthesized in the embryo of
germinating seeds (Jacobsen et al., 2002).

In addition to two major phytohormones ABA and GA, other hormones such as auxin,
ethylene, brassinosteriods and cytokinin are also involved in controlling dormancy and

germination (Kucera et al., 2005). Auxin is an important regulator in all aspects of plant
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development and responses to environment (Zhao, 2010). Recent studies have indicated the
participation of auxin in seed dormancy maintenance. For example, the supply of auxin to plants
is reported to support the inhibition of seed germination by ABA in Arabidopsis (Liu et al., 2007)
and delay seed germination of wheat (Ramaih et al., 2003). The roles of auxin and ABA in seed
dormancy are interdependent, increase in auxin biosynthesis or signalling enhances seed dormancy
by interacting with ABA signalling genes (Liu et al., 2013). Ethylene and brassinosteroids interact
with ABA and GA to promote dormancy release and seed germination by counteracting the effects
of ABA (Kucera et al., 2005). Cytokinins are required for the promotion of embryonic cell division
and root elongation. They may have roles in formation of embryo, in grain filling of cereals, and
in improving sink strength (Kucera et al., 2005). Cytokinins interact with ABA and play a role in
controlling the seed germination of sorghum and lettuce (Bewley and Fountain, 1972; Dewar et
al., 1998). The seed cytokinin level has been reported to be an important factor for the regulation
of wheat seed germination and dormancy (Kucera et al., 2005; Chitnis et al., 2014). The crosstalk
of these phytohormones helps in modulation of plant development and stress adaptation, with a

direct impact on seed development, germination and dormancy (Finkelstein et al., 2002).

2.12.3 Genetic factors

Many studies have mapped the quantitative trait loci (QTLs) for PHS susceptibility, seed
dormancy to the same chromosomal regions and concluded that PHS is predominantly due to the
lack of dormancy at harvest (Rodriguez et al., 2015). Four QTLs namely, SD1, SD2, SD3 and SD4
have been identified to be correlated strongly with seed dormancy but the SD2 QTL mapped on
chromosome 5HL was found to be the most significant source of seed dormancy (Edney et al.,

2013). This QTL was also associated with the malt quality. So, it was not used for breeding against
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PHS as it brings some negative effects of not able to produce a good malting type Canadian barley
(Li et al., 2003). It is not clear if the difference in malting quality is due to a multiple gene cluster
or pleiotropic effect. Many genes with different biochemical functions are affecting PHS resistance
or susceptibility particularly ABA and GA metabolism and signaling (Gao et al., 2012; Gao and

Ayele, 2014).

2.13 Abscisic acid and its role in plant developmental processes and seed dormancy
Abscisic acid was identified in the early 1960s as a growth inhibiting compound accumulating in
abscising cotton fruit “abscisin II” and leaves of sycamore trees photoperiodically induced to
become dormant “dormin” (Cutler et al., 2010). It is a sesquiterpenoid compound found in all
photosynthetic organisms. ABA plays several roles in plant growth and developmental processes
including embryo maturation, storage reserve accumulation, seed dormancy, germination, cell
division and elongation, floral induction, and plant responses to abiotic and biotic stress factors
such as drought/dehydration, salinity, cold and UV radiation (Finkelstein, 2013).

ABA controls the onset and maintenance of primary dormancy in several plant species
including cereals such as wheat and barley (Jacobsen et al., 2002, Finkelstein et al., 2008;
Rodriguez-Gacio et al., 2009; Fidler et al., 2016). Various genetic studies show dormancy
induction requires de novo synthesis of ABA in embryo and endosperm (Nambara & Marion-Poll,
2003). ABA levels during seed development are low during embryogenesis, increase during the
maturation phase, and then decrease during seed desiccation (Bewley, 1997). The first ABA
present in the seed is produced by maternal tissues and then by the embryo (Karssen et al., 1983).
Maternal ABA is transported through the phloem tissue or synthesised by the seed. Embryonic

ABA induces seed dormancy whereas maternal ABA has been shown to increase seed yield and
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embryo growth potential in ABA deficient mutants (Frey et al., 2004). ABA synthesised in seed
coat and seed capsule positively regulates anthocyanin accumulation and maturation of the testa
and capsule (Frey et al., 2004). In species such as Arabidopsis, ABA maintains dormancy in
imbibing seeds by blocking endosperm weakening and inhibiting the growth potential of the
embryo that is required to overcome the germination constraints imposed by the seed covering

layers (Debeaujon and Koornneef, 2000).

2.13.1 Abscisic acid metabolism
ABA is a terpenoid derived from isopentenyl diphosphate (IDP); a common precursor (C5) of
ABA (Nambara and Marion-Poll, 2005). ABA synthesis commences in the plastids and utilizes
carotenoids as precursors, whereas the later biosynthetic steps take place in the cytosol. IDP is
converted to GGPP by two enzymes, IDP isomerase and GGPP synthase. The first committed step
in carotenoid biosynthesis is the condensation of two molecules of GGPP (20 carbon compound)
by phytoene synthase to produce a C40 carotenoid known as phytoene. Phytoene is then converted
to linear molecule of lycopene by the action of phytoene desaturase and zeta-carotene desaturase,
and the lycopene is converted into B-carotene through cyclization reaction, which is catalyzed by
lycopene B-25 cyclase. B-carotene hydroxylase catalyzes the hydroxylation of B-carotene to
produce zeaxanthin. After this step, ABA specific biosynthesis pathway begins (Cunningham and
Gantt, 1998; Hirschberg, 2001).

There are three major regulatory steps in ABA biosynthesis process. The first one is the
conversion of zeaxanthin via antheraxanthin to violaxanthin catalyzed by zeaxanthin epoxidase
(ZEP). ZEP is the first plant ABA biosynthetic enzyme isolated and characterized (Xiong and Zhu,

2003), and the reaction catalysed by this enzyme can be reversed to produce zeaxanthin catalysed
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by violaxanthin de-epoxidase (VDE). The violaxanthin produced in first step is further converted
into 9-cis-violaxanthin and 9’-cis-neoxanthin catalysed by enzymes neoxanthin synthase (NSY)
and isomerase, and these enzymes have not been isolated yet (Nambara and Marion-Poll, 2005).
The second regulatory step of the ABA biosynthesis is the production of xanthoxin from cis-
isomers of violaxanthin and neoxanthin, and this reaction is catalyzed by 9-cis-epoxycarotenoid
dioxygenase (NCED) enzymes (Schwartz et al., 1997). Xanthoxin produced from the cleavage of
9-cis-epoxycarotenoid is then converted to abscisic aldehyde catalysed by ABA deficient 2
(ABA2) enzyme. The last regulatory step of ABA biosynthesis is oxidative reaction of abscisic
aldehyde to produce biologically active ABA, and this reaction takes place in the cytosol, and is
catalyzed by abscisic aldehyde oxidases 3 (AAQO3).

The amount of bioactive ABA in plants is also determined by its rate of catabolism, which
involves two types of reactions; hydroxylation and conjugation (Davies, 2010). The hydroxylation
of carbon atoms at 7, 8" and 9" position of ABA triggers the production of three biologically active
forms of hydroxylated ABA namely 7"-hydroxy ABA (7°-OH ABA), 8 -hydroxy ABA (8 -OH
ABA), and 9-hydroxy ABA (9°-OH ABA). The enzyme ABA 8’ hydroxylase catalyses the
production of 8'-hydroxyl ABA, which is a predominant ABA catabolic pathway in plants
(Kushiro et al., 2004; Saito et al., 2004). The 8 -hydroxy ABA is subsequently isomerized to
phaseic acid (PA), a catabolite that is considered not to have biological activity. The PA is
occasionally metabolized further to dihydrophaseic acid (DPA), which is also a biologically
inactive ABA catabolite (Zhou et al., 2004). The PA and DPA are the most widespread and
biologically inactive ABA catabolites whereas the 7°-OH ABA and 8" -OH ABA are reported to
have hormonal activity like ABA. In addition to the hydroxylation, conjugation of ABA with

glucose also plays an important role in ABA inactivation process. Possible targets for conjugation
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with glucose are carboxyl and the hydroxyl group of ABA and its oxidative catabolites. ABA
glucosyl ester (ABA-GE), which is a widespread form of ABA conjugate, is inactive and can be

stored or hydrolysed in response to stress (Gazzarrini et al., 2015).
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Figure 2.1 ABA biosynthesis and catabolism pathway in plants (adapted from Nambara and
Marion-Poll, 2005). ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NSY,
Neoxanthin synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; AAQ3, abscisic aldehyde
oxidases; ABA8'OH, ABA 8 hydroxylase.
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2.13.2 ABA metabolism genes and their role in the regulation of seed dormancy

Both ABA biosynthesis and catabolism control the level of ABA present in plants. Of all the ABA
biosynthetic steps, the one catalyzed by NCED is considered as regulatory. The first gene encoding
NCED was identified from the maize viviparous 14 mutant (vp14). In the model plant Arabidopsis,
nine NCED genes have been identified, however, only five (NCED2, 3, 5, 6, 9) are predominantly
involved in ABA biosynthesis (Nambara and Marion-Poll, 2005). The NCED6 and NCED9 genes
are highly expressed in developing seeds; NCED®G is expressed in the endosperm while NCED?9 is
expressed in both endosperm and embryo until late seed maturation (Lefebvre et al., 2006; Frey et
al., 2012). Mutant analysis of these genes demonstrated their role in regulating ABA level and
seed dormancy. Further study also reported the role of NCED?5 in fine-tuning seed ABA level and
dormancy (Frey et al., 2012). AINCED6 and AtNCED9 mutant analysis revealed their role in seed
dormancy by ABA synthesis (Lefebvre et al., 2006).

Genes encoding this enzyme, have also been isolated and characterized from several plant
species, and they form a multigene family. For example, rice has three NCED genes NCED1,
NCED2 and NCED3. A study with dormant, intermediate and non-dormant rice cultivars indicated
that the timing for peak expression of the NCED genes during seed development varies with the
degree of dormancy (Liu et al., 2014). Two NCED genes (NCED1 and NCED2) have been
identified in wheat (Zhang et al., 2014; Son et al., 2016), and their expression pattern was found
to be associated with the level of seed dormancy (Son et al., 2016; Izydorczyk et al., 2018). In
barley, there are two NCED genes namely NCED1 and NCED2, which are known to play an
important role in the synthesis of ABA in seeds through their expression mainly during the late
and early-middle phases of seed development, respectively (Chono et al., 2006). Peak of ABA

accumulation during the early to middle stages of grain development is caused by high expression
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of NCED2 whereas increased expression of NCED1 occurs during grain maturation (Chono et al.,
2006). A close association between the NCED expression and ABA level has been observed in
developing seeds of barley (Chono et al., 2006; Lefebvre et al., 2006), and the NCED1 and NCED?2
genes of barley have been reported to involve in the induction of secondary dormancy at 30°C due
to high embryonic ABA content (Leymarie et al., 2008). The expression level of NCED genes is
influenced by several environmental factors in different species. For example, the expression of
NCEDS is induced by darkness during imbibition of Arabidopsis seeds while blue light regulates
ABA synthesis and dormancy in barley embryos through influencing the expression of NCED1
(Gubler et al., 2008). Previous reports have shown that high temperature induces the expression
of NCED genes and causes thermo inhibition of germination in seeds of several species including
Arabidopsis, lettuce and wheat (Toh et al., 2008; Huo et al., 2013; Izydorczyk et al., 2018).

ABA catabolism mainly takes place through ABA 8’ hydroxylation, which is catalyzed by
ABAS'OH. The ABAS'OH enzyme is encoded by cytochrome P450 monooxygenase 707A
(CYP707A) gene family (Okamoto et al., 2006). There are four genes encoding ABA8'OH in
Arabidopsis namely CYP707A1, CYP707A2, CYP707A3 and CYP707A4 (Kushiro et al., 2004).
The CYP707A1 and CYP707A3 genes of Arabidopsis are expressed during mid-seed development
while CYP707A2 is predominantly expressed in both endosperm and embryo tissues at the end of
seed development and during germination (Okamoto et al., 2006). Higher expression of
CYP707A2 is associated with lower ABA levels and germination, and cyp707a2 mutant have a
longer period of dormancy that requires a longer duration of after-ripening to break dormancy
(Millar et al., 2006; Okamoto et al., 2006). Studies also showed that single and double mutants of
CYP707A genes such as cyp707al cyp707a2 have higher level of ABA and hence reduced

germination (Kushiro et al., 2004, Okamoto et al., 2006). The rice genome has three ABA8'OH
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genes, ABA8'OH1, ABA8'OH?2 and ABA8'OH3 (Saika et al., 2007). Studies in rice have reported
the role of increased expression of ABA8'OH1 in causing reduction of ABA content and enhanced
seed germination (Yang and Choi, 2006; Saika et al., 2007). For example, two rice gene
ABAS8'OH?2 and ABA8'OH3 are found to play roles in glucose induced delay of seed germination
(Zhu et al., 2009).

Two ABAS'OH genes, ABA8'OHI and ABA8'OH2, have also been isolated from wheat
(Chono et al., 2013; lehisa et al., 2014), and their expression patterns were found to be associated
with seed dormancy (Son et al., 2016; lzydorczyk et al., 2018). Furthermore, a study involving
double mutants of Ta4BA8'OHIA and TaABAS8'OH1D showed increased embryonic ABA level
and reduced germination (Chono et al., 2013). In agreement with these results, TaABA8'OH?2 has
been shown to be co-located with a major QTL for seed dormancy (Zhang et al., 2009). This
dormancy QTL is known to be orthologous to the barley dormancy QTL “SD1”, which has been
reported to be the most effective seed dormancy QTL in barley (Sato et al., 2009). The barley
ABAS8'OH]1 gene has been reported to be a key gene for lowering the level of ABA in seeds and
breaking primary dormancy (Millar et al., 2006; Leymarie et al., 2008), which is crucial for
germination. The expression of ABA8'OH]I in barley has been shown to increase at maturity,
suggesting its role in primary dormancy induction (Chono et al., 2006). Further analysis showed
that knocking down of HvABAS8 OH1 results in increased ABA level and decreased germination

of barley grain (Gubler et al., 2008).

2.14 Gibberellin and its roles in seed germination
Gibberellins were first isolated by Eiichi Kurosawa from a pathogenic fungus (Gibberella

fujikuroi) that causes bakanae disease of rice. In 1930s, Teijiro Yabuta and Yusuke Sumiki were

26



the first to isolate a crystalline compound (gibberellin A) by culturing the fungal pathogen. Studies
on ‘gibberellin A’ reported its role in promoting plant growth as indicated by the excessive growth
of the stem leading to lodging of the plant and yield losses (Sun, 2008). This chemical compound
‘gibberellin A’ was found to consist of three components, GA1, GA2 and GA3z but the major one
was GAs (gibberellic acid). The first GA from a plant (designated as GA1) was extracted using
immature vuner bean (Phaseolus cocineus) seeds in 1958.

Gibberellins belong to a group of compounds known as diterpenoids, and they act as
phytohormones to influence several plant growth and developmental processes such as seed
germination, stem elongation, flower induction, seed and pericarp growth and seed development
(Davies, 1995; Yamaguchi et al., 2008). GA plays an important role in activating germination by
enhancing the embryo growth potential, endosperm weakening and activating a-amylase enzyme
to allow the growth of radicle (Kucera et al., 2005). Several mutant studies have explained the
importance of GA in completion of the germination process. For example, germination capacity
of the GA mutant gal-1 of Arabidopsis can be restored with application of exogenous GA
(Debeaujon and Koornneef, 2000). Furthermore, seed treatment with GA is important in
antagonising the action of ABA and hence seed transition from dormancy to germination (White
et al., 2000).

To date 136 GAs have been identified from higher plants and fungi, however, only a small
number (GA1, GA3z, GA4 and GAy) are biologically active (Hedden and Phillips, 2000; Sun, 2008;
Davies, 2010). All the other GAs are either metabolic precursors or their inactivation products.
The bioactive level of GA in plant tissues is maintained through a balance between its biosynthesis
regulated by GA 20-oxidase and GA 3-oxidase enzymes and inactivation regulated by GA 2-

oxidase enzyme (Yamaguchi, 2008). The genes encoding these enzymes form multigene families
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in different plants such as Arabidopsis, wheat, rice and barley (Spielmeyer et al., 2004,
Yamaguchi, 2008; Pearce et al., 2015), and the members of the gene families exhibit differential

expression patterns (Hedden and Phillips, 2000).

2.14.1 Gibberellin metabolism pathway

The common diterpenoid precursor for GA biosynthesis is a C20 compound geranylgeranyl
diphosphate (GGDP), and the biosynthesis of GA is a triphasic process. The first stage occurs
inside plastids and commences with the synthesis of ent-Kaurene from GGDP by a two-step
cyclization reaction, which is the first committed step of GA biosynthesis. This reaction is
catalyzed by ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS) via ent-
copalyl diphosphate (ent-CDP) as intermediate.

The second stage of GA biosynthesis involves the oxidation of ent-kaurene to ent-
kaurenoic acid, which is catalyzed by ent-kaurene oxidase (KO), and subsequently by ent-
kaurenoic acid oxidase (KAO) to produce GA12. A previous study suggested the presence of early
GA biosynthetic enzymes, KO and KAO in the outer plastid membrane and endoplasmic
reticulum, respectively (Helliwell et al., 2001). The final step of GA biosynthesis occurs in the
cytoplasm, and involves the conversion of GA1. to bioactive GAs (GA:1 and GA4) via 13-
hydroxylation pathway catalysed by GA 13-oxidases to produce GAsz as intermediate and non-13
hydroxylation pathway, respectively. The final series of oxidation steps in the GA biosynthesis are
catalysed by GA 20-oxidases (GA200x) and GA 3-oxidases (GA30x), respectively (Sun, 2008).

The level of bioactive GAs in plants is regulated by both its synthesis and conversion of
bioactive GAs to inactive forms. The hydroxylation of 2 carbon catalyzed by GA 2-oxidases

(GA20x) is the major form of GA catabolism (Yamaguchi, 2008). These enzymes play a role in
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depleting the precursors of GAs (such as GA12 and GAs3) that are otherwise converted to bioactive
forms. Recent studies have reported the presence of GA 16, 17-epoxidation and methylation as
two more GA inactivation mechanisms involving non 13-hydroxylated GAs, namely GA4, GAg

and GA12 (Yamaguchi, 2008).
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Figure 2.2 Gibberellin metabolic pathway in plants (adapted from Yamaguchi, 2008). GA; and
GA: are bioactive GAs. 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; GA13ox, GA 13-oxidase; GA200x, GA 20-oxidase; GA20x,
GA 2-oxidase and GA3ox, GA 3-oxidase. ER, endoplasmic reticulum
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2.14.2 Gibberellin metabolism genes

The early GA biosynthesis enzymes including CPS, KS and KO enzymes are encoded by single
gene in most of the plant studied (Yamaguchi, 2008). Previous studies in Arabidopsis have
reported high amount of CPS mRNA in tissues with fast growth such as shoot apices, root tips,
developing anthers, and seed (Olszewski et al., 2002). Although the expression patterns of KS and
CPS are similar, the expression level of CPS is found to be lower than that of KS (Yamaguchi et
al., 1998b), suggesting a primary role of CPS expression in the synthesis of ent-kaurene. Therefore,
CPS is hypothesised to act as a check point controlling the activities of GA biosynthetic processes
(Olszewski et al., 2002). The KO and KAO enzymes of Arabidopsis are encoded by one
(CYP701A1), and two genes (CYP88A3 and CYP88A4), respectively (Helliwell et al., 2000). Both
CYP88A3 and CYP88A4 genes were found to have higher levels of expression in the inflorescence
and silique than the leaf. Furthermore, CYP88A4 was found to be predominantly expressed in the
stem and inflorescence as compared to CYP88A3 (Helliwell et al., 2000).

