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ABSTRACT

Brassinosteroids (BRs) are plant hormones known to play a role in regulation of seed germination
and seedling growth, and these roles of BR involve its interaction with other phytohormones such
as abscisic acid (ABA) and gibberellin (GA). This study analyzed the effects of inhibition of BR
biosynthesis on seed germination and seedling growth, and on expression of genes involved in the
metabolism of two other phytohormones: ABA, a germination inhibitor and GA, germination
enhancers. Treatment with BR biosynthesis inhibitor has no effect on seed germination, but it
reduced seedling growth. Co-application of the BR biosynthesis inhibitor and exogenous BR
rescued the coleoptile growth but caused reduction of root growth in later phases of imbibition as
compared to the control or treatment with BR biosynthesis inhibitor alone. Treatment with BR
biosynthesis inhibitor affected the expression of ABA metabolic NCED2, CYP707A1, CYP707A2
and GA biosynthetic GA200x1 and GA30x2 genes in different tissues such as endosperm, embryo,
coleoptile, and root. These results suggest that BR plays a role in regulating the expression of ABA

and GA metabolic genes during and after seed germination.



1.0 INTRODUCTION

Common wheat (Triticum aestivum L.), which belongs to the Poaceae family, is a major cereal
crop (Gilissen et al., 2008). Canada produces over 25 million tonnes and exports approximately
15 million tonnes of wheat annually (Campbell, 2015). Wheat is used as the major dietary intake
for humans and feed for animals, and for other industrial applications (Liu et al., 2013). This
extensive use necessitates the high yield and quality of wheat seeds. Yield and quality of wheat is
partially determined by seed germination and vigor, and growth of the seedlings (Finch-Savage
and Bassel, 2015; Wolny, 2018).

Seeds of angiosperm plants act as important units for plant propagation (Gehring et al.,
2004). Seed germination initiates when the seed uptakes water followed by growth of the radicle
(Bewley, 1997). Seed germination involves three phases of water uptake, the first phase
(imbibition), the second phase (synthesis of mitochondria and proteins from newly produced
MRNAs and radicle emergence), and the third phase (storage reserve mobilization and seedling
development) (Bewley, 1997; Nonogaki et al., 2007). However, seeds also possess an adaptive
trait called dormancy that inhibits their germination under favourable environmental conditions
(Gao and Ayele, 2014). Seedling establishment directly or indirectly depends on the seed
germination and environmental conditions (Ayalew et al., 2018). Improved seedling establishment
leads to enhanced seedling vigour that in turn improves the seed yield (Elliott et al., 2008). Thus,
seed germination, vigor and seedling growth affect crop productivity tremendously (Ellis, 1992).

Previous studies have shown that plant hormones play important roles in the regulation of
seed germination (Kucera et al., 2005; Liu et al., 2013), and treatments, including application of
exogenous hormones and hormone antagonists (Kauschmann et al., 1996), that advance or inhibit

seed germination induce changes in seed hormone content and sensitivity (Finch-Savage et al.,



2006). Among these plant hormones, ABA and GA are the major regulators of seed germination
and plant growth (Kucera et al., 2005). It is well documented that gibberellin (GA) promotes seed
germination, while abscisic acid (ABA) induces seed dormancy (Kermode, 2005; Tuan et al.,
2018). In addition to ABA and GA, other phytohormones such as brassinosteroids (BRs) regulate
many plant growth and developmental processes including seed germination and seedling growth
in different species such as Arabidopsis, maize, rice and pea seeds (Anuradha and Rao, 2001,
Ozdemir et al., 2004; Kagale et al., 2007; Arora et al., 2008; Villedieu-Percheron et al., 2014).
For instance, in Arabidopsis, application of BR biosynthesis inhibitor reduces seedling growth
(Asami et al., 2001; Hartwig et al., 2012). On the other hand, exogenous application of a BR results
in concentration dependent increase of seedling growth (Missig et al., 2003). Seed germination in
wheat was found to be associated with changes in the expression levels of genes involved in BR
biosynthesis (DET2 and DWF4) and signaling (BSK and BIN2) (Chitnis et al., 2014). However,
BR biosynthesis inhibitor was found to have no effect on seed germination (Asami et al., 2001).
Earlier studies have reported crosstalk between BR, ABA and GA in the regulation of seed
germination and other seed development processes (Peres et al., 2019). Previous studies have
shown that seed treatment with BR decreases the expression levels of ABA biosynthetic genes
NCEDs and AAO3 in Arabidopsis (Zhang et al., 2010; Ha et al., 2018). BR also inhibits ABA
signaling during germination and this results in decay of seed dormancy and enhancement of seed
germination (Zhang et al., 2009; Hu and Yu, 2014). Moreover, BR biosynthetic mutants of
Arabidopsis exhibit more inhibition of germination by ABA, as the BR signal is required to resist
ABA mediated inhibition of seed germination (Steber and McCourt, 2001). Reports on BIN2 in

Arabidopsis, which acts a negative regulator of BR signaling, showed its synergistic interaction



with ABA and inhibit seed germination. In contrast, a mutation in the BIN2 (bin2-3) antagonizes
ABA response and therefore enhances seed germination (Hu and Yu, 2014).

Since both BR and GA are growth promoting plant hormones, they often show synergistic
interaction and promote seed germination (Depuydt and Hardtke, 2011; Bai et al., 2012; Li et al.,
2012; Li and He, 2013). Gibberellin can promote BR biosynthesis by upregulating the BR
biosynthetic enzyme, DWF1 (Wang et al., 2009). Moreover, exogenous GA treatment rescues the
hypocotyl growth of BR deficient and insensitive mutants of Arabidopsis (Hofmann et al., 2015;
Unterholzner et al., 2015). On the other hand, BR treatment causes an increase in the expression
of GA biosynthetic gene GA200x while BR biosynthesis inhibitor decreases the expression of
GA200x and GA3ox (Stewart Lilley et al., 2013; Unterholzner et al., 2015). Likewise, exogenous
BR treatment was found to recover the germination and hypocotyl growth of GA biosynthetic and
insensitive mutants (Steber and McCourt, 2001). Although these and other studies reported the
interaction between BR, ABA and GA in regulating seed germination and seedling growth, how
the interaction between these hormones takes place at the molecular level has not been studied
sufficiently, especially in cereals species such as wheat. The objectives of this thesis project
therefore are: 1) to investigate the effect of BR biosynthesis inhibitor on germination and seedling
growth in wheat, and 2) to examine the effect of BR biosynthesis inhibitor on the expression of

wheat ABA and GA metabolic genes during germination and seedling growth.


http://dev.biologists.org/content/140/8/1615#ref-11
http://dev.biologists.org/content/140/8/1615#ref-3
http://dev.biologists.org/content/140/8/1615#ref-51
http://dev.biologists.org/content/140/8/1615#ref-51

2.0 LITERATURE REVIEW
2.1 Wheat

2.1.1 Wheat origin and history of its domestication

Common wheat (Triticum aestivum L.) is a major cereal crop produced for edible components of
its grain. It belongs to the genus Triticum in the Poaceae family. Hexaploid wheat is the result of
a hybridized cross between a tetraploid wheat, which arose from hybridization between T. urartu
(the A genome donor) and T. speltoides (the B genome donor), and a diploid species, T. tauschii,
that donated the D genome (Gilissen et al., 2008; Bennett and Leitch, 2010).

To date, wheat has around 25,000 unique cultivars. Domestication of wheat dates to 12,000
years ago from a yet alive precursor plant known as Emmer (Hirst, 2012). Emmer wheat originated
from the area of the Karacadag mountains, which are in what is presently known as southeastern
Turkey. Furthermore, knowledge about the utilization of emmer was found 23,000 years back by
the people who lived at the archeological site, Ohalo Il in Israel (Hirst, 2012). Wild type emmer is
a self-pollinating grass and a winter annual in nature. It is known as T. dicocoides and T.
araraticum. It is distributed throughout the Fertile Crescent, which includes countries such as
northern Irag, western Iran, Lebanon, Jordan, Israel, eastern Turkey, and Syria. It grows mostly in
areas with long, dry hot summers followed by short mild, wet winter conditions with fluctuating
rainfall (Lev-Yadun et al., 2000; Hirst, 2012; Cooper, 2015). Moreover, emmer wheat is tetraploid
derived from T. urartu (the A genome donor) and T. speltoides (the B genome donor) (Nevo,
2011). Apart from emmer wheat, einkorn (T. monococcum) is another type of a diploid early wheat
that was domesticated from its wild precursor T. boeoticum, approximately 10,400 years ago and
both wild and cultivated precursors of T. monococcum are derived from the A genome donor, T.

urartu (Haldorsen et al., 2011; Nevo, 2011; Brandolini et al., 2016).
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The majority of the 25,000 unique types of current wheat are varieties of two general
categories, known as common wheat or bread wheat and durum wheat (T. turgidum ssp. durum).
Timopheev's (T. timopheevii) and spelt (T. spelta) wheat were also domesticated from wild emmer
wheat, but these are not commonly available in the market like common and durum wheat, (Hirst,
2012). Overall, common wheat represents approximately 90%, while durum wheat represents 4 to
5% of all wheat consumed in the world (Peng et al., 2011).

Wheat was found in North America from central Alberta (Canada) to central Texas (U.S.)
in the late 15" and 16" century. In Canada, wheat was initially grown in around 1605 while the
first exports were made in 1654. Although wheat cultivation in Western Canada during the early
years were difficult, workers at the Hudson's Bay Company and the pioneers of the Red River
Colony conducted experiments on wheat cultivation and achieved some successes in 1815. After
many trials and failures using spring and winter wheat, in 1870 cultivar Red Fife became very
famous due to its high yield and milling qualities. However, during extreme low temperature
conditions, this cultivar also failed to cope with frost conditions. Later, in 1903 Sir Charles
Saunders developed the cultivar Marquis from the cross of Hard Red Calcutta and Red Fife, which
was observed to possess excellent yield and milling qualities in 1904. In 1909, this cultivar became
widespread all over Canada, which lead to an increase in wheat production from 2 million tonnes
in 1904 to 7.7 million in 1913. Subsequently, hard red spring wheat became popular in Canada

(Charmet, 2011; Campbell, 2015).
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2.1.2 Wheat production and its use
Wheat ranks third in global cereal crop production behind maize (Zea mays) and rice (Oryza
sativa) and Canada is the sixth-largest wheat producer. Statistics Canada reported that up to
24.7 million acres were seeded with wheat in the year 2018. In the Prairie provinces Manitoba,
Saskatchewan, and Alberta, an increase of 14.6, 6.6, and 7.5 percent in seeded area was reported
respectively from 2017 to 2018. Canada produced 30.0 and 31.8 million tonnes of wheat in the
year 2017 and 2018, respectively. Wheat is mainly used a major dietary intake for humans due to
its high content of carbohydrates. Furthermore, it serves as a rich source of proteins, minerals, and
vitamins. Therefore, over 40% of the world’s population uses wheat as their staple food and wheat
contribute to approximately 20% of the calories consumed by humans. Wheat bran and auxiliary
flours from the processing procedures are frequently marketed as feed for animals and poultry.
Furthermore, wheat is also used in the preparation of beer, vodka, and biofuel. Wheat flour is
utilized for the generation of baked goods and grain products. Wheat gluten is mainly utilized as a
protein source to enhance baking qualities of flour (Shewry, 2009).

Out of many wheat species, common wheat (T. aestivum) is utilized to make bread while
pasta and semolina products (spaghetti and macaroni) are prepared by utilizing durum wheat (T.
turgidum ssp. durum) (Ficco et al., 2014). Moreover, club wheat (T. compactum) which is a softer
type, is utilized in preparation of crackers, cookies, cake, pastries and it represents 1 to 2 % of total

wheat (Atwell and Finnie, 2016).

2.1.3 Factors affecting wheat production
Abiotic factors such as drought, salinity, high and low temperature and biotic factors such as

diseases caused by microbial pathogens affect wheat production worldwide (Kajla et al., 2015;



Abhinandan et al., 2018). Another major factor affecting the production of wheat is preharvest
sprouting (PHS), which is defined as the germination of grains in the spike before harvest when
there is continuous rain after the seed maturity. This problem is associated with low degree of
dormancy in the seeds. Therefore, it is of utmost importance to have a balance between seed
germination and dormancy since too much seed dormancy could lead to failure of germination or
non-uniform germination and poor seedling establishment (Derera,1989; Simpson, 2007; Gao and
Ayele, 2014). In many cereal crops, especially in wheat (T. aestivum L.), PHS causes reduction in
grain yield as well as quality. For instance, in Canada, there is an annual loss of 100 million dollars
due to PHS (DePauw et al., 2012). This marks a dire need to identify sources of PHS resistance in
wheat. In addition, PHS is a complex genetic trait as it is governed by the interaction between

genetic and environmental factors (Arif et al., 2012).

2.2 Seed
2.2.1 Seed development
Seed is an important unit of propagation and good seed quality is a vital factor for crop production.
The life cycle of a plant begins as a seed, which germinates to produce a juvenile plant called a
seedling. Then the seedling will develop to maturity and grow into a complete plant. The growing
plant will produce flowers and produce new seeds, which serve as materials to start the next life
cycle.

