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Abstract

Brassinosteroids (BRs) are plant steroid hormones that not only play vital roles in plant growth
and development, but also in mediating stress responses. A group of calmodulin-binding
proteins, known as CBP60s are also involved in mediating the response of plants to stress. The
aims of the present study were: (1) to investigate the effect of exogenous 24-epibrassinolide
(EBR) on the phenotype of cotton (Gossypium hirsutum) seedlings under mild to moderate
biotic and abiotic stresses, (2) to find and characterise cotton CBP60-encoding genes,
orthologous to Arabidopsis CBP60s with known involvement in stress responses, and to
investigate whether EBR may act by modulating the expression of GhCBP60 genes in cotton
leaf tissue under salt stress. Experiments were designed to demonstrate the effects of EBR
application from 0.1 to 2 UM on the phenotypic responses of cotton seedlings to mild/moderate
salt, drought and pathogen (Verticillium dahliae) stresses. Results show that the exogenous
application of EBR at low concentrations of 0.1 and 0.2 uM had no positive effect on seedling
growth under all stresses. In addition, EBR at a higher concentration (0.5 puM) or with the
surfactant Tween 20 caused toxic effects. Bioinformatics approaches revealed the presence of
GhCBP60 orthologues of AtCBP60. Phylogenetic analysis indicated that CBP60a, CBP60g,
and SARD1 from Arabidopsis each have four co-orthologues in cotton. AtCBP60f has two co-
orthologues, whereas CBP60b/c/d have nine co-orthologues. Multiple amino acid sequence
alignments indicate that the DNA-binding and CaM-binding domains of AtCBP60 are highly
conserved in GhCBP60, suggesting similar protein structures to AtCBP60. Prediction of
subcellular localisation suggested that all GhCBP60 proteins contain a nuclear localisation
signal. This, together with the highly conserved putative DNA binding region, suggests that all
GhCBP60 are transcription factors. The results of qRT-PCR demonstrated that EBR treatment
of cotton up-regulated the expression of GhCBP60a/f/g. On the other hand, salt down-regulated
the expression of GhCBP60a but up-regulated the expression of GhCBP60f/g. Interestingly,
treatment with EBR in the absence of salt restored the expression of GhCBP60a to levels
similar to the control tissue. Analysis of promoters of GhCBP60 genes for putative BR-related
transcription factor binding motifs indicated the presence of CANNTG and GGTCC elements.
However, these were not significantly enriched in stress-regulated genes. Furthermore, higher
stringency BR-signalling-related elements: BRRE (CGTGTG/CGTGCG), G-box (CACGTG)
and transcription factors TGA 1/TGA4 (TGACG) sense strands were absent in stress-
responsive genes GhCBP60a/f/g and GhSARD1 as compared to other groups. In the light of



these results, | concluded that prassinosteroids (BRs) [positively regulates the expression of
novel GhCBP60 genes suggesting a possible connection between BR signalling and GhCBP60
transcription factors in mediating abiotic stress responses in cotton. However, the results from
the cis-element search suggest that this connection is likely to be indirect rather than via a direct

interaction with the BR signal transduction pathway.
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Chapter 1. The Involvement of Brassinosteroid and
Calmodulin-Binding Proteins in Abiotic and Biotic

Stresses in Cotton G. hirsutum

1.1 Introduction

1.1.1 Introduction to the cotton industry and research

This chapter focuses on the industry’s view of Australian cotton production relative to the
existing challenges of drought, salinity and disease. This dissertation is a key reference tool to
Australian cotton growers and was fully funded by the Cotton Research and Development
Corporation (CRDC) under a crop protection strategy program.

1.1.2 Cotton: The world’s most important fibre crop

The world's most popular natural fibre is cotton, with over 90% of annual global cotton
production dominated by one species, Gossypium hirsutum, also known as Upland cotton
(Wendel & Cronn, 2003). The unique characteristics of cotton fibre were discovered by ancient
human cultures in both the Old and New Worlds, leading to the widespread domestication of
cotton especially for textiles (Wendel & Cronn, 2003). The domestication process involved
four species, two from Africa—Asia, namely Gossypium herbaceum (G. herbaceum) and
Gossypium arboreum (G. arboreum) and the other two from the Americas, Gossypium
barbadense (G. barbadense) and Gossypium hirsutum (G. hirsutum) (Wendel & Cronn, 2003).
Cotton is harvested as ‘seed cotton’ which is later ‘ginned’ to separate the seed from the lint
fibre. This is then spun to produce yarn that is woven into fabrics (Office of the Gene
Technology Regulator, 2002). From 100kg seed cotton, 35kg of fibre can be extracted (Bremen
Cotton Exchange, 2015). Worldwide, the cotton genus (Gossypium) has 51 species that are
spread from arid to semi-arid regions of the tropic and subtropics. Out of these 51 species, 46
species are diploid (2n = 2x = 26) and five species are allopolyploids (2n = 4x = 52)
(Fryxell,1992). Gossypium allopolyploids are the result of hybridisation between two diploid
species (Cronn et al., 2002; Seelanan et al., 1997; Wendel 1989). For instance, G. raimondii
and G. arboretum are the putative ancestral species of G. hirsutum (Li et al., 2015) and the

sources of the D and A genomes, respectively. G. hirsutum was introduced to Australia from
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its domesticated origin, Mexico (Brubaker, Bourland, & Wendel, 1999) and constitutes the
majority of the cotton planted in Australia (99%), mostly in northern New South Wales and
Queensland (Office of the Gene Technology Regulator, 2002). The timing of Australia’s cotton
cultivation lasts for about six months, starting between August to November (soil preparation)
and ending between March to June (picking), depending on the region and climate (Cotton
Australia, 2018). In 1996, genetically modified (GM) insect-resistant cotton varieties were
introduced and 16 years later, GM varieties now represent almost 100% of cotton grown across

Australia (Agricultural Biotechnology Council of Australia, 2012).
1.2 Australian cotton: Challenges and stresses

For many years, China had been the world’s biggest producer, consumer, and stockholder of
cotton (Baffes, 2004). However, a recent statistic shows that India has replaced China as the
world’s biggest cotton producer with production amounting to 6.21 million metric tons (MMT)
in the 2017/2018 crop year, followed by China at 5.99 MMT and then United States at 4.56
MMT (Statistica Research Department, 2018). Meanwhile, during the same period, Australia
came in sixth place producing 1.05 MMT of cotton. Interestingly, Australian cotton production
per hectare is more than double the productivity in India or China. Cotton in Australia yields
more than three times the global average due to a successful world-class plant breeding
program and improvements in water, crop, pest and post-harvest management (Cotton
Australia, 2018; CSIRO, 2015). According to the Department of Agriculture and Water
Resources (2019), Australia is one of the world’s biggest exporters of raw cotton, worth about
$2 billion annually with over 90% of cotton produced in Australia, exported predominantly to

Asian spinning mill customers such as China, Indonesia, and Thailand.

Notwithstanding the high quality of Australian cotton with 91.4% at or exceeding the base
grade (Cotton Australia, 2018), the Australian cotton industry is not exempt from the impact
of climate change. In 2018, the production of cotton nationwide has been halved due to drought
and low-to-no water allocation for most cotton growers (ABC News, 2019). This is not the
first-time drought has affected the industry. In fact, the drought in Australia during the
2007/2008 crop year resulted in the smallest cotton production in over 30 years span with only
601,810 bales as compared to 5,300,000 bales in the most productive year of 2011/2012
(Cotton Australia, 2018). Cotton Australia chief executive Adam Kay further emphasised the
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expectation for the cotton production to be halved again for the next crop season as per his
interview with the ABC News (2019) last year.

Moreover, the federal government declared that dryland salinity, which occurs when vast
underground salt deposits rise to the surface with groundwater tables, could leave the
productive farmlands, that make up more than half of the country, desolate and barren (Mochan
& Gubana, 2018). Dryland and irrigation salinity also cost approximately $130 million in lost
agricultural production (Mochan & Gubana, 2018). However, the full scale of the problem is
unknown, so the exact value of the impact on Australia's annual $155 billion agriculture
industry is unclear (Mochan & Gubana, 2018). Cotton seedlings are sensitive to salinity at
relatively low levels until about 8-12 weeks after sowing (CottonInfo, 2015). However, cotton
is placed in the moderately salt-tolerant group of plant species with a salinity threshold level
7.7dS m™'. Cotton growth and seed yield are severely reduced at high salinity levels and
different salts affect the cotton growth to a variable extent (Ashraf, 2002).

Cotton crops in Australia are not only frequently susceptible to weather extremes and insect
pests but can also be devastated by diseases such as seedling diseases and fungal wilt diseases
(CSIRO, 2015; Office of the Gene Technology Regulator, 2002). Based on three decades of
disease surveys in New South Wales, where about 66% of Australian cotton is produced, the
four significant cotton diseases in Australia are Verticillium wilt, bacterial blight, black root rot
and Fusarium wilt (Kirkby et al., 2013). For instance, Vertillicum dahliae (V. dahliae) is the
soil-borne fungal pathogen that causes Verticillium wilt disease, with three strains of V. dahliae
responsible for damaging Australian cotton with symptoms including leaf mottle and necrosis,
defoliation, wilting, and even plant death. Failure to control this disease could lead to 10-64%
yield losses (Holman et al., 2016). Furthermore, the existing cotton production practices in
Australia and the frequent mobility of machinery, vehicles and people favour pathogen
dispersal and survival. Besides, Australian cotton farmers have already been dealing with
expensive input costs including electricity, diesel, water, skilled worker and high-value
machinery (Cotton Australia, 2018). Thankfully, a better understanding of pathogen survival
and transmission coupled with a better crop management strategies and plant genetics has
alleviated the effects of the disease (Kirkby et al., 2013), although, more efforts are needed to
sustain yields. One of the efforts to sustain the yield of cotton is by incorporating plant growth

hormones in crop management, and thus lead to the present study.
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Chapter 2. Literature Review

2.1 Introduction to Brassinosteroids and CBP60 proteins

Chapter 2 presents a review of the literature on BRs and a possible BR-regulated gene family,
CBP60. These genes encode calmodulin (CAM)-binding transcription factors that play major
roles in mediating stress in plants. BR biosynthesis, chemical structure, signalling pathway,
hormonal interaction and physiological roles in abiotic and biotic stress responses are explained
in this chapter. This literature review is important to understand the possible application of BRs

to mediate stress in cotton crops.
2.2 BR structure and biosynthesis

In 1970, an organic extract called brassin that was first isolated from the pollen of Brassica
napus was reported to have a novel growth-promoting effects in a group of treated young pinto
bean plants (Phaseolus vulgaris L) (Mitchell et al., 1970). Later in 1979, the chemical structure
of brassinolide (BL) (Figure 1) was determined after a purification process from bee-collected
pollen (Grove et al., 1979). BL is the most active form of BRs, endogenous plant hormones
that regulate aspects of plant growth and development such as seed germination, root
development, cell elongation, cell differentiation, cell division, photomorphogenesis,
senescence, vascular differentiation, and reproduction (Clouse, 2011; Mussig et al., 2003). BRs
belong to the class of polyhydroxysteroids. Variation in BR structure is generated from the
position of functional groups in rings A and B and the side chain. BL contains C-2a and C-3a
hydroxyl groups in the A ring. However, a modification in the B ring results in the formation
of 6-oxo (6-ketone) BRs, which are most abundant in plants. There are over 40 types of BRs
that can be classified as C27, C28, or C29, depending on the alkyl-substitution pattern of the
side chain. The C29 BRs have an ethyl group substituent and may be generated from sitosterol.
The C29 BRs with a methylene group at C24 and an additional methyl group at C25 may come
from 24-methylene-25-methyl cholesterol (Bajguz & Tretyn, 2003). Previous studies using gas
chromatography-mass spectrometry (GC-MS) and feeding labelled isotopes to cell cultures of
Catharanthus roseus (L.) were instrumental in identifying the BR biosynthesis pathways. In
cultured C. roseus cells, it was proposed that BL could be synthesised by two alternative
pathways; early C6 oxidation and late C6 oxidation (Figure 2-1). In the early C6 oxidation

pathway, campestanol (CN) is used as the first intermediate, which is then converted to 6-
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188  oxocampestanol (6-OxoCN), cathasterone (CT), teasterone (TE), 3-dehydroteasterone (3DT),
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In the late C6 oxidation pathway, the synthetic pathway starts with the intermediate component
CN, which is converted to 6-deoxocathasterone (6-DeoxoCT). The later intermediate is
converted to 6-deoxoteasterone (TE), which goes through a series of oxidation steps to 6-
hydroxycastasterone (6-DeoxoTE) and finally to CS, the immediate precursor to the synthesis
of BL (Choi et al., 1996; Fujioka et al., 1997). While BL is the most active BR in Arabidopsis,
CS is the most active BR in rice (Hong et al., 2005). BR-deficient mutants and metabolic
studies demonstrated that the early and late C6 oxidation pathways are also functional pathways
in Arabidopsis (Noguchi et al., 1999). An additional BR pathway, named as the early C-23
oxidation pathway, via a cytochrome P450—catalysed oxidative reaction has also been reported
in Type-A Arabidopsis (Hong et al., 2005).

Any mutations in BR biosynthesis or signalling results in abnormal plant phenotypes. Many of
the sterol biosynthetic enzymes in Arabidopsis have been identified through the molecular
characterisation of BR-related mutants (Li et al., 1996). For example, the Arabidopsis DWF1
enzyme is involved in an early step of BR biosynthesis, the conversion of 24-
methylenecholesterol to CR. The Arabidopsis mutant det2 was identified during the study of
light-regulated development of plants. The DET2 gene encodes a steroid 5a-reductase, which
catalyses the conversion of CR to CN or 6-DeoxoCT (Chory et al., 1991). Moreover,
cytochrome P450 monooxygenases form the closely related CYP85 or CYP90 families that are
essential for BR biosynthesis (Fujioka & Yokota, 2003). BR-related dwarf mutants of
Arabidopsis, dwf4 and cpd, encode cytochrome P450 monooxygenases (CYP90) identical to
the steroid hydroxylases and catalyse hydroxylation of the steroid side chain (C-22 and C-23)
in both the early and late C-6 oxidation pathways of BR biosynthesis, respectively (Choe et al.,
1998; Szekeres et al., 1996). Both BR-deficient mutants dwf4 and cpd exhibit cell elongation
inhibition, de-etiolation, dwarfism, male sterility, hypocotyl shortening, cotyledon opening in
the dark, lack of apical hook, and both depression of light-induced genes in the dark and
activation of stress-regulated genes in the light, as compared to wild type. Phenotypes of BR-
deficient mutants, det2, cpd, and dwf4, are reverted to the wild type through feeding with BL
precursors and ectopic over-expression of wild-type genes, indicating a key role of BR in
regulating plant development (Azpiroz et al., 1998; Chory et al., 1991; Noguchi et al., 1999;
Szekeres et al., 1996).

Previous cotton studies demonstrated that application of a low concentration of EBR increased

the fibre length of ovules as compared to untreated ovules (Ashcraft, 1996). Similarly, the
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involvement of BR'incotton fibre development (SUn'et'al, 2005): Transgenic cotton plants

over-expressing a BR-responsive xyloglucan transferase/hydrolase (XTH) also had longer
fibres (Allen et al., 2000). These studies indicate that BR and BR-responsive genes have
important roles in cotton fibre development through direct modulation of BR signalling
pathways. Aydin et al. (2006) examined BR effects on cotton regeneration through somatic
embryogenesis. While BR treatment of cotton seedlings and hypocotyl decreased the fresh
weight of callus as compared to controls, BR had a major role in the stimulation of somatic
embryo maturation (Aydin et al., 2006). Earlier microarray analysis on cotton indicated high
expression of BR biosynthesis genes DET2 and SMT1 during fibre development (Shi et al.,
2006). The transcript levels of both DET2 and SMT1 genes increased from the day of anthesis
to 10 days post-anthesis (DPA) and then decreased at 20 DPA, however, the mRNA levels

significantly declined at 10 DPA in ovules of the fibreless mutant fl compared to wild types.
2.3 The signalling pathway for BR

BR signalling regulates plant growth, development and stress responses. The BR signalling
pathway is now one of the best-understood plant hormone signalling pathways. BR is perceived
by the plasma membrane-localised leucine-rich repeat (LRR) receptor-like kinase (RLK) BRI1
(Brassinosteroid Insensitivel) (Friedrichsen et al., 2000; Li & Chory, 1997). BR binding to
BRI1 leads to auto-phosphorylation of BRI1 and its dissociation from BKI1 (BRI1 Kinase
Inhibitor 1). BRI1 then activates another regulator, BAK1 (BRI1-Associated Kinasel) (Wang
& Chory, 2006). The negative regulator of BR signalling BIN2 (Brassinosteroid Insensitive2)
is located downstream of BRI1 and BAKZ; in the absence of BR, BIN2 phosphorylates and
thereby inactivates transcriptional regulators BES1 (BRI1-EMS-SUPPRESSOR1) and BZR1
(BRASSINAZOL E-RESISTANT1) (Kim etal:,; 2009; Choe et al., 2002; Li & Nam, 2002;
Wang et al., 2002; He et al., 2002). Activated BRI1 phosphorylates BR-SIGNALLING
KINASE (BSK1), which in turn activates the phosphatase BRI1L-SUPPRESSOR (BSU1) (Kim
et al., 2011). BSU1 dephosphorylates and inhibits BIN2, which leads to the accumulation of
BES1 and BZR1 in the nucleus and activation of BR-mediated gene expression (Kim et al:|

2009).
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Several interactors of BES1 and BZR1 have been identified, which allow for the control of the
broad-range of gene expression associated with BR’s multiple activities (Wang et al., 2002).
In summary, in the absence of BR, the following components are inactive: BRI, BAK1, BSK1,
BSU1, BES1, and BZR1 (He et al., 2002; Yin et al., 2002), whereas BIN2 is active and
phosphorylation of BES1 and BZR1 by BIN2 at multiple sites results in inhibition of their
activities and proteasome-mediated degradation (Kim et al., 2009; Peng et al., 2008). In the
presence of BR, BINZ2 is inactivated and degraded, which results in the activation of

BES1/BZR1, leading to BR-responsive gene expression (Nemhauser et al., 2003).
2.4 BR interaction with other plant hormones

The integration of signalling pathways involving BRs and other hormones is crucial for
regulating developmental and stress-related processes in plants. Physiological interactions
between BR and other plant growth hormones such as auxin promotes hypocotyl elongation
and root development. Whereas some studies have indicated that BR and auxin can act
independently, others have revealed that there is a significant overlap between BR and auxin
(Goda et al., 2004; Goda et al., 2002; Zurek et al., 1994). The two hormones act synergistically
in controlling hypocotyl elongation in different plant species (Mandava, 1988). Besides, the
response of one hormone requires the function of the other hormone; for example, BR promotes
auxin response resulting in a significant increase in hypocotyl elongation (Vert et al., 2008),

while auxin regulates BR biosynthesis (Chung et al., 2011).

Abscisic acid (ABA), the major stress hormone in plants was found to inhibit BR signalling,
as judged by the phosphorylation status of BES1, and the downstream BR-responsive gene
expression (Zhang et al., 2009). In contrast, exogenous BR enhanced the levels of endogenous
ABA and ABA-mediated gene expression (Divi et al., 2016). The latter observation indicates
that BR-mediated stress tolerance, in part, occurs via enhancement of ABA signalling and

ABA-mediated gene expression.

Gibberellins (GAs) have a vital physiological role in plant growth and development (Swain &
Singh, 2005). Crosstalk between BR and GA signalling pathways is both synergistic and
antagonistic at the transcriptional level (Bai et al., 2012, De Vleesschauwer et al., 2012).
Microarray analysis of BR- and GA-treated rice seedlings revealed that both hormones promote
growth by co-ordinately regulating the expression of specific genes (Yang et al., 2004).
Recently, Li et al. (2012) have demonstrated that BZR1 interacts with a member of the DELLA
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family called REPRESSOR OF GAL-3 (RGA) that inhibits the GA signalling pathway in
Arabidopsis. Ectopic expression of DELLA proteins reduced the transcriptional activity of
BZR1, indicating that DELLA proteins act as mediators between the BR and GA signalling
pathways to control plant growth and development (Li et al., 2012).

Ethylene is another potent regulator of plant growth and development, including seed
germination, root development, root nodulation, flower senescence and fruit ripening (JIBENet
AINZ006 N ENoISAFIOTfManiio8s). BR upregulates ethylene biosynthesis genes and enhances
ethylene biosynthesis. In cotton, high expression of the ethylene biosynthesis gene
Aminocyclopropane-1-Carboxylic Acid Oxidasel-3 (ACO1-3) during fibre growth stage is
notable (Shi et al., 2006). In agreement with this observation, the ethylene biosynthetic
inhibitor I-(2-aminoethoxyvinyl)-glycine (AVG) inhibited fibre elongation. Similarly, BR
biosynthesis inhibitor brassinazole (Brz) also inhibited fibre elongation growth, which could
be overcome by treatment with ethylene; however, the inhibitory effects of AVG on fibre
growth were less controlled by BR (Shi et al., 2006). These results indicate that ethylene has a
vital role in the stimulation of fibre growth and that BR stimulates fibre growth likely through

enhancing ethylene biosynthesis.

Jasmonic acid (JA) is a signal molecule that regulates plant growth and development as well
as biotic and abiotic stresses (Creelman & Mullet, 1995). There is a potential link between BR
and JA synthesis and signalling (Divi et al., 2016; Sahni et al., 2016). Salicylic acid (SA) is a
major signal molecule involved in plant defence against pathogens but also has roles in abiotic
stress tolerance (NEZaCHaIN20IDIRaNICHa20 IS ErISaINISSE). Backer et al. (2019)
found that the NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1 (NPR1), which
is the central regulator in SA-mediated defence, is an important component of BR-mediated

abiotic stress tolerance.

2.5 Roles of BR in abiotic stress tolerance
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activity of stress-responsive genes

).

BRs and ABA perform mostly antagonistic regulation of stress-responsive genes at or after
the BIN2 step in BR signalling pathways (Chung et al., 2014). This represses BR signalling,
leading to the enhancement of ABA-mediated stress-responses by phosphorylating SnRK2
(SNF1-RELATED PROTEIN KINASE 2). This process leads to the expression of ABA-
responsive genes (EHUNGNCIAIMN20ME). Another BR signalling pathway mediating salt
tolerance in plants is via the regulation of ethylene biosynthesis. The exogenous application
of BR leads to an increase in the production of ethylene, resulting from increasing the activity
of 1-aminocyclopropane-1-carboxylate synthase (ACS), an ethylene synthesis enzyme (Zhu
et al., 2016). The BR signalling here is mediated by BRI1 via the inhibition of A. thaliana
ubiquitin-conjugating enzyme, UBC32, a stress-induced functional ubiquitin conjugation
enzyme (E2) localised to the ER membrane. UBC32 increased the salt tolerance of both bril9
and bril5 mutants through the activation of BR signalling (Cui et al., 2012). On the other
hand, the bin2 mutant was hypersensitive to salt because of the inhibition of salt-responsive
genes (Zeng et al., 2010). These findings suggest that exogenous application of BR helps
plants to adapt and survive under high salinity via the BR signal transduction pathway.
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protein synthesis (Dhaubhadel et al., 2002). The treatment with EBR increased the activity of

antioxidant enzymes such as polyphenol oxidase (PPO), superoxide dismutase (SOD), catalase
(CAT), and ascorbate peroxidase (APOX) in response to zinc metal stress in Brassica juncea
(Arora et al., 2010) and tomato under stress conditions (Aghdam et al., 2012; Ahammed et al.,
2012), thereby mitigating the detrimental effects of HS on plant growth. BR also increased
carboxylation and photosynthetic efficiency in tomato leaves under HS (Ogweno et al., 2008;
Singh & Shono, 2005). In Arabidopsis, EBR treatment reduced the bleaching effects of HS
(Kagale et al., 2007).