In contrast to the early GA biosynthetic enzymes, the late GA biosynthetic enzymes
(GA200x and GA30x) appear to be encoded by multigene family members (Sun, 2008). There are
five GA200x genes reported in Arabidopsis (Hedden et al., 2002), and a loss of function in
GA200x1, GA200x2 or GA200x3 is reported to cause low seed germination, dwarfism and
infertility, whereas GA200x4 and GA200x5 have less effect on these phenotype (Plackett et al.,
2012). Rice genome has four GA200x genes (GA200x1 to GA200x4), located on chromosomes 3,
1, 7 and 5 respectively (Sakamoto et al., 2004). A recent study has reported OsGA200x2 gene as a
candidate gene for regulation of seed germination (Magwa et al., 2016), and a loss of function
mutant of OsGA200x2 produced plants with less seed GA level and strong seed dormancy (Ye et

al., 2015), indicating the role of this gene in GA synthesis and seed germination. The GA200x1
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and GA200x2 genes contribute towards plant height in rice (Pearce et al., 2015). The sd-1 gene,
which led to the green revolution, resulted from the loss-of-function of GA200x2 gene of rice and
contributed towards dwarf phenotype (Han and Zhu, 2011). Wheat has four GA200x genes
(GA200x1, GA200x2, GA200x3 and GA200x4) (Pearce et al., 2015). The TaGA200x1 is highly
expressed during rapidly growing stages of development whereas TaGA200x2 appears to be
expressed highly after the period of maximal elongation growth in mature tissue, suggesting
that TaGA200x1 might be more important in determining growth rate (Pearce et al., 2015). It has
been shown that TaGA200x1 is mainly expressed in embryos and surrounding maternal tissues of
developing grain and is assumed to have a major role in grain development and ultimately grain
yield and quality (Appleford et al., 2006). The TaGA200x3 gene is predominantly expressed in
endosperm tissue of wheat throughout seed development suggesting its role in biosynthesis of GA
during seed development (Pearce et al., 2015). The TaGA200x1 and TaGA200x3 genes have been
mapped to chromosome 5 and 3 of wheat, respectively (Pearce et al., 2015). With respect to seed
germination, a recent study showed that embryonic GA200x1 plays important role in control of
wheat seed germination and bioactive GA level (Izydorczyk et al., 2018). Barley also contains
three GA200x genes, namely GA200x1, GA200x2 and GA200x3 (Spielmeye et al., 2004). A
comparative genomics study involving barley, wheat and rice genomes has identified GA200x as
a candidate gene for regulation of PHS in barley (Li et al., 2004). A reduced HvGA200x2
expression has been found to contribute towards increased grain yield and poor malting quality
(Jiaetal., 2009; 2011).

The GA 3-oxidase enzyme is responsible for conversion of inactive GA precursors to
bioactive forms of GAs (Davies, 2010). There are four GA3ox genes in Arabidopsis, namely

GA3o0x1, GA30x2, GA30x3 and GA30x4 (Hedden et al., 2002), and GA3ox1 is highly expressed in
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most tissues throughout seed development while GA30x2 is predominantly expressed during seed
germination and vegetative growth (Hu et al., 2008). During seed imbibition, two embryonic
GA3ox genes of Arabidopsis (GA30x1 and GA30x2) are found to regulate GA synthesis and hence
germination, vegetative growth, and development (Mitchum et al., 2006; Holdsworth et al., 2008).
Another study has reported that double mutants of GA3ox1 and GA30x2 genes in Arabidopsis
showed severe reduction in germination potential (Holdsworth et al., 2008), indicating their roles
in the regulation of seed germination. Expression patterns of GA3ox1 and GA3o0x2 of Arabidopsis
genes also suggest their role in the regulation of seed germination by light (Seo et al., 2006).
Genes encoding GA3ox genes have also been isolated from cereal crops. There are three
GA3ox genes in rice (GA3ox1, GA3ox2 and GA30x3), mapped to chromosomes 5S, 1S, and 3S,
respectively. Genetic studies have reported that GA3o0x1 and GA30x2 genes induce the expression
of a-amylase gene which is involved in the hydrolysis of starch and provide energy for germinating
cereal such as rice seeds (Itoh et al., 2001; Kaneko et al., 2002). Two GA3o0x genes (GA30x2 and
GA30x3) have been reported in wheat (Appleford et al., 2006; Pearce et al., 2015), and GA30x2 is
predominantly expressed in germinating wheat embryos (Appleford et al., 2006). The imbibition
of wheat seeds at 15°C showed enhanced germination due to an increase in GA30x2 expression
and bioactive GA level in the embryo (Kashiwakura et al., 2016). Two GA3ox genes (GA3ox1 and
GA30x2) have also been reported in barley (Spielmeyer et al., 2004), and GA30x2 is the
predominantly expressed gene during seed germination (Suzuki et al., 2005; Gubler et al., 2008).
Expression analysis of GA3ox1 and GA3o0x2 genes of barley indicated the role of GA30x2 in
inducing the expression of alpha-amylase (Amy1) gene (Suzuki et al., 2005), and GA3o0x2 is found
to be expressed highly in the embryos during imbibition (Gubler et al., 2008). These results

demonstrate that GA30x2 is a key enzyme in regulating seed germination in barley.
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Like the other dioxygenases, GA20x is encoded by multigene family members. There are seven
GA20x genes (GA2ox1l, GA20x2, GA20x3, GA20x4, GA20x6, GA20x7 and GA20x8) in
Arabidopsis (Yamaguchi, 2008). The Arabidopsis GA2ox1 and GA20x2 genes are expressed in
inflorescences and developing siliques, and play roles in reducing bioactive GA level and seed
germination (Thomas et al., 1999). Studies on the GA20x of Arabidopsis also suggests the role of
GA20x2 in the regulation of seed germination in response to light and GA20x6 in radicle elongation
(Wang et al., 2004; Seo et al., 2006). Ten GA20x genes have been reported in rice (GA20x1,
GA20x2, GA20x3, GA20x4, GA20x5, GA20x6, GA20x7, GA20x8, GA20x9 and GA20x10)
(Sakamoto et al., 2001; Lee and Zeevaart, 2005; Lo et al., 2008). The expressions of GA20x5,
GA20x6 and GA20x9 genes of rice are found to be significantly downregulated within 2 days after
imbibition, suggesting their role in regulating bioactive GA accumulation and rapid seed
germination (Lo et al., 2008). In addition, overexpression of GA20x5 caused severe defects in plant
growth and seed development in transgenic rice (Lo et al., 2008). Eight GA20x genes (GA20x1,
GA20x3, GA20x4, GA20x6, GA20x7, GA20x8, GA20x9 and GA20x10) have been reported in wheat
(Pearce et al., 2015). Four GA20x genes namely GA20x3, GA20x6, GA20x7 and GA20x8 are
reported to be responsible for GA catabolism in wheat spike at anthesis, whereas GA20x9 is highly
expressed in developing wheat spike (Pearce et al., 2015). Although expressed at very low level
during imbibition at optimal temperature, the upregulation of GA20x3, GA20x6 and GA20x9
during imbibition at supraoptimal temperature that inhibits germination may suggest their role in
dormancy and germination (lzydorczyk et al., 2018). Four GA20x genes (GA20x1, GA20x2,
GA20x3 and GA20x4) have been reported in barley, but only GA20x3 was shown to be expressed
at high levels in embryos during grain imbibition (Gubler et al., 2008), suggesting its role in barley

seed germination.
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3.0 GENETIC AND MOLECULAR BASES OF ABSCISIC ACID AND GIBBERELLIN

METABOLISM IN REGULATING SEED DORMANCY IN MALTING BARLEY

Abstract

Preharvest sprouting is highly influenced by the level of seed dormancy, which is regulated mainly
by the balance between two plant hormones ABA and GA. The levels of these two hormones is
maintained by their biosynthesis and catabolism. This thesis investigated genetic variations and
expression patterns of ABA and GA metabolic genes in different malting barley lines with varying
degrees of seed dormancy. A positive correlation was observed between the levels of NCED1
(ABA biosynthetic gene) expression in the embryos and seed dormancy in the different barley
lines, suggesting the role of ABA biosynthesis in the regulation of ABA level and seed dormancy.
Our data also showed a positive correlation between the levels of ABA8'OH1 (ABA catabolic gene)
expression and dormancy, and this could be due to its regulation by ABA level as a strong positive
correlation was shown between the expression levels of NCED1 and ABA8'OH 1. The detection of
a 12 bp deletion in the intron of ABA8'OH 1 is associated with its low level of expression in selected
non-dormant lines, and this along with the low expression levels of NCEDL1 in the same lines
suggest that the deletion forms a genetic mechanism to limit ABA8'OH]1 expression when ABA
synthesis is reduced. The observation of a strong negative correlation between the levels of
endospermic GA200x3 (GA biosynthetic gene) expression and seed dormancy in selected lines
suggests the role of this gene in bioactive GA accumulation and seed germination. Sequence
analysis of GA200x1 showed the presence of four nucleotide substitutions in dormant/intermediate
dormant lines. Since GA200x1 expression was not detected in seed tissues, these variations could

not be associated with gene expression levels.
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3.1 Introduction

The life cycle of a plant begins from a seed, which acts as a basic unit of propagation. Seeds of
cereal crops play important role in human dietary nutrition by serving as a source of carbohydrates
and proteins. They are also used as a source of raw materials for various industrial processes such
as bakery, milling, malting and brewery. However, the production of cereal crops is affected by
many biotic and abiotic stress factors such as high humidity and wet weather conditions before
harvest, which causes PHS, defined as the sprouting of the grain on the spike. PHS have been
reported to have a tight association with the degree of seed dormancy, which refers to inhibition
of seed germination under favorable environmental conditions (Gao and Ayele, 2014). Barley
breeding programs have been aimed at production of new cultivars with appropriate level of seed
dormancy to prevent PHS under humid weather conditions. A medium to high amount of seed
dormancy is required for protection against PHS, but this may lead to problems in downstream
processing of grains since the grains from malting barley varieties should exhibit uniform and fast
germination of grains for the production of good quality malt extracts (Hicky et al., 2012; Edney
et al., 2013). The barley varieties with high seed dormancy at harvest will have to undergo after-
ripening before malting, which leads to increase in extra storage costs.

Grain damage by PHS is generally estimated based on a-amylase activity and the number
of field-sprouted grains at harvest (Mares, 1989). During sprouting, the activation of a-amylases
and proteases starts, and these enzymes degrade the storage reserves in the starchy endosperm,
leading to the deterioration grain quality for beer making. The PHS damage may also cause loss
of grain viability (Gualano et al., 2014). One of the strategies used for reducing PHS damage is
developing PHS resistant lines through breeding and this approach in most cases involves the use

of double haploid or recombinant inbred populations derived from two parental lines having
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different dormancy phenotype (Rodri’guez et al., 2015). Tackling PHS involves controlling the
timing of dormancy loss in such a way that dormancy is not lost very early to prevent PHS or very
late to prevent strong dormancy that affects re-planting and industrial applications. The level of
seed dormancy in barley should be adjusted very precisely as malting industry demands for non
sprouted and low dormant genotypes capable of germinating fast for immediate industrialization
(Rodr1’guez et al., 2015). Different barley cultivars have genotypic variability with respect to the
level of seed dormancy they exhibit; some cultivars can release dormancy very fast, that is, within
days, others within weeks, while some varieties likely remain dormant for several months (Benech-
Arnold, 2001).

Seed germination begins with water uptake by seed and finishes with emergence of radicle
out of the seed covering layers (Bewley and Black, 1994). However, the germination of viable
seeds can be blocked by seed dormancy even under optimal conditions (Hilhorst, 2007). Several
endogenous and environmental factors regulate seed dormancy and germination, and plant
hormones are among the endogenous factors regulating these two developmental processes
(Matilla and matilla-Vazquez, 2008). The major plant hormones governing seed dormancy and
germination are ABA and GA; ABA induces dormancy while GA enhances germination (Kucera
et al., 2005; Finkelstein et al., 2008). The amounts of ABA and GA are controlled by a balance
between their biosynthesis and degradation (Nambara et al., 2010). There are two major regulatory
steps in ABA metabolism pathway, and these steps are catalyzed by 9-cis-epoxycarotenoid
dioxygenase (NCED) and ABA 8’ hydroxylase (ABA8'OH). ABA controls the onset of dormancy
in the grains of cereals like barley (Jacobsen et al., 2002), and inhibits seed germination through
delaying radicle expansion and the weakening of endosperm (Muller et al., 2006). Genetic studies

show that dormancy is induced by de-novo synthesis of ABA in embryo and endosperm (Nambara
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and Marion-Poll, 2003). The expression patterns of genes encoding two regulatory ABA metabolic
enzymes of barley, NCED (NCED1 and NCED2) and ABA8'OH (4BA8'OH1 and ABA8'OH?2) are
associated with ABA level and grain dormancy (Chono et al., 2006; Millar et al., 2006; Gubler et
al., 2008).

Mutations or chemical treatments that inhibit ABA biosynthesis lead to reduced ABA
levels and a decrease in seed dormancy whereas overexpression of the ABA biosynthetic genes or
silencing of the ABA catabolic genes leads to accumulation of ABA and high degree of seed
dormancy (Nambara and Marion-Poll, 2003; Kucera et al., 2005). Furthermore, dormant wheat
cultivar has been reported to exhibit high and low expression of TaNCED2 and TadBA8'OH1
genes, respectively, resulting in high ABA level and dormancy as compared to non dormant
cultivar (Son et al., 2016). A study involving different temperatures for seed imbibition also
showed the role of NCED and 4BA8'OH expression in controlling seed germination at suboptimal,
optimal and supraoptimal temperatures (Izydorczyk et al., 2018). In barley, the decrease in ABA
content during imbibition of non-dormant seeds is correlated with increased expression of
ABAS8'OH]I; however, no such association was observed with the expression of ABA biosynthetic
genes (Millar et al., 2006; Barrero et al., 2009). In agreement, suppressing the expression of the
ABAS'OHI gene has been shown to result in increased ABA level and high grain dormancy
(Gubler et al., 2008). These results indicate that ABA8'’OH1 gene of barley is important regulator
of seed dormancy and germination in barley.

GA is another important plant hormone known to play a role in promotion of seed
germination (Finch-Savage and Leubner-Metzger, 2006), and the level of bioactive GAs is
regulated mainly by genes encoding GA 20-oxidase, GA 3-oxidase and GA 2-oxidase, respectively

(‘Yamaguchi, 2008). Several genetic, mutational and physiological studies have indicated the

37



importance of GA in promoting seed germination and radicle emergence through endosperm
weakening, increasing embryo growth potential and activating a-amylase (Chen and Chang, 1972;
Koornneef and van der Veen, 1980; Kucera et al., 2005). Increased GA biosynthesis has been
reported to play an important role in bioactive GA accumulation and enhancing Arabidopsis and
wheat seed germination rather than a reduced GA catabolism (Ogawa et al., 2003; Izydorczyk et
al., 2018).

Expression studies indicated the role of GA200x and GA3ox genes in regulating imbibition
induced accumulation of bioactive GAs and hence enhanced seed germination in Arabidopsis,
sorghum and wheat (Ogawa et al., 2003; Rodriguez et al., 2011; Izydorczyk et al., 2018). The low
expression of GA20x genes during germination indicated that GA inactivation is not important in
regulating GA level and germination (Ogawa et al., 2003; Izydorczyk et al., 2018). The synthesis
of bioactive GA during early imbibition of Arabidopsis seeds is mediated through the expression
of GA200x3 and GA3ox1, while during late imbibition GA synthesis is regulated by GA30x2
suggesting the role of GA30x2 in radicle emergence (Ogawa et al., 2003). A loss-of-function
mutant study in rice has indicated that GA200x2 cause a high GA level and low seed dormancy,
as a result it was selected as a candidate gene for controlling seed germination (Ye et al., 2015).
In addition, a report on after-ripened wheat and barley seeds suggested the release of seed
dormancy is associated with increased expression of GA200x and GA3ox genes and increased
bioactive GA1 during imbibition (Gubler et al., 2008; Liu et al., 2013; Kashiwakura et al., 2016).
The expression of GA30x2 was found to be higher in dormant barley grains imbibed under dark
condition that causes germination of the dormant seeds as compared to grains imbibed in light,
suggesting the role of GA in promotion of seed germination under darkness (Gubler et al., 2008).

A previous quantitative genetic study in barley also reported GA200x as a candidate gene for the
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regulating PHS and seed dormancy (Li et al., 2004). All these results indicate GA200x and GA30x
genes play important roles in control of seed dormancy and germination in barley.

This thesis tested the hypothesis that allelic variation and differential expression of ABA
and GA metabolic genes of barley lead to differences in the level of seed dormancy and PHS
tolerance in malting barley. This hypothesis was tested by characterizing the germination
phenotype of different barley lines, investigating the expression patterns of ABA and GA
metabolic genes in seed imbibing tissues, and analyzing allelic variations in the genomic sequences
of selected ABA and GA metabolic (A4BA8'OHI and GA200x1) genes. In seed of dormant lines,
the expression levels of ABA biosynthetic and catabolic genes are expected to be high and low,
respectively, to maintain high ABA level and seed dormancy. In addition, the expression levels of
GA biosynthetic genes are expected to be low in dormant seeds to contribute to the inhibition of

germination.

3.2 Materials and Methods

3.2.1 Plant materials and growth conditions

Eleven malting barley inbred lines along with the parental lines TR253 (PHS susceptible but with
a good malt quality) and Baudin (PHS resistant), and selected malting barley cultivars TR11221,
CDC Reserve-01, Morex, Steptoe, Betzes, Himalaya, AC Metcalfe and AAC Synergy were used
in this study (Table 3.1). The inbred lines along with the parents and cultivars were obtained from
Dr. Ana Badea research group at Agriculture and Agri-Food Canada, Brandon research and
Development Center. The inbred lines used in this study have contrasting degree of resistance to

PHS.
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Table 3.1 List of selected barley lines used in this study

S. No. Line name Description

1 TR253 Parent

2 Baudin Parent

3 BMO0253-58 Sister inbred line
4 BM0253-95 Sister inbred line
5 BM0253-103 Sister inbred line
6 BMO0253-180 Sister inbred line
7 BM0253-211 Sister inbred line
8 BM0253-217 Sister inbred line
9 BM0253-235 Sister inbred line
10 BM0253-331 Sister inbred line
11 BM0253-402 Sister inbred line
12 BM0253-409 Sister inbred line
13 BMO0253-412 Sister inbred line
14 TR11221 Cultivar

15 CDC Reserve-01 Cultivar

16 Morex Cultivar

17 Steptoe Cultivar

18 Betzes Cultivar

19 Himalaya Cultivar

20 AAC Synergy Cultivar

21 AC Metcalfe Cultivar

Mature dry seeds of all the inbred lines and the cultivars were surface sterilized with 70%
ethanol for 1 min and 5% sodium hypochlorite solution for 20 min on MaxQ™ 4000 Benchtop
orbital shaker (Thermofisher Scientific, Waltham, MA, USA) followed by washing 5 times with
sterile water. The seeds were then imbibed with 7 mL sterile water for 3 days in a 9 cm sterile

Petri-plate with two layers of Whatman# 1 filter paper under darkness and at room temperature.
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After three days of imbibition, germinated seeds were transplanted to the one-gallon plastic pots
containing LA4 sunshine mix (Sungro Horticulture, Bellevue, WA, USA) and 18 g fertilizer
(ACER®nt 13-12-12 consisting of 13% N, 12% P20s, 12% K0 and micro elements) in a growth
chamber at 22°C/20°C (day and night) under a 16/8 hour photoperiod until harvest. Plants were
supplied with water every other day until maturity and N-P-K (20:20:20) mix of fertilizer every
week. The mature dry seeds were collected and threshed at harvest maturity. These seeds were

immediately stored at -80°C until further use.