A seed is comprised of three hereditary components, which include the endosperm, embryo
and seed coat. During the reproductive life cycle of a plant, the male and female gametophyte are
formed by meiosis followed by mitosis, to maintain the haploid phase. The site of fertilization is

the female gametophyte. The most predominant form of the developed female gametophyte is a


https://www.ncbi.nlm.nih.gov/pubmed/?term=Abhinandan%20K%5BAuthor%5D&cauthor=true&cauthor_uid=29942321

seven-celled stage comprising of three antipodal cells, two synergid cells, an egg cell, and a diploid
central cell. Synergid cells at the micropylar end attract the pollen tube from the male gametophyte
to the female gametophyte (Higashiyama et al., 2001). Adjacent to the synergid cells, lies the egg
cell which acts as the progenitor of embryo formation. Likewise, the diploid central cell with two
polar nuclei acts as the progenitor for the formation of endosperm. The male gametophyte with
two haploid sperm cells is formed from microspores in anther (Ohto et al., 2007).

Seed development starts upon double fertilization. The pollen tube formed from the
vegetative cell of the male gametophyte enters the female gametophyte through the micropyle and
discharges two sperm cells into the synergid cell. Out of these two sperm cells, one sperm fertilizes
with the egg cell and gives rise to the diploid embryo whereas the other sperm undergoes
fertilization with the central cell to form triploid endosperm. The ovary matures to form fruit and
differentiation of the ovule integuments results in the formation of seed coat (Gehring et al., 2004).
Following double fertilization, the morphogenesis phase begins in which the endosperm undergoes
multiple divisions during syncytium formation followed by the cellularization and differentiation
phases. Endosperm is described as a syncytium during the initial stages of seed development.
During the cellularization phase, division of the syncytium into individual cells occurs followed
by differentiation phase which involves the formation of different cells: transfer, aleurone, starchy
endosperm, and embryo-surrounding region cells (Sabelli and Larkins, 2009). In the maturation
phase, the seed stores nutrients in the endosperm to ensure survival in the upcoming germination
stage. The completion of seed maturation phase is associated with desiccation tolerance and

developmental arrest of the embryo growth (Finkelstein, 2010).



2.2.2 Seed vigor

Seed vigor is characterized as the sum of all those attributes of the seed which decides the potential
for fast uniform seed germination and seedling emergence under various environmental
conditions. Seed storage conditions, physiological and genetic potential of a seed determines the
life span of a seed which plays a critical role in determining seed vigor (Rajjou et al., 2012).
Improved crop productivity depends on the success of seed germination success and establishment
of seedlings (Ayalew et al., 2018). Early vigor is one of the necessary traits for improved crop
establishment, which ultimately results in enhanced crop yield through efficient resource
utilization (Mahender et al., 2015; Wilson et al., 2015). High seed vigor depends on many factors
such as high leaf space, high biomass production and deep root system (Rebetzke and Richards,
1999; Atkinson et al., 2015; Rebolledo et al., 2015). Moreover, larger seed size and higher seed
weight contribute directly to high seed vigor by accumulating additional reserve food (Ellis, 1992;
Khan et al., 2012). However, suboptimal environmental conditions such as high temperature
before harvest could also lead to loss of seed vigor. During seed storage, progressive loss of seed
vigor usually occurs, and this also causes non-uniform and slow germination (Rajjou et al., 2008;
Powell and Matthews, 2012). It has been reported that approximately 25% of harvested crop
undergoes annual seed quality loss, which is indirectly related to poor seed vigor (Khan et al.,
2016). Detection, mapping, and cloning of quantitative trait loci (QTLs) that control seed
germination under various environmental stresses could help to improve seed vigor (Rajjou et al.,
2012). In brief, rapid and uniform seed germination under various environmental stresses, seedling

establishment, seed longevity are the main attributes for determination of seed vigor.



2.2.3 Seed dormancy
Seed dormancy is defined as the failure of intact viable seeds to germinate even under favorable
environmental conditions (Bewley, 1997; Kucera et al., 2005; Gao and Ayele, 2014). Seeds with
low level of dormancy can cause the problem of PHS, which results in low crop yield and quality.
In contrast, high degree of dormancy causes non-uniform germination and seedling establishment
(Tuan et al., 2018). Thus, an intermediate level of dormancy is required that prevents PHS and
lead to uniform seed germination and thereby overall crop development (Gao and Ayele, 2014).
Dormancy can be of two types: primary or secondary, based on whether the seed released
from the plant is already in a dormant state or became dormant after being released due to
unfavorable environmental conditions (Kermode, 2005; Gao and Ayele, 2014). Throughout seed
maturation, seed undergoes primary dormancy (Karssen et al., 1983). Primary dormancy can be
further classified into five types including physiological dormancy (PD), morphological dormancy
(MD), morphophysiological dormancy (MPD), physical dormancy (PY) and combinational
dormancy (CD) as outlined by Baskin and Baskin (1998, 2004). In brief, PD is the most common
type of dormancy which is further classified into three types which are deep, intermediate and non-
deep (Baskin and Baskin, 2004). In the case of deep PD, embryo extracted from seeds will not
develop or form abnormal seedlings while seeds with non-deep PD are able to produce normal
seedlings (Cadman et al., 2006; Finch-Savage et al., 2006). Morphological dormancy is
characterized by physiologically non-dormant embryo that only require time (couple of days to 1-
2 weeks) to develop into full size, and germination occurs afterwards. Contrary to MD, embryo
with MPD are physiologically dormant and they require an extensively longer period to break the
dormancy (Baskin and Baskin, 2004). Physical dormancy occurs due to the presence of at least

one water impermeable layer of palisade cells in the seed coat (Baskin et al., 2000; Baskin, 2003;
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Baskin and Baskin, 2004) while CD is a combination of PD and PY, which is characterized by the
presence of a physiologically dormant embryo and water impermeable seed coat (Finch-Savage
and Leubner-Metzger, 2006).

Seed dormancy is regulated by several environmental factors (light, temperature, moisture,
oxygen), a period of seed dry storage, and intrinsic factors including plant hormones, of which
gibberellin (GA) and abscisic acid (ABA) are considered as the major regulators (Hilhorst et al.,
1995; Cadman et al., 2006). Seed dormancy is induced by ABA while released by GA (Leubner
and Metzger, 2001; Kermode, 2005; Kucera et al., 2005). In this manner, alterations in ABA and
GA level and their sensitivity play predominant roles in the regulation of the induction and decay
of seed dormancy (Shu et al., 2016; Finch-Savage and Footitt, 2017). After ripening, which refers
to storage of dry seeds from a few weeks to several months, stratification (warm and cold), and
treatment with nitrate lead to breakage of seed dormancy (Karssen et al., 1983; Bewley and Black,
1994; Bailly, 2004; Kucera, 2005; Bethke, 2006). During dormancy loss, physiological alterations
have been observed in seeds of several plant species including changes in the expression of genes
and proteins, and oxidative and epigenetic modifications of genes and proteins (Gao et al., 2012,

2013; Gao and Ayele, 2014).

2.2.4 Seed germination

Seed germination is a vital process for establishment and development of the next-generation of
plants, and determination of crop yield and quality (Ohto et al., 2007; Chitnis et al., 2014). Itis a
process that starts with seed imbibition, which refers to an uptake of water, and terminates with
protrusion of the radicle, through the seed coat. Seed germination is characterized by three phases

of water uptake. During the first phase, the dry seed uptakes water rapidly, and this induces repair
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of DNA and mitochondria, protein synthesis from extant mMRNAs, along with changes in the size
and shape of the seed (Bewley, 1997). Moreover, uptake of water by a dry seed causes a change
from a dry to a hydrated state, and this forces significant stresses upon cellular parts of the seed.
For instance, leakage of solutes occurs upon imbibition, which is a characteristic of transitory
damage to the membrane. The second phase or plateau phase is identified by a decrease in the
uptake of water and is characterized by the synthesis of proteins from newly produced mRNAs
and synthesis of new mitochondria (Bewley, 1997). Germination is completed at the end of the
second phase, which marks the start of the third phase, and this phase involves another increase in
water uptake, and mobilization of storage reserves as well as radicle elongation (Nonogaki et al.,
2007). Radicle elongation occurs during the third phase with slight increment in water uptake,
which is followed by a considerably bigger uptake that leads to the overall development of the
seedling due to increase in mitotic cell divisions and cell extension (Nonogaki et al., 2010). For
completion of germination, there is a need to overcome the obstruction conferred on the expanding
embryo by its encompassing structures. Of these encompassing structures, the endosperm is the
significant restricting tissue in some dicot species. The resistance of these tissues is overcome by

enzymatic weakening of the cell wall surrounding these tissues (Nonogaki et al., 2010).

2.2.5 Plant hormones in the regulation of germination

Previous studies have shown that plant hormones play an important role in the regulation of plant
developmental processes (Evans, 1984; Kucera et al., 2005; Liu et al.,, 2013), and plant
development relies upon controlled cellular events, for example, division, elongation, and
differentiation (Evans, 1984). Application of exogenous hormone and hormone antagonists

(Kauschmann et al., 1996), which lead to changes in endogenous hormone levels, have been used
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to study the roles of plant hormones in regulating seed germination (Klee and Estelle, 1991;
Preston et al., 2009; Liu et al., 2013). Although, GA and ABA are considered as the major
phytohormones involved in seed germination regulation, other hormones such as BR are also
reported to participate in the regulation of the seed germination (Kucera et al., 2005; Finkelstein

et al., 2008; Linkies and Leubner-Metzger, 2012).

2.3 Role of brassinosteroids in the regulation of seed germination and seedling growth

2.3.1 Brassinosteroid

Brassinosteroids (BRs) are polyhydroxylated steroidal plant hormones involved in the regulation
of plant growth and developmental processes such as seed germination, stem elongation, inhibition
of root growth, and vascular differentiation (Mandava 1988; Li and Chory, 1999; Steber and
McCourt, 2001; Zhang et al., 2014). The isolation of the most biologically active form of BR,
brassinolide (BL), from oilseed rape (Brassica napus) led to the discovery of BR (Grove et al.,
1979; Mandava, 1988; Wang et al., 2001). BR is present in every tissue with the maximum amount
in seeds and pollen (Arteca, 1995; Schmidt et al., 1997), and very low concentrations of BR have
been shown to affect plant developmental processes (Kucera et al., 2005).

In Arabidopsis and pea, exogenous BR application has been demonstrated to rescue growth
defects of BR-biosynthetic/sensitive mutants (Yokota, 1997; Hayat et al., 2003), while BR
signalling mutants showed insensitivity to BR (Clouse et al., 1996; Li et al., 2001). In addition,
BRs have been found to play important roles in seed germination and seedling development by
interacting with other hormones such as GA and ABA (Steber and McCourt, 2001; Krishna, 2003;
Zhang et al., 2009; Divi and Krishna, 2010; Oh et al., 2016). Furthermore, BRs are essential signals

considering environmental stimuli as they help plants by protecting them from various
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environmental stresses such as high and low temperatures, drought, salinity, and pathogen attack

(Divi and Krishna 2009; Oh et al., 2016).

2.3.2 Brassinosteroid biosynthesis pathway

The BR biosynthetic pathway involves the formation of BL from campesterol (CR) (Fig. 2.1).
Brassinosteroid biosynthesis proceeds either via the campestanol (CN) independent or CN
dependent pathway in which formation of CN occurs from CR (Suzuki et al., 1995; Fujioka et al.,
1997). Furthermore, the conversion of CN to BL involves two distinctive pathways, known as the
early C-6 oxidation and late C-6 oxidation pathway and involves the stepwise metabolism of CN
(Choi et al., 1996; Yokota, 1997; Choe et al., 1998). In the early C-6 oxidation pathway, CN is
converted sequentially to cathasterone (CT), teasterone (TE), typhasterol (TY), and castasterone
(CS) whereas, in the late C-6 oxidation pathway, CN gets converted sequentially to 6-deoxoCT,
6-deoxoTE, 6-deoxoTY and 6-deoxoCS, and CS (Fujioka and Sakurai, 1997; Noguchi et al.,
2000). Then, the CS produced by both pathways undergoes oxidation reaction to mark the last step
in the BR biosynthetic pathway, which marks the formation of BL (Yokota et al., 1991; Suzuki et
al., 1995).

The BR biosynthetic pathway involves hydroxylation, reduction, epimerization, and
oxidation reactions (Yokota, 1997) and are catalyzed by cytochrome P450 (CYP450s) such as
dwarf4 (DWF4/CYP90B1), constitutive photomorphogenesis and dwarfism (CPD/CYP90A),
deetiolated2 (DET2/DWF6) and BR-6-oxidase (BR60x) (Choe et al.,1998; Noguchi et al., 1999;
Ohnishi et al., 2006). Briefly, the BR biosynthetic enzyme DET?2 catalyzes the reduction reaction
that converts CR to CN, which in turn forms 6-deoxoCS by the action of DWF4 in the late C-6

oxidation pathway (Suzuki et al., 1995; Fujioka et al., 1997). CPD/CYP90A catalyzes the
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conversion of 6-deoxo CS to 6-deoxo TE, which is finally converted to 6-deoxo TY that yields 6-
deoxo CS in the last step. In the early C-6 oxidation pathway, CS is formed from 6-oxo CN by the
action of DWF4, which in turn is converted to TE by CPD. Another biosynthetic enzyme,
BR60x1/2 (CYP85A1 and CYP85A2) catalyses the conversion of CN, 6-deoxo CT, 6-deoxo TE,
6-deoxo TY and 6-deoxo CS of the late oxidation pathway to 6-oxo CN, CT, TE, TY and CS of
the early oxidation pathway, respectively. The last step marks the formation of the final product
of this pathway, BL, and this step is believed to be catalyzed by BR60x2 (Gruszka et al., 2011; Oh
et al., 2016).