Low temperature has a major effect on plant development and consequently on plant
productivity (Hatfield & Prueger, 2015). EBR slightly improved the growth of mung beans
exposed to chilling stress (Huang et al., 2006). Injection of EBR into primary leaves and
cotyledons of rape seedlings helped overcome the cold-induced increase in membrane
permeability (Janeczko et al., 2007). Treatment with EBR increased the pigment content in
leaves exposed to low temperatures (2°C) as compared to the control. Arabidopsis and B. napus
grown on a nutrient medium supplemented with EBR and subjected to low temperature, had
increased expression of cold-responsive genes compared to the controls (Sahni et al., 2016).
EBR increased the growth of cucumber seedlings exposed to cold stress by enhancing the

activation of Rubisco and the expression of photosynthetic genes as compared to the control
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carotenoid and ascorbic acid contents in the microalga Acutodesmus obliquus (Talarek-Karwel
etal., 2019).

2.6 Roles of BR in biotic stress

Chemical, physical, and inducible defence mechanisms in plants enable them to resist
pathogens and act as mitigation strategies against the adverse effects of pathogen stress on plant
growth. Complex signalling pathways induce plant defence mechanisms by employing
phytohormones including ABA, ethylene (ETH), JA, salicylic acid (SA), and BR (Sifiith,
2017). For example, studies showed that BR activated disease resistance in both rice (Oryza
sativa) and tobacco (Nicotiana tabacum) via a complex pathway that employed the BRI1
receptor and its co-receptor BAK1 (Chinchilla et al., 2009; Heese et al., 2007; Nakashita et al.,
2003; Wang et al., 2012). Interestingly, pattern recognition receptors (PRRs) that are expressed
in plant immune cells will give a signal to the plant of the incoming pathogen by recognising
specific molecules of the microbes-associated molecular patterns (MAMPS). After identifying
flg22 which is a class of this molecules, a receptor called FLAGELLIN-SENSING (FLS2)
initiates flg22-signalling responses to avoid the spread of pathogen (Chinchilla et al., 2007;
Segonzac & Zipfel, 2011). The binding of flg22 to its receptor FLS2 results in association and
transphosphorylation of the co-receptor BAK1, which subsequently activates the FLS2
receptor. The activated FLS2 then phosphorylates a receptor-like cytoplasmic kinase called
BIK1 (BOTRYTIS-INDUCED KINASE 1) that triggers plant immune responses (Chinchilla
et al., 2007). These findings suggest the major role of the BAK1 receptor is to initiate the

interchange between FLS2 and BR signalling responses.

Another independent study of Arabidopsis treated with BR and flg22 showed a reduction in
immunity responses as compared to control. This study also shows that flg22 did not enhance
or inhibit BR signalling. However, without the application of BR during flg22 treatment, the
ROS and MAPKSs (mitogen-activated protein kinases) stress markers were induced. This shows
that BR inhibits FLS2-mediated immune signalling, without incorporating its co-receptor
BAK1 and associated downstream phosphorylation. These findings suggest that BAK1
employed by the FL2S complex acts differently from BAK1 employed by BRI1 signalling
(Albrecht et al., 2012).

Complex relationships between SA, JA, and BR phytohormones are also involved in the

response to biotic stress. A previous study on the infestation of Nilaparvata lugens, also
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commonly known as brown planthopper (BPH) inrice (Oryza sativa) showed a suppression of
the BR signalling pathway. During BPH infestation in WT plants, BR treatment also reduced
the production of SA and increased the production of JA, by downregulating ICS1 and PAL
genes that are related to SA pathways and up-regulated MYC2, AOS2, and LOX1 genes that
are related to JA pathways (Pan et al., 2018). This finding suggests that when BR suppressed
SA signalling, the JA pathway was preferred. Therefore, researchers suggested the role of BR
as a negative regulator of plants immune system (Campos et al., 2009; De Vleesschauwer et
al., 2012; He et al., 2017).

on the attack by a moth (Manduca sexta) and a small insect known as onion thrips (Thrips
tabaci) showed a positive genetic correlation upon the BR treatment in Lotus japonicas (L.
japonicas). The L. Japonicas transgenic plants that over-expressed the Arabidopsis
BIL1/BZR1 which is a BR master transcription factor, showed increased resistance to thrips
feeding due to the increased amounts of JA in these plants (Miyaji et al., 2014). Hence,
researchers concluded it was difficult to specify the role of BR in plant immunity and its
relationship with JA and SA due to the different effects depending on the affected organ (shoot

and/or roots) as well as different biotic stresses (microbial, biotrophic, necrotrophic, or insect).

BR induced disease resistance in tobacco and rice plants against Pseudomonas syringae and
Oidium sp. (Nakashita et al., 2003). The authors suggested that BR-mediated disease resistance
is distinct from systemic-acquired resistance (SAR) that is primarily mediated by salicylic acid
(SA). However, Szekeres et al. (1996) argued that the low expression of SA-responsive
pathogen-related (PR) genes in the Arabidopsis cpd mutant and the higher expression of PR
genes in transgenic plants over-expressing CPD, suggests that BR mediates pathogen
resistance by SA-mediated SAR. The role of BR in plant defence also includes regulation of
thionin genes, which encode for antimicrobial peptides. The decline of thionin expression in
rice coleoptiles was suppressed by co-treatment with GA and BR, which increased disease
resistance (Kitanaga et al., 2006). In barley, EBR reduced the severe effects of Fusarium head
blight (FHB) by 86% and reduced loss in grain weight by 33%. Gene expression studies in
barley found that expression of PR and other genes related to photosynthesis, hormone

signalling and chromatin remodelling were activated in treated plants (Ali et al., 2013).
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2.8 Involvement of calcium signalling, calmodulin and

calmodulin-binding proteins (CBP60s) in stress

In order for plant cells to respond to developmental and environmental cues, numerous
signalling networks are required including a sequence of receptors, transcription factors,

enzymes and non-protein messengers (SaNUCISICHAII2002). One of the most important non-
protein messengers is calcium as there is a significant change in cytosolic free calcium during

the transduction of various abiotic and biotic signals (RIS TaNRINEIONCI200 S andcrsiel
AI8ES). Unlike the cell wall and organelles that have Ca?* in the millimolar range, the
cytosolic concentration of calcium (Ca?*) ¢y is in the nanomolar range from 100 to 200 nm
(Trewavas & Malho, 1998). For instance, one of the first events during plant response to
microbe and microbe-associated elicitors is a transient change in nuclear calcium ([Ca?*] nuc)
and/or cytosolic calcium [Ca?*] o (Lecourieux et al., 2006). The transient changes in free Ca?*
levels in response to developmental and stress signals are then perceived by Ca?* sensors

(REGEyIETaI 20T e WAVESISAVIAINGIIS08 ). The Ca** signal is transduced via Ca®* binding

proteins resulting in downstream regulation of transcription factors. This regulation of
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transcription factors alters the expression of target genes (Kudla et al., 2010). In plants, there
are at least four main families of Ca?* sensors, calmodulin (CaM) and its isoforms, CaM—like
proteins, Ca?*-dependent protein kinases and Ca?* binding proteins (Reddy, 2001; Snedden &
Fromm, 2001). CaM is the main transducer of Ca?" in eukaryotes (Reddy, 2001). On the other
hand, Ca2*-dependent protein kinases exist only in plants and protozoa (Reddy et al., 2002).
The active form of CaM (Ca?*-bound CaM) regulates the role of various CaM-binding proteins
(CBPs) including transcription factors, metabolic enzymes, ion channels and pumps, and
structural proteins (RECGNICHAIN20LIRINTcHalN2000NSHEttESIFIOMmI200d). One of the
best well characterised CaM-binding transcription factors is CBP60. The CBP60 transcription
factor family is specific to plants, with no homology to any other known proteins, and was first
identified in maize (Zea mays; Reddy et al., 1993) followed by tobacco (Lu & Harrington,
1994), Arabidopsis (Reddy et al., 2002), and then bean (Phaseolus vulgaris) (Ali et al., 2003).
Based on the initial study in Arabidopsis, seven members of the CBP60 family were identified
CBP60a/b/c/d/e/flg:  At5g62570, At5g57580, At2g18750, At4g25800, At2g24300,
At4g31000, and At5g26920) (Reddy et al., 2002; Wang et al., 2009). Later, an eighth family
member, At1g73805 that is closely related to CBP60g was added to the group (Wang et al.,
2011). This later member, known as SARD1 (systemic acquired resistance deficient 1) (Wang
etal., 2011).

Five members of the gene family, AtCBP60a/b/c/d/e were found to bind CaM via a domain
which is located at the C-terminal of the protein. (Reddy et al., 2002). AtCBP60g lacks the C-
terminal CaM-binding domain but instead has a CaM-binding domain located on the N-
terminal of the protein (Ali et al., 2003; Reddy et al., 2002). AtSARD1 does not bind CaM
(Zhang et al., 2010). AtSARDL. proteins have an important role in defence responses and are
involved in the production of SA (Wang et al., 2011). Although CBP60s are thought to be
transcription factors, the DNA-binding domain has only been identified in CBP60g and
SARD1 (Wang et al., 2011; Zhang et al., 2010). A previous study by Du and Poovaiah (2005)
on another CaM-binding protein in Arabidopsis DWARF1 (At3g19820) suggested that this
protein has a key role in an early step of BR biosynthesis, by converting 24-methylene
cholesterol to campesterol. Unlike CBP60, DWF1 orthologues exist in both animals and plants
but its C-terminal CaM-binding domain is only conserved in plants. To date, there is no
literature on the role of CBP60 proteins in BR biosynthesis. As BR regulates plant growth and

development, its possible interaction with members of CBP60 gene family in cotton in response
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to developmental and stress signal is an interesting research topic to ensure necessary measures

are taken to sustain the yield of Australian cotton struggling with abiotic and biotic stresses.

Abiotic and biotic stresses decrease crop yield nonetheless, application of EBR can alleviate
the negative effect of these stressors. Literature shows that EBR application can improve plant
growth under these stresses by playing a key role in plant metabolism. EBR can either act
independently or by crosstalk with plant hormonal pathways. EBR can mediate adaptation to
stress via alteration in the transcriptional activity of stress-responsive genes. EBR enhance the
production of antioxidant enzymes. Little information is available regarding the role of EBR
in regulating the expression of cotton CBP60s. Therefore, it is necessary to test the effect of
the exogenous application of EBR on cotton seedlings under stress before focusing on
identifying CBP60 gene family in cotton to further investigate the role of EBR in mediating

stress responses in cotton.
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Chapter 3. Effects of Brassinosteroids on Cotton G.
Hirsutum Seeds and Seedlings under Abiotic and

Biotic Stresses

3.1 Introduction to stress experiments in BR-treated cotton

Chapter 3 describes the first set of experiments for this dissertation that investigates the effect
of exogenous application of BRs on seeds and seedlings of G. hirsutum in response to three

different stresses drought, salt, and pathogen attack.
3.2 The effects of abiotic and biotic stresses on cotton

Cotton plants encounter multiple abiotic and biotic stresses such as salinity, drought,
temperature, and pathogen attacks that limit growth and yield (Garber & Houston, 1966;
Reinhardt & Rost, 1995; Wang et al., 2016). Salinity affects 30% of land area in Australia;
whereby groundwater salinity and irrigation salinity, in particular, affect 16% of agricultural
areas. Furthermore, new studies suggest that 67% of the agriculture area has the potential to
develop transient salinity, a type of non-groundwater—associated salinity (Rengasamy, 2006).
Cotton is considered a moderately salt-tolerant plant species with a salinity threshold level of
7.7dS m—1. Cotton growth and seed yield are severely reduced at high salinity levels with

different salts affecting the cotton growth to a variable extent (Ashraf, 2002).

Many studies have discussed the fact that salinity causes a reduction in the root growth of
cotton seedlings Gossypium hirsutum (G. hirsutum) (Reinhardt & Rost, 1995; Silberbush &
Ben-Asher, 1987; Zhong & Lauchi, 1993). Researchers further reported that a high level of
salinity, between 150 mM and 225 mM, delays the growth of the primary root while a salinity
of 75 mM inhibits the elongation of lateral roots (Reinhardt & Rost, 1995). Zhong and Lauchi
(1993) reported that salinity reduced the elongation growth of the primary root when grown in
a hydroponic solution by shortening the length of the growing zone as well as reducing the
longitudinal rate. In contrast, other findings showed an increase in root growth under low
salinity levels. For example, a study conducted by Jafri and Ahmad (1994) found that Niab-78
and Qalandri cultivars of cotton G. hirsutum exhibited promotion in the root growth under low

concentration of salt at 42 mM. Moreover, root development of cultivar Niab-78 was promoted
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even at a moderate level of salinity of 126 mM NaCl. Similar results were obtained from the
same genotypes which showed longer primary root growth when the plant was treated with 100
mM salinity as compared to the control (Leidi, 1994).

Like other plants, an increase in soil salinity also reduces shoot growth in cotton (Qadir &
Shams, 1997). For example, in that study, B-557 had a significant decrease of shoot fresh
weight as compared to MNH93, S-12, and NIAB-78 under salinity levels of 139 mM and 278
mM. Salinity also reduces the shoot/root ratio as shoots are more susceptible to salinity than
roots (Brugnoli & Bjorkman, 1992; Leidi et al., 1991). In another study, an experiment was
conducted by growing 15 cultivars of cotton in a hydroponic solution in the absence and
presence of NaCl at 137 mM. This level of salinity results in an osmotic potential of -0.7 MPa.
Results showed that salinity induced phytotoxicity, with stunting of leaf, leaf chlorosis, and
leaf margin and apex necrosis (Lira-Saldivar & Hernandez-Rosales, 1988). However, there
were differences in sensitivity to salinity in the advanced lines: Roelca, 1656-52-36 and
Paymaster 404 being the most tolerant and Deltapine 80, C310 24, Q SU16-1, and Acala SJ-2

being the most sensitive to high salinity (Lira-Saldivar & Hernandez-Rosales, 1988).

Another abiotic stress that negatively affects plant growth and development during the seedling
stage is water deficit (Boyer, 1982). Peter (2019) reported that drought had halved the crop
yield of the previous year in Australia. Drought is one of the significant challenges facing
cotton sustainability (Wang et al., 2016). Drought affects many aspects of cotton development
and growth, both functionally and physiologically (Loka et al., 2011). There are differential
growth responses of the shoots and roots of cotton seedlings of G. hirsutum in response to
drought stress whereby shoots are more susceptible to drought than roots. For example, a study
conducted by Pace et al. (1999) reported that cotton seedlings grown in clay-filled pots showed
increased in root length but no increase in its dry weight after 13 days of exposing the young
plants to drought followed by a recovery period of 10 days. The researchers further reported
that the shoot/root ratio was lower for drought-stressed plants as compared to the control. In
another independent study, young seedlings of cotton grown in the field or the growth chamber
experienced a reduction in root elongation after 6 days of drought stress followed by a 6-day
recovery period. Again, the leaf expansion was more susceptible to stress when compared to
the root elongation (Ball et al., 1994; Prior et al., 1995). Reductions in plant heights, and stem
and shoot dry weights were also reported by Pace et al. (1999) after 49 days of planting

followed by withholding water for 13 days and a recovery period of 10 days. Furthermore,
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many studies have reported that drought stress reduced cell proliferation and the stem
elongation leaf area index (Ball et al., 1994; Gerik et al., 1996; Jordan, 1970; McMichael &
Hesketh, 1982; Turner et al., 1986). Growth rates for leaf, stem and root are very susceptible
to water stress as they are dependent on water for cell expansion (Hearn, 1995). Photosynthesis
is negatively affected by water deficit. Stomatal closure reduced leaf photosynthesis leading to
lower CO; diffusion into the leaf and chloroplast dehydration (NiGNCWSISRBOVCIIIo0Y ).
Plants have required a variety of mechanisms to adapt to drought that are related to molecular,
morpho-physiological and biochemical processes which are regulated by different hormones
signalling pathways such as ABA in order to survive (Boudsocq & Lauriére, 2005; Riemann
etal.,, 2015; Tan et al., 2012).

Plants are subject to constant attack by various microbial pathogens and pests including
bacteria, viruses, fungi, parasites, and harmful insects, which are the major threats to plant
growth and agricultural productivity (Glazebrook, 2005). Among these is the fungal disease
caused by Verticillium dahliae. (V. dahliae) is a soil-borne fungus that infects plants throughout
the growing season. The pathogen invades the root tips through root wounds and moves up
until it reaches the water-conducting xylem vessels (Fradin & Thomma, 2006). Plant roots
exhibit a variety of morphological changes such as root hair formation, branching and root
diameter adjustment. This interferes with growth because roots are important organs to supply
water and nutrients to the plants (Huisman, 1982). Many researchers have reported that, during
the early stages of V. dahliae, the shoot remains symptomless due to the biotrophic behaviour
of the fungi. However, in later stages of infection, plants become wilted and stunted, suffering
from chlorosis because the fungi shift to necrotrophic interaction (REUSCHEICHANNZ0L2). |n
cotton plants, the infection was reported to involve the direct penetration of the primary root
and lateral roots (Garber & Houston, 1966).

BRs are a class of plant steroidal hormones that have been extensively studied due to their
versatile role in modulating plant growth and development (Vardhini & Anjum, 2015; Wei &
Li, 2016; Yusuf et al., 2017). In addition, many studies have revealed the involvement of BRs
in mediating tolerance to abiotic and biotic stresses (Filova, 2014; Mahesh et al., 2013; Talaat
et al., 2015), including salinity (Cui et al., 2012; Dalio et al., 2013; Mir et al., 2015); heat
(Bajguz & Hayat, 2009; Fariduddin et al., 2014; Hayat et al., 2010), drought (Farooq et al.,
2009) and heavy metals (Harpreet et al., 2014; Kanwar et al., 2013; Li et al., 2016; Sharma et

al., 2012). BRs mediate salt stress tolerance through modulation of the antioxidant defence

23



616
617

618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635

636
637
638
639
640
641
642
643
644
645
646
647

system and up-regulation of transcription factors to enhance oxidative stress tolerance (iVilel

(Surgun et al., 2015)] Additionally, under excessive salt concentrations, in 21day-old cotton
seedlings, salinity induced proline content to increase substantially because of superoxide
dismutase (SOD) and glutathione peroxidase (GPX). However, the application of EBR
significantly increased antioxidant enzyme activities and the proline level in salt-treated plants
(Surgun et al., 2015). A similar study conducted by Rattan et al. (2014) revealed that the pre-
treatment of maize seeds with different concentrations of EBR and HBL mediated
morphological and physiological changes via the accumulation of glycine betaine, proline and
mannitol under high concentration of salt in Zea mays plants. Researchers have suggested that
BRs stimulate glycine betaine accumulation by increasing the catalytic activity of betaine
aldehyde dehydrogenase (BADH), which results in the synthesis of glycine betaine from
choline (Rattan et al., 2014). Contrary results have also been reported indicating that the
application of EBR (0.0125 or 0.025 mg/L) has no significant effect on chlorophyll pigments,
growth, water use efficiency and gas exchange in salt-tolerant wheat (Triticum aestivum L.)

seedlings under 150 mM salt (Qayyum et al., 2007).

Brassinosteroid (BBR)-deficient mutant, pagl (pagodal) in cotton plants exhibited shorter
primary and lateral roots and increased sensitivity to drought stress. The deficiency is caused
by increased inactivation of the active castastrone (CS) in the mutants as compared to control
(CHERBHIRIIZEES). In comparison, the hydroponically grown pagl mutant which was treated
with EBR at a final concentration of 10 nM showed developmental enhancement as measured
by four factors: root growth, stomata development, stomata aperture and photosynthesis (Chen
et al., 2019). Increased plant stress tolerance was related to the expression of drought stress
genes (Chen et al., 2019). Moreover, the application of 3 UM of each of 28-homobrassinolide
and EBR has been shown to improve plant tolerance to drought in sorghum at the stages of
both germination and seedling growth. The growth was linked to increased soluble proteins
and free proline (Vardhini & Rao, 2003). EBR treatment also enhanced the activity of catalase

and decreased both peroxidase and ascorbic acid oxidase activities (Vardhini & Rao, 2003).
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Treatment with 0.01 and 1 uM EBR also mitigated the negative effect of drought on the growth
of tomato seedlings after 3 and 5 days of withholding water grown in pots at the stage of four
leaves. There was an increase in fresh and dry weights of roots and shoots of EBR treated
seedlings in comparison with control plants. The researchers stated that the treatment with EBR
has led to a decrease in malondialdehyde (MDA) and higher antioxidant enzyme activity
(Damghan, 2009).

During pathogen infection, the primary plant response is the specific recognition of the
pathogen and a rapid and localised cell death whereas the secondary response is to induce the
defence system (Kuc, 1982; Ross, 196l). These responses are regulated by complex inter-
connected signal transduction pathways in which plant hormones (BR, JA, ABA, ETH, and
SA) play a fundamental role (Acharya & Assmann, 2009; S. Hu et al., 2017; Wu et al., 2017).
The application of EBR to the heads of ‘Lux’ barley decreased the intensity of Fusarium head
blight (FHB) originating from Fusarium culmorum by 86% and lessened the FHB-initiated loss
of grain yield by 33%. Also, plants grown in soil amended with epiBL led to 28% and 35%
reductions in Fusarium seedling blight (FSB) symptoms in ‘Lux’ and ‘Akashinriki’ barley
varieties, respectively (Ali et al., 2013). Transcriptional profiling of these plants revealed
differential gene expression. Genes involved in chromatin remodelling, hormonal signalling,
photosynthesis, and pathogenesis were activated when grown in epiBL-amended soil (Ali et
al., 2013).

However, exogenously applied BR showed no effect on inducing the resistance of wild-type
Arabidopsis plants infected with the hemibiotrophic bacteria Pseudomonas syringaepv.
Tomato (Pto) DC3000 or the necrotrophic fungus Alternaria brassicicola (Albrecht et al.,
2012). In rice, instead of enhancing the plant’s resistance, BRs were found to increase the
susceptibility to the hemibiotrophic pathogens Pythium graminicola and Meloidogyne
graminicola (Nahar et al., 2013; De Vleesschauwer et al., 2012). BR also induced the
vulnerability of potato tuber tissues by triggering the growth in the mycelium, intensifying the
spore production of Phytophthora infenstans, and weakening the plant tissues’ immunity
(Vasyukova et al., 1994).