3.2.2 Seed germination phenotype

To determine the germination phenotype of seeds derived from the inbred lines along with the
parental lines and the malting barley cultivars, seed were surface sterilized and imbibed for 7 days
at 22°C under darkness. Seeds were considered germinated when the coleorhiza penetrates through

the seed covering layers.

3.2.3 Molecular cloning of ABA8'0OH1 and GA200x1 from different barley lines

3.2.3.1 DNA extraction

Leaf tissues were harvested in liquid nitrogen from each barley line during the vegetative stage of
growth and stored immediately at -80°C until further use. The genomic DNA was extracted from
the leaf tissues using CTAB protocol (Doyle and Doyle, 1990). The leaf tissues were first ground
to a fine powder in liquid nitrogen using mortar and pestle. Approximately 100-150 mg of the
finely ground powder was mixed with 600 pL of CTAB buffer (100 mM Tris-HCL (pH 8), 4 M
NaCl, 20 mM EDTA, 2% CTAB, 0.2% B-mercaptoethanol) and incubated at 65°C for 1 hour. After

incubation, 200 pL of saturated phenol and 200 pL of chloroform: isoamyl alcohol (24:1) was
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added, and then centrifuged at 9000g for 10 min. After centrifugation, about 500 pL of the
supernatant was transferred to a new microcentrifuge tube to which 3 pL RNase was added. This
mixture was incubated at 37°C for 30 min followed by addition of 400 uL chloroform: isoamyl
alcohol (24:1) and then centrifugation at 10000g for 10 min. The upper aqueous phase (containing
the DNA) was transferred to a fresh microcentrifuge tube, after which ice-cold ethanol was added
(800 pL) and mixed gently followed by centrifugation at 162009 for 1 min. The supernatant was
discarded, and the pellet was washed with 500 puL of 70% ethanol followed by centrifugation at
16200g for 1 min. The supernatant was then discarded, and the pellet was allowed to dry for 15
min. The pellet was resuspended in 50 pL of sterile DNase free water and stored at -80°C until
further use. The quality of the DNA samples was verified using gel electrophoresis. The DNA
concentration of each sample was determined using Epoch™ Multi-Volume Spectrophotometer

System (BioTek Instruments, Winooski, VT, USA).

3.2.3.2 PCR amplification

Amplification of the targeted genes was performed using MyCycler™ Thermal Cycler (Bio-Rad,
Hercules, CA, USA) using 100 ng genomic DNA and gene specific primers designed using gene
sequences of ABA8'OHI (Ensembl ID: HORVUOHr1G016780) and GA200x1 (Ensembl ID:
HORVU5Hr1G124120) (Table 3.2) in a 20 uL total reaction mixture. The PCR reaction mixture
used for the amplification of the two target genes (4B48 OH1 and GA200x1) consisted of DNA
template (0.5 pL), 10 mM dNTP mix (0.4 puL), 10X DreamTaq Buffer (2.0 uL), 10 uM Forward
primer (0.6 uL), 10 uM reverse primer (0.6 puL), 5U/uL Dream Taq DNA polymerase (0.1 uL) and
15.8 pL sterile water. The thermocycling conditions were initial denaturation at 95°C for 3 min

followed by 37 cycles of denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds
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for both ABA8°OH1 and GA200x1 and extension at 72°C for 2 min followed by final extension at

72°C for 10 min.

Table 3.2 Primer used for amplifying the target genes

Gene Type Sequence (5" to 3") Size (bp)

HvABA8 OH1 Forward TGCAGGTTGCAGGTAACAGA 2047
Reverse CGTTGCCTCTATCGTGGTGT

GA200x1 Forward CTCACTCCACTGAGCTTGAGTC 1453
Reverse CTAGTACTAGATCGTCGTCAACC

3.2.3.3 Gel extraction

The amplified PCR products were separated on a 1% (w/v) agarose gel and visualised under UV
light in ChemiDoc™ XRS+ System (Bio-Rad, Hercules, CA, USA). The expected bands (2047 bp
for ABA8 OH1 and 1453 bp for GA200x1) were excised from the gel and purified using GeneJET
Gel Extraction Kit (Thermo Scientific, Waltham, MA, United States) according to the
manufacturer’s protocol. Briefly, the excised gel slice was mixed with binding buffer (1:1; w/w)
and then incubated at 55°C for 10 min or until the gel slice was completely dissolved. The
solubilized gel mixture (800 pL) was transferred to the GeneJET purification column, which was
centrifuged at 12000g for 1 min at room temperature. The flow-through was discarded and the
column was placed back into the same collection tube followed by washing the column with 700
puL wash buffer. The column was centrifuged twice at 12000g for 1 min to remove any traces of
ethanol prior to elution of the purified PCR product with 11 pL of sterile water. The purified DNA
was stored at -20°C until further use. After purification, the quality of the samples was verified by

gel electrophoresis.
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3.2.3.4 Ligation and transformation

The purified PCR product was ligated to pGEM-T Easy Vector (Promega, Madison, WI, USA).
The ligation mixture contained purified DNA (1 puL), pGEM-T Easy Vector (0.5 pL), 2X rapid
ligation buffer (2.5 puL), T4 DNA ligase (3 Weiss units/uL) (0.5 puL) and sterile water with a total
reaction volume of 5 pL. The ligation mixture was incubated overnight at 16°C, and used to
transform E.coli DH50™ competent cells (Invitrogen, Carlsbad, CA, USA). Transformation was
performed by adding 2.5 uL of the ligation product to DH5a competent cells (25 uL) followed by
incubation on ice for 30 min, heat shock at 42°C for 45 sec, and further incubation on ice for 2
min. Subsequently, 600 uL of Luria-Bertani (LB) media (10 g tryptone, 5 g yeast extract and 5 g
NaCl per liter; pH 7.0) was added followed by incubation on a shaker at 225 rpm and 37°C for 1
h. The transformation mixture was then centrifuged at 5000g for 5 min after which the supernatant
was discarded, and the pellet was suspended and spread on LB plates containing carbenicillin (100
mg/mL, 20 uL) (Sigma, St. Louis, MO, USA), isopropyl p-D-1-thiogalactopyranoside (IPTG) (200
mg/mL, 8 pL) (Invitrogen, Carlsbad, CA, USA) and X-gal (20 uL) (Invitrogen, Carlshad, CA,

USA). The plates were then incubated at 37°C overnight.

3.2.3.5 Plasmid isolation

The positive colonies grown on the LB plates were selected through blue-white screening, and the
white (positive) colonies were first transferred to a fresh LB plates and then used to inoculate LB
medium (5 mL) supplemented with Carbenicillin (100 mg/mL) (Sigma, St. Louis, MO, USA).
After incubation on benchtop orbital shaker (Thermofisher Scientific, Waltham, MA, USA) at 225
rpm and 37°C overnight, the plasmid DNA was isolated using the GeneJET™ Plasmid Miniprep

Kit (Thermofisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol.
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Briefly, the bacterial culture was harvested by centrifugation at 6200g for 2 min. The pellet was
resuspended in 250 pL of resuspension solution followed by addition of 250 pL lysis solution.
Then, 350 pL of neutralization solution was added followed by centrifugation. The supernatant
was transferred to GeneJET spin column and then washed with 500 pL of wash solution followed
by centrifugation for 1 min (twice) to remove any trace amount of wash solution. The plasmid

DNA was eluted using 32 uL sterile water.

3.2.3.6 Restriction enzyme digestion

The fast digest EcoRlI restriction enzyme (Thermofisher Scientific, Waltham, MA, USA) was used
for screening positive colonies according to the manufacturer’s protocol. Briefly, the reaction
mixture for the restriction digestion contained 2 uL of 10X FastDigest green buffer, 2 L Plasmid
DNA, 1 pL FastDigest enzyme and 15 pL nuclease free water to make a final reaction volume of
20 pL. The mixture was incubated at 37°C for 1 hour followed by inactivation of the enzyme at
80°C for 5 min. The sizes of the digested product and pGEM-T vector were confirmed by gel

electrophoresis (1% wi/v).

3.2.3.7 Sequence Analysis
The purified plasmids were sequenced (Macrogen, Rockville, MD, USA) with M13 forward, M13
reverse, and gene specific internal primers (Table 3.3). The internal primers were designed using

NCBI primer designing tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The raw

sequences data obtained from Macrogen were analyzed using CAP3 software

(http://doua.prabi.fr/software/cap3) for assembly of the CONTIG sequences. Alignment of the

resulting nucleotide sequences of the target genes from different lines was performed using
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MULTIALIN software (http://multalin.toulouse.inra.fr/multalin/) and specificity of the

ABAS8'OHI and GA200x1 sequences was confirmed by blasting the respective sequences against
GenBank database. The intronic and exonic nucleotide sequences of the target genes were

identified using Ensembl Plants (https://plants.ensembl.org/index.html). The amino acid sequence

of the genes was identified using EXPASy translate tool (https://web.expasy.org/translate/). To

identify conserved protein domains, amino acid sequences of ABA8'OH and GA20o0x of other
species were obtained from the NCBI database and aligned using DNAMAN software

(https://www.lynnon.com/). A phylogenetic tree was constructed for both 4BA8'OH and GA200x

genes using phylogenetic tree generating software (MEGAY7, https://www.megasoftware.net/) with

neighbor-joining and Poisson correction methods based on 1000 bootstrap replicates.

Table 3.3 Primer used for sequencing of the target genes

Primer name Type Sequence (5" to 3")

M13 Forward GTAAAACGACGGCCAG
Reverse CAGGAAACAGCTATGAC

ABAS'OHI Internal-1 TCCATCGAGGCCATCGCC
Internal-2 GCTGACCCGCTTTGGCAC

GA200x1 Internal-1 TACGCCAGCAGCTTCACC

3.2.4 Gene expression of ABA and GA metabolic genes

3.2.4.1 Tissue collection

Mature dry seeds of the different malting barley lines were surface sterilized and imbibed for 24 h
in three biological replicates as described above. After 24 hour after imbibition (HALI), the embryo
was separated from other parts of the seed in liquid nitrogen and stored at -80°C until RNA

isolation.
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3.2.4.2 RNA extraction

The total RNA from endosperm tissues was extracted as described previously (Mukherjee et al.,
2015). Total RNA from embryo tissues was extracted using a method described in Mornkham
(2013) with minor modifications. Tissues were ground into fine powder and then mixed with 950
uL of buffer I (8 M LiCl, 2% PVP) and 50 pL of B-mercaptoethanol. After incubation of the
mixture for 5 min at room temperature, 150 pL chloroform was added and then the mixture was
centrifuge at 24009 for 5 min. The pellet was re-suspended in 588 pL buffer 11 (1.4% SDS, 0.075
M NaCl and 0.025 M EDTA) and 12 uL B-mercaptoethanol after which 600 pL chloroform was
added. The mixture was centrifuged at 2400g for 5 min. The RNA was precipitated with 500 pL
of isopropanol, incubated on ice for 15 min and centrifuged at 120009 for 10 min. The pellets were
washed with 1 mL of 75% ethanol and air dried for 15 min before re-suspension in 50 yL diethyl
pyrocarbonate (DEPC) water. The pellets dissolved in DEPC water were mixed with 700 pL
TRIzol™ (Thermofisher Scientific, Waltham, MA, USA) and incubated for 5 min at room
temperature. After adding 140 pL of chloroform, the mixture was incubated for 3 min at room
temperature and then centrifuge at 120009 for 15 min. The pellets were again washed with 75%
ethanol, air dried and re-suspended with 50 uL DEPC water, and then the RNA samples were

stored at -80°C.

3.2.4.3 DNA digestion

The total RNA samples were digested with DNase using DNA-free Kit (Ambion, Austin, TX,
USA) to eliminate genomic DNA contaminants. Briefly, 1 uL rDNase | (2 units/ pL) and 5 pL
10X DNase I buffer were added to 10 pg of total RNA to a total reaction volume of 50 pL. The

mixture was incubated for 30 min at 37°C. DNase inactivation reagent (5uL) was subsequently
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added to the mixture and incubated for 2 min at room temperature to stop the reaction. Following
centrifugation at 10000g for 2 min, the supernatant was separated for further use. The integrity and
purity of the RNA was determined by analysis with RNA gel electrophoresis and

spectrophotometer, respectively.

3.2.4.4 cDNA synthesis

Total RNA (1pg) was used for complementary DNA (cDNA) synthesis using iScript Reverse
Transcription Supermix (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s protocol.
Briefly, 4 uL of 5X iScript reverse transcription supermix was mixed with 1 pg of total RNA and
nuclease-free water to a total reaction volume of 20 pL. The reverse transcription conditions were
5 min at 25°C for priming, followed by 30 min at 42°C for reverse transcription, and 5 min at 85°C
for inactivation of the reaction. The cDNA products were diluted 20X and stored at -80°C until

further use.

3.2.4.5 Primers
The primers for expression analysis using gPCR were designed using Primer3 software

(http://bioinfo.ut.ee/primer3-0.4.0/primer3/) (Table 3.4). The specificity of the primers was

determined by BLAST search against GenBank database and RT-PCR analysis.
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Table 3.4 Primer sequences used for gPCR

Gene Type Sequence (5" to 3")
S-Actin FP CCAGGTATCGCTGACCGTAT
RP GCTGAGTGAGGCTAGGATGG
NCED1 FP ACCTCTGGAACTCGTGGGA
RP CGTCCGTGTCGTTGAAGAT
NCED2 FP GCTTCTGCTTCCACCTCTG
RP GCACTCGTCCGACTCGTT
ABAS8'OHI FP CCATGACCTTCACCCGCAAG
RP GGACACTGACGGATGGAGAAC
ABAS'OH2 FP TGACGCACAGGGTGATTT
RP CCCTTGGGGATAAGAAACC
GA200x1 FP CCCTGGAAGGAGACCCTCT
RP GGCTCATCTCCGAGCAGTAG
GA200x2 FP AAGCTTCCCTGGAAGGAGAC
RP TCCCCTAGGTGCATGAAGTC
GA200x3 FP CGCTCACCTTCTTCCTCAAC
RP GAACTCACGCCAAGTGAAGTC

FP: Forward primer, RP: Reverse primer

3.2.4.6 Real-time gPCR

The gPCR assays were carried out using CFX96 real-time PCR system (Bio-Rad, Hercules, CA,
USA), and it was performed in duplicate for each sample. The gPCR reaction mixture consisted 5
pL of the diluted cDNA, 1.2 pL of forward primer (5 uM; final concentration 300 nM), 1.2 pL of
reverse primer (5 uM; final concentration 300 nM), 10 pL of SsoFast Eva Green Supermix (Bio-
Rad, Hercules, CA, USA) and 2.6 pL of water with a total reaction volume of 20 pL. The
thermocycling conditions used for the gPCR assays are as follows: initial denaturation and DNA
polymerase activation at 95°C for 5 min, and then 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 relative transcript levels of the
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target genes were determined by the Livak and Schmittgen (2001) method. The f-Actin gene was
used as a reference gene for normalization and the expression level of Steptoe was set to 1 and

used as a control.

3.2.4.7 Statistical analysis

The statistically significant difference in seed germination percentages, and relative expression
levels of NCED1, ABA8'OHI, ABA8'OH2, GA200x2 and GA200x3 among different malting barley
lines was tested using one-way ANOVA test. The means for germination percentage and gene
expression were compared using Fisher least significant difference (LSD) test at p < 0.05. The
correlation between seed germination and expression levels of different genes in different barley

lines was tested using Pearson’s coefficient of correlation (r).

3.3 Results

3.3.1 Seed germination

Germination of freshly harvested mature dry seeds of the 21 different malting barley lines was
monitored for a period of 7 days. Our results showed that the lines exhibit a range of germination
phenotype ranging from no germination observed in Steptoe to 100 percent germination in

Himalaya (Figure 3.1).
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Figure 3.1 Germination percentages of the mature seeds of the different barley lines over a period
of 7 days. Data are mean of three independent biological replicates + SE. Statistically significant
difference in the germination percentage of different lines was tested using Fisher LSD test
(p<0.05; Appendix 1).

Based on their respective germination percentages (Figure 3.1), the different lines are
divided into three different levels of dormancy. Lines showing less than 25% of germination are
considered as highly dormant while those showing between 25% and 75% are classified as lines
with intermediate level of dormancy. Lines that showed over 75% germination are considered as

non-dormant lines (Table 3.5).
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Table 3.5 Dormancy phenotype of the different malting barley lines

Dormant (<25%) Intermediate (25-75%) Non-dormant (>75%)

Steptoe CDC Reserve-01 Morex

BM0253-180 BMO0253-211 BMO0253-235

BM0253-402 BM0253-95 BMO0253-331

Betzes Baudin BM0253-103
AAC Synergy
BMO0253-58
TR11221
AC Metcalfe
BM0253-409
BM0253-217
TR253
BM0253-412
Himalaya

3.3.2 Molecular cloning of ABA8'OH1

3.3.2.1 PCR amplification of target gene

Amplification of the genomic DNA sequence of ABA8'OH1 gene from all the 21 malting barley
lines with gene specific primers designed from the 5’ and 3’ end of the DNA sequence produced

DNA fragment with expected size of 2047 bp (Figure 3.2).
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Figure 3.2 PCR amplification of the genomic sequence of ABA8'OHI from the malting barley
genotypes and breeding lines. Lanes are 1=BM0253-180; 2=BM0253-211; 3=BM0253-217,;
4=BM0253-235; 5=BM0253-58; 6=BMO0253-331; 7=BM0253-402; 8=BM0253-409;
9=BM0253-95; 10=BM0253-103; 11=BMO0253-412; 12=TR253; 13=Baudin; 14=Morex;
15=Steptoe; 16=Betzes; 17=Himalaya; 18=TR11221; 19=AAC Synergy; 20=AC Metcalfe;
21=CDC Reserve-01; 22=Negative control. Lane M is the 1 Kb plus marker.