To date, more than 40 naturally occurring BRs have been found. The difference in their
structure occurs due to the presence of different substituents in the A or B ring and side chain of
BR. During the biosynthesis of BR, hydroxylation of CR and TE occurs at C-22 and C-23 position
of the side chain, respectively (Yokota, 1997; Oh et al., 2016). These hydroxylation reactions are

catalysed by CYP90BL1 at C-22, CYP90CL1 and D1 at C-23 positions (Oh et al., 2016).
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Figure 2.1 A simplified schematic diagram of brassinosteroid biosynthesis pathway which
involves CR, campesterol; CN, campestanol; 6-oxo CN, 6-oxocampestanol; 6-deoxo CT, 6-
deoxocathasterone; CT, cathasterone; 6-deoxo TE, 6-deoxoteasterone; TE, teasterone; 6-deoxo
CS, 6-deoxocastasterone; CS, castasterone; BL, brassinolide; DWF6/DET2, dwarf6/de-etiolated2;
CYP90B1/DWF4, cytochrome P450 90B1/dwarf4; CYP90C1 and CYP90D1, cytochrome P450
90C1 and, cytochrome P450 90D1; CYP85A/BR60x, cytochrome P450 85A/BR-6-oxidase.
(Adapted from Oh et al., 2015).
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2.3.3 Phytohormone biosynthesis inhibitors
2.3.3.1 Triazole-type plant growth regulators as BR biosynthesis inhibitors
Plant growth regulators (PGRs) are naturally occurring or synthetic chemicals involved in the
regulation of many plant growth and developmental processes. Plant hormones such as auxin,
cytokinin, ethylene, ABA and GA are naturally occurring PGRs (Jaleel et al., 2007; Rademacher,
2015). Apart from these naturally occurring compounds there are synthetic chemicals that act as
PGRs and significantly modulate plant physiological processes (Jaleel et al., 2007; Kavina et al.,
2011). Triazoles are synthetic compounds that act as inhibitors of ergosterol biosynthesis, and can
function as PGRs (Jung et al.,1985; Jaleel et al., 2007). The effectiveness of triazoles as PGRs can
be determined from their role in inhibition of the biosynthesis of sterols, BRs, and therefore growth
elongation, in many crop species such as rice, barley and oilseed rape (Jung et al.,1985;
Rademacher, 2000). However, triazoles have been demonstrated to enhance the production of
cytokinin and ABA (Gopi et al., 2009). Understanding of the BR functions using triazole PGRs
help in studying BR mediated plant growth processes such as cell elongation, cell division, and
stress tolerance (Asami et al., 2001).

Paclobutrazol, uniconazole, brassinazole and propiconazole (Pcz) are examples of triazole
PGRs. In pea (Pisum sativum), uniconazole has been found to inhibit BR-induced tracheary
element differentiation by binding to CYP90D1 (Iwasaki and Shibaoka, 1991; Yokotaetal., 1991).
Furthermore, brassinazole has been reported to bind to DWF4/CYP90B1 and inhibit hydroxylation
of BR intermediates, leading to inhibition of BR synthesis and dwarfism (Asami et al., 2001). In
addition to serving to elucidate the role of BR in plants, brassinazole can be used to examine the
role of BR signaling genes (Min et al., 1999; Sekimata et al., 2001; Vert et al., 2005; Gomes,

2011). The practical utilization of brassinazole in agricultural crops is very limited due to their low
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availability and high cost. As a result, Pcz replaces brassinazole as effective, specific and low-cost

BR inhibitor in plants (Hartwig et al., 2012).

2.3.3.2 Propiconazole as BR biosynthesis inhibitor
Propiconazole acts as an inhibitor of BR biosynthesis (Hartwig et al., 2012). In cress plant
(Lepidium sativum), inhibition of hypocotyl growth by Pcz has demonstrated its function as a BR
biosynthetic inhibitor (Sekimata et al., 2002). Inhibition of hypocotyl growth by Pcz can be
rescued by treatment of Pcz in combination with BL. In Arabidopsis, mutation in BR biosynthesis
genes and application of Pcz results in reduction of growth of seedlings (Hartwig et al., 2012), and
maize seedlings treated with Pcz have been found to exhibit reduction in mesocotyl, coleoptile and
true leaf elongation, (Hartwig et al., 2012; Cheon et al., 2013). Moreover, Pcz suppresses root
growth and Pcz-mediated repression of genes involved in BR biosynthesis (DWF4, BR60x2, and
CPD) has been shown to be reversed by a BR, 24-epi-brassinolide (EBL) (Hartwig et al., 2012).
Considering such outcomes, Pcz can be presumed an effective inhibitor of BR biosynthesis,
outweighing limitations associated with the use of brassinazole. The lower expense and easy
accessibility of Pcz further help to extensively explore the BR applications in plants (Hartwig et
al., 2012).

The reactions involved in the conversion of CN to TE in the BR biosynthetic pathway (Fig.
2.1), which are catalyzed by CYP90B1, CYP90C1, and CYP90D1, are affected by Pcz. Previous
study has shown the binding affinity of Pcz towards CYP90D1, a protein involved in the BR
biosynthetic pathway, and the binding occurs at C23 position of CYP90D1, providing decisive
proof that Pcz affects the hydroxylation reaction at the side chain in the BR biosynthetic pathway

(Oh et al., 2016).
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2.3.4 Brassinosteroid signaling pathway

The vast majority of information about BR signaling was obtained from studies in Arabidopsis
(Yang etal., 2011). A complete BR signaling pathway (Fig. 2.2) has been built up including
various essential components including BR insensitive 1 (BRI1), BRI1 associated kinase 1
(BAK1), BRI1 kinase inhibitor 1 (BKI1), constitutive differential growthl (CDG1), BR signaling
kinase 1 (BSK1), BRI1 suppressor 1 (BSU1), protein phosphatase 2A (PP2A), BR insensitive 2
(BIN2), BRI1 EMS suppressor 1 (BES1), and Brz resistant 1 (BZR1) (Wang et al., 2003; Mora-
Garcia et al., 2004; Wang et al., 2012).

Brassinosteroid signaling starts with the binding of BL to the island domain of BRIl
(Karlova et al., 2006; Oh et al., 2009; Wang et al., 2008). The association of BL with BRI1/BKI1
complex will initiate the trans-phosphorylation of multiple regions and changes in confirmation of
the cytosolic domain (Wang et al., 2006). Auto and transphosphorylation events between BRI1
and BAK1 cause the inhibitor, BKI, to disassociate from BRI1 (Wang et al., 2008; Oh et al., 2009).
Then, BRI1 forms a heterodimer with BAK1, and BRI1 kinase phosphorylates BSK1 and this
results in its interaction with BSU1. Then BSUL in turn causes rapid dephosphorylation of a
negative regulator of BR signaling, BIN2 (Tang et al., 2008; Kim et al., 2009; Kim et al., 2011).
As a consequence, BIN2 undergoes 26S proteasome-mediated degradation, which results in
activation of the substrates of BIN2, BES1 and BZR1 (Wang et al., 2011). Activation of BZR1
will repress BR biosynthesis as BIN2 dephosphorylation leads to the nuclear localization of BES1
and BZR1 transcription factors that interact with the promoter of numerous genes involved in BR
biosynthesis and repress their expression (Wang et al., 2002; Yin et al., 2002; He et al., 2005).
Moreover, BZR1 can regulate BR biosynthesis via inhibition and activation of the BR biosynthetic

genes including CPD, DWF4 and BR60x (He et al., 2005).
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However, when BR signaling is not activated, phosphorylation of BZR1 and BES1 occurs,
as a result they will be trapped by 14-3-3 proteins while remaining outside of the nuclear region
(Gampala et al.,, 2007; Ryu et al., 2007). Alternatively, nuclear localized BZR1 after
phosphorylation shows inefficient interaction with the promoter regions of target genes (He et al.,

2002; Yin et al., 2002).
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Figure 2.2 A simplified diagram of BR signaling pathway. BRI1, BR insensitive 1; BAK1, BRI1
associated receptor kinase 1; BSK1, BRI1 suppressor 1; CDG1, constitutive differential growth 1;
BSU1L, BRI1 suppressor 1; BIN2, BR insensitive 2; P-BZR1, phosphorylated brassinazole resistant
1; BES1, BRI1 EMS suppressor 1. Arrows represent progress activities and bar ends represent
inhibitory activities. Solid blue line shows direct regulation. (Adapted from Tong and Chu 2012).
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2.3.5 Brassinosteroid regulates seed germination and seedling growth

Brassinosteroids are found to influence seed germination and seedling growth processes (Deng et
al., 2007). Previous studies have examined the role of BR in the regulation of germination and
seedling growth in maize, rice, cucumber, Arabidopsis, oilseed rape and sorghum under salt, cold,
heat, drought and water stressed conditions (Anuradha et al., 2003; Ozdemir et al., 2004; Vardhini
and Rao, 2005; Kagale et al., 2007; Arora et al., 2008; Mahesh et al., 2013). In Arabidopsis,
overexpression of the BR biosynthetic gene DWF4 brought about a 59% increase in seed yield,
indicating the role of BR in regulating plant growth and yield (Choe et al., 2001). Both BR
metabolism and signaling has been suggested to play a significant role in regulating seed
germination and dormancy. For example, in wheat seeds, after-ripening treatment that breaks seed
dormancy, caused significant changes in the expression of genes involved in BR biosynthesis, such
as DET2 and DWF4, and signaling, such as BSK and BIN2 (Chitnis et al., 2014). Furthermore,
differences in the expression level of these BR biosynthetic and signalling genes upon imbibition
of dormant and non-dormant seeds appear to be correlated with differences in the expression levels
of BR responsive genes such as BR enhanced expression and paclobutrazol resistance genes that
are considered to play significant roles in cell elongation (Zhang et al., 2009).

In Arabidopsis, exogenous application of BR biosynthesis inhibitor was found to bring
dwarfism due to impaired biosynthesis and signaling of BR (Nakashita et al., 2003), while
exogenous BR application was shown to rescue the growth defects of BR deficient mutants
(Clouse, 2002). Furthermore, BR treatment in sorghum has been reported to enhance seed
germination and seedling growth under drought stress through increasing proline and protein
contents (Vardhini and Rao, 2003). In cotton, overexpression of the BR biosynthetic gene DET2,

which encodes for steroid 5a-reductase, caused a significant increase in the length and number of
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fibers (Luo et al., 2007), while BR deficient mutants of rice exhibit a dwarf phenotype (Sakamoto
et al., 2006). Moreover, treatment of rice seedlings with the BR biosynthesis inhibitor, yucaizol
reduces seedling growth (stem length) and induces a dwarf phenotype (Matusmoto et al., 2016),
while BR improves rice seedling growth under saline conditions (Anuradha and Rao, 2001). BR
treatment has been also shown to promote seedling growth in wheat under salinity stress through
promoting antioxidant enzymes and defensive proteins (El-Feky and Abo-Hamad, 2014). The
results of all these studies indicate the positive role of BRs in the seed, regulating germination and
seedling growth, which in turn leads to improvement in crop yield (Divi and Krishna, 2010; Oh et

al., 2016).

2.4 Abscisic acid and its cross-talk with brassinosteroid in relation to seed germination

2.4.1 Abscisic acid

Abscisic acid is a phytohormone that is involved in the regulation of several plant growth and
developmental processes. ABA is involved in storage reserve accumulation (proteins and lipids),
enhancement in seed desiccation tolerance and suppression of the change from embryo
development to germination and from vegetative to reproductive development (Giraudat, 1998;
Rock, 2000; Kermode, 2005; Kucera et al., 2005). ABA is also known as a ‘stress hormone’, as it
significantly regulates plant adaptation to various stress factors, such as induction of stomata
closure during drought and water stress, promotion of seed dormancy to ensure seed germination
when favourable environmental conditions occur, and tolerance to salt, cold and pathogens (Leung
and Giraudat, 1998; Rock, 2000; Kermode and Finch-Savage, 2002; Zeng and Kermode, 2004;

Miyakawa et al., 2012).
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2.4.2 Abscisic acid metabolism

The level of ABA in plants depends on its biosynthetic and catabolic rates (Nambara and Marion-
Poll, 2005). Plant carotenoids act as precursors for ABA biosynthesis. Carotenoids are derived by
the condensation of two C-20, geranylgeranyl pyrophosphate (GGPP) molecules, catalyzed by
phytoene synthase that leads to the formation of a C-40 carotenoid, phytoene (Hirschberg, 2001).
Phytoene is then converted to lycopene, and this reaction is catalyzed by phytoene desaturase and
zeta-carotene desaturase that mediate four desaturation reactions. Lycopene then undergoes a
cyclization reaction to form p-carotene by the action of the enzyme lycopene B-cyclase. The B-
carotene forms zeaxanthin through a hydroxylation reaction mediated by B-carotene hydroxylase
(Cunningham and Gantt, 1998; Hirschberg, 2001). Zeaxanthin synthesis contributes to the
initiation of the ABA biosynthesis pathway, which mainly takes place in the chloroplast and
cytoplasm in three steps (Fig. 2.3) (Cunningham and Gantt, 1998; Hirschberg, 2001; Liu and Hou,
2018).