These conflicting results suggest that further work on the involvement of BRs in alleviating the
response of cotton to biotic and abiotic stress induced by salt, drought, and pathogens is
required. The present study has therefore been conducted to investigate the effect of EBR on

the early stages of cotton growth under drought, salt, and pathogen stresses by testing the effect
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of exogenous application of EBR on germination and seedling growth under various stress

conditions.
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3.4 Material and methods

3.4.1 Plant materials

Cotton seeds of genotype Sicot 730 were kindly provided by Cotton Seeds Distribution, the
marketing arm of the Commonwealth Scientific and Industrial Research Organisation
(CSIRO), Australia. Sicot 730 is the conventional cotton variety currently used in Australia
and has a higher yield and fibre length than other conventional varieties. This genotype is more

3.4.2 EBR chemical treatment

3.4.3 Seed germination and EBR treatment for salt stress (culture

medium)

For the germination experiment, seeds were surface-sterilised by using 70% ethanol for 30-
60s, rinsing 3-5 times with sterile water, soaking with 10% hydrogen peroxide (H20) for 1-
2hours followed by washing three times with sterile water. Seeds were then incubated at 10°C
for three days in the dark to improve germination. Cotton seeds were germinated for 7 days in
(150 mm x 25 mm) Petri plates containing half-strength Murashige and Skoog (MS) medium
(Phyto Technology Laboratories) containing 0.8% agar (Sigma, Life Science) and 1% sucrose,
pH 5.7. Four different concentrations of EBR 0, 0.1 uM, 0.2 uM, 0.5 uM were mixed with
four correspondent concentration of salt 0, 200 mM, 150 mM, and 200 mM NaCl prior to their
addition to MS medium. All salt concentrations were prepared from a 3 M NaCl stock solution
dissolved in water. Control plants (not treated with EBR) were treated with an equivalent
solution containing ethanol. Three replicates per treatment were used; each replicate consisted
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of one Petri dish with 12 seeds. Petri dishes were incubated under 16h light, 8h darkness, 26°C
and light intensity of 150 pumol/s).

3.4.4 Seed germination and EBR treatment for salt stress

(hydroponic)

For the hydroponic experiment, cotton seeds were soaked with deionised water overnight.
Seeds were then placed on moist filter paper in Petri dishes and kept in the dark at 28 °C for
48 hours. Germinated seeds were transferred to sand and kept in a glasshouse under natural
light conditions; the temperature was between 20-28°C. Uniform seedlings with fully expanded
cotyledons were transferred to half-strength Hoagland’s solution. Plant roots were surface-
sterilised with 10% bleach prior to immersing them in the hydroponic solution. The hydroponic
solution was completely refilled twice a week and replenished daily by deionised water
throughout the experiment to maintain constant nutrient and salt concentrations. Plants Were

was initiated after 24'h of hormone treatment. To avoid osmotic shock, salt concentrations were

increased daily by 50 mM NaCl until reaching a final concentration of either 100 mM or 150

mM NaCl. A stock solution of 3 M NaCl was prepared by dissolving 175.32 g of NaCl in 1 L
of distilled Water. Plants were cultured in the nutrient solution in the presence and absence of
EBR for three weeks before harvesting. Six‘biological replicates per treatment were Used where

3.4.5 Seedling preparation using pot system and drought treatment

Seeds were soaked in 0, 1, and 2 uM EBR for 6 hours to investigate whether seed priming with
EBR has an effect on seed germination and increase seedling growth tolerance to drought
stress. Seeds were then sown on filter papers and incubated at 28 °C for 48 h to improve

germination. Three germinated seeds were sown in cylindrical pots (30 cm height and 5 cm

diameter). The seedlings were then transferred to a glasshouse and kept under controlled
conditions Using'a 16-hour light/8=hour dark cyclel After that, seedlings were thinned to one

plant per pot. Pots were filled with 850 g of soil (from Kirby SMART farm, University of New
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England). The soil had a pH of 5.5 and field capacity of (-10 kPa) 19% gravimetric water

content.

A total of thirty-six pots with six pots per treatment were used. The soil was initially fertilised
with a solution containing 1.53 g urea, 0.65 g K2SOg4, and 0.78 g KH2POg4 per litre of water
before transferring germinated seeds. The pots were maintained in a glasshouse under
controlled conditions of temperatures of 28°C (light) and 20°C (dark). Drought stress
conditions were previously optimised and reported (Chakma, 2016). Seedlings were well
watered on alternate days with 100 ml water per pot for three weeks until the start of drought.
Two weeks old seedlings were sprayed with 1uM and 2uM EBR solution on alternative days

for a total of four times,
solution containing ethanol. Plants were exposed to drought by withholding water after the last
day of EBR treatment. Non-stressed plant (control) watering was maintained at the same level
on alternate days until the end of the experiment. Stressed plants were subjected to drought for
14 days; then rewatered after displaying symptoms of wilting and drying leaves. Plants were
allowed to recover for five days. Surviving plants were counted and harvested for further
analysis, whereas permanently wilted plants (dead) were eliminated. This experiment was
repeated using slightly different growth conditions such as using a different batch of Kirby soil
due to the unavailability of the previously used batch. In the second experiment, the surfactant
Tween 20, 0.05%, was added to the spray containing the EBR treatment. In the second
experiment, forty-eight pots of plants (8 plants per treatment) were exposed to drought stress

by withholding water for eight days, followed by re-watering for five days.
3.4.6 Fungal isolates and inoculum production

The highly virulent defoliating V. dahliae strain accession number DAR 31890, isolated from

infected tomato plants, was kindly provided by NSW Plant Pathology and Mycology

Herbarium, Orange Agricultural Institute, NSW Department of Primary Industries. The fungal
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3.4.7 Pathogen treatment using hydroponic system

For the first experiment, the roots of two weeks old seedlings were treated with three different
concentrations of EBR 0 puM, 0.1 pM and 0.2 puM for 24 h prior to pathogen infection.
Seedlings were inoculated by dipping into a suspension of 1 x 10° conidia per mL of V. dahlia
for 0.5h. Control plants were dipped into deionised water for 0.5 h. For the second experiment,
the above condition was repeated with the addition of 0.5% Tween 20 surfactant to the
Hoagland’s solution and the dipping time in the conidial suspension was extended to 1 h. I

both experiments, plants were harvested after three weeks post-inoculation with V. dahliae.
Plant growth conditions were mentioned in section 3.4.4.
3.4.8 Plant growth measurement and data collection

In order to assess the germination rate of cotton seed in tissue culture under salt, seed
germination was checked every three days. Seeds with 2 mm long radicals were considered as
germinated. Root length was measured using a ruler. For the glasshouse experiments, several
measurements were taken to assess the effect of EBR on plant growth under salt, drought and

pathogen stresses.

The chlorophyll content of the first primary leaf was measured at 0, 4 8, 12, 16, and 20 days
from the start of all experiments using a SPAD-502 meter (Konica-Minolta, Inc., Japan). The

SPAD index was calculated by taking the average of three different readings per leaf due to
variability of SPAD reading values. Data for plant heights from the cotyledonary node to the
highest leaf tip were collected after 21 days of plant treatment for all experiments with salt,
drought and pathogen. Root and shoot dry weights were obtained after oven drying at 60°C for
48 hours.

Two-way analysis of variance (ANOVA) was conducted using the Balanced ANOVA within
the statistical program Minitab V18 to evaluate the significance between treatments and the

interaction effect between EBR and salt, drought and pathogen stresses on plant growth.
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3.5 Results

3.5.1 Effect of EBR on cotton seed germination and seedling growth

under salt stress using a culture medium (MS)

An experiment was conducted to investigate the effect of 0.5 uM EBR on seed germination
and seedling growth using a culture medium in the presence and absence of salt (0, 100 mM,
150 mM and 200 mM NaCl). Figure 3-1 shows that the germination rate and root length were
significantly reduced in response to salt (P<0.02 and P<0.001), respectively. There was no
significant interaction effect between EBR and salt on germination. However, there was a
significant interaction effect between EBR and salt on root length with a possible positive effect
of BR at 0 and 100 mM and a negative effect at 150 and 200 mM of salt. Further experiments
were carried out to further investigate the effect of EBR on germination and plant growth.
Different concentrations of EBR at 0.1 uM, 0.2 uM, 0.5 uM, 1 uM, and 2 uM EBR were used
in the presence and absence of moderate (100 mM) and high salt concentrations (150 mM and
200 mM). However, the results of these experiments were consistent where salt significantly
reduced germination rate and root length but there was no positive interaction effect between
EBR and salt on germination or plant health (data not shown), indicating that the previous
positive effect of EBR in the salt experiment was just a variation. Other observations were poor
plant growth on the MS medium and that plant variability was too great to assess the effects of
EBR.
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Figure Error! No text of specified style in document.-3. The effects of EBR on seed germination number
and root length under salt stress using a culture medium. The figure shows the effect of two different
concentrations of EBR (0 uM and 0.5 uM) on the growth of seedlings in the presence of four different
concentrations of salt (0 mM, 100 mM, 150 mM and 200 mM) using a culture mediumi Control plants
without EBR or salt were treated with an equivalent solution containing ethanol or water, respectively.
Data for germination and root length were collected after 7 days of treatments. The bar graphs represent
the mean +/-standard error from three replicates (petri dish) per treatment. Data was analysed using
two-way ANOVA statistical software Minitab version 18 to indicate differences between treated and
untreated plants.

3.5.2 Effect of EBR on seedling growth under salt stress using

hydroponic system

Variation in plant sizes obtained from the previous experiment resulted in difficulty in
evaluating the effect of EBR on plant growth. Therefore, three independent experiments were
conducted using the hydroponic system to further investigate the effect of EBR on the growth
of healthy and uniform plants. In the preliminary experiment, three different concentrations of
EBR were used (0, 0.1 uM and 0.5 pM) with and without NaCl (0 mM NaCl, 100 mM NacCl
and 150 mM NacCl) to determine the optimal concentration of EBR under salt stress. The plant
growth parameters of plant height, chlorophyll content, and shoot and root dry weights were

measured to investigate the effects of EBR and salt on seedling growth. [The results of my
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experiments: A second experiment was conducted using 0.1 uM EBR and 100 mM NaCl.
Figure 3-2 shows salinity significantly decreased all growth parameters (P< 0.001). The
concentration of 0.14 MEBR had a possible positive effect on plant height only. In addition,
there was no interaction effect between 0.1 pM EBR and 100 mM NaCl on plant growth

parameters.
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Figure Error! No text of specified style in document.-4. Effect of EBR and salt stress on seedling growth

without Tween 20 using hydroponic system. This figure shows the effect of 0.1 uM EBR on plant growth
. Bar graphs represent the mean +/- the standard error from six replicate
plants per treatment. Data were collected after 16 days of treatments. Data were analysed using two-way

ANOVA statistical analysis using Minitab version 18 to indicate significant differences between treated
and untreated plants.
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To confirm whether EBR had any effect on plant growth, further experiments were undertaken
using 0.2 uM EBR and inclusion of Tween 20 (0.05%) to increase the EBR uptake. The results
in Figure 3-3 show that the treatment with salt significantly reduced chlorophyll content and
shoot dry weight (both P< 0.01) as well as plant heights and root dry weight (both P< 0.01)
under the same stress condition. The results also showed that EBR had negative effects on plant
heights and root dry weight (both P< 0.01) under non-saline condition. The results of these
experiments were consistent in that the treatment with EBR has no effect on the chlorophyll
content, plant heights and shoot dry weight under salt stress. However, in the second
experiment when Tween 20 was used, EBR appeared to have a significant negative effect on
root dry weight (P < 0.02) under no salt stress as compared to the control.
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Figure Error! No text of specified style in document.-5. The effect of EBR and salt stress on seedling
growth with Tween 20 using a hydroponic system. The figure shows the effect of (0 uM, 0.1
pM) EBR on seedling growth under 100 mM salt.

respectively. Data were collected after 14 days of
treatments. Bar graphs represent the mean +/- the standard error from six replicate plants per treatment.
Data was analysed using two-way ANOVA statistical analysis using Minitab version 18 to indicate
significant differences between treated and untreated plants.
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3.5.3 Effect of EBR and drought on seedling growth using a pot trial

Two different experiments were conducted to investigate the effect of (OuM, 1 pM, and 2 M)
EBR on seedling growth in response to drought. EBR was applied both via seed priming (by
incubating in a solution for 72 h) and via foliar spray of the seedlings. In the first experiment,
2 week- old plants were foliar sprayed with EBR solution four times before seedlings were
subjected to drought by withholding water for fourteen days. Plants were then allowed to
recover by re-watering for five days. The results in Figure 3-4 indicate that plant heights and
shoot dry weight were significantly reduced by drought (both P< 0.001) and root dry weight
was also inhibited (P< 0.03). However, no significant negative effect of drought on plant
survival after plants re-watering was observed. There was no significant interaction effect
between EBR and drought on all plant growth parameters. Under non-stress conditions, the
treatment with 1 uM EBR led to a possible increase in chlorophyll content (P< 0.01) but
significantly decreased plant heights (P< 0.03). There was no positive effect of EBR on the

shoot and root dry weights under the same conditions.
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910  Figure Error! No text of specified style in document.-6. The effect of EBR and drought on seedling growth
911  without Tween 20 using a pot trial. The figure represents the effect of three different concentrations of
912 EBR io HM, 1 HM and 2 HMi on seedlinﬁs irowth in response to drought} Control plants without EBR
913 Data were collected after 14 days of subjecting
914  seedlings to drought by withholding water followed by a recovery for 5 days after re-watering. Bar graphs
915  representthe mean+/- the standard error from six replicate plants per treatment. Data was analysed using
916  two-way ANOVA statistical analysis using Minitab version 18 to indicate significant differences between
917  treated and untreated plants.
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In the second experiment, the surfactant Tween 20 (0.05%) was added to the foliar spray and
seed priming to enhance the penetration and the uptake of EBR by the plant tissue. Plants were
exposed to drought stress by withholding water for 8 days and re-watering for 5 days. Figure
3-5 shows the findings for the second experiment. The plant heights and shoot dry weight were
significantly reduced by drought (both P<0.001). There was no significant interaction effect
between EBR and drought on plant growth. Overall, the treatment with 0.1 uM EBR
significantly decreased plant heights (P= 0.016) under both stress and non-stress conditions as
compared to the control. Root dry weight measurement was excluded from the results of the
second experiment due to the difficulty of separating the root from the soil.

The results of these experiments were consistent in that the drought stress led to a reduction in
plant growth and no positive interaction effect between EBR and drought on plant growth was
observed.
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Figure Error! No text of specified style in document.-7. The effect of EBR and drought on seedling growth
with Tween 20 using a pot trial. The figure shows the effect of three different concentrations of EBR (0

HM, 1 HM and 2 HMi on seedlini (I;rowth in response to drought. Control'plants without EBR treated with
Data were collected after 8 days of subjecting seedlings to

drought by withholding water followed by a recovery for 5 days after re-watering. Bar graphs represent
the mean +/- the standard error from six replicate plants per treatment. Data was analysed using two-
way ANOVA statistical analysis using Minitab version 18 to indicate significant differences between
treated and untreated plants.
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3.5.4 Effect of EBR and V. dahliae on seedling growth in hydroponic

system

One of the study objectives was to investigate whether EBR application has the potential to
increase seedling resistance to the fungal pathogen V. dahliae. The roots of young seedlings
grown in hydroponic solution were firstly treated with EBR for 24h before being inoculated
with a suspension of (1 x 10° conidia per mL of V.dahliae) for 0.5h. The same previously
mentioned plant growth parameters were monitored in this experiment. Two experiments were
conducted in this study. The results of the first experiment showed that the treatment with V.
dahliae significantly reduced root dry weight only (data not shown), however, no significant
negative effect of the pathogen on other growth parameters was observed. Therefore, a second
experiment was conducted, extending the root inoculation period with the pathogen for 1h, to
ensure that the pathogen infected and colonised the root successfully. In this experiment,
Tween 20 (0.05%) was added to improve the uptake of EBR. The results in Figure 3-6 show
that the pathogen significantly reduced plant heights and shoot and root dry weight (all P<
0.001), respectively, as compared to the control. However, no significant interaction effect
between EBR and the pathogen on plant growth was observed. The treatment with 0.1 uM and
0.2 uM EBR significantly reduced plant height (P< 0.02) and root dry weight (P< 0.001) under

a non-stress condition as compared to the control.
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Figure Error! No text of specified style in document.-8. The effect of EBR and V. dahliae on seedling
growth with Tween 20 using a hydroponic system. The figure above shows the effect of three different

concentrations of EBR (0 uM, 0.1 uM and 0.2 uM) on seedling growth in response to V. dahliae. Control
Data were collected after 21

days of root dip-inoculation with V. dahliae suspension for 1h. Bar graphs represent the mean+/- the
standard error from six replicate plants per treatment. Data was analysed using two-way ANOVA
statistical analysis using Minitab version 17 to indicate significant differences between treated and

untreated plants.
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3.6 Discussion

3.6.1 Effects of EBR on cotton seed and seedling growth under

abiotic and biotic stresses

Plant hormones are known to regulate many processes in plant growth and development, as
well as responses to environmental stresses (Yang et al., 2019). EBR is one of the plant
hormones that can balance plant growth and resistance to different abiotic and biotic stresses
independently or via crosstalk with other plant hormones (Lima & Lobato, 2017; Zou et al.,
2018). There is significant evidence from previous studies in various plant species that
exogenous BR application can enhance seed yield and stress tolerance (Hayat et al., 2000;
Hayat et al., 2010; Thussagunpanit et al., 2015). A better understanding of the regulation and
effect of EBR in cotton seedlings has the potential to improve the growth and quality of cotton
crops, especially in this current uncertain time of abiotic and biotic stresses. Based on the
previous evidence, | hypothesised that the application of EBR has the potential to improve
cotton seedlings’ tolerance to salinity, drought and pathogen. Therefore, this section aimed to

establish a suitable system for testing the effects of EBR on plants’ responses to salt stress.

Four different parameters were used to assess plant health under salt, drought and pathogen
stresses: chlorophyll content, plant height, and shoot and root dry weight. In the salt
experiment, MS medium was used to investigate the effect of EBR and salt on seed germination
and seedling growth. However, plants grew poorly on MS medium and plant variability was
too great to enable assessment of EBR effects. Therefore, a hydroponic system was used to
assess seedling growth under salt stress. Exogenous EBR was applied to the cotton plant 24
hours before salt was added to the hydroponic solution. The hydroponic system was chosen
mostly for the above-mentioned reasons and because it is difficult to impose defined salt
concentrations/osmotic stress on plants grown in soil. Three different concentrations of salt
were used to investigate cotton seedling responses to salt: 100, 150 and 200 mM NaCl. The
results showed that 150 and 200 mM NaCl had a severe toxic effect on plant growth, as plants
stopped growing and showed extensive leaf damage. The treatment with 100 mM NaCl caused
a significant reduction in plant growth and was considered a more meaningful system for

testing the possible effects of EBR on the response of cotton seedlings to salt stress.

To test the effect of EBR on drought-stressed plants, plants were grown in pots where three

different concentrations of EBR (0, 1 and 2 uM) were applied as a foliar spray. Plants were
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also exposed to drought stress by withholding water for 14 days (without Tween 20) or eight
days (with Tween 20), followed by re-watering for five days. In this experiment, I observed a
significant effect of drought on plant growth, but all drought-stressed plants were able to

recover (survived) following re-watering.

In the pathogen experiment, the hydroponic system made it possible to treat the seedlings with
a reproducible level of inoculum of V. dahliae. The results of the first experiment showed that
the 30-minute treatment with the pathogen was ineffective, as no reduction in plant growth in
response to the pathogen was observed. Therefore, there was a need to extend the exposure
time to one hour with pathogen spores to attain infected seedlings.

Our results showed that the exogenous application of EBR had no positive effect on plant
growth under mild yet effective salt, drought and V. dahliae stresses (Figures 3-1, 3-2 and 3-
4). Further, the results showed that, under a non-stress condition, there was a negative effect of
EBR on plant growth when Tween 20 was used (Figures 3-3, 3-5 and 3-6). Our findings
disagree with many previous studies and are inconsistent with our hypotheses. A study by Shu
et al. (2017) suggested that the application of EBR alleviates the negative effect of a high
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a critical

positive effects on plant survival under drought stresses in cotton plants. However

observation of the data revealed that plants were subjected to severe drought stress, which
eventually led to plant death. Therefore, it is difficult to determine whether plant survival was
because of EBR or re-watering. However, in our experiment, | found that there was no positive
effect of EBR on the growth of moderate drought-stressed plants where it was observed that

all drought-stressed plants survived.