The sequencing and BLAST searching of the amplified fragments of ABA8'OHI gene
derived from the different genotypes and lines against the GenBank database confirmed the
specificity of the sequenced DNA fragments as its sequence exhibited 100% identity at E-value of
0 with 4BA8'OHI (GenBank ID: AB239299.1) (Table 3.6). In addition, the sequence of
ABAS8'OH]1 gene derived from the different genotypes and lines of barley showed over 91% and
90% identity with Ta4BA8'OHI-D (GenBank ID: AB714576.1) and TaABA8'OH1-B (GenBank

ID: AB714575.1) respectively (Table 3.6).
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Table 3.6 Nucleotide sequence identity of the sequence of 4BA8'OH1 from the different
barley lines with other 4ABA8'OH1 gene sequences

Accession # Description Max Score? E-Value® Max Identity®
AB239299.1 ABAS'OH1 987 0.0 100%
AB714576.1 TadBAS'OHI-D 2158 0.0 91%
AB714575.1 TadBA8'OHI-B 2126 0.0 90%

aMaximum score indicates the amount of sequence homology between 4B4A8'OH1 from the different barley
lines and other ABA8'OH 1 sequences available in GenBank database.

bE-Value determines the significance of the alignment score.

*Maximum identity refers to percentage of identical nucleotides between 4BA8’OHI from the different
barley lines and other ABA8'’OH1 sequences available in GenBank database.

3.3.2.2 Analysis of ABA8'OH]1 gene sequence for allelic variation

A number of nucleotide substitutions, addition and deletions (INDELS) were detected among the
sequences derived from the 21 different barley lines (Figure 3.3, Appendix 2). Their positions and
substitution patterns are C to T at 602" bp (AC Metcalfe, BM0253-402, TR253); C to A at 605"
bp (AAC Synergy, CDC-Reserve-01, Himalaya, Morex and TR11221); G to C at 1227"" bp (AAC
Synergy, CDC-Reserve-01 and TR11221); C to A at 1340™ bp (Himalaya, Morex and Steptoe); A
to T or deletion of A at 1816"™ bp (CDC-Reserve-01, Himalaya, Morex, TR11221 and Steptoe).
An insertion of 10 bp fragment ‘GTGCTGTACC” from 1523™ to 1532™ bp position was observed
in Himalaya and Morex while a deletion of 12 bp fragment ‘GATGATGATGAT’ from 1838™ to
1849™ bp position was evident in AAC Synergy, Himalaya, Morex and TR11221. Overall, seven

different types of alleles were found in the genomic sequence of the target gene.

54



g B60 1 1180 290 1300 1480 4% 17700 179 1800 1

b } } } | } } } ; } }
RAC-Synercy \ATGEGTGCCT TCCGTCTCATCCAT CACCCCCGCATE TGGGCCGACACGE TACC====mmm==- TCTCGE TTTTATCCTTG  JTGATmmmmmmmmmee fIGGC GCCTGA
TRU22L ATGEGTGCCT TCCGTCTCATCCAT CACCCCCGLATE TGGGCCGACACGE TACT=mmmmmmm=s TCTCGE TTTTTTCCTTG  ATGAT=mmmmmmmmmnn fiGGC SGCCTGA
AC-Hetcalfe ATGGETGCCT TCCGTTICCTCCAT CACCCCGECATE TGGECCACACGE TACC=mmmmmmmms TCTCGE TTTTATCCTIG TGATGATGATGATGATAGEC SGCCTGA
COC-Reserve=01 ATGGGTGCCT TCCGICTCATCCAT CACCCCCGCATE TGGECCGACACEL TACC=mmmmmmmmn TCTCGE TTTT=TCCTTG TGATGATGATGATGATAGEC SGCCTGA
BH0253-35 ATGGATGCCT TCCGTCTCCTCCAT CACCCCGGCATE TGGGCCGACACEL TACC=====mmn=- TCTCGE TTTTATCCTIG \TGATGATGATGATGATAGEC SGCCTGA
BH0253-103 ATGGGTGCCT TCCGICTCCTCCAT CACCCCGGCATG TGGGCCGACACGE TACC====mm===- TCTCGE TTTTATCCTIG \TGATGATGATGATGATAGEC SGCCTGA
Betzes ATGGGTECCT TCCGICTCCTCCAT CACCCCGECATG TGGECCGACACGC TACC-=smm===n- TCTCGE TTTTATCCTTG TGATGATGATGATEATAGEL SGCCTGR
BHOZ33~180 RTGGGTGCCT TCCETCTCCTCCAT CACCCCGGCATG TGGECCGACACEE TACC=mmmmmmmmn TCTCGE TTTTATCCTIG TGATGRTGATGATGATAGEC SGCCTGA
Baudin ATGGGTECCT TCCGICTCCTCCAT CACCCCGECATG TGGECCGACACGC TACC==mmm===n- TCTCGE TTTTATCCTTG TGATGATGATGATEATAGEL SGCCTGR
B0233-412 ATGGGTGCCT TCCGTCTCCTCCAT CACCCCGGCATE TGGECCGACACEC TACC-—----m-—n TCTCGE TTTTATCCTIG \TGATGRTGRTGATGATAGGC SGCCTGA
BH0253-409 ATGGGTGCCT TCCGTCTCCTCCAT CACCCCGGCATE TGGECCGACACEC TACC-—--m-m-—n TCTCGE TTTTATCCTIG \TGATGRTGRTGATGATAGGC SGCCTGA
B0233=211 ATGGGTGCCT TCCGTCTCCTCCAT CACCCCGGCATE TGGECCGACACEC TACC-—------—r TCTCGE TTTTATCCTIG \TGATGRTGRTGATGATAGGC SGCCTGA
B0233=331 ATGGGTGCCT TCCGTCTCCTCCAT CACCCCGGCATE TGGECCGACACEC TACC-—----m-—n TCTCGE TTTTATCCTIG \TGATGRTGRTGATGATAGGC SGCCTGA
BH0253=38 ATGGGTGCCT TCCGTCTCCTCCAT CACCCCGGCATE TGRECCGACACEC TACC-——n-m--—- TCTCGE TTTTATCCTIG  \TGATGRTGRTGATGATAGGC SGCCTGA
B0253=235 ATGGGTGCCT TCCGTCTCCTCCAT CACCCCGGCATE TGRECCGACACEC TACC-—-mmmm-mr TCTCGE TTTTATCCTIG  \TGATGRTGRTGATGATAGGC SGCCTGA
B0253=217 ATGGGTGCCT TCCGTCTCCTCCAT CACCCCGGCATE TGRECCGACACEC TACC-—-mm-m-—r TCTCGE TTTTATCCTIG  \TGATGRTGRTGATGATAGGC SGCCTGA
B0253=402 ATGGGTGCCT TCCGTTTCCTCCAT CACCCCGGCATE TGGECCGACACEL TACC=mmmmmmmmm TCTCGE TTTTATCCTIG  \TGATGRTGRTGATGATAGGC SGCCTGA
TRZ33 ATGGRTGCCT TCCGTTTCCTCCAT CACCCCGGCATE TGGECCGACACGE TACC=mmmmmmmms TCTCGE TTTTATCCTIG  \TGATGRTGRTGATGATAGGC SGCCTGA
Steptoe ATGGGTGCCT TCCGTCTCCTCCAT CACCCCGGCATE TEGGCAGACACGL TACCmwmmmmwmmn TCTCGE TTTT=TCCTTG  TGATGATGATGATGATAGEE SGCCTGR
Hinalaya ATGGGTGCCT TCCGTCTCATCCAT CACCCCGECATE TGGGCAGACACGC TACCGTGLTRTACCTCTCEE TTTT=TCLTIG |TGAT-mmmmmmmmmee AGGC GCCTGA
Horex ATGERTGCCT TCCGICTCATCCAT CACCCCGGCATG TGGGCAGACACEC TRCCGTGCTGTACCTCTCGE TTTT=TCCTTG  {TGATmmmmmmmmmmns AGEC ;GCCTGA
Consensus ATGEGTGCCT TCCRTCTCCTCCAT CACCCCBGCATE TGEGCGGACACGC TACC,...,,.,, JCTCGE TITTATCCTIG {TGATpatpateateatAGEL SECCTGA

Figure 3.3 Multiple sequence alignment of ABA8'OH1 gene showing nucleotide polymorphisms

among different barley lines.

3.3.2.3 Analysis of nucleotide sequence for exon-intron structure of ABA8'OH1

Blast searching of the DNA sequence of A4BA8'OH1 gene from the different barley lines against

the Ensembl plants genome database (https://plants.ensembl.org/index.html) indicated that the

genomic sequences of the target gene consist of five exons (coding region) and four introns (non-

coding region), and the size of the coding sequence (only exons) of the target gene is represented

by 1407 bp (Figure 3.4).
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ATGGGTGCCTTCATCCTCCTCCTCTGCTTGCTCGTGCCGTTGGTGCTCGTGTGCGCCGTCCGCG
CCAGGAAGGGCGCCGGCGGGCGETCCTCGTCGGGCGGCGEECAAGRAGGGCAGGCTGCCGCCGGE
GTCCATGGGGTGGCCGTACGTGGGCGAGACCACGCAGCTCTACTCCTCCAAGAACCCCAACGTC
TTCTTCGCCAGGRAGCGTAACAAGTACGGGCCCATCTTCARGACGCACATCCTCGGGTGCCCCT
GCGTCATGGTGTCCAGCCCGGAGGCCGCCAAGTTCGTGCTCGTCACGCAGGCGCACCTCTTCAA
GCCTACCTTCCCGGCCAGCAAGGAGCGGATGCTGGGCCGCCAGGCCATCTTCTTCCAGCAGGGE
GACTACCACACCCACCTCCGCCGTCTCGTCTCCCGCGCCTTCTCCCCCGAGGCCATCCGCGGCT
CCGTCTCCTCCATCGAGGCCATCGCCCTCCGCTCCCTCGGCTCATGGGAAGGCCATGARGTCAR
CACCTTCCAAGARATGAAGACTGTAAGTTCTTCTTCTTCTTCCATTCCTGCCTCCTCTGTTTTC
ATCTGCTCTGCTCTGCTCTGCGGCTAAATGCTTAGAAATGGTCACTGATGGTTTTGTTGGTGTC
ATTGCGCAGTACGCTCTGAATGTGGCATTGCTGTCCATCTTCGGGGAGGAGGAGATGCAGTACA
TCGAGGAGCTGARGCAGTGCTACCTGACGCTGGAGAAGGGGTACAACTCGATGCCGGTGAACCT
GCCGGGCACGCTGTTCCACAAGGCCATGAAGGCCCGGAAGCGGCTGGGCGCCATTGTGGCCCAC
ATCATCTCAGCCCGGCGCGAGCGGGAGCGCGGGAGCGACCTCCTGGGCTCCTTCATGGACGGCT
GCGAGGCGCTCACCGACGACCAGATCGCCGACAACGCCATCGGCGTCATCTTCGCCGCGCGGGA
CACCACCGCCAGCGTGCTCACGTGGATGGTCAAGTTCCTCGGCGACAACCCCGCCGTCCTCARA
GCCGTCACCGTARGTCGCCATCARACCGACCAGCTGACCCGCTTTGGCACCCCGGCATGTCGAA
AGGCAGTGTCTCTGACCCGCGCGCGTGAAACGAT TGACAACAGGAAGAGCACGCCGAGATCGCG
AGGGAGAAGGCGTTGTCCGGCGAGCCGCTGTCGTGGGCCGACACGCGGCGGATGCGGETGACGE
GCCGGGTGATCCAGGAGACGATGCGGGTGGCGTCCATCCTCTCCTTCACCT TCAGAGAGGCCGT
CGAGGACGTGGAGTACCAAGGTGAGCACTGAGCTCTGAGCAGAGACATCAATCARCTTCGCTTT
GGTCGTTTGCGGCAGCGCACTGCTGTACC HlCCIGINEE | CTC GGAGTACAGC TACAGCAGTGC
GCTGCCTGCGCATGAACTGGCTCGGARAGGACGTGCTCCTAACCGAACGGACGARATAGACCAA
CAACTCGAACTCGCAACTCACCTCGGCTCGGCTCGCTCCTCCGTGCAGGGTACCTGATCCCCAA
GGGCTGGAARGTGCTTCCCCTGTTCCGGAACATCCACCACAACCCCGACCACTTCCCCTCCCCC
GARAAGTTCGATCCTTCACGATTCGAGGTCAGCATCATCACATCTTCTTCTTCTACTGTTTTTT
TTABCCTTGGATGATGATGAT GA TR -, G GC TTGAGAGTCCCCCGTTGTTCATTA
GCTGATTGCGTTTTTGTTCTTGGTGACTGCAGGTGGCCCCCAAGCCCAACACGT TCATGCCGTT
CGGGAACGGGACCCACTCGTGCCCCGGCAACGAGCTGGCCARGCTGGAGATGCTCGTCCTCTGE
CACCACCTCGCCACCAAGTACAGATGGTCTACCTCCAAGT CCGAGAGCGGCGTGCAGTTCGGCC
CCTTCGCCCTGCCCATCAACGGCCTCCCCATGACCTTCACCCGCAAGGCCTGA

Figure 3.4 Genomic DNA sequence of 4BA8’OHI gene from start to stop codon. The exonic
regions are highlighted in grey while base positions where single nucleotide polymorphisms occur
are highlighted in bold yellow. Locations where addition and deletion of bases occur are
highlighted in bold red.

We found that the nucleotide substitutions, addition and deletions (INDELS) occurred in
both exonic and intronic regions of the gene. The variations in the exonic region of the gene include

substitution of C to T and C to A in the 1% exon, and C to A in the 3™ exon (Figure 3.4). Intronic
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substitutions include change of nucleotide from G to C in the 2" intron, A to T/deletion and
deletion of T in the 4" intron. An insertion of 10 bp fragment ‘GTGCTGTACC” in the 3" intron

and a deletion of 12 bp fragment ‘GATGATGATGAT’ were also observed in in the 4" intron.

3.3.2.4 Protein sequence analysis of ABA8'OH]1 gene
The translation of the coding nucleotide sequences of the ABA8'OH 1 gene from the different barley

lines into amino acids sequences using EXPASYy translate tool (https://web.expasy.org/translate/)

resulted in putative proteins with 468 amino acids (Figure 3.5). The three nucleotide substitutions
in the coding region of the ABA8'OH1 gene caused a change in codon sequence with no change in
amino acid, rendering no change in the protein sequence of the gene. The first substitution of base
T to C at 453 bp position led to a change in codon of GTT to GTC at 451 to 453 base pair position
in the nucleotide sequence of the gene and both codons code for the same amino acid ‘Valine’.
The second substitution of base C to A at 456 bp position led to a change in codon of TCC to TCA
at 454 to 456 bp position in the nucleotide sequence of the gene and both codons represent the
same amino acid ‘Serine’. The third substitution of base C to A at 978 position caused a change in
codon of GCC to GCA at 976 to 978 bp position in the nucleotide sequence of the gene and both

codons stand for the same amino acid ‘Alanine’.
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ATGGGTGCCTTCATCCTCCTCCTCTGCTTGCTCGTGCCGTTGGTG
M 6 A F I L L L < L L Vv P L V
CTCGTGTGCGCCGTCCGCGCCAGGAAGGGCGCCGGCGGGCGGTCG
L v ¢ A V R A R K G A G G R S
TCGTCGGGCGGCGGCAAGAAGGGCAGGCTGCCGCCGGGGTCCATG
s s 6 G G K K G R L. P P G S M
GGGTGGCCGTACGTGGGCCGAGACCACGCAGCTCTACTCCTCCAAG
G W P Y V G E T T O L Y S S K
ANCCCCAACGTCTTCTTCGCCAGGAAGCGTAACAAGTACGGGCCC
N P N V F F A R K R N K Y G P
ATCTTCAAGACGCACATCCTCGGGTGCCCCTGCGTCATGGTGTCC
I F K T H I L G ¢ P C VvV M V S
AGCCCGGAGGCCGCCAAGTTCGTGCTCGTCACGCAGGCGCACCTC
s P E A A K F VvV L Vv T Q A H L
TTCAAGCCTACCTTCCCGGCCAGCAAGGAGCGGATGCTGGGCCGC
¥F K p T F P A S K E R M L G R
CAGGCCATCTTCTTCCAGCAGGGGGACTACCACACCCACCTCCGC
Q A I F F ©Q © G D Y H T H L R
CGTCTCGTCTCCCGCGCCTTCTCCCCCGAGGCCATCCGCGGCTCC
R L v s R A F s P E A I R G S
GTTTCCTCCATCGAGGCCATCGCCCTCCGCTCCCTCGGCTCATGG
v s s I E A I A L R S L G S W
GAAGGCCATGAAGTCAACACCTTCCAAGAAATGAAGACTTACGCT
E G H E VvV N T F QO E M K T Y A
CTGAATGTGGCATTGCTGTCCATCTTCGGGGAGGAGGAGATGCAG
L N VvV A L L s I F G E E E M Q
TACATCGAGGAGCTGAAGCAGTGCTACCTGACGCTGGAGAAGGGG
Yy I E E L K ¢ ¢ Y L T L E K G
TACAACTCGATGCCGGTGAACCTGCCGGGCACGCTGTTCCACAAG
Y N s M P V N L P G T L F H K
GCCATGAAGGCCCGGAAGCGGCTGGGCGCCATTGTGGCCCACATC
A M K A R K R L. G A I Vv A H I
ATCTCAGCCCGGCGCGAGCGGGAGCGCGGGAGCGACCTCCTGGGC
I s A R R E R E R G S D L L G
TCCTTCATGGACGGCCGCGAGGCGCTCACCGACGACCAGATCGCC
s F M D G R E A L T D D ¢Q I A
GACAACGCCATCGGCGTCATCTTCGCCGCGCGGGACACCACCGCC
D N A I G VvV I F A A R D T T A
AGCGTGCTCACGTGGATGGTCAAGTTCCTCGGCGACAACCCCGCC
s v L. T w Mm v K ¥ L G D N P A
GTCCTCAAAGCCGTCACCGAAGAGCACGCCGAGATCGCGAGGGAG
v L. K A v T E E H A E I A R E
ANGGCGTTGTCCGGCGAGCCGCTGTCGTGGGCCGACACGCGGCGG
K A L s G E P L S W A D T R R
ATGCGGGTGACGGGCCGGGTGATCCAGGAGACGATGCGGGTGGCG
M R v T G R VvV I @ E T M R V A
TCCATCCTCTCCTTCACCTTCAGAGAGGCCGTCGAGGACGTGGAG
s I L s ¥ T F R E A V E D V E
TACCAAGGGTACCTGATCCCCAAGGGCTGGAAAGTGCTTCCCCTG
Y O G Y L I P K G W K Vv L P L
TTCCGGAACATCCACCACAACCCCGACCACTTCCCCTCCCCCGAA
F R N I H H N P D H F P S P E
AAGTTCGATCCTTCACGATTCGAGGTGGCCCCCAAGCCCAACACG
K ¥ D P S R F E V A P K P N T
TTCATGCCGTTCGGGAACGGGACCCACTCGTGCCCCGGCAACGAG
F M P F G N G T H S C P G N E
CTGGCCAAGCTGGAGATGCTCGTCCTCTGCCACCACCTCGCCACC
L A K L EM L VvV L ¢ H H L A T
AAGTACAGATGGTCTACCTCCAAGTCCGAGAGCGGCGTGCAGTTC
K ¥ R w s T S K &S E s G vV Q F
GGCCCCTTCGCCCTGCCCATCAACGGCCTCCCCATGACCTTCACC
G p F A L P I N G L P M T F T
CGCAAGGCCTGA
R K A *