The first step involves epoxy-carotenoid synthesis (Nambara and Marion-Poll, 2005). In
this step, epoxidation of zeaxanthin into violaxanthin occurs, and this reaction is catalyzed by
zeaxanthin epoxidase (ZEP) involving antheraxanthin as an intermediate. The violaxanthin
produced through this reaction can be reversed to zeaxanthin by violaxanthin de-epoxidase (VDE).
The violaxanthin can be isomerized to form cis-violaxanthin and cis-neoxanthin by the action of
isomerase. In the second step, xanthoxin is formed by nine-cis-epoxycarotenoid dioxygenase
(NCED) mediated cleavage of violaxanthin and neoxanthin and then export of xanthoxin from
chloroplast to cytoplasm occurs (Nambara and Marion-Poll, 2005; Liu and Hou, 2018; Tuan et al.,
2018). The NCED enzyme appears to be the major regulator involved in the biosynthesis of ABA

(Nambara and Marion-Poll, 2005). In Arabidopsis, nine NCED genes have been isolated, however,
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only five of them play important roles in ABA biosynthesis (NCED2, NCED3, NCED5, NCED6
and NCED9) (luchi et al., 2001; Lefebvre et al., 2006). In cereals such as wheat and barley, two
NCED genes have been identified to date, NCED1 and NCED2 (Chono et al., 2006; Zhang et al.,
2014; Son et al., 2016). In barley, NCED2 is reported to have a prominent role in the regulation
of ABA level during early to mid-phase of seed development (Chono et al., 2006). In wheat a high
level of ABA synthesis is found to occur during the late phase of seed maturation (Tuan et al.,
2018). In rice seeds, an increase in NCED1 expression and ABA accumulation appear to occur at
the early stages of seed development (Liu et al., 2014). During the third step, which occurs in the
cytosol, xanthoxin is converted to ABA aldehyde by short-chain dehydrogenase reductase.
Oxidation of the ABA aldehyde by ABA aldehyde oxidase (AAO3) forms ABA (Fig. 2.3).
Naturally, ABA in plants occurs in a cis form which is the biologically active form of ABA.

The catabolism of bioactive ABA is categorized into two reactions: hydroxylation and
conjugation. In detail, the hydroxylation pathway results in catabolism in three different pathways
that oxidize the carbon atoms at 7°, 8" and 9" positions of ABA to produce 77, 8" and 9"-hydroxy
ABA, respectively. These hydroxylated ABA forms are relatively unstable as compared to ABA.
Among these three hydroxylated ABA forms, 8 -hydroxy ABA is prominently involved in the
catabolism of ABA (Cutler and Krochko, 1999; Nambara and Marion-Poll, 2005, 2010; Gao and
Ayele, 2014). Subsequently, the formation of phaseic acid (PA) will occur after the isomerization
of 8"-hydroxy ABA (Cutler and Krochko, 1999). PA is then catabolized in the presence of a soluble
enzyme to form dihydro phaseic acid. The enzyme ABA 8'-hydroxylase (ABA8'OH) catalyzes the
ABA catabolic reactions that convert the bioactive form of ABA into hydroxy ABA (Nambara and
Marion-Poll, 2005). In Arabidopsis, ABA8'OH is encoded by four members of the CYP707A gene

family, which are designated as CYP707A1, CYP707A2, CYP707A3 and CYP707A4 (Kushiro et
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al., 2004; Saito et al., 2004). In both embryo and endosperm tissues of Arabidopsis, ABA level is
found to be regulated by both CYP707A1 and CYP707A2. However, CYP707A2 showed prominent
expression during later stages of seed development, indicating stage-specific role of these two
genes in the regulation of seed development (Okamoto et al., 2006; Son et al., 2016). In wheat and
barley, two CYP707A genes have been identified to date namely, CYP707A1 and CYP707A2. In
barley, CYP707A1 is found to play a prominent role in the catabolism of ABA after the mid-phase
of seed development (Chono et al., 2006), while its role in wheat appear to be predominant during
the mid to late phases of seed maturation (Chono et al., 2013; Tuan et al., 2018).

In addition to the hydroxylation reactions, ABA catabolism also occurs through ABA
conjugation, which involves the conjugation of ABA and its hydroxylated catabolites with
aldohexose glucose (Nambara and Marion-Poll, 2005). The most dominant form of biologically
inactive ABA conjugate is ABA glucosyl ester (ABA-GE), and it is widely spread within the plant
kingdom (Hartung et al., 2002). Overall, NCED plays a predominant role in ABA biosynthesis
while ABA8'OH has a significant role in the catabolism of ABA (Nambara and Marion-Poll,

2005).
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Figure 2.3 A simplified outlining of ABA biosynthesis pathway. -carotene, beta carotene; ZEP,
zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NCED, nine-cis-epoxycarotenoid
dioxygenase; ABA, abscisic acid; ABA-aldehyde, abscisic aldehyde; ABA2, ABA deficient 2;
ABA8 OH, ABA 8'-hydroxylase; 8’-OH ABA, 8’-hydroxy abscisic acid; PA, phaseic acid; DPA,
dihydrophaseic acid. (Adapted from Nambara and Marion-Poll, 2005; Hirschberg, 2001).
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2.4.3 Abscisic acid regulates seed germination and seedling growth

Abscisic acid has been found to regulate plant developmental processes including seed
germination and seedling growth (Finkelstein and Gibson, 2002). In Arabidopsis and tobacco,
seeds overexpressing NCED genes exhibit delay in germination or enhanced dormancy (Qin and
Zeevaart, 2002; Martinez-Andujar et al., 2011). Studies with barley and Brachypodium distachyon
seeds also revealed the significance of ABA synthesis in regulating seed germination (Tuan et al.,
2018). For example, in after ripened Brachypodium seeds, reduction in the expression level of
NCED1 is observed to be correlated with a decrease in ABA level and induction of seed
germination (Barrero et al., 2012), while an increase in the expression level of NCEDL1 is reported
to induce ABA level and prevent seed germination in barley seeds under white light conditions
(Gubler et al., 2008). Moreover, overexpression of wheat NCED genes in Arabidopsis seeds
showed a delay in seed germination (Son et al., 2016; Tong et al., 2017).

Seed germination and dormancy have also been found to be regulated by CYP707A genes
that are involved in ABA catabolism (Kushiro et al., 2004; Millar et al., 2006; Okamoto et al.,
2006). In rice, ABA catabolism inhibitor has been found to prevent seed germination suggesting
the significance of ABA deactivation in seed germination regulation (Zhu et al., 2009). In
Arabidopsis, after-ripening treatment of dormant seeds results in a significant reduction of ABA
level during imbibition that correlates with increased expression of CYP707As (CYP707A2)
(Millar et al., 2006). On the other hand, ABA application to Arabidopsis seeds is found to inhibit
weakening of the endosperm, suppress radicle emergence through the micopyle or seed
germination (Muller et al., 2006). Moreover, after-ripening treatment in rice resulted in a reduction
in ABA level by upregulating the expression level of CYP707A5, resulting in increased seed

germination (Du et al., 2015). Likewise, in barley, ABA level decreases in after-ripened seeds
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following imbibition, and this is correlated with increased expression level of CYP707A11 and
decay of dormancy or induction of germination (Baskin and Baskin, 1998; Gubler et al., 2008). In
wheat, embryos derived from double mutants of CYP707AL1 exhibited high ABA content and
inhibition of germination as compared to their single mutants (Chono et al., 2013), whereas
overexpression of the wheat CYP707A1 gene in Arabidopsis caused enhanced seed germination or
a decrease in dormancy (Son et al., 2016).

Regarding seedling growth, ABA deficient mutants of barley exhibit reduction in shoot
growth whereas high ABA concentration has been found to positively regulate shoot growth in
comparison to the control (Mulholland et al., 1996a, b; Roberts et al., 2002). In maize, treatment
of root seedlings with high concentrations of ABA under optimum water conditions was
demonstrated to inhibit root growth. Additionally, reduction of ABA content using its inhibitor or
mutational analysis also resulted in inhibition of root growth (Spollen et al., 2000). In wheat, ABA
is observed to inhibit seed germination and seedling growth through its inhibitory effect on storage

reserves and growth of the embryo axis (Liu et al., 2013).

2.4.4 Cross-talk between Abscisic acid and Brassinosteroids

Brassinosteroids shows interaction with ABA in numerous plant growth processes including seed
germination (Zhang et al., 2009). In general, BRs and ABA show antagonistic effects to each other.
However, numerous genes are regulated by BRs and ABA in common, with either synergistic or
antagonistic effects (Nemhauser et al., 2006; Chung et al., 2014). Based on tissue and species
specificity, BRs are found to increase as well as decrease ABA biosynthesis (Tan et al., 2003;
Zhang et al., 2010). In Arabidopsis, BR and ABA are known to antagonistically regulate each

other’s level, as BR is found to decrease ABA level, preventing ABA-mediated closure of stomata
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(Ha et al., 2018). Overexpression of a BR biosynthetic gene (DWF4) was found to antagonizes
ABA-mediated inhibition of seed germination (Divi and Krishna, 2010), while ABA treatment
inhibits BR signaling (Nemhauser et al., 2006). However, in maize leaves, the level of ABA
biosynthesis has been shown to increase upon BR treatment but decreased by treatment with the
BR biosynthesis inhibitor, Brz (Zhang et al., 2010). During embryo development, BRs show
antagonism to ABA-mediated inhibition of seed germination. It has been demonstrated that in
Arabidopsis, BR biosynthesis and insensitive mutants (det2-1 and bril-1) exhibit significant
inhibition of seed germination (Steber and McCourt, 2001). The protective function of BR to
abiotic stresses also depend on endogenous ABA level, which increased to a higher level under
unfavorable conditions (Janeczko and Swaczynova, 2010). For instance, in Arabidopsis, BRs and
ABA were found to regulate specific target genes and improve its growth under stress conditions
(Fujita et al., 2004).

Previous studies in Arabidopsis showed that crosstalk of ABA with BR occurs through its
signalling pathway, as negative regulators of ABA signaling, ABA insensitivel (ABI1) and
(ABI2), dephosphorylate the negative regulator of BR signaling, BIN2 (Merlot et al., 2001; Wang
et al., 2018). In another study, inhibition of BR signaling by BIN2 was found to increase ABA
signaling through its interaction with ABI5 (Cai et al., 2014; Hu and Yu, 2014). Furthermore, BRs
were found to antagonize ABA's inhibitory action by restraining the action of BIN2. Thus, BIN2
serves as a bridge to coordinate signals of BR and ABA in the regulation of seed germination and
post-germinative development (Hu and Yu, 2014). Moreover, BIN2 regulates genes, particularly
those that are upregulated by ABA and downregulated by BR, through controlling the activities of
BZR1 and BESL (Fujita et al., 2004). Thus, the transcription factors BES1land BZR1 mediate the

interaction between BR and ABA (Zhang et al., 2009). Microarray analysis has shown that ABA
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inhibits the BR signaling pathway and many of the BR-responsive genes are under the regulation

of ABA (Zhang et al., 2009).

2.5 Gibberellin and its cross-talk with Brassinosteroids in relation to seed germination

2.5.1 Gibberellin

Gibberellin is a diterpene phytohormone that plays a significant role in plant development and
growth (Yamaguchi, 2008). Gibberellins were discovered in Japan while conducting research on
bakanae disease in rice, which was known to be caused by fungus Gibberella fujikuroi. This
disease resulted in stem elongation and yield reduction due to the presence of compound that was
later termed as gibberellin (Hedden and Sponsel, 2015). In the 1930s, Japanese researchers isolated
impurified crystals from Gibberella fungal filtrate, which was named gibberellin A. Later in the
1950s, ‘gibberellin A’ was found to be a mixture of three different gibberellins, GA1, GA2, and
GA:z, with GAs being considered as the prominent component by the scientists from USA, Britain
and Japan. GAs is available commercially on a large scale for various applications. In plant growth
and development, GA imparts its role by regulating seed germination and dormancy, promotion
of flowering, induction of cell elongation and fruit ripening (Ullah et al., 2002; Finch-Savage and

Leubner-Metzger, 2006; Gupta and Chakrabarty, 2013).