A previous study by Li et al. (2008) on the effects of EBR on Robinia pseudoacacia seedlings
under three different watering regimes—normal water (17-18% soil moisture), mild water

stress (12—-13% soil moisture) and severe water stress (7-8% soil moisture)—also suggested

Moreover, there is a need to quantify soil moisture to determine the severity of the drought in
cotton in relation to the concentration for EBR uptake, given that Li et al. (2008) suggested that
the optimal concentration for EBR uptake depends on the severity of the droughfi They also
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A study by Nahar et al. (2013) suggested that BR mechanism to induce susceptibility or
resistance to pathogens depends on the concentration and timing of EBR, along with the

involvement of the activation or suppression of other hormone pathways

(0:1'and 1 M) promoted plant susceptibility. Further, either concentration of EBR in both BR-

deficient d2 mutants and wild-type T65, an up- or down-regulation of BR biosynthesis was
always antagonistic with a down- or upregulation of the JA pathway, respectively, confirming
that, in rice roots, BR and JA mutually antagonise each other’s signalling pathway (Nahar et

al., 2013). These results point to the complexity of the exogenous application of BRs regarding
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Chapter 4. The Structure, Phylogeny and Prediction
of Subcellular Localisation of Calmodulin-binding
Protein 60 (CBP60) in Cotton G. hirsutum

4.1 Introduction to the discovery of CBP60 in cotton G.

hirsutum

Chapter 4 describes the second set of experimental projects for this dissertation that investigates
the CBP60 protein family in cotton and its relationship to the characterised CBP60 protein
family in Arabidopsis. To date, there is no comprehensive study on CBP60 protein in cotton.
This gap needs to be filled to understand the role of CBP60 proteins in response to biotic and

abiotic stresses in cotton.
4.2 The structure of CBP60 in Arabidopsis

CBP60s are one of the best well-characterised CaM-binding transcription factors. They are
specific to plants with no homology to any other known proteins (Reddy et al., 2000; Zhang et
al., 2010). The eight members of the CBP60 proteins in Arabidopsis (AtCBP60a-g and
AtSARD1) were characterised according to their sequence similarities with tobacco and maize
homologs (Dash et al., 1997; Reddy et al., 1993). The phylogenetic analysis of AtCBP60a-g
and AtSARDI1 revealed that this family is comprised of two major groups. Group 1 contains
three proteins AtCBP60a-g and AtSARDL that are clustered together in one branch (Wang et
al., 2011). Group 2 contains five proteins; within this, AtCBP60b/c/d are clustered together in
one sub-branch, whereas AtCBP60e/f proteins form the other sub-branch (Wang et al., 2011).
The AtCBP60 proteins contain two features common to transcription factors; a DNA-binding
domain and regulatory domain. The amino acid sequences of the CaM-binding regulatory
domain are quite divergent (Wang et al., 2009). Five family members, AtCBP60a/b/c/d/e/f
contain a CaM-binding domain at the C-terminal end (L. Wang et al., 2009). AtCPB60g lacks
this C-terminal domain, however it was found to bind to CaM through an N-terminal domain
(Wang et al., 2009). Unlike its close homologue AtCBP60g, AtSARD1 which is also known
as SYSTEMIC ACQUIRED RESISTANCE DEFICIENT1 (SARD1), has no CaM-binding
domain (Zhang et al., 2010). AtCBP60g and AtSARD1 contain conserved DNA-binding
domains located in the middle region of the proteins ( Zhang et al., 2010). The DNA-binding
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region of AtCBP60g is located between amino acids (aa) 148 and 263. Similarly, the DNA-
binding region of AtSARD1 protein is in the region 149-214 aa (Zhang et al., 2010). The
subcellular localisation study showed that AtCBP60g protein is located in the nucleus (Qin et
al., 2018). The DNA-binding regions of AtCBP60 a/b/c/d/e/f have not been located. CBP60
proteins appeared to mediate responses to biotic and abiotic stresses. At least four genes
encoding Phaseolus vulgaris, green bean CBP60c/d were strongly induced in response to
Pseudomonas syringae (Ali et al., 2003). In Arabidopsis, CBP60a was a negative regulator of
immunity as the cbp60a mutant reduced the growth of bacterial pathogen P. syringae (Truman
et al., 2013). Mutant proteins that lacked the CaM-binding domain failed to complement the
Salicylic Acid (SA) and defence defects of AtCBP60a loss-of-function mutant. AtCBP60a was
also found to bind calmodulin at the C-terminal end of the protein (Truman et al., 2013).
Calmodulin-binding ability is required for the function of AtCBP60a to control the production
of SA and defence (Truman et al., 2013). Two other CaM-binding proteins AtCBP60g and
AtSARD1 were identified to have a role in the induction of plant defence responses and
enhance the SA production (Wang et al., 2011). These proteins were found to bind DNA via a
binding domain which is highly conserved, leading to the expression of specific genes (Wan et
al., 2012). In another study, AtCBP60g was also implicated in disease resistance against P.
syringae. The CaM-binding region of the protein is required for the activation of SA defence
signalling during the microbe-associated molecular pattern (MAMP) response (Wang et al.,
2009). In addition, the over-expression lines of AtCBP60g appeared to positively regulate the
ABA-mediated pathway leading to improved drought tolerance as compared to control (Wan
etal., 2012).
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4.4 Material and methods

4.4.1 Identification of the AtCBP60 gene family in G. hirsutum

CBP60-related sequences of Arabidopsis CBP60 (AtCBP60) obtained from the Arabidopsis
Information Resource (TAIR) online database (Rhee et al., 2003), were used as queries to
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identify related sequences via BLASTP in the Gossypium hirsutum proteome accessed via
Phytozome v10.3 (Goodstein et al., 2012) (Table 4-1). The entire protein sequences of
GhCBP60 were downloaded following BLASTP search of cotton G. hirsutum NCBI database
using COTTONGEN database (https://www.cottongen.org/tools/blast/blast) (Altschul et al.,
1997). Six orthologous sequences of Physcomitrella patens, a moss species that signifies basal
lineage of land plants were also obtained using Phytozome 1.3 (Goodstein et al., 2012).

4.4.2 Phylogenetic analysis of GhCBPG60 proteins

A total of 23 putative GhCBP60 protein and eight AtCBP60 protein sequences were aligned
using MUSCLE program (Edgar, 2004), and the phylogenetic tree was constructed using
MEGAG6 program (Tamura et al., 2013). The relationship between these proteins was inferred
using the Neighbour-Joining method (Saitou & Nei, 1987). The bootstrap consensus tree was
inferred from 500 replicates (Felsenstein, 1985). | chose only one of the six P. patens CBP60-
related sequences, Phpat-002G082900 to root our phylogenetic tree.

The amino acid sequence of each AtCBP60 protein was aligned with corresponding sequences
of GhCBP60 using Multalin tool (http://multalin.toulouse.inra.fr/multalin/) (version 5.4.1)
(Corpet, 1988) to identify conserved CaM- and DNA- binding motifs in the GhCBP60 protein

sequences. For the online tool, all default parameters were kept except for maximum line length

of amino acids (aa); this was adjusted from 130aa to 200aa.
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4.4.4 Prediction of subcellular localisation of GhCBP60

The protein sequences of 23 GhCBP60 were used to determine whether these proteins contain
a predicted nuclear localisation signal using BaCello (http://gpcr.biocomp.unibo.it/bacello/)
(Pierleoni et al., 2006) and CEllCNRTRICENCNIF RN ANUIEIINZ00%) The results of
subcellular localisation prediction analysis were supported by similar studies using G.

raimondii and G. arboretum.
4.5 Results

4.5.1 Identification of AtCBP60-related gene family in G. hirsutum

Sequences of the eight-membered AtCBP60 were used to query G. raimondii, G. arboretum,
and G. hirsutum genomes for related sequences via BLASTP. A total of 11, 9, and 23 of
CBP60-related sequences were identified in G. raimondii, G. arboretum, and G. hirsutum,
respectively (Table 4-1). I proposed names for GhCBP60 genes/proteins—refer to Table 4-2.
Six related homologous to AtCBP60s proteins were identified in Physcomitrella patens (Table
4-2).

o1



Table 4-1. Gene IDs of AtCBP60-related sequences in G. raimondii, G. arboreum, G. hirsutum, and P. patens.

Arabidopsis G. raimondii Phytozome G. arboreum G. hirsutum P. patens
TAIR database version 10.3 database NCBI blast database COTTONGEN database Phytozome version 10.3
database
AT5G57580 (CBP60b) Gorai.011G022600 KHG10046 (CBP60b/c/d) Gh_D05G1575 (CBP6Ob/c/d) | Phpat.010G010700
AT2G18750 (CBP60C) (CBP6Ob/c/d) KHG17962 (CBP60b/c/d) Gh_A05G1410 (CBP8Ob/c/d) | Phpat.017G054600
AT4G25800 (CBP60d) Gorai.004G031000 KHG27572 (CBP60b/c/d) Gh_A06G1790 (CBP60b/c/d) | Phpat.014G075500
AT2G24300 (CBP60g) (CBP6Ob/c/d) KHG24590 (CBP60b/c/d) Gh_D06G2188 (CBPBOb/c/d) | Phpat.001G115400
AT4G31000 (CBP60f) Gorai.009G173400 KHG21283 (CBPE0&H) Gh_D08G0271(CBP6Ob/c/d) | Phpat.002G044700
AT5G62570 (CBP60a) (CBP60b/c/d) KHG14637 (CBP60a) Gh_A0BGO194 (CBPEOb/c/d) | Phpat.002G082900
AT5G26920 (CBP60g) %é§6%1b92§)54300 KHG25212 (CBP60a) Gh_A10G0202 (CBP60b/c/d)
AT1G73805 (SARD1) KHG14364 (CBP60g) Gh_A13G2354 (CBP6Ob/c/d)
( )

Gorai.004G291200 (CBPE0SH
Gorai.003G 109800 (CBP60a)
Gorai.008G297800 (CBP60a)
Gorai.004G237500 (CBP60g)
Gorai.013G128100(CBP60g)
Gorai.006G059900 (SARD1)
Gorai.008G287500 (SARD1)

KHG01964 (SARD1)

(

(

(
Gh_D13G2214 (CBPBOb/c/d
Gh_A08G2253 (CBP60e/)
Gh_D08G2619 (CBP60e/f)
Gh_D03G0984 (CBP60a)
Gh_A03G0544 (CBP60a
Gh_D12G2633 (CBP60a
Gh_A12G2506 (CBP60a
Gh_D08G2192 (CBP60g
Gh_A08G1834 (CBP60g
Gh_D13G1162 (CBP60g
Gh_A13G0918 (CBP60g)
Gh_A12G2425 (SARD1-12A)
Gh_A09G0482 (SARD1-9A)
Gh_D12G2533(SARD1-12D)
Gh_D09G0489(SARD1-9D)
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4.5.2 Phylogenetic analysis of GhCBP60 proteins

The alignment of full-length protein sequences of both AtCBP60 and GhCBP60 revealed a tree with
two major clades. Clade 1 contains AtCBP60a-g and AtSARD1. Each Arabidopsis CBP60 has four
co-orthologous cotton proteins; with two derived from the A-genome and the other two derived
from the D-genome. Clade 2 contains AtCBP60b/c/d/e/f with eleven homologues from cotton.
AtCBP60b/c/d/ proteins are clustered in one sub-branch with nine homologues from cotton, five
from A-genome and four from D-genome. AtCBP60e/f are clustered in another sub-branch with
two homologous proteins in cotton, one derived from A-genome and the second derived from D-
genome (Figure 4-1). High bootstrap values of major sub-branches CBP60a versus CBP60g-
SARDL1 indicate the relationships in Clade 1 are highly reliable. In Clade 2, the relationships
between CBP60b/c/d are less reliable as some bootstrap values are lower, however, the bootstrap
values of major sub-branches CBP60e/f versus CBP60b/c/d indicate high reliability. [The tree was
rooted with one of the Physcomitrella patens (Phpat-002G082900), as shown in Figure 4-1.
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Figure 4-1. Phylogenetic analysis of the CBP60 protein family in Arabidopsis and cotton. The protein
sequences of AtCBP60 were obtained from TAIR and of those of the GhCBP60 were obtained from
COTTONGEN database. The phylogenetic tree was constructed by the Neighbour-Joining method using
MEGAG, after alignment of the CBP60 sequences using MUSCLE. The tree was rooted with the moss
homologue Phpat.002G082900. Bootstrap values from 500 replicates are shown at each node. Scale bar
indicates 0.1 amino acid substitutions per site.

54



22
23

24
25
26

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

45
46
47
48
49
50
51
52

4.5.3 Evolutionary conservation of CaM- and DNA-binding domains in
GhCBP60

The full-length protein sequence of each subgroup of AtCBP60 was aligned with its corresponding
GhCBP60 sequences based on phylogeny using the Multalin tool to investigate whether previously
identified functional domains in Arabidopsis proteins were conserved in cotton proteins.

The CaM-binding domain of AtCBP60a has been located between amino acids 555 -586 (Wang et
al., 2009) and is shown in green (Figure 4-2). In the cotton orthologues of GhCBP60a, a total of 12
out of 31 amino acids (aa) in this domain are highly conserved (>90%), indicated in red. A further

10 out of 31 amino acids are partially conserved (>50%), shown in blue.

The DNA-binding region of AtCBP60a has not been studied. However, it is noticeable that the N-
terminus and central regions between amino acids 1-400 are highly conserved. The total number of
conserved amino acids in these regions are 230 out of 399 (>90%). To predict the DNA-binding
domain of GhCBP60a, the protein sequences of GhCBP60a and their correspondent AtCBP60a are
aligned with AtCBP60g. The DNA-binding domain of AtCBP60g has been located in the middle
region of the protein sequence between amino acids 171-287 and is shown in blue (Zhang et al.,
2010) (Figure 4-3). In the hypothetical DNA-binding domain of GhCBP60a, there is a total of 59
out of 115 amino acids that are highly conserved (90%) and a total of 28 out of 115 amino acids are
partially conserved (50%). Among the cotton orthologues of GhCBP60a-3A/D, 12A/D, the
predicted DNA-binding domain has a total of highly conserved amino acids of 85 out of 115.

The CaM-binding domain of AtCBP60g has been located at amino acids 27 to 52 (Wang et al.,

2009) and is highlighted in yellow (Figure 4-5). [Fhe resulisof the Secondary structuire prediction of
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GhCBP60s. The DNA-binding region of AtCBP60g has been located between amino acids 149-214
(Zhang et al., 2010) and is highlighted in purple in Figure 4-5. A total of 73 out of 115 amino acids
are highly conserved (>90%). Among the cotton orthologues, GhCBP60g-8A/D, 13A/D, the total
of highly conserved amino acids is 102 out of 115. The DNA-binding region is the most conserved
region of the protein as compared to the region immediately upstream between 53 and 148, where
51 out of 95 amino acids are highly conserved (>90%). The region immediately downstream is also
less conserved; between amino acids 265-400, 61 out of 135 amino acids are highly conserved
(>90%). The DNA-binding domain appears to be more conserved than the CaM-binding domain.

The DNA-binding domain of AtSARDL is also located in the central region of the protein between
amino acids 149-214 (Zhang et al., 2010) and is highlighted in blue (Figure 4-7). The DNA-binding
domain in the cotton orthologues, SARD1-9A/D, 12A/D, a total of 46 out of 65 amino acids are
highly conserved (>90%). A further 14 out of 65 amino acids are partially conserved (>50%). The
results also revealed that the hypothetical DNA-binding domain is highly conserved in GhCBP60g-
8A/D, 13A/D than SARD1-9A/D, 12A/D. Our results also showed that GhSARD1 contains highly
conserved DNA domains without CaM-binding domain similar to AtSARD1.

The CaM-binding domain of AtCBP60b/c/d is located at the C-terminus of the proteins between
amino acids 641-669 (Wang et al., 2009) and is highlighted in red (Figure 4-8). The CaM-binding
domains of GhCBP60b/c/d-5A/D,6A/D,8A/D,10A,13A/D have a total of 17 out of 24 amino acids
that are completely conserved (>90%) and 6 out of 24 amino acids are partially conserved (>50%).
The region immediately upstream of the CaM-binding domain between amino acids 400-640 is less
conserved than the potential CaM-binding region as only 30 out of 240 amino acids are highly
conserved (>90%).
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The CaM-binding domains of AtCBP60e/f have been mapped to the region of the protein between
amino acids 589-613 (Wang et al., 2009) and are highlighted in blue (Figure 4-9). A total of 22 out
of 24 amino acids are highly conserved in the CaM-binding domain of GhCBP60f-8A/D (>90%).
The region immediately upstream between amino acids 400-588 is less conserved than the potential
CaM-binding region as only 59 out of 188 amino acids are highly conserved (>90%). However, the
N-terminus and middle regions of the protein between amino acids 53-400 are highly conserved;
257 out of 347 amino acids are completely conserved (>90%).
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93  Figure 4-2. Multiple sequence alignment of AtCBP60a and GhCBP60a3A/D,12A/D. The CaM-binding region
94  of AtCBP60a is located at C-terminus and is highlighted in green (Wang et al., 2009). The hypothetical CaM-
95  binding domains of GhCBP60a are located at the C-terminus and are enclosed within the black box.
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98  Figure 4-3. Multiple sequence alignment of AtCBP60a-g and GhCBP60a. The DNA-binding region of

99  ACBP60g is located in the middle region of the protein sequences and is highlighted in blue (Zhang et al.,
100  2010). The hypothetical DNA-binding domains of GhCBP60a and AtCBP60a are located in the middle region
101  of proteins and are enclosed within the black box.
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Figure 4-4. Prediction of secondary structure of the C-terminal of AtCBP60a and GhCBP60a showing the

reported CaM-binding domain and is highlighted in green. C). ClustalO multiple sequence alignment of the C-
terminal of AtCBP60a and GhCBP60a showing the CaM-binding domain.
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AT5626920 HKIRHS?SFHEGSGYSUF---RﬂRHLTFKKVVKK?HR--UQSNHHFHIQﬂ£HHIRRIYREEIQRSLQPFLSSSC¥SHERSRSETPSSRSR-LKLEFI
Gh_D13G1162 HHFPSKRPRAPDERAD-KRCESHYPEPKRRATLENAYRSTHGFGGLSLHRTYLHLEPHLRSHYREEVEKAT-~~LSSFHPSSRSSLHOTEASRGRSLALRFY
Gh_A13G0918 HHFPSKRPSPDEGD-ERCESHYPEPKRRATLENAYRSIHGFGGLSLHRIYLHLEPHLRSHYREEVEKAT-~~L5SFHPSSRSLLHOTEASRGRSLAOLRFY
Gh_D08G2192 HHLPTKRPAPDHGDDERNEYHYPEPKRRTHLK===KNIHGYGGL SFHKIYLHLEPHLRIMVHERYEARI-==RSSIHPSSRPSLHRIEASRGRRLAOLRFY
Gh_A08G1834  HLPTKRPRPDHGDDESYELHYPEPKRRTSLKN=IRNIHGYGGLSFHKIVLHLEPHLRIHYHERVERAL===RSSTHPSSRPSLHRIEASRGRRLAOLLFY
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AT5G626920 HSPPSSIFTGSKIEREDGSPLYIELYDATTHTLYSTGPFSSSRYELYPLNADF===TEESHTYEGFNRNILTOREGKRPLLTGOLTYHLKNGYGYITGDT
Gh_D1361162 HKLPSTIFTGSKYEREDGNTIKIILYDAMTETHVSSGSLSSIKIET
Gh_A13G0918 HNKLPSTIFTGSKYEREDRDTIKIILYDATTETHYSSGSLSSIKIET
Gh_D08G2192 DKPPSTIFTGSKYERENGNPIRIILYDATSORNYSSGSLSSIKYET
Gh_A08G1834 DKPPSTIFTGSKYGTEMGYPIRTILYDATSOAIISSGYLSSIKYEL

Consensus  #kpPStIFTGSK!eaEse,pi, IiLVYDAtL 8L, !Ss6,1551k EL

LHSEFGRDERDDHTEREFNASYLRERQGKRPLY TGDYSITLYDGYGHYD=N
LHGEFGTDERODHTENREFHASYLREREGRRPLYTGDLNITLYDGYGTYD-H
LHGEFGTDERODHTENEFNASYLREREGRRPLYTGOLNITLYDGYGTYD=-H
g.der sdRTeserNas TLr SRSGKRPLVIGOL, TELy T
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Gh_D1361162 | IFTDHSSHIRSRKFRLGARIVORISGESKIREATSEAFIYKDHRGELYKKHYPPFLHDEYHRLERTAKDGTFNKRLTSHNIF TYKDFLRLHYIOSSALRH
Gh_A13G0918 | IFTDHSSHIRSRKFRLGARIYORISGESTIREATSEAFIYKDHRGEL YKKHYPPFLHDEYHRUERTAKDGTFHKRLTSNNIFTYKDFLRLHYIDSSALRH
Gh_D0862192 | IFTDHSSHIRCRKFRLGARTYORSAGEY TIREATSDAFHYKDHRGEL YKKHYPPLLHDEVHRLERTAKDGAFHKRLAYKHYHTYKDFLRLLYTOPIALRN
Gh_A08G1834 IFTBHSSHIRERKFRLERRI?&RSHGE?TIRfHISDHFKVHﬂﬂRG{LYKKHYP?LiHDE?RR ERTAKDGAFHKRLANKHIHTYKDFLRLHYTOPTALRN
Consensus rIRKDG,f kRLa, .,n!, TYKOFIRL v, 4%, .alrn
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I 4 |

AT5626920 IIGHﬁ?SKKTHNTIvSHRHDC?LUEIECYI¥HRHTPEVTLLFRS?YELIRVSFNSHBIHNLBQP--------ILUﬂLKHEHTQNLKRITHUHBFTF?EHP
Gh_D1361162 TLGCGISHRYHDTTIEHRLSCYLDDDEHYSYYGTAASYGLLLHSTYRYERRTFDGAHYOPYENHTFSOK--LLYEDAKROAYNRYGDLYSYDORATIRPL
Gh_A1360918 ILGCGISHRYMDTTIEHRLSCYLDDDERYSYYGTAQSYGLLLHSIYRYEARTFDGOHYOPYENNTFSOKFSLLYEDRKROAYKNYGELYSYDRRATIRPL
Gh_D08G2192 ILGGGISHRYWETIIEHALSCYPDDDEMYTYHGTAORYELLLMSIYNYYKYTFDGODYLPYERLTFSOK==LLYEDAKROAYKHYHHLTPFDRRAIHGPS
Gh_A08G1834 TILGGGISHRYHDTIIEHALSCYPDDDEHYTYHGTAORYGLLLMSIYKYVEYTFDGONYLPYENLTFSOK=-LLYEDAKROAYKNYRNLIPYDRRAITOPS
Consensus T1G,G!SnrvM#Ti!eHA$sCY10#dEWY,Y, gtaq, Y LLINS!Y, v, vEF8GE#yqpvid Lfsqk, JlvEEaKr#AY, Ny, 1t v#, Ra, .op.
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AT5G26920 QRSLOCPODPGFYYTCSGSOHIDFAGSL==-=DPSSSSHALCHKASSS TYHPDYLHSFONSSTARFHIDKKFLPTFGHS=FKYSELDOVHGKSQTYYTKGC
Gh_D1361162 HPLTHFLPEPLCIPHLLLAOP-ELSYENEADKPDTPHGNLNASSTSYVYEMEDTNOLODCLPODELAIQAFNP TLRNS-FRHGGIFHSHGENSLSFLSDD
Gh_A13G60918 HPHTSLLPEPLGITHLLLQOP=-EFSYERE=-DKPDTSHGNFNHSSTSYYYETEDTNOLOYCLOODELATIRACHSTLRHS=FRHGDTFHSNGENSLSFLSDD
Gh_D0862192 HPFTDLLPEPYGTSHLLLOOH-DFSGT=---RPDHPLG-LNASSTSFSYEYENPKPLO========GIEPLHPHLRHSSFRHEGIFPYNADNSFSFFADD
Gh_A08G1834 HPLTHLLPEPYGTSHLLLHOP=DFSGT====RPDHPLG~FHASLTSFSHEYENPNPL(==m======GIEPLNPHLRNSSFRHEGIFPYNADNSFSLFADD
consensus npotoolp#Pooo;nlllouho “3& rere oPdoS.gvlnhsotSo * oeo #! . ol*o crrsens oioornpterSoFrno;ofoongonsnsooodd

501 510 520 530 540 550 560 570 580 590 599
| + + + + + + + + + |
ATH626920 IENNEEDERAFSYHHHDDHTSSHSPGTHORYETHFLTYSETEEAGHFDYHFANYNLGS-----PRARHCKYKARFKYRAAFKEYRRHTTARNPREGL
Gh_D1361162 HFAT-EDNSEREHPTIMISTTPAHGYASGSYSTPARSESSSTHFDYN====~HORSHGESRDYHPKARHLKLRAYIHHRSF TRGARRRRL-~CLPLGTCI
Gh_A13G0918 HFAT-EDNSEAEMPINISTTPPHGHASGSYSTPAASESSSSHFDYN====-NORSHGESRDYHPKARKLKLRAYIHHRSFTRGAR
Gh_D0862192 GFGTHODHTOAOHLSLTSATPAMABGSGFIFTPDYETSSISFLSSFPSCHYNDRSIGETREYCPKNRHLKYRAYIQHKSISRGAARKRRROHHLQHGICT
Gh_A0861834 G--THODNTQARAQHLSLTSATPAHAGGSGFIFTPDYETSSISFLSSCPSFNYHNRSIGETRDYCSKTRHLKYRAYIQHKSTSRGARKRRAOHHLLAOGICT

Consensus  ,..L.8D%,.8.0, 00, 5. TP H, 85800 o bPee b85S buarroneess irs,Ge,r v, pkaRHIKvr AV, Hrs, s FEAar . s e s s eresBene