Figure 3.5 Amino acid sequence of ABA8'OH1 aligned with the cDNA nucleotide sequence. The
three nucleotide substitutions and the corresponding codons along with their respective amino
acids are highlighted in yellow. ‘*’ represents stop codon.
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3.3.2.5 Conserved domain and phylogenetic analysis of ABA8'OH1

Multiple sequence alignment of the putative amino acid sequences of ABA8'OHI1 translated from
the ABA8’OH1 nucleotide sequences of the different barley lines along with the amino acid
sequences of different ABA8'OHL from different species including Triticum aestivum, Aegilops
taushii, Hordeum vulgare, Brachypodium distachyon, Orzya sativa, Zea mays, Sorghum bicolor,
Arabidopsis thaliana, Beta vulgaris, Phaseolus vulgaris and Glycine max showed that all the
ABAS8'OH1 proteins analyzed share very high sequence identity as 69% of their amino acid
residues exhibit > 75% homology in which 254 of the amino acid residues exhibit 100% homology
(Figure 3.6). None of the nucleotide polymorphisms occurred in the conserved regions of the
ABAS8'OH1, which include the active-site cysteine and a putative signal peptide located at the N-

terminus of the protein.
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OsABA8’ OH1 MGAFLLFVCVLAP . FLLVCAVRGRRRQAGSSEAAACG. . . . . . . ] 92
ZmABA8’ OH1 MGAFLLFVCLLAPVVVLACAVRGRKRR. . ASSAAAGG. . . . . 93
SbABAS’ OH1 MGALLLFVCLLAPIVLLCAAVRGSRKRRSASPASSCG. . . . . 95
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BVABAS’ OH1 186
Consensus

AtABAS’ OH1 3 ....ONGSSH. L7 0} E 282
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OsABA8’ OH1 285
ZmABAS’ OH1 A | 2 288
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BvABAS’ OH1 ) . .. . EMKKDH . O[S #lARaMG DK E G NS - SRRV | - 280
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Figure 3.6 Amino acid sequence alignment of barley and other ABA8'OHL1 proteins. Amino acid
residues with >75% homology are shaded in yellow while amino acid residues with 100%
homology are represented in dark blue. The ‘#’ symbol represents active-site cysteine of
ABAS8'OHs and “*’ represents a putative signal peptide located at the N-terminus of the proteins.
Amino acids were numbered from the start codon representing the amino acid methionine. The
species and GenBank IDs of their respective proteins are: Triticum aestivum, TaABA8'OH1
(GenBank ID: ACB78189.1); Aegilops taushii, AetABAS8'OH1 (GenBank ID: F775_16028);
Hordeum vulgare, 4BA8'OHI (GenBank ID: ABB71585.1); Brachypodium distachyon,
BAABAS8'OH1 (GenBank ID: BRADI3G52660.1); Orzya sativa, OSABAS'OH1 (GenBank ID:
0s02g0703700); Zea mays, ZmABAS8'OH1 (GenBank ID: Zm00001d017762_T002); Sorghum
bicolor, SbABA8'OH1 (GenBank ID: SORBI_3004G268700); Arabidopsis thaliana,
AtABAS'OH1 (GenBank ID: AT4G19230.1); Beta vulgaris, BVABA8'OH1 (GenBank ID:
BVRB_5g102360); Phaseolus vulgaris, PvABA8'OH1 (GenBank ID: ABC86558.1) and Glycine
max, GmMABAS'OH1 (GenBank ID: ABQ65856.1).
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Phylogenetic analysis of the ABA8'OH 1 protein sequence obtained in this study along with
ten known ABA8'OHL1 plant proteins separated the proteins into two classes, one class containing
all the proteins from monocots and the other class from dicots (Appendix 3). It is evident from the
phylogenetic tree that the barley ABA8'OHL1 protein is closely related to the ABA8'OHL1 proteins

of Triticum aestivum and Aegilops taushii.

3.3.3 Expression analysis of ABA metabolic genes during imbibition
Analysis of the expression patterns of the family members of the ABA metabolic genes, NCED
and ABA8'OH in the mature grains of different barley lines at 24 HAI revealed their differential

expression patterns across the lines.

3.3.3.1 Expression patterns of NCED genes

The expression data for two known NCED genes of barley (NCED1 and NCED2) showed that only
NCEDL1 is expressed in the embryo of all lines at 24 HAI (Figure 3.7). However, the expression of
this gene was either very low or not detected in the endosperm. Embryos of dormant lines including
Steptoe, BM0253-180, BM0253-402 and Betzes exhibited high level of NCED1 expression
(Figure 3.7). Embryos of selected lines with intermediate level of dormancy including CDC-
Reserve-01 and Baudin showed lower level of NCED1 expression (over 2.5-fold lower than that
observed in the most dormant line Steptoe) while other lines with intermediate dormancy such as
BMO0253-211 and BM0253-95 showed higher level of NCED1 expression (over 1.3-fold higher
than Steptoe). Embryos of non-dormant lines including Morex, BM0253-235, BM0253-103, AAC
Synergy, BM0253-58, TR11221, AC Metcalfe, BM0253-409, BM0253-217, TR253, BM0253-

412 and Himalaya are characterized by low level of NCED1 expression (from 2-fold up to 10-fold
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lower than that observed in the most dormant line Steptoe). Although BM0253-331 is non-
dormant, the level of its NCED1 expression was similar to that shown by the dormant embryos.
The expression of NCED2 was also very low/not detected in both embryo and endosperm

tissues.

2.5

Relative transcript level

Figure 3.7 Relative transcript level of NCED1 in the embryo tissues at 24 HAI in different barley
lines with a range of dormancy phenotype. The transcript level was calculated relative to line
Steptoe, which was set a value of 1. The data presented are means of three biological replicates
and the error bars represent standard errors. Statistically significant difference in the relative
transcript levels was tested using Fisher LSD test (p<0.05; Appendix 4).

3.3.3.1.1 Correlation between seed germination and NCED1 expression
Correlation analysis between seed germination percentages and NCED1 expression of the 21
different barley lines revealed an r value of 0.50 (Appendix 5). Correlation analysis for 18 different

barley lines excluding those showing NCED1 expression patterns that are not consistent with the
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germination phenotype, including BM0253-211, BM0253-95 and BM0253-331, produced an r

value of 0.75 (Figure 3.8).
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Figure 3.8 Correlation between the seed germination percentage and expression levels of NCED1
in different barley lines (Steptoe, BM0253-180, BM0253-402, Betzes, CDC Reserve-01, Baudin,
Morex, BM0253-235, BM0253-103, AAC Synergy, BM0253-58, TR11221, AC Metcalfe,
BM0253-409, BM0253-217, TR253, BM0253-412 and Himalaya).

3.3.3.2 Expression of ABA8'OH]1 in the embryo

Embryos of dormant lines including BM0253-180, BM0253-402 and Betzes showed expression
levels that are either lower (up to 2-fold) or similar to that detected in the most dormant line Steptoe
whose expression was set to 1 and was considered as a control (Figure 3.9). Lines with intermediate
dormancy, CDC-Reserve-01, BM0253-211, BM0253-95 and Baudin also showed expression

levels that are either lower (up to 2.5-fold) or similar to that detected in the most dormant line
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Steptoe. The non-dormant lines Morex, BM0253-331, BM0253-103, AAC Synergy, BM0253-58,
TR11221, AC Metcalfe, BM0253-409, BM0253-217, TR253 and Himalaya appeared to have up
to 5-fold lower expression than the control whereas two non-dormant lines BM0253-235 and

BMO0253-412 have upto 2-fold higher expression than the control.
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Figure 3.9 Relative transcript level of ABA8'OH1 in the embryo tissues at 24 HAI in different
barley lines with a range of dormancy phenotype. Transcript level was calculated relative to line
Steptoe, which was set at 1. The data presented are means of three biological replicates and the
error bars represent standard errors. Statistically significant difference in the relative transcript
levels was tested using Fisher LSD test (p<0.05; Appendix 6).

3.3.3.2.1 Correlation between seed germination and embryonic ABA8'OH]1 expression
Correlation between seed germination percentages and ABA8’OH1 expression in the different
barley lines revealed an r value of 0.01 (Appendix 7). The correlation analysis of 17 selected barley

lines (Steptoe, BM0253-180, BM0253-402, Betzes, CDC-Reserve-01, BM0253-211, BM0253-95,
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Baudin, Morex, BM0253-331, BM0253-103, AAC Synergy, TR11221, AC Metcalfe, BM0253-

217, TR253 and Himalaya) revealed an r value of 0.67 (Figure 3.10).
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Figure 3.10 Correlation between the seed germination percentages and expression levels of
embryonic ABA8'OH1 of different barley lines (Steptoe, BM0253-180, BM0253-402, Betzes,
CDC-Reserve-01, BM0253-211, BM0253-95, Baudin, Morex, BM0253-331, BM0253-103, AAC
Synergy, TR11221, AC Metcalfe, BM0253-217, TR253 and Himalaya).

3.3.3.2.2 Correlation between embryonic NCED1 and 4BA8'OH]1 expression in the embryo

Since higher expression levels of both NCED1 and A4BA8'OH1 were found in the seeds of dormant
lines than the non-dormant lines, correlation analysis was conducted between the expression levels
of the two genes. Our correlation analysis showed a positive correlation (r=0.65) between the

expression levels of NCED1 and 4BA8'OH1 in the embryo of selected lines (Steptoe, BM0253-
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402, Betzes, CDC-Reserve-01, Baudin, Morex, BM0253-103, AAC Synergy, BM0253-58,

TR11221, AC Metcalfe, BM0253-409, BM0253-217, TR253 and Himalaya) (Figure 3.11).

1.2

— r = 0.6504
o
T 1 - ™
O
=2
G |
= 0.8 o o
-2
-lé'_ 0.6 - ° e
S ® . o
e .
g 04 - o . . . [
E -
S 02 *
Iod °

O T T T T T

0 0.2 0.4 0.6 0.8 1 1.2

Relative transcript level of ABA8'OH1

Figure 3.11 Correlation between the expression levels of embryonic NCED1 and 4BA8'OH1 in
different barley lines (Steptoe, BM0253-402, Betzes, CDC-Reserve-01, Baudin, Morex, BM0253-
103, AAC Synergy, BM0253-58, TR11221, AC Metcalfe, BM0253-409, BM0253-217, TR253
and Himalaya).

3.3.3.3 Expression of ABA8'OH1 in the endosperm

Analysis of the expression of ABA8'OH]1 in the barley lines revealed that its highest expression
was observed in non-dormant line BM0253-58 (12.5 fold higher as compared to that detected in
the most dormant line Steptoe, which was considered as control) (Figure 3.12). The dormant lines
such as Steptoe and Betzes showed low level of 4BA8'OH1 expression, however other dormant

lines including BM0253-180 and BM0253-402 showed over 3-fold higher level of expression than
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that was detected in the control Steptoe, and this expression pattern is similar to that observed in
the lines with intermediate level of dormancy. The intermediate lines including CDC-Reserve-01,
BMO0253-211, BM0253-95 and Baudin showed over 2-fold higher expression of ABA8'OHI as
compared to that observed in the dormant lines but over 1.2 fold lower than that detected in the
non-dormant lines. The non-dormant lines BM0253-235, BM0253-331, BM0253-58, BM0253-
409, BM0253-217 and TR253 showed 5- to 12-fold higher level of ABA8'OH1 expression than
the control. However, non-dormant lines Morex, BM0253-103, AAC Synergy, TR11221, AC
Metcalfe, BM0253-412 and Himalaya showed an expression level similar to that observed in

dormant and intermediate lines.
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Figure 3.12 Relative transcript level of ABA8'OH1 in the endosperm tissues at 24 HALI in different
barley lines with a range of dormancy phenotype. Transcript level was calculated relative to line
Steptoe, which was set at 1. The data presented are means of three biological replicates and the
bars represent standard errors. Statistically significant difference in the relative transcript levels
was tested using Fisher LSD test (p<0.05; Appendix 8).
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3.3.3.3.1 Correlation between seed germination and endospermic ABA8'OH1 expression

Correlation analysis between germination percentage and ABA8'OHI expression revealed an r
value of 0.26 (Appendix 9). However, the correlation between the two factors for the selected 12
lines (Steptoe, Betzes, CDC-Reserve-01, BM0253-211, BM0253-95, Baudin, BM0253-235,
BM0253-331, BM0253-58, BM0253-409, BM0253-217 and TR253) revealed an r value of 0.81

(Figure 3.13).
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Figure 3.13 Correlation between the seed germination percentage and expression levels of
endospermic ABA8'OH1 of different barley lines (Steptoe, Betzes, CDC-Reserve-01, BM0253-
211, BM0253-95, Baudin, BM0253-235, BM0253-331, BM0253-58, BM0253-409, BM0253-217
and TR253).
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3.3.3.4 Expression of ABA8'OH?2 in the embryo tissue

The expression of ABA8'OH?2 in embryos of dormant lines Steptoe and Betzes was low while other
dormant lines BM0253-180 and BM0253-402 showed over 5-fold more expression as compared
to the dormant control line Steptoe (Figure 3.14). Lines with intermediate level of seed dormancy
such as BM0253-95 and Baudin had intermediate level of ABA8'OH?2 expression (4- to 8-fold as
compared to Steptoe), however, selected lines with intermediate level of dormancy such as CDC-
Reserve-01 and BM0253-211 showed exceptionally high level of ABA8'OH2 expression (over 15
fold as compared to the control Steptoe). The non-dormant lines BM0253-235, BM0253-331,
AAC Synergy, BM0253-58, BM0253-409, BM0253-217, TR253, BM0253-412 and Himalaya
also had higher (5- to 33-fold) expression as compared to control Steptoe. Selected non-dormant
lines Morex, BM0253-103, TR11221 and AC Metcalfe showed only 2- to 4-fold higher expression

than the control Steptoe.
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Relative transcript level

Figure 3.14 Relative transcript level of ABA8'OH? in the embryo tissues at 24 HAI in different
barley lines with a range of dormancy phenotype. Transcript level was calculated relative to line
Steptoe, which was set at 1. The data presented are means of three biological replicates and the
error bars represent standard errors. Statistically significant difference in the relative transcript
levels was tested using Fisher LSD test (p<0.05; Appendix 10).

3.3.3.4.1 Correlation between embryonic ABA8'OH2 expression and seed germination

Analysis of the correlation between 4BA8'OH2 expression and seed germination levels in 21
different barley lines produced an r value of 0.25 (Appendix 11). However, 13 selected lines
(Steptoe, Betzes, BM0253-95, Baudin, BM0253-235, BM0253-331, AAC Synergy, BM0253-58,
BMO0253-409, BM0253-217, TR253, BM0253-412 and Himalaya) appeared to have an expression
pattern consistent with the germination phenotype and correlation analysis between the two factors

of these lines yield an r value of 0.54 (Figure 3.15).

70



35

[ ]
) r =0.5350
©
| [ )
[«b]
= 25
=2
5
2 20
| [ ]
[¢b]
L. T
fo T .
fe e :
I S
................. -
. : o
. .............

00 ‘ ‘ ‘ ‘

| 20 : 60 80 100

Germination percentage

Figure 3.15 Correlation between the expression levels of embryonic 4BA8'OH2 and seed
germination percentages of different barley lines (Steptoe, Betzes, BM0253-95, Baudin, BM0253-
235, BM0253-331, AAC Synergy, BM0253-58, BM0253-409, BM0253-217, TR253, BM0253-
412 and Himalaya).

3.3.3.5 Expression of ABA8'OH?2 in the endosperm

Highest level of ABA8'OH?2 expression was found in the endosperm of non-dormant line BM0253-
412 (18-fold as compared to the expression found in the control dormant line Steptoe) (Figure
3.16). The endosperm of dormant lines including BM0253-180 and BM0253-402 showed a level
of expression similar to Steptoe except Betzes, which showed ~3-fold higher expression level. The
expression level of ABA8'OH? in the intermediate dormant lines CDC-Reserve-01, BM0253-211,
BMO0253-95 and Baudin was found to be intermediate (1.4- to 3-fold as compared to Steptoe). The
endosperms of the non-dormant lines BM0253-331, BM0253-103, BM0253-58, TR11221,

BMO0253-409, TR253 and BM0253-412 exhibited over 3-fold more expression of ABA8’OH?2 (as
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compared to that of the control Steptoe). However, selected non-dormant lines such as Morex,
BM0253-235, AAC Synergy, AC Metcalfe, BM0253-217 and Himalaya had 4BA8'OH2

expression level that is either similar or slightly higher (up to 2-fold) as compared to the control.
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Figure 3.16 Relative transcript level of ABA8'OH?2 in the endosperm tissues at 24 HAI in different
barley lines with a range of dormancy phenotype. Transcript level was calculated relative to line
Steptoe, which was set at 1. The data presented are means of three biological replicates and the
bars represent standard errors. Statistically significant difference in the relative transcript levels
was tested using Fisher LSD test (p<0.05; Appendix 12).

3.3.3.5.1 Correlation between seed germination and endospermic ABA8'OH2 expression
Correlation analysis between seed germination levels and ABA8'OH2 expression showed an r
value of 0.41 (Appendix 13). Correlation analysis of the 13 barley lines (Steptoe, BM0253-180,

BM0253-402, CDC-Reserve-01, BM0253-211, Baudin, BM0253-331, BM0253-103, BM0253-
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58, TR11221, BM0253-409, TR253 and BM0253-412) that showed a more consistent expression

with the germination phenotype revealed an r value of 0.61 (Figure 3.17).
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Figure 3.17 Correlation between the seed germination percentages and expression levels of
endospermic ABAS8'OH?2 of different barley lines (Steptoe, BM0253-180, BM0253-402, CDC-
Reserve-01, BMO0253-211, Baudin, BM0253-331, BMO0253-103, BM0253-58, TR11221,
BMO0253-409, TR253 and BM0253-412).

3.3.4 Molecular cloning of GA200x1

3.3.4.1 Amplification of GA200x1

A PCR reaction for amplification of the genomic DNA sequence of GA200x1 from 21 barley lines
with gene specific primers designed from the 5’ and 3’ untranslated regions (UTRs) of the DNA
sequence of GA200x1 (GenBank ID: AY551428) produced DNA fragment of expected size 1453

bp (Figure 3.18).
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Figure 3.18 PCR amplification of GA200x1 from selected malting barley genotypes and breeding
lines (Lanes are 1=BM0253-180; 2=BM0253-211; 3=BM0253-217; 4=BM0253-235; 5=BM0253-
58; 6=BM0253-331; 7=BM0253-402; 8=BMO0253-409; 9=BMO0253-95; 10=BMO0253-103;
11=BM0253-412; 12=TR253; 13=Baudin; 14=Morex; 15=Steptoe; 16=Betzes; 17=Himalaya;
18=TR11221; 19=AAC Synergy; 20=AC Metcalfe; 21=CDC Reserve-01; 22=Negative control).
Lane M is the 1kb plus marker.

Sequencing and subsequent BLAST searching of the resulting GA200x1 sequences against
the GenBank database confirmed the specificity of the sequenced DNA fragments as the sequences
from the different lines showed 100% identity with the GA200x1 sequence available in the

GenBank database (GenBank ID: AY551428.1) (Table 3.7).