2.5.2 Gibberellin metabolism

Gibberellin biosynthesis occurs in three phases (Fig. 2.4). During the first phase, geranyl
diphosphate (GGDP) forms ent-kaurene in two steps, which are mediated by CPS (ent-copalyl
diphosphate synthase) and ent-kaurene synthase (KS), respectively (Yamaguchi, 2006). During

the second phase, ent-kaurene oxidation results in the formation of GA12 through consecutive
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reactions catalyzed by KO ent-kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO). In
the third phase, GA12 is hydroxylated to form GAss. Both GAsz and GA12 produce bioactive GAs,
GA and GA4, respectively, through a series of 13-hydroxylation and non-hydroxylation reactions
followed by oxidative reactions mediated by GA 20-oxidase (GA200x) and GA 3-oxidase
(GA30x). The reaction catalyzed by GA3ox marks the final phase of GA biosynthesis (Yamaguchi,
2008). Genes encoding these two enzymes have been identified from numerous plants and they
form gene families. For example, in Arabidopsis, GA200x has five gene family members including
GA200x1, GA200x2, GA200x3, GA200x4, and GA200x5 (Plackett et al., 2012), whereas GA30x
consists of four gene family members namely GA3ox1, GA30x2, GA30x3 and GA3ox4. In rice, the
GA200x family is found to consist of four genes namely, GA200x1, GA200x2, GA200x3 and
GA200x4 (Sakamoto et al., 2004) and GA3ox family consists of two genes, GA3o0x1 and GA30x2
(Itoh et al., 2001; Sakamoto et al., 2004).

The level of GA in tissues of plants is also determined by its catabolic rate. The catabolism
of GA is catalyzed mainly by GA 2-oxidase (GA20x). Genes encoding the GA20x enzyme of
Arabidopsis include GA20x1, GA20x2, GA20x3, GA20x4, GA20x6, GA20x7 and GA20x8, while
four GA20x genes have been identified from rice (Schomburg et al., 2003; Sakamoto et al., 2004).
Other reactions involved in GA inactivation include epoxidation of non-13-hydroxylated GAs,
catalyzed by elongated uppermost internode (EUI), a member of the P450 monooxygenase class
of enzymes (Zhu et al., 2006), and methylation of GAs, which is catalyzed by GA methyl
transferases (Varbanova et al., 2007). Moreover, GA catabolism can also occur by a conjugation

reaction involving glucose (Yamaguchi, 2008).
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Figure 2.4 A simplified outlining of the GA biosynthesis pathway. GGDP, geranyl diphosphate;
CDP, ent-copalyl diphosphate; CPS, ent-copalyl diphosphate synthase; KS, ent-kaurene synthase;
KO, ent-kaurene oxidase; KAO, ent-kaurenoic acid oxidase; GA12-aldehyde, a precursor for other
GA's; GA53, GA97, GA20, GA29, GAl and GAS are different gibberellins; GA200x, GA20
oxidase; GA3o0x, GA3 oxidase; GA20x, GA2 oxidase. (Adapted from Yamaguchi, 2008).
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2.5.3 Gibberellin signaling

Gibberellin signaling is initiated upon perception of bioactive GA by its receptor GA insensitive
dwarfl (GID1). Binding of GA to GID1 induces formation of a complex involving DELLA
protein, which acts as a negative regulator of GA signalling (Eckardt, 2007), ultimately leading to
the degradation of DELLAS by ubiquitin-26S proteasome pathway. The degradation of DELLA
activates GAMY B which in turn facilitate GA response (Gubler, 1995). In Arabidopsis and rice,
it has been demonstrated that GA positively regulates plant growth and development by inhibiting
the action of DELLA proteins. DELLA proteins do not have DNA binding domain; therefore, they
interact with other transcription factors that have the potential to bind to the DNA sequences of
GA regulated genes. In Arabidopsis, five DELLA proteins are identified namely GA insensitive
(GAI), repressor of GA1-3 (RGA), RGA-likel (RGL1), RGL2 and RGL3 while wheat has so far
single DELLA protein, designated as reduced height (RHT) (Gao and Ayele, 2014). In
Arabidopsis, RGL2 was found to play an important role during seed germination (Tyler et al.,

2018).

2.5.4 Gibberellin regulates seed germination and seedling growth

Gibberellin is one of the plant hormones that positively regulates seed germination and seedling
growth. Seeds of GA deficient mutants of Arabidopsis exhibit no or delayed germination, and
additional exogenous GA is required for the completion of their germination (Koornneef and Van
der Veen 1980; Groot and Karssen 1987). In agreement, germinating Arabidopsis seeds show
increased GA biosynthesis (Ogawa et al., 2003), and this is correlated with increased expression
levels of the GA biosynthetic GA3ox1 and GA30x2 genes and decreased expression level of the

GA catabolic gene GA20x2 (Yamaguchi et al., 1998). Studies in lettuce seeds also showed that an
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increase in the expression of GA30x1 is associated with seed germination (Toyomasu et al., 1993)
and GA treatment induces germination in maize seeds (Tian et al., 2014). In addition, upregulation
of the GA biosynthetic genes, including GA200x1, GA200x2, GA200x3 and GA30x2, is evident in
germinating rice seeds (Kaneko et al., 2002; Du et al., 2015), while mutation in GA200x2 results
in inhibition of seed germination (Ye et al., 2015; Magwa et al., 2016). Similarly, the role of after-
ripening treatment in the dormancy decay and induction of germination has been shown to be
associated with increased expression level of the GA biosynthetic genes GA200x and GA3ox in
wheat and barley (Gubler et al., 2008, Liu et al., 2013; Du et al., 2015). The role of GA in
regulating wheat and barley seed germination is related with its effect in inducing the expression
of enzymes involved in the mobilization of starch stored in the endosperm to provide nutrients to
the embryo. Moreover, GA is directly involved regulating the growth of the embryo itself
(Jacobsen et al., 1995).

With respect to seedling growth, exogenous GA application was reported to rescue seeding
growth suppressed by DELLA proteins (Achard and Genschik, 2009). Moreover, mutations in the
GA200x1, GA200x2 and GA200x3 genes lead to an extreme dwarf phenotype in Arabidopsis plants
(YYamaguchi et al., 1998; Hu et al., 2008; Rieu et al., 2008b; Plackett et al., 2012). In addition, GA
treatment causes stem elongation in GA deficient mutants of pea in the presence of light (Yang et
al., 1996). Furthermore, GA also positively regulates root growth in seedlings. For example,
inhibition of GA biosynthesis results in concentration-dependent inhibition and abnormal growth
of the root (Ubeda-Tomas et al., 2009). Moreover, in pea the role of GA in the induction of root
growth has been demonstrated by using a high concentration of GA inhibitor (ancymidol) that
inhibits GA biosynthesis and consequently root growth. However, inhibition of root growth could

be rescued by application of a low dose (1 nM) of GAs whereas inhibition of shoot growth could
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be reversed using a comparatively higher concentration (10 uM) of GA (Tanimoto, 1988),
suggesting that roots are more sensitive to GA than the shoot tissues. All these results show that
GA has a positive role in seedling growth mainly by increasing the number and length of cells

(Yang et al., 1996).

2.5.5 Cross-talk between Gibberellin and Brassinosteroids

Brassinosteroids play important roles in the regulation of GA biosynthesis and GA-mediated
phenotypes in Arabidopsis (Unterholzner et al., 2015). For instance, exogenous BR application
causes seed germination in GA deficient and insensitive mutants (Leubner-Metzger, 2001; Steber
and McCourt, 2001). On the other hand, exogenous GA treatment rescues plant developmental
processes regulated by BR in BR signaling-defective mutants (bri1-301). For example, exogenous
application of GA rescues germination and re-establishes hypocotyl elongation in BR mutants of
Arabidopsis (Hofmann et al., 2015; Unterholzner et al., 2015). In addition, BR and GA have been
reported to regulate each other’s biosynthesis in Arabidopsis. Inhibition of BR production in BR
biosynthetic mutants leads to a severe decrease in GA level of Arabidopsis through a decrease in
the expression levels of GA20ox and GA3ox genes (Unterholzner et al., 2015), whereas BR
treatment causes upregulation of the GA200x expression (Stewart Lilley et al., 2013). Crosstalk
between BR and GA is observed to undergo feedback regulation, as low levels of BR induced the
biosynthesis of GA, while high BR level reduced GA biosynthesis and elevated GA catabolism
(Tong et al., 2014). However, in rice roots BR application was found to repress the expression of
the GA200x gene while enhancing that of GA20x gene, suggesting the occurrence of antagonistic
interaction between BR and GA in a tissue specific manner (De Vleesschauwer et al., 2012; Tong

etal., 2014).
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Crosstalk between BR and GA is also reported to occur at the signalling level
(Unterholzner et al., 2015) (Fig. 2.5). In Arabidopsis, interaction between BR and GA signaling
has been shown to have a role in cell elongation (Gallego-Bartolomé et al., 2012). For instance,
hypocotyl elongation in Arabidopsis is synergistically regulated by BL and GAs at least at higher
concentrations (Tanaka et al., 2003). Root growth in Arabidopsis is also reported to be additively
regulated by the interaction between BR and GA signaling (Mussig et al., 2003). Moreover,
crosstalk of BR and GA signaling on the basis of their concentrations is also observed in the
regulation of flowering time in Arabidopsis. For instance, GA and BR deficient single mutants
display a delay in the flowering time while double mutants of GA and BR showed further delay in
flowering. A line expressing both BR and GA biosynthetic genes (DWF4 and GA5), on the other
hand, showed early flowering (Domagalska et al., 2010). Seed germination may be regulated by
the interaction between BZR1, a BR signaling component that regulates BR signaling positively,
and RGA, a GA signaling component representing DELLA protein, a negative regulator of GA
signaling (Li et al., 2012). BRs also stimulate GA biosynthesis to enhance breakdown of the GA
signaling negative regulator DELLA, thus releasing the repressed transcriptional factors BES1 and
BZR1 (Ye et al., 2011; Li et al., 2012). The release of BES1 and BZR1 will lead to transcription
of many downstream target genes required for plant developmental processes including seed
germination. Thus, the interaction between transcription regulators BZR1/BES1 and DELLAS

mediates the crosstalk between BR and GA (Li et al., 2012).
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Figure 2.5 Schematic model outlining crosstalk of BR and GA signaling through BZR1 and
DELLA proteins interaction. BZR1 and DELLAs show antagonistic effects in controlling
transcription of BRs and GAs to regulate plant growth and development. Ultimately, it shows that
GA is required for BR-intervened inhibition of seedling development in the dark. (Adapted from
Lozano-Duran et al., 2013; Li and He, 2013).
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3.0 MATERIALS AND METHODS
3.1 Plant materials and growth conditions
Wheat (T. aestivum L.) genotype RL4452, which is derived from a backcross between wheat
cultivar Glenlea*6 with Kitt, was used for this research. RL4452 produces non-dormant seeds at
maturity. Mature seeds were collected from plants grown at 22/20°C (day and night) with 16/8

hours photoperiod.

3.2 Analysis of seed germination and seedling growth

Mature seeds of RL4452 were sterilized by treatment with 70% ethanol for 1 min, followed by
surface sterilization with a 5% sodium hypochlorite solution for 20 min. Afterward, sterilized seeds
were washed five times using sterile water. The sterilized seeds were placed between two layers
of sterile Whatman #1 filter paper (GE Healthcare, Little Chalfont, UK) in the Petri-plate (20 seeds
per plate per replicate, three replicates) and moistened with 7 ml of sterile water. To examine the
effects of BR on seed germination and seedling growth, seeds were imbibed 0.5 mM of
propiconazole (Pcz), BR biosynthesis inhibitor (Sigma-Aldrich, St. Louis, MO, USA) or 0.01 mM
of 24-Epi-Brassinolide (EBL) (Sigma-Aldrich) and 0.5 mM Pcz. The Petri plates were then placed
in a growth cabinet at 22°C in darkness. Seeds were marked as germinated when protrusion of
coleorhiza through the seed coat was visible (Gao et al., 2012). For seedling growth analysis,
lengths of the coleoptile, and primary root and seminal root were measured for seven days using a

millimeter scale.
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3.3 Tissue harvesting and sample preparation

The endosperm (with aleurone layer), embryo, coleoptile, and root tissues were harvested from
Pcz treated and control seeds for expression analysis of ABA metabolic and GA biosynthetic
genes. The endosperm was harvested at 1, 3, 5 and 7 days after imbibition (DAI), and the embryo
was harvested at 1 DAI while the coleoptile and root were harvested at 3, 5 and 7 DAI. The tissue
samples after harvest were immediately frozen in liquid nitrogen and then stored at -80°C until

further use.

3.4 RNA extraction

Total RNA was extracted from endosperm, embryo, coleoptile and root tissues. For endosperm
tissue, RNA was isolated using method reported in Li and Trick (2005) with minor modifications.
Approximately 50-100 mg tissue samples were ground into a fine powder using a pre-chilled
mortar and pestle with liquid nitrogen, and the fine powder of the ground tissue was mixed well
with 800 pl extraction buffer I (100mM Tris, 150mM LiCl, 50mM EDTA, 1.5% SDS, 1.5% pB-
mercaptoethanol). After complete mixing, 500 pl phenol-chloroform was added and mixed by
inversion followed by centrifugation at 13000g for 15 min at 4°C. The upper aqueous phase was
then transferred to a tube containing 500 pl extraction buffer 11 (4.2 M guanidinium sulphate, 25
mM sodium citrate, 0.5% lauryl sarcosine, 1 M sodium acetate) and mixed by gentle inversion.
This mixture was then incubated at room temperature for 10 min followed by addition of 400 pl
chloroform-isoamyl alcohol (24:1). Following centrifugation at 13000g for 15 min at 4°C, the
supernatant was mixed with 600 pl isopropanol and 500 ul 1.2 M sodium chloride followed by
incubation on ice for 15 min. This mixture was then centrifuged at 130009 for 15 min at 4°C and

supernatant was discarded. Then, the RNA pellet was washed with 800 pl of 70% ethanol and then
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air dried and resuspended in 50 ul RNase free water. Extracted total RNA was stored at -80°C for
further use.