105

106  Figure 4-5. Multiple sequence alignment of AtCBP60g and GhCBP60g. The actual CaM-binding region of
107  AtCBP60g is located at the N-terminus and is highlighted in yellow (Wang et al., 2009). The hypothetical CaM-
108  binding domain of GhCBP60g is located at the N-terminus and is enclosed within the black box. The DNA-
109  binding region of AtCBP60g is highlighted in purple. The hypothetical DNA-binding region of GhCBP60g
110  resides in the middle region of the protein sequences and is enclosed within the black box.
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AT1G73805 MHAGKRLFQDLDSDOENKSEKRIKSYLPSLASPISSYFGALISENTLRSYLEPYVIRKYVRQEVEYGISKRFR-LSRSSSFRIEAPEATTPTLKLIFRKNLH
Gh_A09G0482 HAGKRLLNESCSD-TDEPKEKRHRPKPSFAS—----YIGAAYHYNYL YTALEPYLRRYVNEEVERSIGDRLRSFTRSPSLRIOAREPEPSTLKLIFPKALT
Gh_D09G0489  HAGKRLLNESCSD-TDEPKEKRHRPKPSFAS---~YIGAAVHYNYL Y TALEPYLRKVVNEEVERSIGDRLRSF TRSPSLRIQAREPEPSTLRLIFPKALS
Gh_A1262425 HAAKRLLSHSFSDOQADEPKEKRTRPTPSFTS----YIGEAVHDKCLGTALEPILRRLYHEEVERSLRARIRSFSRSPSLRIGA--POPSTLELIFPKALT
Gh_D1262533 HAAKRLLSHSFSDQRDEPKEKRTRPTPSFTS----YIGEAVHDKCLSTALEPILRRYVHEEVERSLRARIRSFSRSPSLRIOA--POPSTLKLIFPKALT
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AT1G73805 TPIFTGSKISDVDNNPLEIILVB---DSNKPVNLNRPIKLDIVRLHGDFMWEMWWMWUMFTM
Gh_A09G0482 | PTFTGSKIIDEESHALQVALYDTRGDORAPYLLPNPIKYDIYVLDGOFPSGOR RER
Gh_D0SG0483 | PIFTGSKIYDEESNQLQVALYDTKGDORAPYLLPNPIKVDIVYLD
Gh_A12G2425 ypyFTGGKIYDDESNOLRYILYDTRGNQTYPYLFPSPFKYDIVVLDGD
Gh_D12G2533 ypPIFTGGKIVDEESHOLRVLLYDTRGHOTY--LFPSPFKYDIVYLDGD PL-DGRNHSNEEFDRYIVKERTGKRPLLHGELUVTVRDGVGLIENIEFTDN
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AT1673805 ssulnsnkrulsnxvaxGssancvvvcsnntcalvvnnunﬁsLvkxnuPPnLEnEvuRLEklsxnanrukkLssauluTvonFLkstvnvnELRolLﬁP
Gh_A096G0482 AQGSF-0GGRIREANTEAFYYKDHRGEL YKKHHPPHL GDEVHRLEKIGKDGAF HKKL AYEGYNTVQDFLKHSYYDPPKLRKILGP
Gh_D09G048I |SSUTRSRKFRIGAKVAQESF-QGYRIREANTEAFVVYKDHRGEL YKKHHPPHL GDEYHRLEKIGKDGAF HKKLAFEGYNTVQDFLKNSYYDPPKIRKILGP
Gh_A12G2425 |SSUTRSRKFRIGAKVAGGSC-QGYRIREANTEAFYYKDHRGEL YKKHHPPTLGDEYHRLEKIGKDGYF HKRLASEGYHTVQDFLKHHYYDHAKLRTILGH
Gh_D12G2533 |SSHIRSRKFRIGAKNAGGSC-QGYQIREAYTEAFYVVKDHRGEL YKKHHPPTLGDEVHRLEKIGKDGYFHKRLASEGYHTVQDFLKHHYYDHAKLRTILGP
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AT1G73805 GHSDRKWEYTLKHARECILGNKLYISRGPNFFHILNPICEYHKALIDGHYLSSO-~ESLNQPYVKNLYRDAYSKGNFLEYGERTANEAALL TQGDDLDOQ
Gh_R09G0482 GHSEKMHMEYTIKHAKTCYHGNKYYVFQGTNYRIFLNPICQLYKAETNGTTYPIOTLSSINRSYVEDL YRQAYYNHSSLKETEGISNEIGLL TQGDDHLDQ
Gh_DO09G0483  GHSEKTHDYTIKHAKTCYHGNKYYVFQGTNYRIFLNPICQLYKAETINGTTYPIQTLSSINRSYVEDLVRQAYYNHSSLEETEGISNEIGLL TQGEDHLDQ
Gh_A12G2425 A{SEKMHNYIIKHAKTCYMGNKHYVFRGPDYKVLLNPICOLYNAEINGSIYTTHNLSDINRAYLENL VRKAYANHCSLEETEGISDEIGLL TQGD=-=--—
Gh_D12G2533 AHSEKMHHYTYKHAKTCYHGNKHYVFRGPDYKYLLTPICOLYNAEINGSIYTTHNLSDINRAYLENLYRKAYANHCSLEETEGISDEIGLLTQGD===m~
Consensus  ghS#k H#VE . KHAKLC ! $GNK, Y ! frGp#%, . .LnPIC#1vkAeI#G. .y, .q.1ssiNr, Yve$LYR AY .nu,sleeiEgis#Eigl LTOG#d. ..q
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AT1G673805 YAASHYQNIEI--DKSYQQNGYVQERSTNNLETVNEGYITTPREFNICF TGSSSANHINPF

Gh_R09G0482  YRNQONATHRSFOENAYL THGSFEGYYPNEHORDCSNHQISONYFNTPNENGIRLNLHESNSDDDL TSPKSFISGG

Gh_D03G0483  YRNQQNATHRSFOQNAYL THDSFDGYLPNEHOADCSRHQISANYFNTPNENGIRLNLLESNSDDDLTSPKSFISGG

Gh_A1262425 HPSHQQPHYGSSQYKGYHTDRLHEGY IPHENQA-~--NHETSPIYFNTSNENGARLNHFLSNSDDDL TSPKSFYTHG

Gh_D1262533 HPNHQOQPHYGSSQYKYYMTDRLIEGYIQNEHOA---NREISPIYFNTSSENGYROKHFPSNSDDDLTSPKSFITHG
Consensus y__ _q..,..s.q.k.Y.t.g..%gy, NéS#a. ..., .tsp.yFNL, .eng.rqn, . snsdddltspksf .. .g

133

134  Figure Error! No text of specified style in document.-7. Multiple sequence alignment of AtSARD1 and
135  GhSARD1. The DNA-binding region of AtSARD1 is highlighted in blue (Zhang et al., 2010). The hypothetical-
136  DNA binding region of GhSARD1 resides in the middle region of the protein sequences and enclosed with the
137  black box.
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Clade 2
il. 10 20 30 4a0 50 60 70 80 90 10?
AT2618750 HQTRYHERTNSH-REKRKLEEDDNQQQQQQPERKRPALASYIVEALKNMDSLOQRLCSSLEPILRRYVSEEVERALAKLGPARLSER-~S--SPKRIEGI
ATS5G57580 HHDSGNNNHNRAKRNL DGND-DDQ-—--PERKRPAFASYIVEALKYDSLOKLCSSLEPILRRYVSEELERALAKLGPARLTGS--SGSSPKRIEGP
Gh_D13G2214 HQRQTRYHTRTNSHYRGKRSLEGDE-DQQ---PEPKRPALASYIVEALKVDSLOKLCSSLEPILRRYVSEEVERAL AKLAPPRLNGR--S~-SPKCLEGP
Gh_A1362354 HOQRQTRYHTRTNSHVRGKRSLEGDE-DQQ---PEPKRPALASYIVEALKVDSLOKLCSSLEPILRRVYSEEVERALAKLAPPRLNGR~~S~~SPKCLEGP
Gh_D08G0271 HHTRYHERTNSHARGKRSL DGDD-NQQ---PELKRPALASYIVEALKYDSLOKLCSSLEPILRRVVSEEVERALAKLGPPRLSGR-~-S--SPKQIEGP
Gh_A08GO1! HHTRYHERTNSHARGKRSL DGDD-NQQ-—-PEPKRPALASYIVEALKYDSLOKLCSSLEPILRRYVSEEVERALAKLGPPRLSGR--S~—-SPKKIEGP
Gh_A0561410 HOQHKYHAREKRGL DSSSGDEG---PDRKRPALASYIVEAL KVDSLOKLCSSLEPTLRRVVSEEVERAL AKL GSAKL SAK-~S-~-SPKHIEGP
Gh_D0561575 HOHKYHAREKRGLDSSSGDEG---PDRKRPALASVIVEALKVDSLOKLCSSLEPILRRVYSEEVERAL AKLGSAKL SAK~--S--SPKHIEGP
AT4G25800 HKRNFERNDDDK~--—-PERKRPALASVIVEALKVDSLOKLCSSLEPILRRVYSEEVERALAKLYPTRLTTS-~-SVFSPKRIGGP
Gh_A1060202 HAREKRCLOSTSSGDEG--PANKKPAFASYIVEALKYDCLOKL CSSLEPTLRKYVSEEVERALAKL GHPKLNNAKPSSSSPKRIKGH
Gh_D0662188 HETKYTERSNNYASEKRCLDS-SSGDEG--PDRKRPALASYIVEALKYDSLOKLCSSLEPILRRYVSEEVERALAKLGPAKL T----TKSSPKQIEGP
Gh_A0661790 HETKYIERSNNHTSEKRCLDS-SSGDEG--PDRKRPALASYIVEALKVDSLOKLCSSLEPILRRY
Consensus eeboyoor.n.n.rekR 1%, ... .......PerKrPAIASYIVEALKvDSLOKLCSSLEPTLRrVvseeveralaklgp.rl,.....s..spk.iegp
1l.01 110 120 130 140 150 160 170 180 190 201I)
AT2G18750 GGRNLOLQFRSRLSYPLF TGGKIEGEQGAATHYVLLDMT TGHYLTVGPEASAKLDVYVLDGDFNTEDDDGHSGEEF EGHLVKERQGKRPLLTGDYQVTLK
ATSG657580 DGRKLALHFKSRLSLPLFTGGKYEGEQGAVIHYVLIDANTGRAVVYGPEASAKLHIVVLEGDFNTEDDEDHTQEEFESHVVKERSGKRPLLTGEYYVTLK
Gh_D13G2214 GGGSLOLRFRSRLSLPLYTGGKVEGEQGAATHIVLVDSNTARVVTTGPEASHKLDVVVLEGDFSNEDDEDHTQEEFDSHLYKERPGKRPLLTGDLQVTLK
Gh_A1362354 GGGSLOLRFRSRLSLPLYTGGKYEGEQGARTHIVLVOSNTGHYVTTGPEASHKLDVYVLEGDF TNEDDEDHTQEEFDSHLVKERPGKRPLLTGDLQVTLK
Gh_D08G0271 DGRSLOLLFRSRLSLPLFTGGKVEGEQGAAIHIVLVDSKTGHYVTTGPEASVKLDVYVLEGDFNNEDDEDHTQEEFESHVVKEREGKRPLLTGDLQVILK
Gh_A08G0194 DGRSLOLHFRSRLSLPLF TGGKVEGEQGRATHIVLVDSKTGHYVTTVPEASYKLDVVVLEGDFNNEDDEDHTQEEFESHYVKEREGKRPLLTGDLQVILK
Gh_A0561410 DGRNLQLHFRSRLSLPLF TGGKVEGEQGTAIHIVLVOANTGHYVTCGPESYAKLDVFVLEGDFNNEDDDNHTEEEFDSHIVKEREGKRPLLTGDLQVHLK
1575 DGRNLQLHFRSRLSLPLF TGGKVEGEQGTAIHIVLVDANTGHVVTCGPESYAKLDVFVLEGDFNNEDDDNHTEEEF DSHIVKEREGKRPLLTGDLQVHLK
AT4AG25800 DGRNLOQLHFKSRLSLPLFTGGRVEGEQGATIHVVLIDANTGRPYTYGPEASLKLEYVVLGGDFNNEDDEDHTQEEFESHVVKEREGKRPLLTGDLFVYLK
Gh_A10G0202 DGRNLBLKFKSKLSLPLFTGGKVEEDBMIHVSLIWTWVYCS"ESSRTLDVVVLEGDFSNEDGWMIOEEFDSHVVKEREGKRPLLTGDLWILK
Gh_D06G2188 mRNLRLHFRSGLSLPLFTGGKVEGQQGMIDIVL IDANTGHVVTSGPESSLKLDVYVLEGDFNNEDDDNHTEEEF DSHVVKERDGKRPLLTGDLQVVLN
Gh_R0661790 IDIVLIDANTGHYVYTSGPESSLKLDVYVLEGDFNNEDDDNMTEEEFDSHYVKERDGKRPLLTGDLQVVLN
Consensus dgrnlqlhfrsrlslplftggkvegeqGaalhlivi iDanTGhuvt .gPEas kid!vVLeGDFnnEDd# HLQEEF $sHVVKER GKRPLLTG#1qV. Lk
201 210 220 230 240 250 260 270 280 230 300
1 1
AT2618750 EGVGTLGELIF TDNSSHIRCRKFRLGLRYSSGYCEGHRVREAKTEAF TYKDHRGEL YKKHYPPALDDEVHRLEKIGKDGAF HKKLNKAGIYNYKEFLRLHY
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Figure 4-8. Multiple sequence alignment of AtCBP60b/c/d and GhCBP60b/c/d. The CaM-binding region of

AtCBPG60Ob/c/d are highlighted in orange (Wang et al.,

GhCBP60b/c/d is enclosed within the black box.
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Figure 4-9. Multiple sequence alignment of AtCBP60e/f and GhCBP60e/f. The CaM-binding region of
AtCBP60f is highlighted in green (Wang et al., 2009). The hypothetical CaM-binding region of GhCBP60f is
enclosed within the black box.

45.4 Prediction of subcellular localisation of GhCBP60

To predict the subcellular localisation of GhCBP60 from nucleotide sequences, a computational
tool was used namely BaCello database (http://gpcr.biocomp.unibo.it/bacello/). The results of
prediction analysis indicated that all GhCBP60a-g and GhSARD1 except one of GhCBP60a are
likely to be located in the nucleus. The GhCBP60a-12D protein was predicted to be secreted;
however, the alternative subcellular prediction program Cello predicted this to be a nuclear protein

(http://cello.life.nctu.edu.tw/cgi/main.cgi) (Table 4-2). The results of prediction analysis of BaCello
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program showed that all G. raimondii and G. arboreum proteins are likely to be located in the
nucleus except for GrCBP60a (Gorai.008G297800) and GaCBP60a (KHG14637) that were
predicted to be extracellular and chloroplast proteins, respectively (Table 4-2). In contrast, the
alternative program Cello predicted these to be nuclear proteins with prediction accuracy scores of
2.724* and 1.929*, respectively.
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Table 4-2. Summary of subcellular localization prediction for CBP60 in G. hirsutum and its ancestral species; G. raimondii and G. arboreum using Bacello and
Cello software

GhCBP60 group G. hirsutum Prediction of Prediction and G. raimondii or | Prediction of subcellular Prediction and
locus ID subcellular reliability of subcellular | arboreum locus ID | localisation of GaCBP60 | reliability of subcellular
localisation by localisation by Cello & GrCBP60 by BaCeLLO | localisation by Cello
BaCelLLO software software
GhCBP60b/c/d-5A | Gh_A05G1410 | Nucleus Nucleus 3.139* Gorai.009G173400 Nucleus Nucleus 3.246*
GhCBP60 b/c/d-5D | Gh_D05G1575 | Nucleus Nucleus 3.254* KHG24590 Nucleus Nucleus 3.246*
GhCBP60 b/c/d-6A | Gh_A06G1790 | Nucleus Nucleus 3.999*
GhCBP60 b/c/d-6D | Gh_D06G2188 | Nucleus Nucleus 3.571* Gorai.010G254300 Nucleus Nucleus 3.302*
GhCBP60 b/c/d-8A | Gh_A08G0194 | Nucleus Nucleus 3.023* KHG10046 Nucleus Nucleus 3.100*
GhCBP60 b/c/d-8D | Gh_D08G0271 | Nucleus Nucleus 2.652* Gorai.004G031000 Nucleus Nucleus 2.730*
GhCBP60b/c/d-10A | Gh_A10G0202 | Nucleus Nucleus 2.867* Gorai.011G022600 Nucleus Nucleus 2.488*
KHG17962 Nucleus Nucleus 2.710*
GhCBP60 b/c/d-13A | Gh_A13G2354 | Nucleus Nucleus 3.228* KHG27572 Secretory Nucleus 3.266*
GhCBP60b/c/d-13D | Gh_D13G2214 | Nucleus Nucleus 3.322* Gorai.013G246400 Nucleus Nucleus 3.483*
GhCBP60f-8A Gh_A08G2253 | Nucleus Cytoplasmic 1.565* KHG21283 Nucleus Mitochondrial 1.475*
GhCBP60f-8D Gh_D08G2619 | Nucleus Mitochondrial 1.534 * Gorai.004G291200 Nucleus Mitochondrial 1.563*
GhCBP60a-3A Gh_A03G0544 | Nucleus KHG25212 Nucleus Nucleus 2.248*
GhCBP60a-3D Gh_D03G0984 | Nucleus Nucleus 3.192* Gorai.003G109800 Nucleus Nucleus 2.667*
GhCBP60a-12A Gh_A12G2506 | Nucleus Nucleus 2.430* KHG14637 Chloroplast Nucleus 1.929*
GhCBP60a-12D Gh_D12G2633 | Secretory Nucleus 2.833* Gorai.008G297800 Secretory Nucleus 2.724*
GhCBP60g-8A Gh_A08G1834 | Nucleus Nucleus 1.546* KHG14364 Nucleus Nucleus 1.454*
GhCBP60g-8D Gh_D08G2192 | Nucleus Nucleus 1.430* Gorai.004G237500 Nucleus Chloroplast 1.566 *
GhCBP60g-13A Gh_A13G0918 | Nucleus Nucleus 2.576*
GhCBP60g-13D Gh_D13G1162 | Nucleus Nucleus 2.035* Gorai.013G128100 Nucleus Nucleus 1.952*
GhSARD1-9A Gh_A09G0482 | Nucleus Nucleus 2.006*
GhSARD1-9D Gh_D09G0489 | Nucleus Nucleus 2.347 * Gorai.006G059900 Nucleus Nucleus 2.093*
GhSARD1-12A Gh_A12G2425 | Nucleus Cytoplasmic 1.934* KHG01964 Nucleus Cytoplasmic 2.266 *
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GhSARD1-12D Gh_D12G2533 | Nucleus Cytoplasmic 1.593* Gorai.008G287500 Nucleus Cytoplasmic 1.906*
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4.6 Discussion

4.6.1 Identification of a novel CBP60 gene family in cotton

Plant specific CBP60s have been previously shown to have a role in mediating stress tolerance in
response to abiotic and biotic stresses (Wan et al., 2012; Wang et al., 2011; Zhang et al., 2010). To
date, there have been no comprehensive studies on the CBP60 gene family in cotton G. hirsutum.
Hence, this gap of knowledge leads to the purpose of this study. Hopefully, a better understanding
of this gene family will help us to understand its role in mediating stress tolerance. In this study, |
hypothesised that cotton G. hirsutum has CBP60 proteins (GhCBP60) orthologous to CBP60 from
Arabidopsis (AtCBP60). | further hypothesised that GhCBP60 have conserved CaM and DNA
regulatory binding domains similar to AtCBP60 orthologues. | also hypothesised that GhCBP60s
are transcription factors with nuclear localisation signal sequences. Therefore, this chapter aims to
identify CBP60 gene family members in cotton; to determine whether GhCBP60s have conserved
CaM- and DNA-binding domains and to predict the subcellular localisation signal of GhCBP60.
Our results showed that a total of 23 genes were successfully identified in cotton G. hirsutum. This
is due to the fact that G. hirsutum is an allotetraploid (AADD, 2n = 4x = 52), as the result of
hybridisation between two diploid species (2n = 26) G. arboretum (AA) and G. raimondii
(DD) (ERGRZZiealio85 S KoVSiea oS ISKOVSIEaNIoa4). Thus, allotetraploid cotton contains
duplicated but slightly divergent copies of most genes (Paterson & Wendel, 2015). Out of 48 gene
pairs, Senchina et al. (2003) found an average of about 3-4% sequence divergence. Another study
of the G. hirsutum genome sequence also revealed that out of 76,943 annotated gene models,
93.76% or 72,142 were evenly distributed along chromosomes, with A sub-genomes containing
35,056 genes and D genomes 37,086 genes (Li et al., 2015). Our analysis revealed that 13 out of 23
GhCBP60 proteins are from the A-genome and 10 proteins are from the D-genome, with 12

GhCBP60s proteins clustered in Clade 1 and 11 proteins clustered in Clade 2.

Regarding the phylogenetic relationship between GhCBP60 and AtCBP60, Mega 6 software
showed two clades of AtCBP60. Clade 1 contains three proteins AtCBP60a-g and AtSARDL that
are clustered in one branch with high reliability followed by Clade 2 that contains five proteins
including AtCBP60b/c/d that are clustered together in one sub-branch and AtCBP60e/f proteins that
form another sub-branch, similar to the previous study by Wang et al. (2011). The results in Figure
4-1 revealed that in Clade 1; cotton orthologues of AT5G62570 (AtCBP60a), have 2 different
copies of D and A genes located on two different chromosomes; GhCBP60a-3A/D and GhCBP60a-
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12A/D. While cotton orthologues of AT5G26920 (CBP60g) also have two different copies of the
same gene located on two different chromosomes; GhCBP60g-8A/D and GhCBP60g13A/D. The
cotton genome also revealed that cotton orthologues of AT1G73805 (SARD1) also have two copies
located on two different chromosomes; SARD1-9A/D and SARD1-12A/D.

Unlike Clade 1, Clade 2 cotton genome has two different sub-groups; GhCBP60b/c/d and
GhCBP60f. The first sub-group contains nine cotton orthologues of AtCBP60b/c/d, while the lower
second sub-group contains two orthologues of AtCBP60e/f. The upper sub-group which contains
AtCBP60b/c/d is also divided into two distinct groups. The upper group of the cotton genome has
two pairs of orthologues of AtCBP60b/c/d, each pair has two different copies of A and D genes
located on two different chromosomes GhCBP60b/c/d-8A/D and GhCBP60b/c/d-8A/D. However,
the lower group of cotton genome also has two pairs of orthologues of AtCBP60b/c/d located on
two different chromosomes GhCBP60b/c/d-5A/D and GhCBP60b/c/d-6A/D and one copy from A
gene GhCBP60b/c/d-10A without its D gene pair.