Table 3.7 Nucleotide sequence identity of the GA200x1 gene sequences from the different line
with other GA200xs

Accession # Description Max Score? E-Value® Max Identity®
AY551428.1 GA200x1 1330 0.0 100%
XM_020331196.1 AetGA200x1 913 0.0 94%
Y14007.1 TaGA200x1B 913 0.0 94%

aMaximum score indicates the amount of sequence homology between GA200x1 from the different barley
lines and other GA200x1 sequences available in GenBank database.

bE-Value determines the significance of the alignment score.

*Maximum identity refers to percentage of identical nucleotides between GA200x1 from the different barley
lines and other GA200x1 sequences available in GenBank database.
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3.3.4.2 Sequence analysis of GA200x1

Multiple alignment of the sequences of GA200x1 from the 21 different barley lines for detection
of SNPs indicated the presence of nucleotide polymorphisms (Figure 3.19). Two different allelic
forms of the gene differing at five positions were found to exist among the different lines. Four
base substitutions observed in the gene sequence include substitution from A to C at 339" bp, C
to G at 645" bp, C to G at 1262 bp, and a deletion of G at 835" bp. The six lines carrying the
mutated allelic form of the gene are the dormant lines BM0253-402 and Betzes, and intermediate
dormant lines CDC-Reserve-01, BM0253-211 and Baudin, and the non-dormant line BM0253-
217. The two parental lines of the first population, Baudin and TR253 exhibited the allelic
variations in the nucleotide sequence of GA200x1. The GA200x1 sequence from Baudin consisted
of base substitutions from A to C at 339" bp, from C to G at 645" bp, C to G at 1262" bp, and a
deletion of G at 835" bp, whereas TR253 displayed the same nucleotide sequence obtained from

the GenBank (which is obtained from cv. Himalaya).

75



) 260 kil bl 650 830 840

1260 120 1490 14

' | } ; | } ;
COC-Reserve=01 ATGGTECAGCC AGCCCGACCCCGGACGC AGGAGACGLTCTC SGATTTTT=TTTGTTTI
BHO253-412 ATGGTGCAGCC AGCCCGACACCGEACGC AGGAGACCCTCTC SGRTTTTTGITTGTTTI
B0253=180 ATGGTGCAGCC AGCCCGACACCGEACGC AGGAGACCCTCTC SGATTTTTGITTGTTTI
TR?53 ATGGTGCAGEC AGCCCGACACCGGACEE AGGAGACCCTCTC GATTTTTGTTTGTTTI
BH0253-58 ATGGTGCAGCC AGCCCGACACCGGACGE AGGAGACCCTCTC SGATTTTTGTTTGITTI
AC-Metcalfe ATGGTGCAGCC AGCCCGACACCGGACGC AGGAGACCCTCTC SGATTTTTGITTGTTTI
Steptoe ATGGTGCAGCC AGCCCGACACCGGACEC AGEAGACCCTCTC SGATTTTTGTTTGITTI
BH0253=d09 ATGGTGCAGCC AGCCCGACACCGRACGC AGGAGACCCTCTC SGATTTTTGITTGTTTI
BHO253-331 ATGGTGCAGCC AGCCCGACACCGEACGC AGGAGACCCTCTC SGRTTTTTGITTGTTTI
Baudin ATGGTGCAGCC AGCCCGACCCCGGACGE AGGAGACGCTCTC GATTTTT-TTTGITTI
BH0253-95 ATGGTGCAGCC AGCCCGACACCGGACGE AGGAGACCCTCTC GATTTTTGTTTGITTI
BH0253-103 ATGGTGCAGCC AGCCCGACACCGEACGC AGGAGACCCTCTC SGRTTTTTGITTGTTTI
Hinalaya ATGRTGCAGCC AGCCCGACACCGGACEE AGGAGACCCTCTC SGATTTTTGTTTGITTI
ARC=Synergy ATGGTGCAGCE AGCCCEACACCEGACEC AGEAGACCCTCTC SGATTTTTGTTTGITTI
Horex ATGGTECAGCC AGCCCGACACCGGACEE AGRAGACCCTCTC GATTTTTGTTTGTTTI
Betzes ATGGTGCAGCC AGCCCGACCCCGGACGE AGGAGACGCTCTC GATTTTT-TTTGITTI
TRI1221 ATGGTGCAGEC AGCCCGACACCHGACEE AGRAGACCCTCTC GATTTTTGTTTGTTTI
BH0253=d07 ATGGTGCAGCC AGCCCGACCCCGRACGE AGGAGACKCTCTC SGRTTTTT=TTTGTTTI
BHO253=211 ATGGTGCAGCC AGCCCGACCCCGRACG AGGAGACRCTCTC SGRTTTTT=TTTGTTTI
BH0253-235 ATGGTGCAGCC AGCCCGACACCGEACGC AGGAGACCCTCTC SGRTTTTTGITTGTTTI
BH0253=217 ATGGTGCAGCC AGCCCGACCCCGRACGC AGGAGACCTCTC SGRATTTTT=TTTGTTTI
Consensus ATGGTGCAGCC AGCCCGACaCCGEACGE AGGAGACCCTCTC SGATTTTTETTIGITT]

Figure 3.19 Multiple alignment of the nucleotide sequence of GA200x1 that shows nucleotide

polymorphisms among the different barley lines.

3.3.4.3 Analysis of the exon-intron structure of GA200x1

BTGCCCOGAGATGGAC GCCAGGACATGA
BTGCCCCGABATGEAC GCCAGGACATGA
BTGCCCCGRGATGEAC GCCAGGACATGA
BTGCCCCGRGATGEAC GCCAGGACATGA
GTGCCCCGRBATGGAC GCCAGGACATGA
BTGCCCCGRGATREAC GCCAGGACATGA
BTGCCCCGABATGEAC GCCAGGACATGA
BTGCCCCGRGATGEAC GCCAGGACATGA
BTGCCCCGRGATGEAC GCCAGGACATGA
BTGCCCGGAGATGEAC GCCAGGACATGA
BTGCCCCGRGATREAC GCCAGGACATGA
BTGCCCCGAGATGEAC GCCAGGACATGA
BTGCCCCGRGATGEAC GCCAGGACATGA
BTGCCCCGAGRTGGAC GCCAGGACATGR
BTGCCCCGABATGEAC GCCAGGACATGA
BTGCCCOGAGATGGAC GCCAGGACATGA
BTGCCCCGAGATGEAC GCCAGGACATGA
BTGCCCGGAGATGEAC GCCAGGACATGA
BTGCCCOGAGATGGAC GCCAGGACATGA
BTGCCCCGABATGEAC GCCAGGACATGA
BTGCCCGGAGATGEAC GCCAGGACATGA
BTGCCCeGABATGEAC GCCAGGACATGA

The GA200x1 genomic DNA sequence was analysed for its exonic and intronic regions using the

Ensembl plants genome database (https://plants.ensembl.org/index.html), and this analysis

indicated the presence of two exonic (coding) and an intronic (hon-coding) regions (Figure 3.20).
The size of the coding sequence of GA200x1 is found to be 1083 bp. Three of the of the four

nucleotide polymorphisms identified, which are substitution of Ato C, Cto G and C to G, occurred
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in the exon sequence of the gene. The remaining variation, which is represented by a deletion of

G, occurred in the intronic region.

ATGGTGCAGCCGGTGTTCGACGCGGCGEGETGCTGAGCGGGCGGACGGACATCCCGTCGCAGTTCA
TCTGGCCGGAGGGGGAGAGCCCGACACCGGACGCCACCGAGGAGATGCACGTCCCGCTCATCGA
CATCGGCGGCATGCTCTCCGGCGACCCCCGCGCGGCLCGLCCGAGGTGACGCGCCTCGTCGGCGAG
GCCTGCGAGCGGCACGGCTTCTTCCAGGTCGTCAACCACGGCATCGACGCCCAGCTGCTGGCCG
ACGCGCACCGCTGCGTGGACGCCTTCTTCACCATGCCCCTCCCGGAGAAGCAGCGLGCTCTGCG
CCGCCCCGGCGAGCTCGTGCGGCTACGCCAGCAGCTTCACCGGCCGGTTCGCGTCCAAGCTGCCC
TGGAAGGAGACCCTCTCCTTCCGGTCCTGCCCCTCCGACCCCGCCCTCGTCGTCGACTACATCG
TCGCCACCCTCGGCGAGGACCACCGCCGCCTCGGCTAAGCAAAGCAACCTCACCGTCGACTGTC
GATCGACGGGCATGGGATTGATTCATTATTAGAGCAAGCGAAAGCAGAGCATGTCGCTGAGCGT
TGGATTTTTITTTGTTTTCCAGGGAGGTGTACGCTCGCTACTGCTCGGAGATGAGCCGGCTGTC
GCTGGAGATCATGGAGGTGCTCGGGGAGAGCCTGGGGGETCGGCCGCGCCCACTACCGGCGCTTC
TTCGAGGGCAACCGAGTCCATCATGCGCCTCAACTACTACCCGCCGTGCCAGCGGCCGTTGGAGA
CGCTGGGCACGGGCCCGCATTGCGACCCGACGTCGCTGACCATCCTCCACCAGGACGACGTGGG
CGGCCTGCAGGTGCATACCGACGGCCGGETGGCGCTCCATCCGGCCGCGGGCCGACGCCTTCGETC
GTCAACATCGGCGACACCTTCATGGCGCTCTCCAACGGGCGGTACAAGAGCTGCCTCCACCGCG
CCGTCGTCAACAGCCGCGTCCCACGCAAGTCGCTGGCCTTCTTCCTGTGCCCCGAGATGGACAA
GGTGGTGGCGCCGCCGGEGGACGTTGGETGGACGCCGCCAACCCGCGCGCCTACCCGGACTTCACG
TGGCGGTCGCTGCTCGACTTCACGCAGAAGCACTACCGCGCCGACATGAAGACGCTCGAGGTCT
TCTCCTCGTGGGTCGTCCAGCAGCAGCCCGCCAGCGCCAGGACATGA

Figure 3.20 Genomic DNA sequence of GA200x1 showing the exon and intron. The exonic region
are highlighted in grey, nucleotide polymorphisms occur at nucleotide positions highlighted in
bold yellow and deletion of a nucleotide occur at position highlighted in bold red.

3.3.4.4 Translation of the coding sequence of GA200x1
The conversion of the nucleotide sequences of GA200x1 from the 21 different barley lines into
their respective amino acid sequences with ExPASy  translate tool

(https://web.expasy.org/translate/) produced putative protein sequences with 360 amino acids. The

three nucleotide substitutions caused a change in codons (Figure 3.21). The substitution of Ato C

at the 90" nucleotide position caused a shift of codon from ACA to ACC at 88" to 90", however,
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both codons code for the same amino acid ‘Threonine’. The second nucleotide substitution of G
to C occurred at the 654" nucleotide position and this caused a change in the sequence of the
respective codon from ACG to ACC at 652th to 654" nucleotide, and the two codons code for
same amino acid ‘Threonine’ irrespective of the change in codon sequence. The third codon
nucleotide substitution of C to G at the 897" nucleotide position caused codon sequence change
from codon CCC to CCG at 895" to 897" nucleotide positions, but both codons represent the same
amino acid ‘Proline’. Overall, the three base changes in the coding sequence of GA200x1 from the

21 different barley lines did not result in change of amino acid.
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ATGGTGCAGCCGGTGTTCGACGCGGCGGTGCT GAGCGGGCGGACG
M v @ P V F D A A V L S G R T
GACATCCCGTCGCAGTTCATCTGGCCGGAGGGGGAGAGCCCGACA
b 1 p s O F I W P E G E Ss P T
CCGGACGCCACCGAGGAGATGCACGTCCCGCTCATCGACATCGGC
p D A TE E M H V P L I D I G
GGCATGCTCTCCGGCGACCCCCGCGCGGCCGCCGAGGT GACGCGC
¢ M L s ¢ D P R A A A E V T R
CTCGTCGGCGAGGCCTGCGAGCGGCACGGCTTCTTCCAGGTCGETC
L v ¢ B A C E R H G F F QO V V
AACCACGGCATCGACGCCCAGCTGCTGGCCGACGCGCACCGCTGC
N H 6 I D A Q L L A D A H R C
GTGGACGCCTTCTTCACCATGCCCCTCCCGGAGAAGCAGCGCGCT
v b A F F T M P L P E K Q R A
CTGCGCCGCCCCGGCGAGTCGTGCGGCTACGCCAGCAGCTTCACC
L R R P 6 E S C G Y A S S5 F T
GGCCGGTTCGCGTCCAAGCTGCCCTGGAAGGAGACCCTCTCCTTC
G R F A 5 K L P W KE T L S5 F
CGGTCCTGCCCCTCCGACCCCGCCCTCGTCGTCGACTACATCGETC
R s ¢ p 5 D P A L V V D Y I V
GCCACCCTCGGCGAGGACCACCGCCGCCTCGGGGAGGTGTACGCT
AT L 6 E D HRUR L G E V ¥ A
CGCTACTGCTCGGAGATGAGCCGGCTGTCGCT GGAGAT CATGGAG
R Y ¢ s EM s R L 5 L E I M E
GTGCTCGGGGAGAGCCTGGGGEGTCGGCCGCGCCCACTACCGGCGC
v L. 6 B s L G vV 6 R A H Y R R
TTCTTCGAGGGCAACGAGTCCATCATGCGCCTCAACTACTACCCG
F F E G N E S I M R L N Y Y P
CCGTGCCAGCGGCCGTTGGAGACGCTGGGCACGGGCCCGCATTGC
p C ¢ R P L E T LL ¢ T G P H C
GACCCGACGTCGCTGACCATCCTCCACCAGGACGACGT GGGCEGC
b p T s L T I L H © D D V G G
CTGCAGGTGCATACCGACGGCCGGTGGCGCTCCATCCGGCCGCGG
L ¢ v H T D GG R W R 5 I R P R
GCCGACGCCTTCGTCGTCAACATCGGCGACACCTTCATGGCGCTC
A-D A F V VN I 6 DT F M A L
TCCAACGGGCGGTACAAGAGCTGCCTCCACCGCGCCGTCGTCAAC
s N 6 R Y K S ¢ L. H R A VYV V N
AGCCGCGTCCCACGCAAGTCGCTGGCCTTCTTCCTGTGCCCCGAG
s R v P R K s L A F F L C P E
ATGGACAAGGTGGTGGCGCCGCCGGGGACGTTGGTGGACGCCGCC
M D K v v A P P G T L V D A A
AACCCGCGCGCCTACCCGGACTTCACGTGGCGGETCGCTGCTCGAC
N P R A Y P D F T W R S5 L L D
TTCACGCAGAAGCACTACCGCGCCGACATGAAGACGCTCGAGGETC
F T Q K H Y R A DMK TL E V
TTCTCCTCGTGGGTCGTCCAGCAGCAGCCCGCCAGCGCCAGGACA
F s 5 w v Vv Q o o P A 5 A R T

TGA

*

Figure 3.21 Amino acid sequence of GA200x1 with the corresponding nucleotide sequence. The
codon positions where change in codon sequence occurred and the corresponding amino acids are

highlighted in yellow.

“*> represents stop codon.
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3.3.4.5 Conserved domain and phylogenetic analysis of GA200x1
Multiple sequence alignment of the putative amino acid sequences of GA200x1 from the 21
different barley lines with those identified previously from different plant species indicated 66.1
% of the amino acids have more than 75% similarity of which 114 amino acids (47.8 %) exhibited
100% similarity (Figure 3.22). Furthermore, search for the conserved domains of these proteins
demonstrated that the GA200x1 proteins consisted of three domains which include two substrate
binding  domains  ‘LPWKET’ (at 127-132 amino acid  positions)  and
‘NYYPPCQRPLETLGTGPH’ (at 207-224 amino acid positions), and an iron binding domain with
two histidine residues (at 234 and 286 amino acid positions). One of the nucleotide polymorphisms
detected, which leads to a change of codon from ACG to ACC (at 652th to 654" nucleotide
positions of the coding sequence, Figure 3.20) and that codes for amino acid ‘threonine’ occurs in
the ‘NYYPPCQRPLETLGTGPH’ 2-oxoglutarate binding domain.

Phylogenetic analysis of the GA200x1 protein sequences obtained in this study along with
13 other known GA200x1 plant proteins from both monocot and dicot species separated the
proteins into two categories, one of the category exclusively contains all the proteins from
monocots while the other category consists of GA200x1s from dicots (Appendix 14). The
phylogenetic tree showed that the GA200x1 proteins derived from this study are closely related

with the wheat GA200x1 protein from A, B and D genomes with 91% homology.
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HVGA200KL eeeeteet e e e et et et et et et MvoprvEDAAVESGRT DY D 1GGMLS . . .GD. PRAAA 56
LPGA200XL ettt et e e e e e e e e mvorviapaaL@scos oy . .GD.RVAAA 56
AtGA200X1 MAVSFVTTSPEEEDKPKLGLGNIQTPLINPSMENLoANTEY .D.PSSTL 77
BvGA200x1 MATDCMRNLSSTPKSYONSKQEQNNPLIDASFlNHOSHA . .DD.PEETL 79
BAGA200XT 4ottt e e e e e e e s mvMoPVLEDAAVsGRS DS D 1GGIVASGAGDRARAVA 62
ZmGA200x1 MAAHWQAGRAGTSKQAVAVAAASSSASSLLLLTMVLAAHDPPPLVE@DAARBSGL S DR G....DAA 89
TAGA200KLID  + ot e et e e e e e e e e s MvorvEDPAAVESGRADIE . .GD.PAAAA 56
TAGA200KTA 4 ettt ettt e e e e e e e MvReVEDAAVESGRS DS . .GD.AAAAA 56
TAGA200KXIB ot e et et et e MvQPrvEDAAVlsGRADIRY . .GD.AARAA 56
SbGA200x1 MVQOASLGEPLLLQ. . . . .. pppPsLVEDAARMSGLSDR G....DRAA 65
OSGA200XT 4 eeeeeee e MSMVVQ. . ..... oeQEvVEDAAVsGOTERS AG..AERS 58
Consensus £ 1 ip gf wp e p v ll
HvGA200x1 paofran ] [PWKETLS FAIe)=Sc N PALVVDYIVA 151
LpGA200x1 paEflrap KETLS FSiceieci PDLVVEYIVA 151
AtGA200X1 grsee@rsol Fr] . ..SKSVQDYFCD 174
BvGA20ox1 EgvErD@ kD 3 > NYSPQESSS . SKTHVQDYFNN 178
BAGA200x1 paa@LAD ] P RSSPSC. . ... PDLPLDFILS 157
ZmGA200x1 paaflrae WK RYTDDDDGDKSKDVVASYFVD 189
TaGA200x1D DAEfLADNERCcVDNERTMPL PERORA LR PEE S CER NI T O S K A eRIaR SCPSD. . . . . PALVVDYIVA 151
TaGA200x1A DAE@LAD| EarveLrERRALRR PBE S CERENRTa T A~ S K IS aR SCPSD. . . . . PALVVDYIVA 151
TaGA200x1B g DWKET LS Fist o) SN PALVVDYIVA 151
SbGA200x1 g . .GDVVVDYFVD 162
0sGA200x1 RAENFAR ¥ S SAGDEE . GEEGVGEYLVR 157
Consensus ac hgff vv hg 1 ah ff kg r g gyassf grf lpwketlsf
ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ##