Total RNA from embryo tissue was extracted using a method reported in Mornkham (2013)
with minor modifications. Approximately 50 mg embryo tissues were ground into a fine powder
in liquid nitrogen using pestle and mortar. The fine powder was mixed with pre-chilled
polyvinylpyrrolidone, and then 1 ml buffer I (8 M LiCl, 2% PVP, 5% B-mercaptoethanol) was
added. The mixture was incubated at room temperature for 5 min and then mixed with 150 pl
chloroform followed by centrifugation at 2400g for 5 min. Afterwards, supernatant was discarded,
and the pellet was resuspended by adding 600 ul buffer II (1.4% SDS, 0.075 M NaCl, 0.025 M
EDTA, 2% B-mercaptoethanol) followed by gentle mixing with 600 ul chloroform, and then
centrifuged at 2400g for 5 min at 4°C. After centrifugation, the supernatant was transferred into a
new tube and then mixed with the same volume of isopropanol. This mixture was incubated at -
20°C for 15 min and then centrifuged at 12,000g for 10 min at 4°C. After discarding the
supernatant, 1 mL of 75% ethanol was added and centrifuged at 7500g for 5 min at 4°C. The pellet
in the tube was air dried and then 50 pl of RNase free water was added to dissolve the pellet.
Following incubation at room temperature for 5 min, 700 ul Trizol was added to the dissolved
RNA pellet and vortexed briefly. Then 140 ul chloroform was added and mixed well followed by
incubation for 3 min at room temperature and centrifuged for 15 min at 12000g. After
centrifugation, the supernatant was again transferred into a new tube and mixed with same volume
of isopropanol followed by incubation and centrifugation at the same conditions as described
earlier. Supernatant was again discarded. The RNA pellet was then washed again with 1 ml of 75%

ethanol solution and centrifuged for 5 min at 75009. The total RNA sample was dissolved by
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adding 30-50 ul RNase free water. The extracted total RNA sample was immediately stored at
-80°C for further use.
Total RNA from coleoptile and root was isolated using TRIzol® reagent following the

manufacturer’s protocol (Life Technologies, Carlsbad, CA, USA).

3.5 DNase treatment

The extracted total RNA was digested with DNase (DNA-free kit, Ambion, TX, USA) to get rid
of any genomic DNA contamination. Briefly, 5 uL 10X DNase buffer and 1 ul DNase were added
to 10 ug of total RNA to a total reaction volume of 50 pL followed by incubation at 37°C for 30
min. A 5 uL DNase inactivation reagent was subsequently mixed, and the mixture was incubated
again for 5 min at room temperature. Following centrifugation at 10000g for 2 min, purified RNA

was transferred to a fresh tube for future use.

3.6 cDNA synthesis

The purified total RNA from endosperm, embryo, coleoptile, and root was used for cDNA
synthesis using the iScript cDNA synthesis Kit (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s guidelines. In brief, 1 pg of total RNA was mixed with 4 pl of 5X iScript reverse
transcription supermix and nuclease-free water to get a total reaction volume 20 ul. The complete
reaction mixture was then incubated for 5 min at 25°C, reverse transcription for 20 min at 46°C
and reverse transcription inactivation for 1 min at 95°C. The resulting cDNA was diluted 20X

using sterile water and the stored at -20°C until further use for RT-qPCR analysis.
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3.7 Primers

Primers for wheat ABA biosynthetic genes, NCED1 and NCED2, ABA catabolic genes,
CYP707Al and CYP707A2, GA biosynthetic genes, GA200x1, GA200x2 and GA30x2, and S-actin
as a reference gene (Table 3.1) were designed for real time gRT-PCR as described previously (Liu

et al., 2013; Pearce et al., 2015; Son et al., 2016; Izydorczyk et al., 2018).
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Table 3.1 Primers used for expression analysis of ABA metabolic and GA biosynthetic genes.

Gene Type Sequence (5’ to 3°)

FP ACCTCTGGAACTCGTGGGA
NCED1

RP CGTCCGTGTCGTTGAAGAT

= GCTTCTGCTTCCACCTCTG
NCED2

RP GCACTCGTCCGACTCGTT

= CCATGACCTTCACCCGCAAG
CYP707A1

RP GGACACTGACGGATGGAGAAC

FP TGACGCACAGGGTGATTT
CYP707A2

RP CCCTTGGGGATAAGAAACC

FP CCCTGGAAGGAGACCCTCT
GA200x1

RP GGCTCATCTCCGAGCAGTAG

Fp AAGCTTCCCTGGAAGGAGAC
GA200x2

RP TCCCCTAGGTGCATGAAGTC

FP GCCCATCTCCTCCTTCTTCT
GA30x2

RP CCCTGTGGAACTCCTCCAT

- GCTGGAAGGTGCTGAGGGA
S-Actin

RP GCATCGCCGACAGGATGAG

FP, forward primer; RP, reverse primer

43



3.8 Real-time quantitative (q) RT-PCR

Real-time qRT-PCR was carried out with 5 ul diluted cDNA as template, 1.2 pl forward and
reverse primers (5 uM; final concentration 300 nM), 10 pL SsoFast Eva Green Supermix (Bio-
Rad) and 2.6 pl water in a total reaction volume of 20 uL on CFX96 real-time system (Bio-Rad).
gRT-PCR assay was performed in three biological replicates for both control and Pcz treated
samples and each replicate in duplicate. The following thermal cycling conditions were applied:
initial denaturation and DNA polymerase activation at 95°C for 3 min followed by 40 cycles of
denaturation at 95°C for the 30s, annealing at 60°C for 30s and extension at 72°C for 30s. Relative
transcript level was determined by the 2 —AACt method reported in Livak and Schmittgen (2001).
The expression level was analyzed using B-actin gene (7afactin) as the housekeeping gene to
normalize transcript levels of target genes. The transcript levels for the target genes were
determined relative to their expression level in the controls at 1 DAI for endosperm and embryo,

and at 3 DAI for coleoptile and root tissues, which were set to 1.

3.9 Statistical analysis

Student’s t-test (P<0.05) was used to identify statistically significant difference in germination,

seedling growth and gene expression data between the control and treated samples.
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4.0 RESULTS
4.1 Seed germination in response to inhibition of BR biosynthesis
Inhibition of BR biosynthesis with Pcz did not affect seed germination (Fig. 4.1). In both control
and treated seeds, emergence of coleorhiza through the seed coat was visible in ~98% of the seeds

at 1 day after imbibition, and 100% of the seeds completed their germination after 2-days of

imbibition.
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Figure 4.1 Effect of treatment with BR biosynthesis inhibitor, propiconazole (0.5 mM) or
propiconazole (0.5 mM) + 24-Epi-Brassinolide (0.01 mM) on seed germination. Data are means
of three independent biological replicates + standard error. DAI: days after imbibition.
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4.2 Seedling growth in response to inhibition of BR biosynthesis

The effect of seed treatment with Pcz on seedling growth was evaluated by measuring length of
the three tissues including coleoptile, and primary and seminal root (Fig. 4.2). Inhibition of BR
biosynthesis with Pcz treatment significantly inhibited coleoptile, and primary and seminal root
growth as compared to the control tissues throughout 7 DAI; the largest reduction in length was
observed in the coleoptile.

To test whether the reduction in growth of coleoptile, and primary and seminal root treated
with Pcz is due to inhibition of BR biosynthesis, seeds were imbibed with a combination of Pcz
and EBL. The inhibitory effect of Pcz on coleoptile growth was partially reversed by treatment
with EBL (Fig. 4.2A). Treatment of Pcz in combination with EBL significantly reduced primary
and seminal root lengths during later phases of imbibition (4, 5, 6 and 7 DAI) as compared to that

observed in the controls or those treated with Pcz alone (Fig. 4.2B, C).

46



50

A —@— Control
—O— Pcz
—v— Pcz + EBL

Coleoptile length (mm)

Radicle root length (mm)

Seminal root length (mm)

Figure 4.2 Effect of Pcz or Pcz in combination with EBL on the growth of coleoptile (A), primary
root (B), and seminal root (C) tissues. Data are means of three replicates + standard error. The *
and # symbols indicates a statistically significant difference in length between the control and Pcz
and between Pcz or Pcz + EBL treated samples, respectively.
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4.3 Expression of ABA metabolism genes during seed germination and seedling growth
4.3.1 Expression of ABA metabolic genes in endosperm

This study revealed that NCED2 was expressed in the endosperm during seed imbibition and
germination but no expression of NCED1 was detected. The expression of NCED2 was similar
from 1 to 5 DAI, then increased substantially at 7 DAI in both control and treated samples.
Treatment of Pcz did not affect its expression (Fig. 4.3A).

The CYP707A1 and CYP707A2 genes were detected in the endosperm throughout
imbibition. The expression of CYP707A1 in control samples was maintained at a similar level from
1to 7 DAI (Fig. 4.3B). Treatment with Pcz significantly upregulated the expression levels of this
gene at 1, 3 and 7 DAI by 2- to 9-fold. The expression of CYP707A2 in control samples strongly
increased from 1 to 3 DAI and then decreased to lower levels at 5 and 7 DAI. As a result of Pcz
treatment, the expression of CYP707A2 was significantly upregulated by 6-fold at 1 DAI but

downregulated by over 2-fold at 3 and 5 DAI (Fig. 4.3C).
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Figure 4.3 Effect of Pcz treatment on the transcript levels of NCED1 (A), CYP707A1 (B) and
CYP707A2 (C) in the endosperm tissues during seed imbibition and germination. Transcript levels
of were determined using f-actin as a reference gene and the transcript levels of each gene was
expressed relative to that found in the control endosperm at 1 day after imbibition (DAI), which
was to 1. Data are means of three replicates and error bars represent standard errors. The asterisks
indicate significant difference between control and Pcz treated endosperm tissues. Transcript of
NCED1 were not detected.
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4.3.2 Expression of ABA metabolic genes in the embryo

The expression of the two NCED genes was studied in embryo tissue at 1 day after imbibition.
Only NCED2 was expressed in the embryo at 1 DAI. However, Pcz treatment did not have
significant effect on the expression of this gene (Fig. 4.4A). This study also analyzed the
expression of the two CYP707A genes. The expression of CYP707A1 was observed in the embryo
at 1 DAI. The Pcz treatment caused 6-fold reduction in the expression of CYP707A1 as compared
to the control embryo at 1 DAI (Fig. 4.4B). The expression of the other CYP707A gene

(CYP707A2) was not detected.
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Figure 4.4 Effect of Pcz treatment on the transcript levels of NCED1 (A) and CYP707A1 (B) in
the embryo tissues at 1 DAI. Transcript levels of the genes were determined using S-actin as a
reference gene and the transcript levels of each gene was expressed relative to that found in the
control embryo at 1 days after imbibition (DAI), which was set to 1. Data are means of three
replicates except CYP707A1 with 2 replicates and error bars represent standard errors. The
asterisks indicate statistically significant difference between control and Pcz treated embryo
tissues. Transcripts of NCED1 and CYP707A2 were not detected.
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4.3.3 Expression of ABA metabolic genes in the coleoptile
The study also analyzed the expression of the two NCED genes in the coleoptile of the seedlings
studied. The expression of NCED1 was not detected. According to the data shown in Fig. 4.5A
NCED2 was expressed in the coleoptile from 3 to 7 DAI. The expression of NCED2 increased
from 3 to 5 DAI and maintained at almost similar level from 5 to 7 DAI in control samples. The
expression of NCED2 in 5 DAI coleoptiles was significantly upregulated (2-fold) by the Pcz
treatment.

Both CYP707A1 and CYP707A2 genes were expressed in the coleoptile (Figs. 4.5B, C).
The expression of CYP707A1 in the control coleoptile first increased from 3 to 5 DAI and then
decreased from 5 to 7 DAI (Fig. 4.5B). The expression of CYP707A2 continually increased with
imbibition (Fig. 4.5C). Pcz treatment downregulated the expression of CYP707A1 at 5 DAl by 1.7-
fold and CYP707A2 at 7 DAI by 5-fold. During early stage (3 DAI), the expression of both

CYP707Al and CYP707A2 genes was not be affected by Pcz treatment.
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Figure 4.5 Effect of Pcz treatment on the transcript levels of NCED1 (A), CYP707Al (B) and
CYP707A2 (C) in the coleoptile tissues. Transcript levels of the genes were determined using /-
actin as a reference gene and the transcript levels of each gene was expressed relative to that found
in the control coleoptile at 3 day after imbibition (DAI), which was set to 1. Data are means of
three replicates except 5 DAI and 7 DAI samples are with two to three replicates and error bars
represent standard errors. The asterisks indicate significant difference between control and Pcz
treated coleoptile samples. Transcripts of NCED1 were not detected.
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4.3.4 Expression of ABA metabolic genes in the root

The study also examined the expression of ABA metabolic genes in the root tissues. The NCED1
gene was not expressed in the root tissue at any stage. In contrast, the expression of NCED2 was
detected in the root at all stages (Fig. 4.6A). Its expression peaked at 5 DALI in the control samples,
and Pcz treatment caused an over 3-fold decrease in the expression levels of NCED2 at 3, 5 and 7
DAI by 3.4-, 4.9- and 3.6-fold. The expression of CYP707A1 was detected in the root from 3 to 7
DAI (Fig. 4.6B). In control roots, the expression of CYP707Al continuously increased with
growth, but its expression showed a 3-fold down regulation by Pcz treatment at 7 DAI (Fig. 4.6B).