The second sub-group of this Clade 2 contains two clear orthologues, one member from A-gene
(GhCBP60f-8A) and another member from D gene (GhCBP60f-8D). Unlike the first sub-group, the
bootstrap values of major sub-branches of AtCBP60f versus AtCBP60b/c/d indicate high reliability

suggesting similar functions for these proteins in cotton. I'teferred to'the GhCBP60e as GhCBP60f

4.6.2 Evolutionary conservation of CaM- and DNA-binding domains of
Clade 1 in GhCBP60

The calmodulin-binding proteins AtCBP60a-g and AtSARD play a critical role in regulating plant
growth and mediating plant response to abiotic and biotic stresses (Truman et al., 2013; Wang et al.

2009; Zou et al., 2017). The phylogenetic analysis indicated that cotton has four co-orthologues of

each of AtCBP60a-g and AtSARD1{IThe Miultalin; JPREDsecondary siructure and Clustal0
bioinformatic tools were then employed to characterise each GhCBP60 group for the presence of
possible conserved CaM- and DNA-binding domains. My results support our hypothesis that

to AtCBP60al The DNA-binding domain of AtCBP60a has not been studied yet. Therefore, the
highly conserved middle region of GhCBP60a between amino acids 1-400, was compared to the
actual DNA-binding domain of AtCBP60g. The results showed that this region of GhCBP60a has
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a high similarity to the DNA-binding domain of AtCBP60g suggesting that it is also likely to bind
DNA. Therefore, | suggest that GhCBP60a also regulates gene transcription through their DNA-

binding domains.

Unlike all the other CBP60 proteins, CBP60g is reported to have a CaM binding domain at the N-

terminus and not at the C-terminus.

These results are consistent with the findings of Zhang et al. (2010) study in which they showed
that the N-terminal of SARDL1 is not conserved and therefore GhSARDL is not able to bind CaM-
binding domain (Figure 4-7). The DNA-binding domain is located in the middle region of the
protein’s sequences similar to the corresponding AtCBP60g protein. Due to the high conservation
of the DNA-binding domain, | suggest that this putative domain is critical for the function of the
GhCBP60g protein. A recent study conducted by Qin et al. (2018) revealed the involvement of the
CaM-binding region of CBP60g in mediating gene activity against V. dahliae in Arabidopsis. They
found that the secretory protein effector VdSCP41 that enhances V. dahliae virulence binds to the
CaM region of AtCBP60g to inhibit plants’ resistance to the pathogen, the study suggests the crucial
role of the transcription factors CBP60g, SARD1, and GhCBP60b (GhCBP60g) in regulating plant

responses to V. dahliae.

The DNA-binding domain of GhSARD1 proteins is also highly similar to the corresponding
AtSARD1. The high conservation of the DNA-binding domain located at the most conserved region
of the proteins indicates that AtSARD1 functions through this domain. The AtSARD1 was found
not to bind CaM (Zhang et al., 2010) and the close homology between SARD1 proteins and
AtSARDL1 suggests that GhSARDL is also unlikely to bind CaM.

Overall, the results showed that the two proteins GhCBP60a-g have highly conserved putative
DNA-binding domains and partially conserved CaM-binding domains. While SARD1 has highly
conserved DNA-binding domains. Therefore, | suggest that GhCBP60a-g and GhSARD1 have a
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conserved function to protect the plant from biotic and abiotic stresses, similar to CBP60a-g and
SARD1 proteins in other plants.

4.6.3 Evolutionary conservation of CaM- and DNA-binding domains of
Clade 2 inGhCBP60

Multalin, JPRED secondary structure prediction and ClustalO tools were used to characterise
GhCBP60a-g for the presence and absence of CaM-binding domains and DNA-binding domains.
My results support my hypothesis in that GhCBP60a/b/c/d/f have highly conserved CaM-binding
domains located at the C-terminus of the proteins similar to their corresponding AtCBP60c/b/c/d/f.
The N-terminus and middle region of the proteins are also highly conserved. The CaM-binding
domain of these proteins is highly conserved compared to the CaM-binding region of GhCBP60a-
g suggesting its distinctive functional role in regulating these proteins in response to environmental
stress. The results also show that the middle regions of all GhCBP60 appear to be highly conserved
with potential DNA-binding regions like AtCBP60. The proteins also appear to have conserved
subcellular nuclear signals indicating that all these proteins are transcription factors with functional

properties in cotton similar to other plants.

Overall, this bioinformatics chapter has successfully identified AtCBP60 orthologues in G.
hirsutum, namely GhCBP60. Therefore, due to the structural similarities between AtCBP60 and
GhCBP60, | proved that GhCBP60a, GhCBP60g, and GhSARD1 could be DNA-targeting portions
while ChCBP60f with Ca2+/CaM targeting proteins have a potential role in plant growth and
development in response to environmental stimuli. I further proved that all 23 members of
GhCBP60 contain nuclear localisation signals. The next question might be are all co-orthologues
of each group expressed? The other question will be are these genes expressed in response to abiotic
stress? This new information will provide us with a better understanding of biotic and abiotic stress

tolerance mechanisms in cotton.
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5.1 Introduction to CBP60 gene expression in cotton

Chapter 5 describes the third and last set of experimental projects for this dissertation. Orthologues
of Arabidopsis CBP60 genes were identified in the cotton genome in the early stages of the project.
Due to its genetic structure, cotton has multiple co-orthologues of CBP60s previously shown in the
literature to be associated with stress responses. The previous results also suggest that GhCBP60
proteins have highly conserved CaM- and DNA-binding regulatory domains and contain nuclear
localisation signals suggesting a similar function property to AtCBP60 in other plants. The
knowledge of the genetic structure of cotton GhCBP60 genes will be utilised to test their expression
under abiotic and biotic stresses.

5.2 The expression of CBP60 under abiotic and biotic stresses

CBP60s belong to a plant-specific calmodulin-binding proteins family with no homology in other
organisms (Bouché et al., 2005; Reddy et al., 2002). Many studies have revealed the involvement
of CBP60 in abiotic and biotic tolerance. Two different CBPs genes were identified in maize (Zea
mays); CBP1 and CBP5. The transcript level of CBP5 gene increased in the root of wind-treated
plants as compared to control, however, wind did not affect the expression of CBP1 gene (Reddy
etal., 1993). In tobacco (Nicotiana tabacum, L), the transcript level of TCBP60 was down-regulated

by heat shock treatment than control (Lu & Harrington, 1994).

The expression profile of calmodulin-binding proteins (CBPs) was also tested to find their
involvement in defence responses in bean leaves (Phaseolus vulgaris) inoculated with compatible,
incompatible and non-pathogenic Pseudomonas syringae strains (Ali et al., 2003). [They found that

Three calmodulin-binding proteins CBP60a/g and SARD1 are also involved in plant immunity in
Arabidopsis thaliana (Kim et al., 2013; Truman et al., 2013; Zhang et al., 2010). The bacterial
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growth of P. syringae reduced in Arabidopsis cbp60a deficient mutants as compared to the wild-
type plants suggesting its role as a negative regulator of plant immunity (Truman et al., 2013).

The other two closely related proteins CBP60g and SARD1 were found to be positive regulators in
plant immunity (Zhang et al., 2010). The transcript level of Isochorismate Synthase 1(ICS1) which
encodes an enzyme that is responsible for the production of SA, was up-regulated in wild-type
plants than in cbp60g and SARD1 infected mutants with P. syringae (Zhang et al., 2010). The
bacterial growth of P. syringae reduced in sard1 deficient mutants as compared to wild-type plants.
In response to abiotic stress, the expression of AtCBP60g and AtSARD1 were also up-regulated after
3 weeks of plant exposure to cold as compared to the control (Kim et al., 2013). In another

-
S
o
3
o
=1
@D
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sequence analysis of these AtCBP60f/g genes revealed that the promoter region contains E-box
elements (CANNTG) (Pallegar, 2014). CANNTG is the binding site for the transcription factor
BRI1-EMS-SUPPRESSORL1 (BESL1) also named as BZR2 (Kim et al., 2009). BES1 can directly
activate the expression of many BR responsive genes that are involved in diverse signalling
pathways of phytohormones and stress (Wang et al., 2012). BES1 accumulates in the nucleus in
response to BR to regulate target gene expression (Yin et al., 2002). As BR is involved in stress
responses in plants (Chung et al., 2014; Nolan et al., 2017; Nolan et al., 2020), it is possible that the
CBP60 gene family is regulated by BES1 and indirectly by BR if the promoter sequences of these
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genes have the binding site for BES1. Recently, BESL1 is also found to bind to two additional
regulatory cis-elements BRRE (CGTGTG and CGTGCG) and G-box (CACGTG) which are
overrepresented in the promoters of BR-biosynthetic genes. The result of binding inhibits
gene expression (Martinez et al., 2018). However, accumulation of the phytohormone-interacting
transcription factor 4 (PIF4) competes for BES1 homodimer formation, resulting in up-regulation

pathogen. A significant reduction in the transcript level of AtCBP60g, AtSARD1 and the production
level of both SA was observed in tgal/tga4 deficient mutants than the wild type (Sun et al., 2018).
Both pathogens associated molecular pattern (PAMP)-induced pathogen resistance and systemic
acquired resistance (SAR) were also reduced in tgal/tga4 in Arabidopsis mutant plants.
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5.4 Materials and methods

5.4.1 In silico expression analysis using PLEXdb database

Thirteen probe sets matching most GhCBP60 genes were found via Blast search of cotton probe
sets using the publicly available Plant Expression Database PLEXdb (Dash et al., 2011) (Table 5-
1). RMA-normalised expression data for each probe-set was retrieved for cotton experiments GO1
(Christianson et al., 2010), GO5 (Ranjan et al., 2012) and GO7 (Padmalatha et al., 2012) in
PLEXdb. These experiments were selected to investigate the differential expression of GhCBP60
genes under waterlogging and drought stress conditions. Data of only the sensitive genotype
RAHS-14 was used in the present analysis as curators note indicated data from the tolerant genotype
was of low reliability. Two-way ANOVA statistical analysis was used to evaluate differences
between treated and untreated plants in GO1. Student’s t. test was used to evaluate the s difference

between treated and treated plants in GO5 and GO?7.
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Table Error! No text of specified style in document.-1. Affymetrix Probe-set IDs matching GhCBP60 genes
obtained from the publicly available cotton database PLEXdb

G. hirsutum gene ID Proposed gene name Probe set ID
Gh_A05G1410 GhCBP60bcd-5A No probe
Gh_D05G1575 GhCBP60bcd-5D GraAffx.1560.1.51_s_at
Gh_A06G1790 GhCBP60bcd-6A No probe
Gh_D06G2188 GhCBP60bcd-6D No probe
Gh_A08G0194 GhCBP60bcd-8A GhiAffx.50075.2.51_at
Gh_D08G0271 GhCBP60bcd-8D GhiAffx.12675.1.51_at

Gh_A10G0202

GhCBP60bcd-10A

GhiAffx.22900.1.A1_at
GraAffx.13851.1.A1_at

Gh_A13G2354

GhCBP60bcd-13A

No probe

Gh_D13G2214

GhCBP60bcd-13D

GraAffx.15002.1.81_s_at

Gh_A08G2253 GhCBP60f-8A GhiAfix.31330.1.51_at
Gh_D08G2619 GhCBP60f-8D Ghi.8200.1.51_at
Gh_A03G0544 GhCBP60a-3A No probe

Gh_D03G0984 GhCBP60a-3D GraAfix.33631.1.A1_s_at

Ghi.4110.1.51_s_at

Gh_A12G2506

GhCBP60a-12A

No probe

Gh_D12G2633

GhCBP60a-12D

Ghi.905.1.A1_at
Ghi.905.2.51_at

Gh_A08G1834

GhCBP60g-8A

Ghi.10344.1.51_s_at

Gh_D08G2192

GhCBP60g-8D

GraAffx.34255.1.A1_s_at

Gh_A13G0918

GhCBP60g-13A

No probe

Gh_D13G1162

GhCBP60g-13D

GhiAffx.12571.1.51_at

Gh_A09G0482

GhSARD1-9A

No probe

Gh_D09G0489

GhSARD1-9D

No probe

Gh_A12G2425

GhSARD1-12A

Ghi.4791.2.A1_at
Ghi.4791.2.51_at

Gh_D12G2533

GhSARD1-12D

No probe
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5.4.2 Plant materials, growth conditions, treatments and harvesting of

tissue

Cotton seeds of genotype Sicot 730 were surface sterilised by using 70% ethanol for 30-60s, rinsing
3-5 times with sterile water, soaking with 10% hydrogen peroxide (H20z) for 1-2h followed by
washing 3 times with sterile water. Seeds were then soaked in distilled water overnight at room
temperature to improve germination. Germinated seeds were then grown on sand until the full
establishment of cotyledons under controlled conditions at 28°C under 16-hour light / 8-hour dark
condition with a light intensity of 40 umol m2 s, Plants were then transferred to five 10L plastic
basins containing half-strength Hoagland’s solution under the same above-mentioned conditions.

Each container was attached to a small air pump to improve the growth condition.

In order to investigate the expression of genes GhCB60a/f/g and GhSARD1 after 24h short-term

treatment with BR and salt stress. Thefirsttwo'primary leaves of three-week-old seedlings were

5.4.3 RNA isolation and real-time quantitative qRT-PCR

Frozen plant samples were mechanically disrupted using the laboratory Mixer Mill (Retsch) in the
presence of liquid nitrogen. RNA was extracted from 100 mg leaves tissue using Maxwell®16
LEV Plant RNA Kit (Promega Corporation, Madison, USA) according to the manufacturer’s
protocol. Total RNA of (3 pg) was reversed transcribed using Tetro cDNA synthesis kit (Bioline
Inc., Taunton, MA, United States). Then cDNA samples were first standardised to the concentration

of the 2.5 ng/ul before use in any qPCR reaction.

For quantitative gene expression analysis, primer pairs were designed to amplify the most stress-
responsive genes GhCBP60a-12D, GhCBP60f-8A/D, GhCBP60g-8A/D, and GhSARD1-9A using
Primer3 software (Table 5-1). One PCR primer was designed to amplify the most highly responsive
gene of group GhCBP60a-12D. Due to the high similarity between A gene and D gene, a pair of
primers were designed to amplify two genes of each group of both genes GhCBP60f-8A/D and
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GhCBP60g-8A/D. Meanwhile, two different pair of primers were designed to amplify GhSARD1
group, one pair of primers was designed to amplify the two genes GhSARD1-9A/D. Due to the key
role of AtSARD1 in biotic stress (Truman et al., 2103; L. Wang et al., 2011; Y. Zhang et al., 2010)
and due to unavailability of expression data for the other two genes GhSARD1-12A/D, a pair of
primers were designed to match these two genes, as shown in Table 5-2. Two housekeeping genes
Gh-ubiquitin7 and Gh-actin14 were selected as reference genes based on their expression level and
stability under abiotic stress in cotton G. hirsutum (M. Wang, Wang, & Zhang, 2013) (Table -2).

Each reaction mixture (10 ul) contained 4 uL of the standardised concentration of cDNA, SYBR
green, 4 uL master mix, and 1 pl of each primer at (10 M) of stock concentration. However, 4 pL
of water (RNA in RNAse-free water) was added to the non-template control. RT- PCR (gPCR)
reaction was carried out using the Real-Time PCR System (C1000 Touch Thermal Cycler)

apparatus. In the gRT-PCR experiment, a non-reverse transcriptase control (no Rt) and no template
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Table Error! No text of specified style in document.-2. List of primer sequences for selected stress-responsive

GhCBP60a/flg and GhSARD1 and reference genes

Gene(s) amplified Primer name Primer seq Tm Product
length
Gh. A08G2253 GhCBP6Of F | TGCACCGGTAAACGATAACA 54.3
160bp
Gh_D08G2619 GhCBP60f R | CAGACCTTCCAAAGGGAAAT 52,5
GhCBP60a_F | TCACTGGAGCACGAATTGAG 54.9
Gh_D12G2633 105bp
GhCBP60a_R | TGTCCTCCTCATCACCATCA 55.3
Gh_ AGBG1834 GhCBP60g_F | GAGGCATCAAGAGGACGAAG 55.3 ot
Gh_D08G2192 GhCBPE0g R | CGTTTTCGGTCCAATCTTGT 53.4
Gh. AO9G0482 GhSARD1-9 F | GGAGAAACGGATGAGACCTA 53.4
259bp
Gh_D09G0489 GhSARD1-9 R | GATCTTGCTTCCGGTAAAGA 52.2
Gh. AM12G2425 GhSARD1-12_F | CGGCTTCTTAGCAACTCATT 53.0
172bp
Gh_D12G2533 GhSARD1-12-R | GACTACGCTCCACTTCTTCG 55.1
Gh-ubiquitin7_F | AGAGGTCGAGTCTTCGGACA 63.4
Gohir.A11G106600.1 101pb
Gh-ubiquitin?_R | ACTCAATCCCCACCAGCCTTCTGG | 62.9
Gh-actin1d F | CTGGAGACTGCCAAGAGCAGCT 61.4
Gohir.A11G106600.1 97bp
Gh-actinl4 R | CCGGGCAACGGAATCTCTCAGC 62.5

5.4.4 Identification of promoter sequences and transcription factor

binding sites

The nucleotide sequences 1500 bp upstream of the transcriptional start sites for GhCBP60 retrieved
using COTTONGEN database (https://www.cottongen.org/retrieve/sequences) (Yu et al., 2013).

Promoter sequence analysis was carried out manually to identify putative transcription factor

binding sites CANNTG and TGACG within the promoter sequence.
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5.5 Results

5.5.1 In silico expression analysis of GhCBP60 genes from datasets in
PLEXdb

Data sets of three different experiments; GO1 (Christianson et al., 2010), GO5 (Ranjan et al., 2012)
and GO7 (Padmalatha et al., 2012) from the Plant Expression Database PLEX were used for a
preliminary investigation of the expression of GhCBP60 genes. Figure 5-1 compares the expression
of 13 genes within GhCBP60a-SARDL in root and leaf tissues of G herbaceum and G. hirsutum in
response to flooding and drought stresses. Expression data were available for two out of four genes
for GhCBP60a group; GhCBP60a-3D/12D. The results suggested that GhCBP60a-12D was more
highly expressed and appeared to be drought stress-responsive in GO5 and GO7. However, this
gene was down-regulated in the leaf in GO5 but up-regulated in the same tissue in GO7. The
expression level of GhCBP60a-3D gene was low in all experiments, however, it appeared to be up-

regulated in response to drought in GO7.

Expression data were available for three out of four genes in the GhCBP60g group; GhCBP60g-
8A, GhCBP60g-8D, and GhCBP60g-13D. The results in Figure 5-1 showed that GhCBP60g-8A is
stress-responsive and has higher expression than other genes in this group. However, the responses
to stress were inconsistent. This gene appeared to be up-regulated in the root but down-regulated in
the leaf tissue in response to waterlogging in GOL. In GO5, this gene down-regulated in the leaf
tissue in response to drought. However, this gene was up-regulated in GO7. The results also
indicated that the GhCBP60g-8D gene was also a stress-responsive gene in GO5 and GO7. This
gene was down-regulated in leaf in GO5 but up-regulated in the same tissue in GO7. However,
there was no response to waterlogging in GO1. The other gene GhCBP60g-13D also appeared to
be drought-responsive and up-regulated in the leaf tissue in GO7. No response was shown for this
gene to waterlogging stress in GO1 and drought in GO5. The expression of both GhCBP60g-8D
and GhCBP60g-13D genes was low.

Expression data were available for only one out of four genes in the GhSARD1 group; GhSARD1-
12A. The results suggested that GhNSARD1-12A was stress-responsive in all experiments GO1, GO5
and GO7. This gene was down-regulated in the root in response to waterlogging in GO1 and also
down-regulated in the leaf tissue in response to drought in GO5. However, this gene was up-
regulated in leaf tissue in response to drought in GO7. A second probe set for SARD1-12A
(Ghi.4791.2.A1) did not show any stress response.
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Expression data were available for five out of nine genes for GhCBP60bcd group; GhCBP60b/c/d-
5D, GhCBP60b/c/d-8A, GhCBP60b/c/d-8D, GhCBP60b/c/d-10A, and GhCBP60bcd-13D. None of
these genes is responsive to waterlogging in GO1. Only one gene from this group GhCBP60b/c/d-
8A appeared to be drought-responsive and up-regulated in the leaf tissue in GO5. However, GO7
results suggested that two other genes GhCBP60b/c/d-5D and GhCBP60b/c/d-10A were down-
regulated in the leaf tissue in response to drought. GO7 results also showed that Gh_D13G2214 was
up-regulated in the leaf tissue in response to drought. Expression data were available for both genes
in the GhCBP60f group; GhCBP60f-8A and GhCBP60f-8D. Both genes were stress-responsive in
GO1 and GO7. However, the response was inconsistent with both genes being down-regulated by
stress in GO1 but up-regulated in GO7.

The overall findings from the microarray meta-analysis suggested that the following genes were
most likely to be involved in stress response: GhCBP60a-12D, GhCBP60g-8A, GhCBP60f-8A, and
GhCBP60f-8D. The expression of these genes was therefore investigated further by quantitative
RT-PCR analysis in response to salt stress and BR application. As microarray data was only
available for one GhSARD1-12A/D out of four genes, GhSARD1-9A/D were also included in the

experimental investigation.
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Figure 5-1. Comparison of gene expression analysis for seventeen probes representing the GhCBP60a-g and
GhSARD1 in response to waterlogging and drought stresses using RMA normalised expression data from
Dash et al., 2011 “PLEXdb: gene expression resources for plants and plant pathogens” accessible as
accession GO1 (Christianson et al., 2010), GO5 (Ranjan et al., 2012) and GO7 (Padmalatha et al., 2012) in
PLEXdb. Data represent the mean of A) two samples and B and C three samples +/ standard error.

5.5.2 Expression profiling of GhCBP60a/f/g and GhSARDL1 in response
to EBR and salt using gRT-PCR

In order to investigate the effect of EBR and salt on GhCBP60 gene expression, the leaves from
cotton seedlings were floated on distilled water containing 0 uM or 0.1 uM EBR with either 0 mM
or 100 mM salt. Five genes/gene pairs were investigated (GhCBP60a-12D, GhCBP60f-8A/D,
GhCBP60g-8A/D, GhSARD1-9A/D, and GhSARD1-12A/D). The gene expression level was
calculated relative to the two reference genes Gh-ubiquitin7 and Gh-Actin14. The expression of
three genes or gene pairs were significantly responsive to stress: GhCBP60a-12D, GhCBP60f-
8A/D, GhCBP60g-8A/D as seen in Figure 5-2. GhCBP60a-12D (Gh_D12G2633) was significantly
down-regulated by salt (both P< 0.02) to 0.44 of expression in controls in the absence of EBR. In
contrast, this gene was significantly up-regulated by EBR treatment (P< 0.01 and P< 0.04), in
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comparison to the two reference genes Gh-ubiquitin7 and Gh-Actin14 respectively. There were no
significant interaction effects between EBR and salt on the expression of GhCBP60a gene
(Gh_D12G2633).