HvGA20o0x1 T 247
LpGA200x1 T 247
AtGA200X1 A 270
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BAGA200x1 N .RRLGEVHAR] . y 3 GPHC 253
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SbGA200x1 K . V] . MR ‘ C 258
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HvGA200x1 Roeu.on. ) N - EPIgYA L SNGRYKSCLHRAVVNSRVPRKSLAFFLCPEMDKVVAPPGTLVDAAN . PRAYPDFTWRSLLDFTQKHYRADM 340
LpGA20ox1l R..... pv . 340
AtGA200X1 Q... 297
BvGA200x1 K... I - B gYA L SNGRYKSCLHRAVVNSEKPRKSLAFFLCPNKDKVVKPPRELVDEENNPRVY PDFTWPLLLEFTOKHYRADM 368
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TaGA200x1D  R... WAy~ L SNGRYKSCLHRAVVNSRVPRKS LAFFLCPEMDKVVAPPGTLVDAAN . PRAYPDFTWRSLLDFTQKHYRADM 340
TaGA200x1A  R... 1 [EPIEYA L SNGRYKSCLHRAVVNSRVPRKS LAFFLCPEMDKVVAPPGTLVDASN . PRAYPDFTWRSLLDEFTQKHYRADM 340
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Consensus w i p a vvn gdtfm
HvGA200x1 KTLEVFSSWVVQQQPAS 360
LpGA200x1 KTLEVESDWIQQGHQP. . . . 363
ALGA200XL ettt e e 297
BvGA200x1 NTLKVFSQWVQQQRSTQ. . . 389
BdGA200x1 KTLEVFSGWVLQOQKOK. . . . . . QLGS. 367
ZmGA200x1 RTLEAFSNWLSTSSNGG. . . . . QHLLEK 403
TaGA200x1D  KTLEVFSSWIVQQQQP....QP..ART. 361
TaGA200x1A  KTLEVFSSWIVQQQQGQLALQP..AMT. 365
TaGA200x1B  KTLEVFSSWIVQOQQGOLALQPQPART . 367
SbGA200x1 RTLEAFSNWLNHGGHLS 379
0sGA200x1 RTLOAFSDWLNHHRHLQ 372
Consensus

Figure 3.22 Amino acid sequence alignment of barley and other GA200x1 proteins. Amino acid
residues with >75% homology are shaded in yellow while amino acid residues with 100%
homology are represented in dark blue. The iron binding domain is represented by # symbol, 2-
oxoglutarate binding domain by * symbol, and the GA substrate binding domain by a bar at the
top of the residues. The species and GenBank IDs of the aligned proteins are: Triticum aestivum,
TaGA200x1-A (GenBank ID: CBX45609.1); TaGA200x1-B (GenBank ID: CBX45610.1);
TaGA200x1-D (GenBank ID: CBX45611.1); Hordeum wvulgare, GA200x1 (GenBank ID:
AY551428); Lolium perenne, LpGA200x1 (GenBank ID: AAG43043.1); Brachypodium
distachyon, BdGA200x1 (GenBank ID: BRADI1G00950); Oryza sativa, OsSGA200x1 (GenBank
ID: Os03g0856700); Zea mays, ZmGA200x1 (GenBank ID: Zm00001d034898); Sorghum
bicolor, SbGA200x1 (GenBank ID: SORBI_3001G005300); Phaseolus vulgaris, PvGA200x1
(GenBank ID: XP_007152362.1); Arabidopsis thaliana, AtGA20ox1 (GenBank ID:
AT4G25420).
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3.3.5 Expression of gibberellin biosynthesis genes

Expression study of the GA biosynthesis gene GA200x and its family members in in different
tissues of the different lines revealed that the expressions of GA20ox1 in the endosperm and
embryo, GA200x2 in the endosperm and GA200x3 in the embryo was very low/ not detected.
However, the expression of GA200x2 and GA200x3 was detected in both embryo and endosperm

tissues imbibed seeds, respectively.

3.3.5.1 Expression of GA200x2 in the embryo

The expression of GA200x2 in the embryos of dormant line Steptoe was not detected. Relatively
higher expression level of this gene was detected in the other dormant lines including BM0253-
180, BM0253-402 and Betzes. Lines with intermediate level of dormancy such as CDC-Reserve-
01, BM0253-211 and BM0253-95 showed an expression level either slightly lower or similar to
that observed in the dormant lines (other than Steptoe). In contrast, Baudin showed the highest
level of GA200x2 expression (4-fold higher than that observed in the 2" most dormant line
BMO0253-180, which was considered as a control for comparing the expression level of this gene
in the embryo). Non-dormant lines BM0253-103 and BM0253-409 showed ~2-fold higher
expression than the dormant control line while BM0253-235, BM0253-331, AAC Synergy,
BM0253-58, TR11221, AC Metcalfe, BM0253-217, TR253 and BMO0253-412 showed either
slightly lower or similar level of expression. The expression of GA200x2 in the non-dormant lines

Morex and Himalaya was either very low or not detected (Figure 3.23).
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Figure 3.23 Relative transcript level of GA200x2 in embryo tissues at 24 HAI in different barley
lines with a range of dormancy phenotype. Transcript level was calculated relative to line
BMO0253-180, which was set at 1. The data presented are means of three biological replicates and
the error bars represent standard errors. Statistically significant difference in the relative transcript
levels was tested using Fisher LSD test (p<0.05; Appendix 15).

3.3.5.1.1 Correlation between seed germination and GA200x2 expression

The correlation between germination percentages and GA200x2 expression levels in the different
lines revealed an r value of 0.10 (Appendix 16) whereas the correlation analysis in the selected 11
barley lines showing GA200x2 expression consistent with the germination phenotype (Steptoe,
BM0253-180, Betzes, CDC Reserve-01, BM0253-211, BM0253-95, BM0253-331, BM0253-103,

TR11221, BM0253-409 and TR253) revealed an r value of 0.53 (Figure 3.24).
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Figure 3.24 Correlation between the seed germination percentages and expression levels of
embryonic GA200x2 in different barley lines (Steptoe, BM0253-180, Betzes, CDC Reserve-01,
BMO0253-211, BM0253-95, BM0253-331, BM0253-103, TR11221, BM0253-409 and TR253).

3.3.5.2 Expression of GA200x3 in the endosperm

The expression of GA200x3 in the endosperm of dormant barley lines BM0253-180 and Betzes
was either similar or up to 2-fold higher than that observed in the most dormant Steptoe, which is
considered as a control in this study. However, dormant line BM0253-402 showed ~2-fold lower
expression than the control. Lines with intermediate level of dormancy BM0253-211 and
BMO0253-95 also showed over 2-fold higher expression than the control, and two intermediate lines
CDC-Reserve-01 and Baudin showed up to 3-fold lower expression than the control. Non-dormant
lines including BM0253-235, BM0253-58, BM0253-409 and BM0253-217 exhibited up to 4-fold
higher level of GA200x3 expression than the control Steptoe. Other non-dormant lines such as

Morex, AAC Synergy, BM0253-331, BM0253-103 and BM0253-412 showed a similar level of
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expression observed in the control whereas TR11221, AC Metcalfe, TR253 and Himalaya showed

over 2-fold lower expression than the control (Figure 3.25).
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Figure 3.25 Relative transcript level of GA200x3 in the endosperm tissues at 24 HALI in different
barley lines with a range of dormancy phenotype. Transcript level was calculated relative to line
Steptoe, which was set a value of 1. The data presented are means of three biological replicates
and the error bars represent standard errors. Statistically significant difference in the relative
transcript levels was tested using Fisher LSD test (p<0.05; Appendix 17).

3.3.5.2.1 Correlation between seed germination and GA200x3 expression

The correlation between seed germination percentage and GA200x3 expression levels in different
barley lines revealed an r value of 0.10 (Appendix 18). However, the correlation among the
selected 10 barley lines including Steptoe, BM0253-180, BM0253-402, Betzes, BM0253-211,
BM0253-95, BM0253-235, BM0253-58, BM0253-409 and BM0253-217 revealed an r value of

0.90 (Figure 3.26).
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Figure 3.26 Correlation between the seed germination percentage and expression levels of
endospermic GA200x3 of different barley lines (Steptoe, BM0253-180, BM0253-402, Betzes,
BMO0253-211, BM0253-95, BM0253-235, BM0253-58, BM0253-409 and BM0253-217).
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3.4 Discussion
The antagonistic interaction between ABA and GA regulates seed dormancy and germination
(Koornneef et al., 1982). The amount of ABA, which is responsible for induction and maintenance
of seed dormancy, is controlled by the balance between its biosynthesis and catabolism, and these
processes are controlled mainly by genes encoding the NCED and ABA8'OH enzymes,
respectively (Nambara et al., 2010). On the other hand, enzymes and the corresponding genes
involving GA biosynthesis (GA200x and GA3ox) and catabolism control the production of
bioactive GA and promotion of seed germination. In order to examine if genetic variation in seed
dormancy and PHS is associated with variation in ABA and GA levels, this study investigated the
expression patterns of NCED, ABA8'OH and GA20o0x family members in different tissues of
imbibing seeds of 21 malting barley lines having different levels of seed dormancy. In addition,
the study investigated allelic variations in the sequences of ABA8'OH1 and GA200x1 genes.
Evaluation of the germination percentage of the different malting barley lines studied
indicated that the seeds of these lines have different phenotypes of dormancy (high, intermediate
and low levels of dormancy), which can be exploited for increasing resistance to PHS. A previous
study on the same breeding population also screened breeding lines for PHS tolerance and malt
quality (Edney et al., 2013). The report from this study and our data showed similar dormancy
phenotype for all the lines included in both studies except for line BM0253-409, which has been
shown to exhibit a good malt quality and resistance to PHS (Edney et al., 2013) but displayed a
non-dormant phenotype in the present study. Since the growing conditions for the two studies are
different, the observation of non-dormant phenotype in this study might be due to the expression
of a TR253 parental type allele (PHS susceptible allele) detected in this line by the previous study

under our growing condition.
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The biosynthesis of ABA determines ABA content and seed dormancy (Nambara et al.,
2010). Our study of the expression pattern of the ABA biosynthetic gene NCEDL in different
tissues of the malting barley lines studied showed differential expression patterns of NCED1 in
embryo tissues of imbibed seeds of the malting barley lines displaying contrasting dormancy
phenotype. A relatively higher expression of NCED1 was found in the dormant embryos as
compared to the intermediate dormant embryos, and lowest expression of NCED1 was observed
in non-dormant embryos (Figure 3.7), leading to a positive correlation (r=0.75) between the levels
of NCED1 expression and seed dormancy (Figure 3.8). These results suggest high and low ABA
synthesis in the dormant and non-dormant lines, respectively. Overall, our findings suggest that
NCEDL1 plays an important role in regulating the amount of ABA and seed dormancy in the studied
malting barley lines. Previous studies have also shown that the important role of ABA biosynthetic
gene NCED1 in ABA content, and the induction and maintenance of seed dormancy either during
seed maturation or imbibition in barley, wheat and Brachypodium (Leymarie et al., 2008; Barrero
etal., 2012; Son etal., 2016; Izydorczyk et al., 2018). However, the expression patterns of NCED1
in selected breeding lines (BM0253-211, BM0253-95 and BM0253-331) did not show any
correlation with dormancy, and this might be because the breeding lines are still segregating and
not fixed yet. The expression of NCED1 in endosperm tissue was not detected/low expressed.

In addition to its synthesis, ABA catabolism regulates ABA content and dormancy
(Kushiro et al., 2004; Millar et al., 2006; Okamoto et al., 2006). Analysis of the expression patterns
of ABA catabolic genes (4BA8'OH1 and ABA8'OH?2) in embryo and endosperm tissues of different
barley lines studied showed differential expression patterns of both genes in imbibed seeds of the
barley lines displaying contrasting dormancy phenotype. The comparative expression analysis of

ABAS8'OHI and ABA8'OH?2 in embryonic tissues of different barley lines showed ABA8'OH1 as a
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predominantly expressed ABA catabolic gene. A relatively higher expression of ABA8'OH1 was
found in dormant as compared to intermediate dormant embryos, and lowest expression of
ABAS8'OHI was observed in non-dormant embryos. This led to a positive correlation (r=0.70)
between the levels of ABA8'OH1 expression and dormancy in selected barley lines as observed for
NCEDL1 (Figure 3.10). This might be related with the fact that the expression of ABA8'OH genes
is regulated by the level of ABA (Qin and Zeevaart, 2002; Saito et al., 2004), which in turn is also
controlled by the expression of NCEDL. In agreement with this, a positive correlation (r=0.65)
was observed between the expression levels of NCED1 and ABA8’OH1 in 15 selected barley lines
(Steptoe, BM0253-402, Betzes, CDC-Reserve-01, Baudin, Morex, BM0253-103, AAC Synergy,
BM0253-58, TR11221, AC Metcalfe, BM0253-409, BM0253-217, TR253 and Himalaya) (Figure
3.11), indicating the role of ABA content in controlling the expression of 4BA8'OHI and
dormancy. A similar study involving barley embryos explained the importance of NCED1 and
ABA8'OH1 expression in the accumulation of embryonic ABA during grain development (Chono
et al., 2006). The expression of endosperms of dormant barley lines show very low expression of
ABAS8'OH]1 as compared to intermediate dormant lines, and the highest expression of this gene was
observed in the non-dormant barley lines (Figure 3.12). This led to a negative correlation (r=0.81)
between ABA8'OH1 expression of endosperm and seed dormancy in selected barley lines (Figure
3.13). These results on 4BA8'OHI expression pattern suggest the presence of lower ABA
catabolism or high level of ABA in dormant lines, and higher ABA catabolism and low level of
ABA in the non-dormant lines, respectively, and therefore important role of ABA8'OH]I in
controlling ABA level and dormancy in malting barley. Previous studies in Arabidopsis, barley
and wheat have also shown that the reduced expression of 4BA8'OH1 is associated with the

increased ABA content and seed dormancy (Okamoto et al., 2006; Gubler et al., 2008; Son et al.,
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2016; lzydorczyk et al., 2018). However, the expression pattern of ABA8’OH1 in the endosperm
of some of the barley lines studied (BM0253-180, BM0253-402, Morex, BM0253-103, AAC
Synergy, TR11221, AC Metcalfe, BM0253-412 and Himalaya) did not correlate with the
dormancy phenotype. Since seed dormancy and PHS are very complex traits regulated by multi
genes and/or QTLs (Lohwasser et al., 2013), dormancy in these lines might be controlled by non-
ABA related factors.

Since ABA8'OH 1 was reported to be a critical player in regulating ABA level and dormancy
in barley (Gubler et al., 2008), we also investigated its sequence across the lines studied. Analysis
of parts of the 4BA8'OHI sequences representing the conserved domains (Figure 3.6) and
phylogenetic analysis (Appendix 3) of its sequence from the different lines along with those
derived from other species showed very high sequence homology among the 4BA8'OH1 of the
malting barley lines and other species. Another study on 4BA8'OH1 also revealed conserved
nature of the gene, suggesting that it is strongly selected due to the very important function it has
in regulating ABA level (Liu et al., 2011). It is also possible that the gene duplication occurred
recently and consist of less mutation in its sequence (Liu et al., 2011). This study showed the
presence of nucleotide substitutions, and insertion and deletion (INDELS) at seven different
positions in both exonic and intronic regions of ABA8'OH1 (Figure 3.3), suggesting the presence
of seven different allelic forms of 4BA8'OH1 in the malting barley lines studied; however, the
allelic variations did not cause changes in amino acids, and thus represent a silent mutation. These
silent mutations in the exonic region of the gene have no effect on seed dormancy. From this study,
it appears that the two parental lines of the first population (TR253 and Baudin) consist of two
different allelic forms of ABA8'OH1 which might contribute to the higher expression of ABA8'OH1

in TR253 (6.5 fold higher than control) as compared to that found in Baudin (4.5 fold higher than
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control) (Figure 3.3). In addition, a 10 bp insertion in 3" intron of Morex and Himalaya, and a 12
bp deletion in 4" intron of AAC Synergy, Morex, TR11221 and Himalaya were detected in the
non-coding sequence of ABA8’OH 1, and this deletion might be responsible for the low expression
of ABA8'OH]I in the endosperm of the four non-dormant cultivars. This might represent an
important factor in the regulation of 4BA8'OH1 expression and seed dormancy. A similar study
involving dormant and non-dormant lines of rice showed the presence of INDELS in the coding
and non-coding regions of ABA8'’OHS5, and this INDELS are suggested to influence the function
of the gene through influencing its binding to the regulatory transcriptional factors (Liu et al.,
2013).

The expression pattern of the other ABA catabolic gene ABA8'OH?2 in both endosperm and
embryo tissues showed variation in the different barley lines with a diverse dormancy phenotype.
Lower expression level of ABA8'OH2 was observed in the endosperm tissues of dormant lines as
compared to that found in the intermediate dormant lines, while the non-dormant lines showed the
highest expression levels of 4BA8'OH?2 (Figure 3.16). As a result, a negative correlation (r=0.61)
was observed between the levels of ABA8'OH?2 expression and dormancy (Figure 3.17). However,
no such no correlation was observed in some of the lines studied such as Betzes, Morex, BM0253-
235, AAC Synergy, AC Metcalfe, BM0253-217 and Himalaya. Negative correlation (r=0.54) was
also observed between the expression level of ABA8'OH?2 in the embryo of the different barley
lines excluding BM0253-180, BM0253-402, CDC-Reserve-01, BM0253-211, Morex, BM0253-
103, TR11221 and AC Metcalfe, whose expression in the embryo was not consistent with the seed
dormancy level (Figure 3.15). Our results in general suggest that ABA8'OH? is also involved in
determining ABA content and dormancy in some lines. A study in Arabidopsis has also shown

association of ABA level and seed dormancy with the expression level of ABA8'OH2 in both
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embryo and endosperm tissues (Okamoto et al., 2006). Several other studies also reported similar
expression patterns of ABA8'OH?2 between dormant and non-dormant seeds of barley (Jacobsen et
al., 2002; Millar et al., 2006), and wheat (Kashiwakura et al., 2016; Son et al., 2016). The
expression patterns of both endospermic ABA8'OHI and ABA8'OH2 in selected barley lines such
as Steptoe, Betzes, CDC-Reserve-01, BM0253-211, BM0253-95, Baudin, BM0253-331,
BMO0253-58, BM0253-409 and TR253 showed strong negative correlation with the dormancy
phenotype, indicating the role of ABA catabolism in seed dormancy.