The expression of CYP707A2 was not detected.
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Figure 4.6 Effect of Pcz treatment on the transcript levels of NCED1 (A) and CYP707A1 (B) in
the root tissues. Transcript levels of the genes were determined using S-actin as a reference gene
and the transcript levels of each gene was expressed relative to that found in the control root at 1
day after imbibition (DAI), which was set to 1. Data are means of three replicates except data for
NCED2 and CYP707A1 are with two to three replicates and error bars represent standard errors.
The asterisks indicate significant difference between control and Pcz treated roots. Transcripts of
NCED1 and CYP707A2 were not detected.
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4.4 Expression of GA metabolism genes during seed germination and seedling growth

4.4.1 Expression of GA biosynthetic genes in the endosperm

The transcripts of GA200x1 and GA30x2 were present in the endosperm from 1 through 7 DAI
(Fig. 4.7). While the expression of GA200x2 was not detected. The expression of GA200x1 in both
control and treated samples was low from 1 to 5 DAI but increased at 7 DAI (Fig. 4.7A). The
expressions of GA200x1 was upregulated by 4- and 2.4-fold by the Pcz treatment at 1 and 5 DAI,
respectively. In contrast, Pcz treatment reduced the expression of GA200x1 at 7 DAI by 3-fold.
The expression of GA30x2 in the endosperm was also low from 1 to 5 DAI (Fig. 4.7B). Its
expression, similar to that of GA200x1, increased by 7 DAI in both control and treated endosperm
tissues. The Pcz treatment upregulated the expression of GA3ox2 at 1 DAI but caused a decrease

in the expression of this gene at 3 and 5 DAL.
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Figure 4.7 Effect of Pcz treatment on the transcript levels of GA200x1 (A) and GA30x2 (B) in the
endosperm tissues. Transcript levels of the genes were determined using f-actin as a reference
gene and the transcript levels of each gene was expressed relative to that found in the control
endosperm at 1 day after imbibition (DAI), which was set to 1. Data are means of three replicates
except data for GA200x1 (Pcz at 1 DAI) and GA30x2 (Pcz at 1 DAI and 5 DAI) with two replicates
each and error bars represent standard errors. The asterisks indicate significant difference between
control and Pcz treated endosperm tissues. Transcripts of GA200x2 were not detected.
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4.4.2 Expression of GA biosynthetic genes in the embryo

The transcripts of GA200x1 and GA200x2, and GA30x2 were present in the embryo at 1 DAI (Fig.
4.8). The Pcz treatment did not show any effect on the expression of GA200x1 and GA200x2 genes
(Fig. 4.8A, B). In contrast, the treatment caused a marked decrease (3-fold) in the expression level

of GA3ox2 (Fig. 4.8C).
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Figure 4.8 Effect of Pcz treatment on the transcript levels of GA200x1 (A), GA200x2 (B) and
GA30x2 (C) in the embryo tissues at 1 day after imbibition (DAI). Transcript levels of the genes
were determined using S-actin as a reference gene and the transcript levels of each gene was
expressed relative to that found in the control embryo, which was set to 1. Data are means of three
replicates except data for GA200x1 (control at 1 DAI) and GA30x2 (1 DAI) with two replicates
each and error bars represent standard errors. The asterisks indicate significant difference between
control and Pcz treated embryos.
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4.4.3 Expression of GA biosynthetic genes in the coleoptile

Transcripts of GA200x1, GA200x2 and GA30x2 were detected in the coleoptiles at all stages (Fig.
4.9). The expression levels of GA200x1 and GA200x2 increased from 3 to 5 DAI, when they
showed the maximum level in both control and treated coleoptiles (Fig. 4.9A, B). The expression
of GA200x1 showed no significant difference between the control and treated samples (Fig. 4.9A).
In contrast, the expression of GA200x2 was increased more than two-fold by Pcz treatment at 5
DAI and approximately two-fold at 7 DAI (Fig. 4.9B). The expression level of GA30x2 in control
increased from 3 to 5 DAI but decreased from 5 to 7 DAI (Fig. 4.9C). The expression of GA30x2

at 3 DAI was upregulated about 5-fold by Pcz treatment.
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Figure 4.9 Effect of Pcz treatment on the transcript levels of GA200x1 (A), GA200x2 (B) and
GA30x2 (C) in the coleoptile tissues. Transcript levels of the genes were determined using f-actin
as a reference gene and the transcript levels of each gene was expressed relative to that found in
the control coleoptile at 3 days after imbibition (DAI), which was set to 1. Data are means of three
replicates except 3 DAI Pcz (GA200x1, GA200x2, GA30x2) and 7 DAI (GA200x1, GA200x2)
samples, which are with two replicates and error bars represent standard errors. The asterisks
indicate significant difference between control and Pcz treated coleoptiles.
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4.4.4 Expression GA biosynthetic genes in the root

Of three analyzed GA biosynthetic genes, the expressions of GA200x1 and GA3ox2 were detected
in the root tissues at all stages (Fig. 4.10). The GA200x2 gene was not expressed in the root tissue.
The expression of GA200x1 and GA30x2 in the control root increased from 3to 5 DAI (Fig. 4.10A,
B). The expression observed at 5 DAI was the highest level of expression for both genes. A decline
in expression level of GA200x1 and GA30x2 was observed from 5 to 7 DAI. Pcz treatment
increased the expression level of GA200x1 by 2.8-fold at 3 DAI as compared to the control (Fig.
4.10A). However, the treatment downregulated the expression of this gene at 5 DAI. The effect of
Pcz on expression of GA30x2 was observed at 7 DAI, when it caused a 5.6-fold decrease in

expression (Fig. 4.10B).
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Figure 4.10 Effect of Pcz treatment on the transcript levels of GA200x1 (A) and GA30x2 (B) in
the root tissues. Transcript levels of the genes were determined using S-actin as a reference gene
and the transcript levels of each gene was expressed relative to that found in the control root at 3
days after imbibition (DAI), which was set to 1. Data are means of three replicates except 3 DAI
and 5 DAI of GA200x1 and GA3ox2 with two to three replicates and error bars represent standard
errors. The asterisks indicate significant difference between control and Pcz treated roots.
Transcripts of GA200x2 were not detected.
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5.0 DISCUSSION
This thesis investigated the regulation of seed germination and seedling growth, and expression of
ABA and GA metabolic genes in wheat induced by change in BR level. Germination tests showed
that inhibiting BR biosynthesis by Pcz did not affect germination (Fig 4.1). This could be due to
the presence of endogenous BR that is adequate for the completion of the germination process. A
previous study also showed treatment with BR biosynthesis inhibitor Brz has no effect on the
germination of Arabidopsis seeds (Asami et al., 2000).

In contrast, treatment with Pcz significantly reduced the growth of different parts of
seedlings including coleoptile, and primary and seminal root (Fig. 4.2). Similarly, Pcz negatively
affected root length in Arabidopsis (Hartwig et al., 2012) and hypocotyl length in cress plants
(Lepidium sativum) (Sekimata et al., 2002). When comparing its effect between coleoptile length,
and primary and seminal root length, the Pcz effect was strongest on coleoptile growth (Fig. 4.2).
The reduced effect of Pcz on primary and seminal root growth may suggest that different tissues
have different levels of sensitivity to BR (Fig. 4.2A, B, C). Studies in Arabidopsis and maize also
reported the tissue-specific reduction of mesocotyl, coleoptile, and true leaf elongation by Pcz
treatment (Hartwig et al., 2012, Ling et al., 2017). Exogenous application of 24-epi-brassinolide
(EBL) rescued the decrease of coleoptile growth by Pcz, indicating the suppression of coleoptile
growth by Pcz is the result of decrease in BR level in the tissue (Fig. 4.2A). This suggests the
direct physiological role of BR in promoting coleoptile growth in wheat seedlings (Sasse, 1985).
EBL was also found to rescue primary and seminal root growth at 2 DAI but inhibited the
elongation in later timepoints (Fig. 4.2B, C). This decrease in root elongation suggests that root
growth has its own optimal amount of BR, and high EBL level (0.01 mM) or excessive BR causes

negative effect. In support of this, Mussig et al. (2003) showed in previous study that low
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concentration of EBL (0.05 nM) stimulate root growth but higher concentration of EBL (5 nM)
inhibit root growth in Arabidopsis.

Brassinosteroids and ABA phytohormones control various plant growth and
developmental processes including seed germination and seedling growth by interacting
antagonistically (Hu and Yu, 2014; Wang et al., 2018). Studies showed that ABA inhibits seed
germination in BR deficient and BR response mutants (det2-1 and bril-1) (Steber and McCourt,
2001), and BL application overcome germination inhibitory effect of ABA (Zhang et al., 2009).
ABA level in plants is regulated by its biosynthesis and catabolism (Nambara and Marion-Poll,
2005). Pcz treatment that inhibited coleoptile growth reduced the expression of CYP707A1 in
embryo at 1 DAI (Fig. 4.4B) and increased the expression of NCED2 but decreased expressions
of both CYP707A1 and CYP707A2 in the coleoptile at 5 DAI (Fig. 4.5A-C). These results suggest
that inhibition of BR biosynthesis by Pcz induces accumulation of ABA by inducing biosynthetic
while repressing catabolic genes, and the accumulated ABA inhibited coleoptile growth.
Furthermore, these results can be further validated by measuring the endogenous ABA content. In
agreement, a previous study in Arabidopsis showed that EBL treatment causes a decrease in ABA
accumulation by downregulating expression of ABA biosynthetic genes NCEDs and AAO3 (Ha et
al., 2018). In addition, exogenous BR treatment was found to inhibit the interaction of BR
signalling inhibitor, BIN2, with ABI5, a positive regulator of ABA signaling, to antagonize the
effect of ABA in inhibiting seed germination (Hu and Yu, 2014).

In contrast, Pcz treatment caused downregulation of NCED2 in root at 3, 5 and 7 DAI and
of CYP707A1 at 7 DAI (Fig. 4.6A), proposing role of BR in altering the expression levels of ABA
metabolic genes. Moreover, BR treatment was found to increase the expression of ABA

biosynthetic gene NCED1 and ABA accumulation while BR biosynthesis inhibitor, Brz, decreased
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ABA biosynthesis in maize leaves (Zhang et al., 2010). Moreover, BR mutants were found to show
hypersensitivity to ABA (Chung et al., 2014). In addition, the upregulation of NCED2 in coleoptile
and its downregulation in the root by Pcz treatment suggests the tissue-specific regulation of this
gene by BR. In view of this hypothesis, five members of the NCED gene family of Arabidopsis
are reported to differentially express and localize in specific tissues to control the level of ABA
(Tan et al., 2003). In the endosperm, Pcz increased the expression of CYP707A1 but decreased the
expression of CYP707A2 at the late stage of imbibition (Fig. 4.3B, C), suggesting gene specific
regulation of wheat CYP707A family by BR. A study in Arabidopsis also showed that the
expression of only CYP707A3 but not the other three CYP707A genes is regulated by BR (Saito et
al., 2004).

Plant growth and development processes including seed germination, cell elongation,
vascular differentiation, stomatal formation and flowering are regulated by interaction between
BR and GA (Steber and McCourt, 2001; Bouquin et al., 2001; Weiss and Ori, 2007; Stewart Lilley
et al., 2013; Saini et al., 2015). Brassinosteroid and GA can have synergistic interaction through
the participation of BR transcription factors and DELLA proteins (Gregory and Mandava, 1982;
Tanaka et al., 2003; Depuydt et al., 2011; Hofmann, 2015).