Expression of GhCBP60f-8A/D (Gh_D08G2619 and Gh_A08G2253) was up-regulated by salt
(P<0.003 (Gh-ubiquitin7); P<0.0001 (Gh-Actin14)) and EBR (P<0.002 (Gh-ubiquitin7); P<0.01
(Gh-Actin14)) by 3.3-fold and 2.4-fold increase respectively; with the highest expression seen in
the leaf tissue treated with both salt and EBR (>7-fold increase). A similar effect was observed with
GhCBP60g-8A/D; (Gh_A08G1834, Gh_D08G2192). The expression of this gene pair was up-
regulated by both EBR (P< 0.001 (Gh-ubiquitin7); P< 0.0001 (Gh-Actin14)) and salt treatment
(P<0.0001) with 2.4-fold and 2-fold increase respectively, only on the expression of GhCBP60g-
8A/D relative to Gh-actin14. There was no significant interaction between effects of salt and EBR
on the expression of GhCBP60g-8A/D relative to Gh-actin14. Similarly, significant interaction
effects were observed between salt and EBR only on the expression of GhCBP60f-8A/D relative to
Gh-actin14.

There was a possible effect of salt on the expression of SARD1-9A/D - Gh_A09G0482 and
Gh_D09G04899 by P<0.03 (Gh-ubiquitin7) and P<0.04 (Gh-Actin14) respectively, but only in the
absence of EBR as compared to the control. The expression of these two genes appeared to be down-
regulated (0.77-fold decrease) in comparison to the control. There was no significant effect of EBR
on the expression of this gene pair. Expression of GhSARD1-12A/D (Gh_A12G2425 and
Gh_D12G2533) was very low and not responsive to salt or EBR.
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GhCBP60a | P GhCBP60f | P GhCBP60g | P
EBR 0.04 EBR 0.01 EBR 0.0001
Salt 0.82 Salt 0.001 Salt 0.0001
EBR*Salt 0.07 EBR*Salt 0.13 EBR*Salt 0.04

GhSARD1-9 P GhSARD1-12 P

EBR 0.41 EBR 0.65

Salt 0.30 Salt 0.01

EBR*Salt 0.08 EBR*Salt 0.78

5.5.3 DNA sequencing analysis to determine whether one or both genes

in A and D genomes are expressed

Due to the high similarity between A and D genes and the difficulty in designing gene-specific
primers, | designed primers that matched gene pairs GhCBP60g-8A/D (Gh_A08G1834,
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Gh_D08G2192), GhCBP60f-8A/D (Gh_D08G2619 and Gh_A08G2253), GhSARD1-9A/D
(Gh_A09G0482 and Gh_D09G04899) and GhSARD1-12A/D (Gh_A12G2425 and
Gh_D12G2533), refer to Table 2-5. Following amplification, the PCR products were sequenced to
determine whether one or two genes were expressed. The results shown in Figure 5-3 indicated that
in each case, both members of each gene pair are expressed.
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A) >GhCBP60 f (Gh_D08G2619 and Gh_A08G2253) _F & R_RC combined with
polymorphisms

GhCBP60f-8A/D TGCACCGGTAAACGATAACAACTACGATGCAGATTACTATGCCACAACTGGTCAAAAGAG 61
c
Gh D08G2619 TGCACCGGTAAACGATAACAACTACGATGCAGATTACTATGCCACAACTGCTCAAAAGAG 1440
Gh A08G2253 TGCACCGGTAAACGATAACAACTACGATGCAGATTACTATGCCACAACTGGTCAAAAGAG 1265
KA KK A KA KA KA KA KA KA A KA A A A A A KA A A A A A A A A A A A A KA A A A AR A KA AR AR AR A AKX A AR AKX KKK
GhCBP60f-8A/D GTATATCACCTCAGAGCCAAGTCCACAATGCCCTAATAATAATACCCACCAAACAGTCCA 241
A
Gh_D08G2619 GTATATCACCTCAGAGCCAAG-CCACAATGCCATAATAATAATACCCACCAAACAGTCCA 1508
Gh A08G2253 GTATATCACCTCAGAGCCAAGTCCACAATGCCCTAATAATAATACCCACCAAACAGTCCA 1334
KAKXKKAKAKA KA KA AKX KA AKX KA AKAKAAAKX AXXAXAXAKAKAKAAKX AAAAKA KA AKX A AKX XA XA XA XA XA XA XA XA XA XA XX KK
GhCBP60f-8A/D TCAGTTGATTGAATTTCCCTTTGGAAGGTCTGA=— == === = === === === ————————— 274
A
Gh_D08G2619 TCAGTTGATTGAATTTCCCTTTGGAAGGTCTGATCAGAATGCAGCAATGACAATGAATAA 1568
Gh_A08G2253 TCAGTTAATTGAATTTCCCTTTGGAAGGTCTGATCAGAATGCAATAATGACAATGAATAA 1394

KAKKAKAKX KAAKAKAKAA KA AKX AKX KA AN A AKX KA KA KA KN KKK kK

>GhCBP60g (Gh_A08G1834, Gh_D08G2192) F & R_RC combined with polymorphisms

GhCBP60g-8A/D TCAAGAGGACGAAGGCTGCAGTTACGTTTCGTCGATARACCGCCTTCGACTATATTTACA 66
T

Gh A08G1834 TCAAGAGGACGAAGGCTGCAGTTACTTTTCGTCGATARACCGCCTTCGACTATATTTACA 480

Gh _D08G2192 TCAAGAGGACGAAGGCTGCAGTTACGTTTCGTCGATARACCGCCTTCGACTATATTTACA 386
- R R R R R R R R R R I I E I I I S S R R I E E I R R R E R R I I I

GhCBP60g-8A/D GGCAGCAAGGTTGAGGCTGAGAATGGTAATCCCATTCGGATTATCCTAGTTGATGCAACT 126

G A T A

Gh_A08G1834 GGCAGCAAGGTTGGGACTGAGAATGGTTATCCCATTAGGATTATCCTAGTTGATGCAACT 540

Gh D08G2192 GGCAGCAAGGTTGAGGCTGAGAATGGTAATCCCATTCGGATTATCCTAGTTGATGCAACT 446
- KAKXKAA KA AKX KA KAKA AKX *h AAAKAKAKAAKAKAAKN AKX KA KA KAKAAK A AR KA AR A AR AR AR AR K kK

GhCBP60g-8A/D AGCCAGGCAATAATCTCCTCTGGCTCCCTGTCTTCTATTAAGGTCGAGATGTCGTCCTAR 186

GG AG
Gh_A08G1834 AGCCAGGCAATAATCTCGTCTGGCTACCTGTCTTCTATTAAGGTCGAGATT————————— 591
Gh D08G2192 AGCCAGGCAATGGTCTCCTCTGGCTCGCTGTCTTCTATTAAGGTCGAGATT————————— 497
* ok ok ok ok ok ok ok ok ok ok Kk k Kk kk ok ok ok kk Kok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k
GhCBP60g-8A/D CCAGGCAATGGTCTCCTCTGGCTAGCTGTCTTCTATTAAGGTCGAGATTGTCGTCCTTAA 366
c
Gh A0BGLB834  —mmm oo GTCGCCCTTAA 602
Gh DO8G2192  —mmm oo GTCGTCCTTAA 508

*kkk kkkkkkx

>GhSARDL1 (Gh_A09G0482 and Gh_D09G04899) F & R_RC combined with
polymorphisms

Gh SARD1-9A/D GAGTGGTGAATGAGGAAGTGGAGCGCAGTATTGGAGACCGGCTCCGATCCTTCACCCGGT 357
A T A

Gh A09G0482 GAGTGGTGAATGAGGAAGTGGAGCGCAGTATTGGTGACCGGCTCCGATCCTTCACCCGAT 358

Gh_D09G0489 AAGTGGTGAATGAGGAAGTGGAGCGCAGTATTGGAGACCGGCTCCGATCCTTCACCCGGT 401
AR R SRR SRS EEEEEEEEEEEEEEEEEEEEEIEEEEEEEEEEEEEEEEEEEEEEE TN

Gh_SARD1-9A/D CTCCGTCGCTACGAATCCAAGCGGCGGAACCCGAACCATCAACCCTTAAACTGATTTTCC 417

G

Gh A09G0482 CTCCGTCGCTACGAATCCAAGCGGCGGAACCCGAACCATCAACCCTTAAACTGATTTTCC 418

Gh D09G0489 CTCCGTCGCTACGAATCCAAGCGGCGGAACCCGAACCATCAACCCTTAGACTGATTTTCC 461
- Kk Ak Ak hhkhhkhkhkhk Ak hhkhkhhhhkhhkhhhkhhkhhkhhkhkhdhhkhkhkhkhkhhkhkhhkhkhkd ,hhkhkhkkhhkhhkk

Gh SARD1-9A/D CCAAAGCCCTTACCTTGCCTATCTTTACCGGAAGCAAGATC—————==———=———————— 458

T T o
Gh A09G0482 CCAAAGCCCTTACCTTGCCCATCTTTACCGGAAGCAAGATCATTGATGAAGARAGCAACC 478
Gh D09G0489 CTAAAGCCCTTTCCTTGCCTATCTTTACCGGAAGCAAGATCGTGGATGAAGAAAGCAACC 521

K KAk KAkKAKkKAKAKAKN KhAKAKAKAAK* KAKAKAKAAKAKAFAKAKA KK A KK

Figure 5-10. Multiple sequences alignment of the gene pairs sequence of GhCBP60f-8A/D, GhCBP60g-8A/D
and GhSARD1-9A/D and their related amplified and sequenced sections using ClustalO tool.

5.5.4 The analysis of promoter sequence in GhCBP60

The promoter sequences of 1500 bp upstream from the transcriptional start sites of GhCBP60 were
searched manually to detect the presence of previously identified cis-regulatory elements
CANNTG, BRRE (CGTGTG/CGTGCG), G-box (CATGTG), E-box (GGTCC) and TGACG either
strands. Table 5-3 shows a summary of the stress responsiveness of transcription factors
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GhCBP60a-g and GRSARD1 in both qRT-PCR and microarray experiments and the number of each

regulatory element. The 23 promoters of GhCBP60 contain higher numbers of conserved

CANNTG cis-elements as compared to TGACG motif (Table 5-3). The table shows the frequency

of each element. CANNTG is known to be a very low stringency element, found in 97% of genes,
therefore its presence is not informative. However, the number of CANNTG was fewer in the
GhCBP60b/c/d group (Both'P<0.01) than the other groups of genes. There was no difference
between the numbers of CANNTG in the stress- responsive GRCBP60a/flg and GhRSARD1 and non-
stress responsive GhCBP60a/flg'and GhSARDA groups (P= 0.3).

BRREs (CGTGTG/CGTGCG) have been found to be enriched in the BZR1 binding regions
associated with BR-induced and repressed target i /Arabidopsis (Sun et al., 2010). | found that the
number of BRRE (CGTGTG/CGTGCG) cis-elements was significantly higher in GhCBP60b/c/d
group (both'P<0.01) as compared to other groups. On the other hand, no GhCBP60a/f/g/ and
GhSARD1 genes had the BRRE site within their promoters.

An additional cis-element enriched in the promoter sequences of Arabidopsis BZR1 is the G-box
(CATGTG) which is a more stringent version of CANNTG @nd it contains two inverted repeats of

responsive GhCBP60a/f/g and GhSARD1 with an average of 0.33 and 0.28 respectively. However,

the results revealed that the promoter sequences of the stress-responsive GHCBP60a/flg and
GhSARD1 group do not have this binding site.

GGTCC is another binding site Enriched in the promoter sequences of BZR1-induced and repressed
Arabidopsis genes (Sun et al., 2010). There was a significantly higher number of GGTCC in the
stress-responsive GhCBP60a/f/g and GhSARD1 group (P<0:002) than the GhCBP60b/c/d group.

However, there was no significant difference in the frequency of GGTCC elements in stress-

responsive versus non-stress responsive genes (both P<0.34) from the combined GhCBP60a/flg and
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more than half'of all genes! The GhCBP60b/c/d group had a significantly higher number of TGACG
cis-elements (P<0.02) than the combined GhCBP60a/f/g and GhSARD1 groups. However, there

was no significant difference in frequency of TGACG elements ([P<0:41) in stress-responsive versus
non-stress responsive genes from the combined GhCBP60a/f/g and GhSARD1 groups.

The results of this analysis indicated that there was no overrepresentation of cis-regulatory elements
CANNTG, BRRE (CGTGTG/CGTGCG), G-box (CATGTG), E-box (GGTCC), and TGACG

either strands in the promoters of stress-responsive GRCBP60a/flg and GhSARDL genes (Figure 5-

4). Nevertheless, there are some interesting differences between GhCBP60b/c/d and GhCBP60a/f/g

stress and non-stress responsive gene groups.
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Table 5-3. Summary of GhCBP60 ID, GhCBP60(a-g and SARD1) group, stress-responsive transcription factors, number of stress-responsive transcription factors
on sense and antisense strand, GhCBPG0 stress signal from gRT-PCR and microarray data (Dash et al., 2011) and RNA-seq data from cotton (Zhu et al., 2017).

Gene (ID) Group Stress response CANNTG BRRE G-box GGTCC | TGACG TGACG | TGACG/CGTCA
CGTGTG/CGTGCG | CACGTG sense | antisense either
Gh-A05G1410 B/C/D | possible microarray/RNA-seq 1 1 0 0 0 0 0
Gh-D05G1575 B/C/D | possible microarray/RNA-seq 1 1 0 0 0 0 0
Gh-A06G1790 B/C/D | Not expressed 3 0 1 0 0 1 1
Gh-D06G2188 B/C/D | Not expressed 4 0 1 0 0 2 2
Gh-A08G019%4 B/C/D | possible microarray/RNA-seq 5 1 0 0 5 2 7
Gh-D08G0271 B/C/D | possible microarray/RNA-seq 2 1 0 0 4 3 7
Gh-D13G2214 B/C/D | possible microarray/RNA-seq 3 0 0 0 1 1 2
GhA13G2354 B/C/D | possible microarray/RNA-seq 6 0 0 0 2 1 3
Gh-A10G0202 B/C/D | possible microarray/RNA-seq 4 1 1 1 1 0 1
Gh-D08G2619 F Up-regulated 7 0 0 0 0 0 0
Gh-A08G2253 F Up-regulated 5 0 0 0 0 0 0
Gh-A03G0544 A Not expressed 4 0 0 1 0 1 1
Gh-D03G0984 A No response 7 0 0 2 0 0 0
Gh-D12G2633 A Down-regulated 3 0 0 1 0 0 0
Gh-A12G2506 A Not expressed 2 0 0 1 0 0
Gh-D08G2192 G Up-regulated 5 0 0 2 0 0 0
Gh-A08G1834 G Up-regulated 5 0 0 2 0 1 1
Gh-A13G0918 G Not expressed 7 0 0 0 1 0 1
Gh-D13G1162 G No response 10 0 2 0 2 1 3
Gh_D09G0489 SARD1 | Down-regulated 7 0 0 1 0 2 2
Gh_A09G0482 SARD1 | Down-regulated 7 0 0 1 0 1 1
Gh_D12G2533 SARD1 | No response 7 0 0 0 0 1 1
Gh_A12G2425 SARD1 | No response 6 0 0 1 1 1 2
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5.6 Discussion

5.6.1 GhCBP60s show similar stress responsiveness to CBP60 genes

from other plants

The previous results in Chapter 4 characterised the CBP60 gene family in cotton GhCBP60. They
also identified cotton orthologues of AtCBP60a-g and AtSARD1 groups. | hypothesised that these
genes play an important role in BR-mediated salt stress response in cotton and thus sought to
determine whether the previously identified GhCBP60a-g and GhSARD1 were responsive to
abiotic stress, Similaf to AtCBP60 genes. Given the large number of CBP60 genes in cotton, an
initial screening to identify the most promising genes for the experimental study was undertaken
using the publicly available PLEXdp datasets from a collaborative microarray project based on
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Affymetrix arrays (Dash et al., 2011). Three different experiments—GO1, GO5 and GO7—were
used to investigate the differential expression of GhCBP60 in response to waterlogging and drought.
The results of in silico analysis suggested that GhCBP60a-12D, GhCBP60f-8A/D and GhCBP60g-
8A/D may be stress-responsive. However, the data in regard to the up- or down-regulation in
response to abiotic stresses were inconsistent and contradictory. In addition, there \Were no data for
three of four GhSARD1 genes because of a lack of probe sets; therefore, | investigated the effect of
salt and EBR on the expression of these genes by qRT-PCRI

positive regulators of plant immunity (Wang et al., 2011; Zhang et al., 2010). The roles of each of

CBP60a, CBP60g and SARD1 appear to be unique. Truman et al. (2013) tested the effects of
cbp60a, cbp60g and sardl on the growth of Pseudomonas syringae pv maculicola strain ES4326
(Psm ES4326). Their study revealed that bacterial growth was increased in cbp60g plants only when
CBP60a existed, while the increase of bacterial growth in sard1 plants was independent of CBP60a,
suggesting that the main role of CBP60g may be to counter the repressive effect of CBP60a
(Truman et al., 2013). The contrasting role between the down-regulation of GhCBP60a and up-
regulation of GhCBP60g in response to salt stress might be due to their antagonistic role in plant
stress (Truman et al., 2013). However, there is no explanation for why GhSARD1 was down-
regulated under salt stress, considering that both CBP60g and SARD1 hypothetically act as positive
regulators of plant immunity, opposite to GhCBP60a. A study by Wan et al. (2012) indicated
another role of AtCBP60g in mediating stress, where the over-expression of CBP60g improved
plant tolerance to drought stress and abscisic acid, while cbp60g increased plants’ sensitivity to
drought. In another independent study, the transcript levels of CBP60g were up-regulated in leaf
tissue after three weeks of exposure to cold stress (Kim et al., 2013). The expression level of ICS1
was up-regulated after two weeks of leaf exposure to low temperature, - with control
results, in increased the freezing tolerance of Arabidopsis (Kim et al., 2013) [A'recent study by Qin
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transcription factors GhCBPGO0b, SARD1 and VASCPAL in regulating plant immunity. It is worth

noting that the cotton CBP60b gene, which was named CBP60b in Qin et al. (2018), is one
orthologue out of four cotton orthologues of the CBP60g group (CBP60g-8D)—refer to Chapter 4.

Our results in Figure 5-2 indicated that the two genes from the GhCBP60f group (GhCBP60f-8A/D)
and two genes from the GhCBP60g group (GhCBP60g-8A/D) were up-regulated in the leaf by salt.

My results are similar to those of Pallegar (2014) in that the transcript level of AtCBP60f was up-

regulated in the leaf tissue in response to salt treatment, as compared with the control. In addition,

over-expressing lines of AtCBP60f showed increased tolerance to salt, as compared with the wild-
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Truman et al. (2013) found that there was no effect of cbp60f on the growth of Psm ES4326,

suggesting no role for cbp60f in plant immunity.

5.6.2 The expression of GhCBP60s in response to EBR and salt

treatments

To date, there have been no comprehensive studies on the relationship between BRs and CBP60 on
the response of cotton plants to biotic and abiotic stresses. Therefore, | set out to test whether
GhCBP60 gene expression is responsive to EBR. The aim of the work reported here was to identify
salt-responsive genes among the GhCBP60 gene family that are also responsive to BR treatment.
Our results revealed that the expression of GhCBP60a-12D, GhCBP60f-8A/D, and GhCBP60g-
8A/D were down-regulated in the leaf tissue by EBR treatment. Here, in this study, | report an
exclusive identification of novel EBR-responsive candidate genes GhCBP60a-12D, GhCBP60f-
8A/D, and GhCBP60g-8A/D from cotton.

5.6.3 The stress response of GhCBP60 gene has no relationship with

cis-regulatory elements

I have shown that some gene members of GhCBP60 (GhCBP60a-12/D, GhCBP60f-8/A/D,
GhCBP60g-8A/D) were up-regulated by EBR treatment. These results raise many questions that

remain to be addressed, are these genes directly regulated as part of BR signal transduction



84
85
86

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

pathways? And if so, do BES1 and BZR1 bind directly to the promoter of GhCBP60 and facilitate
their expression? If yes, | expected the over-representation of these cis-elements in the promoter
sequences of GhCBP60.

In plant biotechnology, the knowledge on promoters is of major interest that will offer the chance
to control gene expression in various areas (Lescot et al., 2002). Gene promoters refer to DNA
sequences that are located upstream of gene coding regions and comprise several cis-acting
elements, which are specific binding sites for proteins involved in the initiation and regulation of
transcription (Hernandez-Garcia & Finer, 2014). These cis-acting elements control the regulation
of gene expression at the promoter level. Regulation of gene expression and cell development in
both animals and plants also require steroids hormones. The plant steroid hormone BR differs to
animal steroid hormones that bind directly to nuclear receptor transcription factors. Instead, BR
binds to a transmembrane receptor kinase, BRASSINOSTEROID INSENSITIVEL (BRI1) (Wang
et al., 2001) that contain a leucine-rich repeat (LRR) extracellular domain similar to the metazoans
toll receptors (Wang et al., 2001). BRI1 signalling activates a plant-specific transcription factor
BRASSINAZOLE RESISTANT1 (BZR1) via a phosphorylation-mediated signal transduction
pathway (Clouse, 2011; Kim & Wang, 2010). In order to program genome expression and cell
growth, BZR1 which has DNA binding domain that recognizes BR response element (BRRE,
CGTG (T/C) G) (He et al., 2005) activates and represses different target genes. Similar to numerous
plant transcription factors, BZR1 acts as a transcriptional repressor for some promoters but an
activator for others. Previous studies on genome-wide identification of BZR1 direct binding sites
and transcriptome profiling demonstrated that BZR1 binds to promoters of both BR-induced and
repressed genes (He et al., 2005; Sun et al., 2010). Promoter cis-elements and trans-factors relatively
determine BZR1 transcriptional activity. The genome-wide data from Arabidopsis plants showed
that the promoters of BR-repressed gene is rich with BRRE whilst the promoters of BR-activated
genes are rich with E-box motif (CANNTG) (Sun et al., 2010). I have shown above that GhCBP60f
and GhCBP60g are up-regulated by BR. It is possible that BR may regulate GhCBP60 gene
expression via the BZR1 transcription factor that is enriched with binding sites of two regulatory
cis-elements BRRE (CGTGTG and CGTGCG), (CACGTG) a type of G-box, GGTCC motif and
TGACG-binding factor 1 (TGAL) and TGACG-binding factor 4 (TGA4). Our results revealed that
the gene promoters of the GhCBP60a/f/lg and GhSARD1 group contain higher numbers of
CANNTG cis-elements as compared to GhCBP60b/c/d group with an average of 5.5 to 3.2 cis-
elements, respectively. However, CANNTG is less stringent and found to be overrepresented in the

promoters of BR biosynthetic genes (Kim et al., 2009). The results also showed that the stress-
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responsive GhCBP60a/f/lg and GhSARD1 had more GGTCC cis-elements as compared to the
GhCBP60b/c/d group with an average of 1 to 0.1, respectively. In contrast to Sun et al. (2010), our
result showed that the GhCBP60a/f and GhCBP60g genes that are up-regulated in EBR treatment
have less (CANNTG) and GGTCC cis-elements, respectively than GhSARD1 that was possibly
down-regulated under salt stress.