Many studies showed the role of GA biosynthetic gene GA200x in the regulation of GA
level, and dormancy and germination. For example, the ga200x2 mutants of rice exhibits reduced
seed GA level and enhanced dormancy (Ye et al., 2015), and GA20x3 of rice has been selected as
a candidate gene for controlling seed germination (Magwa et al., 2016). Previous genetic/QTL
study that used a population derived from a cross that involved Baudin as one of the parental lines
reported a gene encoding the GA biosynthetic enzyme GA200x as a candidate gene regulating
seed dormancy QTL (Li et al., 2004). Since a previous study in rice reported GA200x1 as a
candidate gene for a major QTL controlling seed dormancy and seedling vigor (Abe et al., 2012),
this study investigated allelic variation in GA200x1 and expression patterns of the family members
of GA200x in barley. Analysis of the sequence of GA200x1 in the 21 different lines revealed single
nucleotide substitutions at four different positions in both the exon and intron regions of dormant
lines (BM0253-402 and Betzes), intermediate dormant lines (CDC-Reserve-01, BM0253-211 and
Baudin) and a non-dormant line BM0253-217 (Figure 3.19), indicating the presence of two alleles
of the gene among the different lines studied. Previous studies have also reported that GA200x1 of
barley undergoes alternative splicing and has six splice variants, leading to the formation of six

distinct mRNA isoforms (Ensembl plants). Since most of the malting barley lines with the mutated
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allelic form showed high or intermediate level of dormancy, it may be possible that the mutation
is responsible for induction of dormancy. Due to the absence of any detectable level of GA200x1
expression in both embryo and endosperm tissues, we are unable to speculate if the base
substitutions/allelic variations we detected in the sequence of GA200x1 have any effect on its
expression level across the different lines studied.

Although the expression of the other GA200x gene GA200x2 was detected in embryos of
different barley lines, it did not overall correlate with the level of seed dormancy (Figure 3.23).
However, selected lines such as a dormant line Steptoe exhibited not detectable expression of
GA200x2 whereas non-dormant lines BM0253-103 and BM0253-409 showed relatively higher
expression level of GA200x2, suggesting a higher GA biosynthesis in the non-dormant lines. This
study also detected the expression of GA200x3 only in the endosperm, and its expression level in
some non-dormant lines (BM0253-235, BM0253-58, BM0253-409 and BM0253-217) was higher
than the intermediate dormant (BM0253-211 and BM0253-95) and dormant (Steptoe, BM0253-
180, BM0253-402 and Betzes) lines (Figure 3.25), leading to a negative correlation (r=0.90)
between the levels of GA200x3 expression and dormancy (Figure 3.26). These results imply the
role of GA200x3 in regulating GA biosynthesis and seed dormancy level in selected barley lines.
Similar studies reported the role of high level of bioactive GA1 due to enhanced expression of GA
biosynthetic genes (GA200x and GA30x) in dormancy release in wheat and barley seeds (Gubler
et al., 2008; Liu et al., 2013; Kashiwakura et al., 2016). Further study in sorghum found higher
expression of GA200x as well as an accumulation of bioactive GA4 in imbibed embryos of non-
dormant cultivar as compared to a dormant cultivar (Pérez-Flores et al., 2003). No correlation was

observed between the levels of expression of any of the GA200x genes and seed dormancy in most
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of the barley lines studied. It is possible that dormancy in these lines is regulated by the expression
of other GA metabolic genes (GA3ox and GA20x) in the seed germination of these lines.

The ratio between ABA and GA levels, which is modulated by their antagonistic
interaction, plays important roles in maintenance and release of seed dormancy in wheat and barley
(Jacobsen et al., 2002; Izydorczyk et al., 2018). In accordance with this, low expression level of
the ABA biosynthetic gene (NCED1) and high expression of ABA catabolic genes (ABA8'OH1
and ABA8'OH2) and GA biosynthetic gene (GA200x3) have been observed in some non-dormant
lines (BM0253-235, BM0253-58, BM0253-409 and BM0253-217). These expression patterns
suggest the presence of low ABA: GA ratio in the seeds of these lines, and this might be
responsible for the low level of dormancy observed in the lines. Previous studies with imbibed
non-dormant barley seeds has also reported the role of increased expression of the ABA catabolic
gene (ABA8’OH1) and GA biosynthetic gene (GA30x2) in reducing ABA level and increasing GA
level, causing a change in ABA: GA ratio and enhanced germination (Suzuki et al., 2005; Millar
et al., 2006). Similarly, imbibition of non-dormant wheat seeds has been shown to induce the
expressions of GA30x2 and ABA8 OH1 genes in wheat (Liu et al., 2013; Son et al., 2016).

In summary, the results of this study showed that dormancy phenotype in selected lines is
associated with the expression patterns of the ABA biosynthetic gene, NCED1 and ABA catabolic
genes, ABAS'OHI and ABAS8'OH?2, and the GA biosynthetic gene, GA200x3. This suggests the
contribution of changes in ABA: GA ratio in the maintenance of dormancy in the seeds of malting

barley, which is an important factor for improving sprouting tolerance.
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4.0 GENERAL DISCUSSION AND CONCLUSIONS

Barley is one of the most important cereal crop used for various purposes such as feed, food and
malting but its production is affected by several biotic and abiotic stress factors. PHS, which is
defined as the premature germination of seed on the mother plant under humid and rainfall
conditions, is one of the factors that affect usage of barley. It causes a decrease in end use quality
of the barley seeds as the malting industry requires non-sprouted and good quality seeds. PHS of
the seed is dependent on dormancy of the seed, which is defined as the inability of a viable seed
to germinate under optimal environmental conditions. Seed dormancy is regulated by a number of
environmental and endogenous factors such as phytohormones. ABA and GA are two main plant
hormones responsible for the regulation of seed dormancy. ABA plays a role in induction and
maintenance of seed ABA level and seed dormancy whereas GA promotes seed germination.

This study investigated the role of ABA and GA metabolic genes in the regulation of seed
dormancy and resistance to PHS in 21 different barley genotypes and breeding lines. Based on
their germination data, the different barley lines are classified to have high, intermediate and low
levels of seed dormancy. Expression analysis of the ABA biosynthetic genes revealed the presence
of a positive correlation (r=0.75) between the levels of NCED1 expression and seed dormancy,
indicating the role of this gene in regulating the embryonic ABA level and dormancy level. As the
expression patterns of ABA biosynthetic gene NCEDL is strongly correlated with the seed
dormancy, therefore, it is important to study the allelic variation of this gene in different barley
lines. A comparative expression analysis between the two ABA catabolic genes showed that
ABAS8'OHI is highly expressed in the embryos during imbibition. Our data indicated a high
expression level of ABA8'OH1 in dormant embryos as compared to that found in the intermediate

dormant and non-dormant embryos, and this caused a positive correlation (r=0.70) between the
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levels of ABA8'OH 1 expression and seed dormancy at least in in selected lines. This might be due
to the fact that the expression of ABA8'OH1 is subjected to feed forward regulation by the amount
of ABA present in the embryos, which is also dependent on the expression of NCED1. To verify
this, we performed further correlation analysis between the expression of levels of NCED1 and
ABAS8'OHI, and this analysis showed a positive correlation (r=0.65) between the two factors.
Based on our data, we suggest that both ABA biosynthesis and catabolism in the embryo plays a
major role in deciding the endogenous ABA content and seed dormancy phenotype in most of the
barley lines studied. Therefore, it is important to measure the ABA content in the embryos of
different malting barley lines.

Unlike that of NCEDL1, the expression of both 4BA8’OH genes were detected in the
endosperm tissue, however, ABA8'OH1 was found to be the predominantly expressed gene. The
expression level of ABA8’OH1 in the endosperm of selected barley lines showed a negative
correlation (r=0.81) with the dormancy phenotype, suggesting a higher rate of ABA catabolism in
the non-dormant lines. Therefore, our results suggest ABA catabolism in the endosperm might
play an important role in regulating the amount of seed ABA and dormancy in the different barley
lines. However, the expression of 4BA8'OH1 in the endosperm of few lines did not show close
correlation with the seed dormancy probably due to the role of some other non-ABA related
genetic factors in the control of seed dormancy in these lines. Since comparison of the genomic
sequences of ABA8'OH 1 showed insertion and deletion (INDELS) in the non-coding sequence of
the gene. Close observation of the correlation between the sequences of 4BA8'OHI and its
expression suggest that the 12 bp deletion observed in ABA8'OHI sequence in AAC Synergy,
Morex, TR11221 and Himalaya might be responsible for its low level of expression in the

endosperm of the non-dormant barley lines. It is important to study the variation in the promoter
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sequence of ABA8'OHI which might be responsible for controlling expression as there was no
variation in the exonic region of gene. As discussed above, it is important to examine the ABA
content in endosperm tissues of different barley lines.

The second part of this thesis examined allelic variation in the GA biosynthetic gene
GA200x1 and the expression patterns of GA200x family members. Our analysis showed a high
expression of GA200x3 in the endosperm of non-dormant barley lines as compared to that found
in the barley lines with high and intermediate levels of dormancy. Strong correlation (r=0.90) was
evident between the levels of endospermic GA200x3 expression and seed dormancy in selected
barley lines. Since the endosperm of the same selected non-dormant lines also show high
expression levels of ABA8'OH1 and ABA8'OH?2, the ratio of ABA to GA in the endosperm might
play a role in regulating dormancy in these lines. Sequence analysis of GA200x1 revealed four
nucleotide substitutions at different position mainly in the dormant (BM0253-402 and Betzes) and
intermediate dormant (CDC-Reserve-01, BMO0253-211 and Baudin) lines. Although the
expression of this gene was not detected in any of the tissues of the barley lines tested, it is possible
that these mutations promote dormancy. Since GA200x1 of barley has been reported to undergo
alternative splicing, it may be important to study the post transcriptional modification of this gene
and the involvement of this in controlling seed dormancy. Overall, the findings of this thesis
project provide useful information about the role of ABA and GA metabolic genes in regulating

seed dormancy and tolerance to PHS in malting barley lines.
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APPENDIX

Appendix 1. Analysis of variance of seed germination percentage of the different barley lines.

Source of variation ?:fgéggr%f Sssl:gr?; M?;uzligns of Fvalue P Value
Between lines 20 76919.556 3845.978 176.344  <0.001
Within lines 42 916.000 21.810

Total 62 77835.556

Significant difference was tested with Fisher LSD test at p value of < 0.05.
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Appendix 2. Nucleotide substitution/INDELS in the genomic DNA sequence of ABA8'OH1

Base substitution/INDELS Position Lines exhibiting variation

CtoT 602" bp AC Metcalfe, BM0253-402,
TR253

CtoA 605" bp AAC Synergy, CDC-Reserve-01,
Himalaya, Morex, TR11221

GtoC 1227" bp AAC Synergy, CDC-Reserve-01,
TR11221

CtoA 1340" bp Himalaya, Morex, Steptoe

Ato T or deletion of A 1816™ bp CDC-Reserve-01, Himalaya,

Addition (GTGCTGTACC)
Deletion (GATGATGATGAT)

1523 to 1532 bp
1838 to 1849 bp

Morex, Steptoe, TR11221
Himalaya, Morex

AAC Synergy, Himalaya, Morex
TR11221

A=Adenine; T=Thymine; G=Guanine; C=Cytosine

INDELS =insertions or deletions
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Appendix 3. Phylogenetic analysis of the ABA8'OH1 proteins from barley and other species. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown next to the branches. Alignment of the sequences was carried out by
Clustal W, and the evolutionary history is constructed by the neighbour-joining method using
MEGA 7.0 software. The evolutionary distance was computed using the Poisson correction
method and are in the units of the number of amino acid substitutions per site (0.050). The aligned
ABAS8'OH protein sequences with their GenBank ID are Triticum aestivum, TaABA8'OH1
(GenBank ID: ACB78189.1); Aegilops taushii, AetABA8'OH1 (GenBank ID: F775_16028);
Hordeum wvulgare, ABA8'OHI (GenBank ID: ABB71585.1); Brachypodium distachyon,
BAABAS8'OH1 (GenBank ID: BRADI3G52660.1); Orzya sativa, OSABAS'OH1 (GenBank ID:
0s02g0703700); Zea mays, ZmABAS8'OH1 (GenBank ID: Zm00001d017762_T002); Sorghum
bicolor, SbABA8'OH1 (GenBank ID: SORBI_3004G268700); Arabidopsis thaliana,
AtABA8'OH1 (GenBank ID: AT4G19230.1); Beta vulgaris, BvVABA8'OH1 (GenBank ID:
BVRB_5g102360); Phaseolus vulgaris, PvABA8'OH1 (GenBank ID: ABC86558.1) and Glycine
max, GmMABAS'OH1 (GenBank ID: ABQ65856.1).
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Appendix 4. Analysis of variance of relative transcript levels of NCEDL1 in the embryos of the
different barley lines.

L Degree of Sum of Mean sum
Source of variation F value P value
Freedom Squares of Squares
Between lines 20 9.686 0.484 7.158 <0.001
Within lines 40 2.707 0.0677
Total 60 12.393

Significant difference was tested with Fisher LSD test at p value of < 0.05.
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Appendix 5. Correlation between seed germination percentage and expression levels of embryonic

NCED1 of the different barley lines.
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Appendix 6. Analysis of variance of relative transcript levels of ABA8'OH1 in the embryos of the
different barley lines.

L Degree of Sum of Mean sum of
Source of variation F value P value
Freedom Squares Squares
Between groups 20 16.059 0.803 10.248 <0.001
Residual 41 3.212 0.0783
Total 61 19.271

Significant difference was tested with Fisher LSD test at p value of < 0.05.
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Appendix 7. Correlation between seed germination percentage and expression levels of embryonic
ABAS8'OH1 of the different barley lines.

Relative transcript level

r=0.0110

1.5

Germination percentage

100

122



Appendix 8. Analysis of variance of relative transcript levels of ABA8'OH1I in the endosperm of
the different barley lines.

Degree of Sum of Mean sum

Source of variation Ereedom Squares of Squares F value P value
Between groups 20 588.187 29.409 21.983 <0.001
Residual 41 54.852 1.338

Total 61 643.038

Significant difference was tested with Fisher LSD test at p value of < 0.05.
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Appendix 9. Correlation between seed germination percentage and expression levels of
endospermic ABA8'OH1 of the different barley lines.
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Appendix 10. Analysis of variance of relative transcript levels of ABA8'OH?2 in the embryos of
the different barley lines.

Degree of Sum of Mean sum of

Source of variation F value P value

Freedom Squares Squares
Between lines 20 5002.458 250.123 14.417 <0.001
Within lines 41 711.314 17.349
Total 61 5713.772

Significant difference was tested with Fisher LSD test at p value of < 0.05.

125



Appendix 11. Correlation between seed germination percentage and expression levels of
embryonic ABA8'OH? of the different barley lines.
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Appendix 12. Analysis of variance of relative transcript levels of ABA8'OH2 in the endosperm of
the different barley lines.

i Degree of Sum of Mean sum
Source of variation F value P value
Freedom Squares of Squares
Between lines 20 1563.495 78.175 48.563 <0.001
Within lines 42 67.610 1.610
Total 62 1631.104

Significant difference was tested with Fisher LSD test at p value of < 0.05.
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Appendix 13. Correlation between seed germination percentage and expression levels of
endospermic ABA8'OH? of the different barley lines.
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Appendix 14. Phylogenetic tree of GA200x proteins from barley and other species. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown next to the branches. The alignment of the sequences was prepared by
Clustal W. This evolutionary history was constructed by the neighbour-joining method in the
MEGA 7.0 software. The evolutionary distance was computed using the Poisson correction
method and are in the units of the number of amino acid substitutions per site (0.050). The aligned
protein sequences with their accession numbers are Triticum aestivum, TaGA200x1-A (GenBank
ID: CBX45609.1); TaGA200x1-B (GenBank ID: CBX45610.1); TaGA200x1-D (GenBank ID:
CBX45611.1); Hordeum vulgare, GA200x1 (GenBank ID: AY551428); Lolium perenne,
LpGA200x1 (GenBank ID: AAG43043.1); Brachypodium distachyon, BAGA200x1 (GenBank
ID: BRADI1G00950); Oryza sativa, OsGA200x1 (GenBank ID: Os03g0856700); Zea mays,
ZmGA200x1 (GenBank ID: Zm00001d034898); Sorghum bicolor, SbGA200x1 (GenBank ID:
SORBI_3001G005300); Phaseolus vulgaris, PvGA200x1 (GenBank ID: XP_007152362.1);
Arabidopsis thaliana, AtGA200x1 (GenBank ID: AT4G25420); AtGA200x2 (GenBank ID:
AT5G51810); AtGA200x3 (GenBank ID: AT5G07200); AtGA200x4 (GenBank ID:
AT1G60980).
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Appendix 15. Analysis of variance of relative transcript levels of GA200x2 in the embryo of the
different barley lines

L Degree of Sum of Mean sum of
Source of variation F value P value
Freedom Squares Squares
Between lines 20 41.375 2.069 3.856 <0.001
Within lines 42 22.534 0.537
Total 62 63.909

Significant difference was tested with Fisher LSD test at p value of < 0.05.
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Appendix 16. Correlation between seed germination percentage and expression levels of
embryonic GA200x2 of the different barley lines.
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Appendix 17. Analysis of variance of relative transcript levels of GA200x3 in the endosperm of
the different barley lines.

i Degree of Sum of Mean sum of
Source of variation F value P value
Freedom Squares Squares
Between lines 20 84.646 4.232 6.374 <0.001
Within lines 42 27.887 0.664
Total 62 112.533

Significant difference was tested with Fisher LSD test at p value of < 0.05.
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Appendix 18. Correlation between seed germination percentage and expression levels of
endospermic GA200x3 of the different barley lines.
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AAQO3
ABA
ABAS'OH
ABA-GE
ANOVA
ATP
BLAST
cDNA
CPS
CDP
CTAB
DEPC
DNA
DNase
dNTP
DPA
EDTA
EXPASyY
GA
GA200x
GA3ox

GA20x

ABBREVIATIONS

abscisic aldehyde oxidases
abscisic acid

ABA 8’ hydroxylase

ABA glucosyl ester

analysis of variance

adenosine triphosphate

basic local alignment search tool
complimentary deoxyribonucleic acid
ent-copalyl diphosphate synthase
ent-copalyl diphosphate

cetyl trimethyl ammonium bromide
diethyl pyrocarbonate
deoxyribonucleic acid
deoxyribonuclease
deoxyribonucleotide triphosphate
dihydrophaseic acid

ethylene diamine tetraacetic acid
expert protein analysis system
gibberellin

GA 20-oxidase

GA 3-oxidase

GA 2-oxidase
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GGDP geranylgeranyl diphosphate

GGPP geranylgeranyl pyrophosphate

HCL hydrochloric acid

HAI hours after imbibition

INDELS insertions and deletions

IDP isopentenyl diphosphate

IPTG isopropyl B-D-1-thiogalactopyranoside
KAO ent-kaurenoic acid oxidase

KO ent-kaurene oxidase

KS ent-kaurene synthase

LB luria-Bertani

LDL low density lipoprotein

LSD least significant difference

MEGA molecular evolutionary genetic analysis
MRNA messenger RNA

NCBI national centre for biotechnology information
NCED nine-cis-epoxycarotenoid dioxygenase
NSY neoxanthin synthase

OECD organization for economic co-operation and development
PA phaseic acid

PCR polymerase chain reaction

PD physiological dormancy

PHS preharvest sprouting
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PVP
gPCR
QTL
RNA
RVA
SDS
SNP
USDA
uv
UTRs
Vp
VDE

ZEP

polyvinyl pyrrolidone

real time quantitative polymerase chain reaction
quantitative trait loci

ribonucleic acid

rapid visco analysis

sodium dodecyl sulphate

single nucleotide polymorphism
united states department of agriculture
ultraviolet

untranslated regions

viviparous

violaxanthin de-epoxidase

zeaxanthin epoxidase
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