In the endosperm and root, the expression of GA200x1 and GA30x2 increased at the early
stage but decreased at later stages of seed imbibition with Pcz treatment, suggesting that a decrease
in BR level alters GA biosynthesis in a stage specific manner (Figs. 4.7A, B and 4.10A, B). A
previous study in Arabidopsis also reported stage-specific action of DELLA proteins in the
promotion or inhibition of BR mediated response towards growth (Stewart Lilley et al., 2013). In
maize seedlings, expression of GA200x1 was found to be upregulated by Pcz at the earlier stage

but downregulated at the later stage (Ling et al., 2017). Reduction in expression of a GA
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biosynthetic gene was reported in BL treated roots of rice (De Vleesschauwer et al., 2012). In rice,
reduction of GA biosynthetic gene expression by BR was associated with accumulation of DELLA
proteins (De Vleesschauwer et al., 2012), and BR was seen to stabilize the level of DELLA
proteins that resulted in no change in the expression of GA biosynthetic genes (GA200x and
GA3ox) in Arabidopsis (Unterholzner et al., 2015). Decrease in the expression of GA30x2 in the
embryo at 1 DAI (Fig. 4.8C), and GA200x1 and GA30x2 in the root at later stages (Fig. 4.10A, B)
by Pcz treatment suggests the decrease in GA biosynthesis with decrease in BR and therefore
synergistic interaction between BR and GA in wheat. Increases in the expression of GA200x1,
GA200x2 and GA200x5 were reported in Arabidopsis seedling grown from BR treated seeds
(Steber and McCourt, 2001; Stewart Lilley et al., 2013). In addition, expressions of GA200x1 and
GA3ox1 were reported to be reduced in the BR deficient mutants of Arabidopsis and rice (Bouquin
et al., 2001; Gallego-Bartolome et al., 2012; Tong et al., 2014; Unterholzner et al., 2016).
Because BR and GA show synergistic cross-talk, upregulation of GA200x2 expression at 5
and 7 DAI and GA3ox2 expression at 3 DALI in the coleoptile by Pcz (Fig. 4.9B, C) may indicate
the negative feedback regulation of the two genes. Moreover, the upregulation of GA200x2 and
GA30x2 expression in the coleoptile by Pcz suggest antagonistic interaction between the BR and
GA. This type of antagonistic interaction of BR with GA was suggested by previous studies in
Arabidopsis that reported higher mMRNA level of a GA-responsive gene (GASA1) and lower mRNA
level of a GA repressor gene (GA5) in the BR insensitive mutant (bril-201) than the control
(Bouquin et al.,, 2001). Degradation and activation of DELLA proteins by BR signaling
transcription factors play a crucial role in the regulation of BR and GA interaction. These results
suggest that BR plays role in regulating the expression of ABA metabolic and GA biosynthetic

genes during and after seed germination based on tissue, stage and gene specificity. Overall, the
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data from this thesis project indicates that changes in the expression of ABA metabolic and GA

biosynthetic genes are coordinated with effects of BR on seedling growth.
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6.0 GENERAL DISCUSSION AND CONCLUSION

Seed germination plays an important role in the plant’s life cycle. It starts with water uptake and
terminates with radicle protrusion through the seed coat. The first phase involves repair of DNA
and mitochondria, protein synthesis from extant MRNAs, change in the shape and size of the seed;
the second phase is characterized by the synthesis of proteins from newly produced mRNAs and
mitochondria; and the third phase leads to mobilization of stored reserves and radicle elongation.
Seed germination is regulated by plant hormones in which ABA and GA are the major regulators.
Brassinosteroids are among the plant hormones that are involved in the regulation of a wide range
of plant growth and developmental processes including germination and seedling growth. BR
interaction with ABA and GA and its role in the regulation of seed germination and seedling
growth has been studied in different species. Nonetheless, the exact molecular mechanism
involved in regulation of seed germination and seedling growth by BR still needs to be studied in
cereals such as wheat.

The use of hormone biosynthesis or signaling inhibitors has played an important role in
studying and evaluating the function of phytohormones in different plant growth and development
processes. This study used a BR biosynthesis inhibitor referred to as propiconazole (Pcz), which
inhibits the function of P450s and thereby BR biosynthesis, for elucidation of the different roles
of BR in wheat seed germination and seedling growth. This study conducted a detailed analysis of
the effects of Pcz and therefore inhibition of BR synthesis on seed germination, seedling growth
and expression pattern of the ABA metabolic and GA biosynthetic genes to gain understanding of
BR interaction with ABA and GA in wheat and elucidate its roles in these developmental
processes. The results of this study showed no effect of inhibiting BR synthesis by Pcz on

germination percentage and rate, but the treatment reduced seedling growth. Co-application of a
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BR with the inhibitor rescued growth of the coleoptile, but the primary and seminal roots growths
were rescued only at early days of their growth as compared to seeds treated with and without BR
biosynthesis inhibitor.

Further, the study analyzed the effect of suppressing the biosynthesis of BR by Pcz on the
expression of ABA metabolic genes including family members of the ABA biosynthetic gene
NCED and ABA catabolic gene CYP707A in different tissues over several days after imbibition.
Propiconazole treatment increased the expression of NCED2 in coleoptile but reduced the
expression of CYP707A2 in the endosperm, CYP707AL in embryo, CYP707A1 and CYP707A2 in
coleoptile and CYP707A2 in root tissue, indicating that BR plays role in the regulation of ABA
metabolic genes in different tissues.

In addition to the ABA metabolism genes, the study also examined the effects of
suppressing the biosynthesis of BR by Pcz on the expression of GA metabolism gens including
family members of the GA biosynthetic genes, GA20ox and GA3ox. The expression of GA
biosynthetic genes, GA200x1 and GA30x2 showed upregulation at earlier and downregulation at
later stages of imbibition in endosperm suggesting the stage-specific regulation of these genes by
BR. While decreases in expression of GA30x2 in embryo and root of Pcz treated seeds suggest the
synergistic interaction between GA and BR. Increased expression of GA200x2 and GA30x2 by Pcz
in the coleoptile suggests reduction of GA level that causes negative feedback regulation of GA
biosynthesis.

In conclusion, these findings give some information about the interaction of BR with GA
and ABA in the regulation of seed germination and seedling growth in wheat. However, further

functional studies with mutants is needed to gain detailed knowledge on this topic.
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APPENDIX

Appendix 1-1 Relative transcript abundance of NCEDs between control and Pcz treated seeds at
different days after imbibition in endosperm of wheat.

Relative transcript

Gene DAI Sample SE
level
Control n.d.
NCED1 1
Pcz n.d.
Control n.d.
3
Pcz n.d.
Control n.d.
5
Pcz n.d.
Control n.d.
7
Pcz n.d.
Control 1 0.32
NCED2 1
Pcz
Control 3.39 0.76
3
Pcz 2.11 1.28
Control 2.29 0.37
5
Pcz 1.23 0.06
Control 19.36 4.5
7
Pcz 11.64 2.54

DAI, Days after imbibition; SE, Standard error; n.d., not detected
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Appendix 1-2 Relative abundance of CYP707As transcripts between control and Pcz treated

seeds at different days after imbibition in endosperm of wheat.

Gene DAI Sample Relative transcript level  SE
Control 1 0.27
CYP707A1 1
Pcz 7.21 1.69
Control 0.42 0.02
’ Pcz 0.87 0.04
Control 0.11 0.03
° Pcz 1.33 0.9
Control 1.02 0.16
! Pcz 9.14 2
Control 1 0.07
CYP707A2 1
Pcz 6.26 0.89
Control 50.02 0.16
’ Pcz 14.07 1.84
Control 17.27 0.59
° Pcz 8.26 2.35
Control 26.38 4.5
! Pcz 13.26 4.56

DA, Days after imbibition; SE, Standard error; n.d.: not detected

113



Appendix 1-3 Relative abundance of GA200xs and GA3ox transcripts between control and Pcz

treated seeds at different days after imbibition in endosperm of wheat.

Gene DAI  Sample Relative transcript level SE
Control 1 0.18
GA200x1 1
Pcz 413 0.78
Control 0.85 0.33
3
Pcz 0.64 0.1
Control 1.62 0.34
5
Pcz 3.96 0.1
Control 59.78 135
7
Pcz 19.84 6.04
Control n.d.
GA200x2 1
Pcz n.d.
Control n.d.
3
Pcz n.d.
Control n.d.
5
Pcz n.d.
Control n.d.
7
Pcz n.d.
Control 1 0.31
GA30x2 1
Pcz 4.8499 0.23
Control 0.6899 0.05
3
Pcz 0.29 0.06
Control 1.9 0.07
5
Pcz 1.11 0.03
Control 28.88 7.12
7
Pcz 20 491

DAL, Days after imbibition; SE, Standard error; n.d., not detected
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Appendix 2-1 Relative transcript abundance of NCEDs between control and Pcz treated seeds in
embryo of wheat.

Gene DAl Sample Relative transcript level SE

Control n.d.
NCED1 1
Pcz n.d.
Control 1 0.09
NCED2 1
Pcz 1.18 0.48

DAI, Days after imbibition; SE, Standard error; n.d., not detected

115



Appendix 2-2 Relative abundance of CYP707As transcripts between control and Pcz treated
seeds in embryo of wheat.

Gene DAI Sample Relative transcript level SE
Control 1 0.20
CYP707A1 1
Pcz 0.16 0.04
Control n.d.
CYP707A2 1
Pcz n.d.

DAI, Days after imbibition; SE, Standard error; n.d., not detected
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Appendix 2-3 Relative abundance of GA200xs and GA3ox transcripts between control and Pcz

treated seeds in embryo of wheat.

Gene DAI Sample Relative transcript level SE
Control 1 0.07
GA200x1 1
Pcz 0.9 0.04
Control 1 0.37
GA200x2 1
Pcz 0.79 0.29
Control 1 0.10
GA30x2 1
Pcz 0.32 0.04

DAI, Days after imbibition; SE, Standard error; n.d., not detected
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Appendix 3-1 Relative transcript abundance of NCEDs between control and Pcz treated seeds at
different days after imbibition in coleoptile of wheat.

Gene DAI  Sample Relative transcript level  SE
Control n.d.
NCED1 3
Pcz n.d.
Control n.d.
5
Pcz n.d.
Control n.d.
7
Pcz n.d.
Control 1 0.16
NCED2 3
Pcz 2.63 1.4
Control 12.11 3.13
5
Pcz 27.39 1.87
Control 7.86 1.68
7
Pcz 3.87 0.62

DAI, Days after imbibition; SE, Standard error; n.d., not detected
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Appendix 3-2 Relative abundance of CYP707As transcripts between control and Pcz treated
seeds at different days after imbibition in coleoptile of wheat.

Gene DAI Sample Relative transcript level SE
Control 1 0.1
CYP707A1 3
Pcz 1.41 0.39
Control 6.6 0.37
5
Pcz 3.82 0.15
Control 1.35 0.32
7
Pcz 1.45 0.32
Control 1 0.28
CYP707A2 3
Pcz
Control 5.24 1
5
Pcz
Control 15.38 0.23
7
Pcz 3.16 0.21

DAI, Days after imbibition; SE, Standard error; n.d., not detected
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Gene DAI Sample Relative transcript level SE
Control 1 0.26
GA200x1 3
Pcz 1.74 0.41
Control 4.06 1.06
5
Pcz 10.47 2.71
Control 0.74 0.44
7
Pcz 2.74 0.39
Control 1 0.06
GA200x2 3
Pcz 2.84 1.03
Control 22.72 6.41
5
Pcz 61.61 10.84
Control 3.01 0.10
7
Pcz 6.74 0.68
Control 1 0.31
GA30x2 3
Pcz 4.69 0.88
Control 35 0.59
5
Pcz 4.06 1.04
Control 0.98 0.24
7
Pcz 1.22 0.6

DAI, Days after imbibition; SE, Standard error; n.d., not detected

Appendix 3-3 Relative abundance of GA200xs and GA3ox transcripts between control and Pcz
treated seeds at different days after imbibition in coleoptile of wheat.
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Appendix 4-1 Relative transcript abundance of NCEDs between control and Pcz treated seeds at

different days after imbibition in root of wheat.

Gene  DAI Sample Relative transcript level SE
Control n.d.
NCED1 3
Pcz n.d.
Control n.d.
5
Pcz n.d.
Control n.d.
7
Pcz n.d.
Control 1
NCED2 3
Pcz 0.29 0.07
Control 1.81 0.28
5
Pcz 0.37 0.04
Control 1.16 0.28
7
Pcz 0.32 0.07

DAI, Days after imbibition; SE, Standard error; n.d., not detected
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Appendix 4-2 Relative abundance of CYP707As transcripts between control and Pcz treated

seeds at different days after imbibition in root of wheat.

Gene DAI Sample Relative transcript level  SE
Control 1 0.10
CYP707A1 3
Pcz 2.63 0.58
Control 3.37 0.26
5
Pcz 2.9 0.69
Control 4.56 0.29
7
Pcz 1.34 0.12
Control n.d.
CYP707A2 3
Pcz n.d.
Control n.d.
5
Pcz n.d.
Control n.d.
7
Pcz n.d.

DAI, Days after imbibition; SE, Standard error; n.d., not detected
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Appendix 4-3 Relative abundance of GA200xs and GA3ox transcripts between control and Pcz
treated seeds at different days after imbibition in root of wheat.

Gene DAI Sample Relative transcript level  SE
Control 1 0.18
GA200x1 3
Pcz 2.82 0.14
Control 3.32 0.06
5
Pcz 1.93 0.21
Control 1.57 0.48
7
Pcz 1.48 0.36
Control n.d.
GA200x2 3
Pcz n.d.
Control n.d.
5
Pcz n.d.
Control n.d.
7
Pcz n.d.
Control 1 0.1
GA30x2 3
Pcz 3.21 1.26
Control 5.64 1.02
5
Pcz 3.06 0.54
Control 2.71 0.14
7
Pcz 0.48 0.22

DAI, Days after imbibition; SE, Standard error; n.d., not detected
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