Our results showed that only GhCBP60 b/c/d group had the BRRE (GTGTG/CGTGCG) within
their promoters as compared to the stress and non-stress-responsive GhCBP60a/f/g and GhSARD1
groups. In contrast to Sun et al. (2010) and our hypothesis, the stress-responsive GhCBP60a/f/g and
GhSARD1 groups that were up-regulated by EBR treatment, they were not up-regulated by BRRE
(CGTGTG/CGTGCG) cis-elements suggesting that the up-regulation of these genes mediated
through other motifs.

| also hypothesise that the oligonucleotide sequence TGACG binds to the promoter sequences of
GhCBP60a/f/[g and GhSARD1 and this binding site frequently occurs in the promoters of
GhCBP60a/f/g and GhSARDL1. Therefore, it is likely that the core binding site TGACG is a direct
target for up/down-regulation of GhCBP60 in response to different signalling pathways and abiotic
and biotic stresses. The results showed that the promoter region of the stress-responsive
GhCBP60a/f/g and GhSARD1 group has a smaller number of TGATC cis-elements than other
groups. In contrast to our hypothesis, the stress-responsive GhCBP60a/f/g groups that were up-
regulated by EBR treatment have a smaller number of TGACG cis-elements than GhSARD1 that

was possibly down-regulated by salt.

The results suggested that there was no positive correlation between cis-regulatory elements
CANNTG, BRRE (GTGTG/CGTGCG), GGTCC motif and TGAL (TGACG) and TGA4 (TGATC)
strands and GhCBP60 stress responses. Overall, the discovery of cis-elements in the GhCBP60 gene

family will provide a foundation for the gene-editing technology in cotton.
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Chapter 6. General Discussion

Brassinosteroids (BRs) are a class of plant steroidal hormones that play a versatile role in
modulating plant growth and development. They are also known for their involvement in mediating
tolerance to abiotic and biotic stresses. In this study, | investigated the effect of 24-epibrassinlide
(EBR) on the phenotypic responses of cotton seedlings under salt, drought and Verticillium dahliae.
Plant-specific calmodulin-binding proteins (CBP60s) are also involved in plant growth and stress
response. Bioinformatics tools were used to find and characterise GhCBP60 proteins orthologous
to AtCBP60s, and to predict the subcellular localisation of GhCBP60. In silico expression analysis
was used to investigate the differential expression of GhCBP60 under waterlogging and drought
stress conditions to identify the most stress-responsive GhCBP60 using PLEXdp database.
Furthermore, a gRT-PCR experiment was conducted to investigate the expression of stress-related
transcription factor-encoding cotton genes GhCBP60a-12A, GhCBP60f-8A/D, GhSARD1/9, 12A/D
in the leaf tissue in response to EBR and salt stress. Finally, | searched for the presence and
overrepresentation of previously studied cis-regulatory elements in the promoter regions of
GhCBP60 genes to investigate the direct or indirect regulation of these genes by BZR1 and
BES1/BZR2 which are key transcription factors that mediate BR responsive gene expression in

response to growth and stress in plants.

Interestingly, the present study has shown that there was no positive response of cotton seedlings
under stress to a low concentration of 0.2 uM EBR and there was even a toxic effect on plant growth
when a high concentration of 0.5 uM EBR was used. There are several possible reasons for the
observed lack of effect of EBR on cotton plant growth under stress. As observed for other studies,
these may include (1) poor uptake of EBR by plants (Symons & Reid, 2004), (2) non-optimal
concentration (Hu et al., 2016) and (3) less extreme stress as compared to other studies (Li et al.,
2008; Shu et al., 2015). It was hypothesised that the exogenous application of EBR may alleviate
some of the biotic and abiotic stress symptoms in cotton plants. However, it can be concluded from
the present study that the agrochemical application of EBR is unlikely to be the ideal way to mitigate
these stresses or even to determine whether there is a potential effect of EBR on cotton growth in
response to biotic and abiotic stresses. Indeed, most exogenous hormonal applications do not
achieve the desired effect in plants and may lead to undesirable phenotype and possibly yield losses.
Concentration, timing, tissue and organ location within the plant are critical when endogenous plant
hormones are produced and transported to cells. For example, exogenous defence hormone

applications (e.g. salicylic acid) may slow down growth and can lead to early senescence or cell
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death (Brown & Saa, 2015; Ghazijahani et al., 2014; Janda et al., 2017). On the other hand, a recent
study conducted by Chen et al. (2019) found that cotton brassinosteroid (BR)-deficient mutant
(pagl) plants were more sensitive to drought as compared to wild-type plants, indicating a clear
role of BR for plant stress responses in cotton. This suggests that genetic studies (forward and
reverse genetic approaches) may have the potential to identify the functional role of BRs in
mediating stress responses during biotic and abiotic stresses in cotton. For example, the modulation
of regulatory and biosynthetic genes in the BR pathway can be achieved via GM plants by over-
expressing genes or by CRISPR/Cas9-mediated gene-editing technology. To identify suitable
candidates for this approach, this study aims to find cottonCBP60 genes and to identify the most

stress-responsive genes to BR, abiotic and abiotic stresses in plants.

Overall, the bioinformatics section of this study has successfully identified AtCBP60 orthologues
in G. hirsutum, namely from the GhCBP60 gene family, which has been shown to be closely related
to AtCBP60 based on conserved amino acid sequence homology. In this study, | give all the cotton
CBP60 systematic names (Table 6-1) to avoid confusing or misleading gene nomenclature as in Qin
et al. (2018). In this paper, the authors had referred to the GhCBP60g-8/D gene as GhCBP60b,
although it is orthologous to CBP60g, not CBP60b. The phylogenetic analysis of AtCBP60 and
GhCBP60 proteins revealed the conservation of the two major clades in cotton similar to
Arabidopsis. It has also been shown that each protein of AtCBP60 had been expanded in the
GhCBP60 gene family because G. hirsutum is an allotetraploid. Clade 1 contains AtCBP60a-g and
GhSARD1 proteins; each gene in Arabidopsis has four co-orthologues in cotton: GhCBP60a-
3,12/A/D, GhCBP60g-8,13A/D and GhSARD1-9,12A/D. Clade 2 contains five Arabidopsis
proteins including AtCBP60b/c/d with nine co-orthologues in cotton that are clustered together in
one sub-branch GhCBP60bcd-5A/D, GhCBP60bcd-6A/D, GhCBP60bcd-8A/D, GhCBP60bcd-
10A, GhCBP60bcd-13A/D. A second sub-branch has AtCBP60e and AtCBP60f as well as two co-
orthologues in cotton, GhCBP60f-8A/D.

The results of JPRED secondary structure prediction have shown that the predicted CaM-binding
domain to be an alfa helix in both AtCBP60a and GhCBP60a. The results of ClustalO tool also
show greater sequence similarities between the C-terminus of GhCBP60 and the CaM-binding
domain of AtCBP60 indicated by the conservation of hydrophobic residues suggesting the high
conservation of CaM-binding domain of GhCBP60a in cotton. The results of Multalin reveal that
the DNA-binding domains of all GhCBP60s except GhSARD1 which has only the DNA-binding

domain similar to AtSARD1. Furthermore, the conservation of nuclear localisation signals of
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GhCBP60 also suggests a potential role of GhCBP60s as transcription factors in mediating stress
response in cotton similar to other plant species.

Table 6-1. Arabidopsis CBP60 gene family members and their proposed gene names in G. hirsutum

Arabidopsis-CBP60 Proposed gene names for CBP60 in G.
hirsutum

AtCBP60b/c/d GhCBP60bcd-5A
GhCBP60bcd-5D
GhCBP60bcd-6A
GhCBP60bcd-6D
GhCBP60bcd-8A
GhCBP60bcd-8D
GhCBP60bcd-10A
GhCBP60bcd-13A
GhCBP60bcd-13D

AtCBP60f GhCBP60f-8A
GhCBP60f-8D

AtCBP60a GhCBP60a-3A
GhCBP60a-3D

GhCBP60a-12A
GhCBP60a-12D

AtCBP60g GhCBP60g-8A
GhCBP60g-8D
GhCBP60g-13A
GhCBP60g-13D
AtSARD1 GhSARD1-9A
GhSARD1-9D
GhSARD1-12A
GhSARD1-12D

Several studies have previously revealed the involvement of transcription factors AtCBP60a,
AtCBP60g, and AtSARD1 in mediating stress response to biotic and abiotic stresses. A study
conducted by Truman et al. (2013) revealed the role of AtCBP60g and AtSARD1 as positive and

AtCBP60a as negative regulators of plant immunity. [The functional analysis of these genes showed
in atcbp60g and atsard1 mutant plants but decreased in atcbp60a mutants. In particular, the CaM-

binding activity of AtCBP60a represses the function of the proteins in plant immunity. This was

demonstrated in a study where mutants of atcbp60a that lack the ability to bind CaM failed to
complement the enhanced disease susceptibility phenotype of the mutants (Truman et al., 2013).
Whereas, the CaM-binding activity of AtCBP60g is also required for the production of SA and the
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function of AtCBP60g in defence signalling. Indeed, mutations in atcbp60g that abolish the CaM-
binding activity of the protein failed in activating the plant immune response which is detrimental
to the defence mechanisms of plants due to the low levels of SA in mutants (Wang et al., 2009).

Many questions were raised on whether the newly identified GhCBP60 orthologues genes are also
stress-responsive in cotton. If so, under what conditions? | searched the publicly available database
from the Plant Expression Database (PLEXdp) to investigate the transcriptional responses of the
various GhCBP60 genes under abiotic stress (Dash et al., 2011). The results of microarray data
showed that one gene of the GhCBP60a group (GhCBP60a-12D), one gene from the GhCBP60g
group (GhCBP60g-8A) and the two genes of the GhCBP60f group (GhCBP60f-8A/D) appeared to
be stress-responsive in cotton. The results of the microarray and a recent RNA-seq data analysis
also suggest responsiveness of GhCBP60b/c/d-5A/D, 6A/D, 8A/D, 10A, 13A/D to abiotic stress (Zhu
etal., 2017).

To investigate the putative roles of GhCBP60 genes in BR- and abiotic stress signalling
experimentally, | examined the transcriptional response of three newly identified genes or gene
pairs (GhCBP60a-12D, GhCBP60g-8A/D, and GhCBP60f-8A/D) to salt stress using gRT-PCR. The
results revealed the down-regulation of GhCBP60a-12D in the leaf tissue in response to salt in the
absence of EBR. It also showed the up-regulation of GhCBP60g-8A/D under salt stress and possible
down-regulation of SARD1-9A/D in the same tissue under salt stress but only in the absence of EBR.
As mentioned above, AtCBP60a, and AtCBP60g and AtSARD1 genes have antagonistic roles in
regulating the growth of bacterial growth of P. syringae (Truman et al., 2013). They found that the
bacterial growth of the pathogen increased in atcbp60g only in the presence of atcbp60a. However,
the increase in the growth of the bacteria in atsard1 was independent of atcbp60a, suggesting the
key role of AtCBP60g in repressing the negative effect of AtCBP60a on plant immunity. A recent
study conducted by Qin et al. (2018) confirmed the involvement of the CaM-binding domain of
(GhCBP60g-8D) in regulating plant immunity in Arabidopsis. The authors suggested that the
effector protein VASCP41 binds to the CaM-binding domain of CBP60g to inhibit its activity,
decreasing plant resistance to the pathogen V. dahliae. The CaM-binding domain of AtCBP60g is
required for VdSCPA41 targeting. Mutations in the master immune regulators of plant immunity
atcbp60g and atsardl, partially impaired virulence mediated by VdSCP41 and compromised plant
resistance against V. dahliae. The authors also reported that virus-induced silencing of GhCBP60g-
8D decreased plant resistance to V. dahliae suggesting the involvement of this gene in mediating

disease resistance in cotton. Another independent study recently carried out by Cai et al. (2019)
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revealed the involvement of a different calmodulin-binding protein (GauCBP1) in disease
resistance response against the same pathogen in the Australian native cotton relative, Gossypium
australe. An earlier study by Wang et al. (2009) also revealed the significant up-regulation of
AtCBP60g gene in response to infection by Psm ES4326. SARD1was identified as the eighth family
member of CBP60 proteins (Zhang et al., 2010). Although both AtCBP60g/ and atsardl act as
positive regulators of plant immunity, AtSARD1 does not bind calmodulin, unlike AtCBP60g. It
was further revealed that amino acid Val-29 is needed for the binding of AtCBP60g to CaM, and
this residue is not conserved in AtSARD1 (Zhang et al., 2010). Furthermore, a study conducted by
Wan et al. (2012) also presented evidence for a similar role of AtCBP60g in mediating abiotic stress,
in which they found that the over-expression of AtCBP60g improved tolerance to drought stress and
abscisic acid, whereas atcbp60g plants showed increased sensitivity to these stresses. The
antagonistic relationship between AtCBP60a and other AtCBP60 genes have been reported in
response to plant immunity. My results suggest that a similar antagonistic relationship may occur
between GhCBP60a-12D, and GhCBP60g-8A/D in response to salt stress in cotton. However, there
is no clear indication of why GhSARD1 was down-regulated while its closely related orthologue
GhCBP60g was up-regulated in the leaf tissue of cotton in response to salt. In the present study, |
report the novel role of GhCBP60a-12D, GhCBP60g-A/D and a possible down-regulation of
GhSARD1-9/A/D in the absence of EBR as salt stress-responsive genes with evolutionary highly
conserved CaM/DNA-binding domains suggesting a potential functional role in cotton CBP60 as

in other plant species

Very little work has been done on the involvement of CBP60 proteins in Clade 2 in stress responses.
However, a previous study by Truman et al. (2013) investigated the roles of AtCBP60b/c/d/f in
biotic stress responses by testing the effects of mutations in these genes on the growth of Psm
ES4326. Mutations in atcbp60f had no effect on the bacterial growth of Psm ES4326 indicating the
non-stress responsiveness of this gene in plant immunity. Similarly, the small increase in the
bacterial growth of the pathogen in atcbp60c and atcbp60d suggest the non-stress responsiveness
of these genes in plants (Truman et al., 2013). In another independent study conducted by Pallager
(2014), the functional role of AtCBP60f as a BR-responsive gene in mediating salt stress tolerance
in plants was revealed. The results of knockout mutants of atcbp60f show increased sensitivity to
salt, While the over-expression lines of AtCBP60f led to improved salt tolerance of plants as
compared to wild type. In this study, | report the novel role of GhCBP60f-8A/D and possible
up/down-regulation of  GhCBP60bcd-5A/D, GhCBP60bcd-6A/D,  GhCBP60bcd-8A/D,
GhCBP60bcd-10A, GhCBP60bcd-13A/D as salt stress-responsive genes with functional conserved
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CaM/DNA-binding domains suggesting regulatory functions for these genes in cotton similar to
their roles in different species

To date, there is only one study conducted by Pallegar (2014), that reveals the role of CBP60 in BR
mediated stress tolerance in Arabidopsis plants. The authors proposed the possibility of gene
regulation of AtCBP60g and AtCBP60f by BR. Therefore, | further investigated the transcriptional
response of the most stress-responsive genes from microarray data GhCBP60a-12D, GhCBP60g-
8A, GhCBP60f-8A/D, as well as GhSARD1-9A/D and GhSARD1-12A/D to EBR treatment. The
results of gRT-PCR indicate the up-regulation of all genes except the GhSARD1 following 24 h of
floating leaf tissue on EBR solution indicating the ability of the hormone to move directly to the
leaf cells. The results of this experiment support my suggestion that the inability of EBR to travel
long distance could be the main reason limiting the whole plant phenotypic response to EBR.
Similar to my results, the up-regulation AtCBP60g and AtCBP60f in the leaf tissue following short-
term treatment of 24 h by 0.1 uM BL and long-term treatment of two weeks of 150 mM NaCl have
been reported by Pallegar (2014). The authors further state that both AtCBP60g and AtCBP60f genes
are BR responsive genes in Arabidopsis. The functional analysis of the atcbp60f mutant revealed
the sensitivity of this mutant to salt stress as compared to wild-type plants, however, AtCBP60f
over-expressing lines showed increased salt tolerance indicating their essential role in conferring
salinity stress tolerance in plants. Collectively, these results suggest potential molecular links

between BR signalling pathways and GhCBP60 transcription factors and stress tolerance in cotton.

Pallegar (2014), have also reported the presence of E-box elements (CANNTG), which is the
binding site for the transcription factor BRI1-EMS-SUPPRESSOR1 (BES1) in promoters of
AtCBP60g and AtCBP60f, suggesting the possible direct regulation of AtCBP60g and AtCBP60f
genes by BR. The transcription factors BES1 and BZR1 also bind to additional cis-regulatory
elements, BRRE (CGTGTG and CGTGCG) and G-box (CACGTG) which are overrepresented in
the promoters of BR-biosynthetic genes, resulting in the up/down-regulation of these genes in
response to high-temperature stress (Martinez et al., 2018). Furthermore, the transcription factors
TGAL and TGA4 are required for the full induction of AtCBP60gand AtSARD1 and in plant defence
against pathogen attack (Sun et al., 2018). To further determine whether CBP60 genes in cotton
could be directly regulated by BR-signalling pathways, | conducted a search of the promoter region,
1500 bp upstream of the transcription start site, of GhCBP60 genes to investigate the presence and
over-representation of cis-regulatory elements: E-box (CANNTG), BRRE (CGTGTG and
CGTGCG) and G-box (CACGTG), GGTCC motif and TGAL and TGA4 (TGACG).
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Promoter sequence analyses revealed the presence of CANNTG cis-elements and GGTCC motif in
the promoter sequences of stress-responsive GhCBP60a-g and GhSARD1. However, there was no
over-representation of either element in stress-responsive genes as compared to the non-stress-
responsive genes of the GhCBP60a/f/g and GhSARD1 group.

On the other hand, the BRRE (CGTGTG and CGTGCG) and G-box (CACGTG) cis-regulatory
elements were absent from the promoter sequences of the stress-responsive GhCBP60a-g and
GhSARD1group. These results are in conflict with my hypothesis that the stress-responsive genes
are directly up-regulated by EBR and suggest that the up/down-regulation of these genes is
controlled by other motifs.

The results also showed that TGACG cis-elements were not consistently present within the
promoter sequences of stress-responsive GhCBP60a-g and GhSARDI. In fact, contrary to my
hypothesis, the stress-responsive genes that were up-regulated by EBR GhCBP60a, GhCBP60f and
GhCBP60g had a smaller number of TGACG than genes with no response to stress.

Thus, the cis-element analyses revealed that there was no positive correlation between BR-related
cis-regulatory elements and stress responsiveness in GhCBP60, suggesting that any regulation of
GhCBP60a, GhCBP60f, GhCBP60g by BR, the signalling pathway is likely to be indirect.

The promoter analysis of the GhCBP60b/c/d group revealed significantly lower frequencies of
CANNTG and GGTCC motifs, and the enrichment of BRRE (CGTGTG and CGTGCG) and
TGACG compared to all CBP60 genes and stress- responsive GhCBP60a/f/g and GhSARD1 genes.

Collectively, these results suggest the stress responsiveness of GhCBP60b/c/d and possible direct

regulation of these genes by BR signalling.

In conclusion, my results provide evidence of a possible connection between BR signalling and
GhCBP60 transcription factors in mediating abiotic stress responses in cotton indicated by the
indirect up-regulation of GhCBP60f and GhCBP60g by BR signalling in response to salt stress.
Moreover, the possible direct up/down-regulation of GhCBP60b/c/d by BR signalling requires

further investigation.

6.1 Future directions

Previous studies on the effects of BRs on plant response to abiotic and biotic stress have been

conducted using both exogenous BRs and genetic studies (over-expressing lines, mutant, and
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knockout gene plants). As | had difficulties to determine a positive effect of exogenous application
of EBR on the growth of cotton seeds and seedlings under stress, | suggest that genetic studies that
can be utilised instead may further reveal the role of BR signalling in regulating stress adaptation
in cotton. There are several directions to extend this work. The transcriptional response of
GhCBP60a-12D, GhCBP60f-8A/D, and GhCBP60g-8A/D under different stress conditions such as
drought, cold, and pathogens should be investigated. If positive effects of BR on seedling growth
and development are obtained, a transcriptome analysis using RNA-seq should be carried out using
BR-treated seedlings under both stressed and non-stressed conditions to identify BR pathways and
BR receptor genes mostly affected by EBR under normal conditions. Further information is
necessary to determine whether BR signalling pathways play a key role in mediating salt-stress

tolerance in cotton.

More importantly, a functional equivalence test of GhCBP60a-12D, GhCBP60f-8/A/D and
GhCBP60g-8/A/D genes in Arabidopsis through expression in respective Arabidopsis knockout
mutants should be undertaken. In addition, generation of Arabidopsis lines over-expressing cotton
GhCBP60f-8/A/D and GhCBP60g-8/A/D may be used to examine their regulatory role in response
to abiotic and biotic stresses. The outcomes of future experiments will further confirm the
involvement of novel GhCBP60a-12D, GhCBP60f-8A/D and GhCBP60g-8A/D in cotton growth
and development in response to environmental stimuli. The discovery of these genes can be used as
a molecular tool for breeding which will produce breakthroughs in the understanding of stress

signalling mechanisms and adaptation in cotton.

Another important point for future research is the possible involvement in stress and BR response
of GhCBP60b/c/d genes. Thus, the transcriptional response of GhCBP60b/c/d in both leaf and root
tissue to BR and abiotic and biotic stressors should be investigated. This new information will
provide a clear indication the role of GhCBP60b/c/d in regulating cotton responses under normal
and stressed conditions. Even though many questions remain to be answered, the new insights
obtained will be considered as a foundation for future studies to illustrate the mechanism of

GhCBP60 proteins and their relation to BR signal transduction pathways in cotton.
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Appendix

Promoter DNA sequences for GhCBP60b/c/d-5A

5’ .TAATATTAACTATACTTTAAAATTTAAACTTAAGAAAAAATCCCTTAAGACTTCTAGCTTTTGATTTCAACCAGAATTTTACCTAACGTTTTA
AAATAATTTTTTCCGACATAATTGAAGTTTGTGAAAAGAATAGGTCTATCTGATCTGATAGTCATTATAATTTGGTTGCATGACTGATCCCGTCCC
GGGTGTTTTTCTGGTTGAGAATAAATGGACCAAAAATGCTGCCTTTTTTTAAAAAAATAGAATAAAATCCGTCCGAGGTCTTTGATGAAATGATAG
AGGAAATGATGGTTATGTTTGGCCTCTGTTACCTTTTAACATAAAATTTTGCTTAAACCACTACAATGGATTGGAAGCTAGTTAACTAAGCCAGAC
AAAACAGCCCCCCTCATGATTAATACCACAAAACAGACCCCCCAATGATTAATACCTATGTGAAGTATTTGATTATGATTAGGTTAAAATTTGTCA
TAACCCTTGTACTATTTGAAAGTTAAAAATTTTCTCTTTGTATTTTTATTTTTAGAATTTTATTTTTTTATTTTTTAAATTTTAAAATTTGAGTCT
AGTTATTAAATTTTAAAAATTAAATTGAAGTTTATTATAACATATTATTTTGGTTACATAGTTATGAGGTGATTTTTTTTTATAAATTGTTATACC
AATAAAGTTAACAAAATAATTTAATAATATTAACAATTGGACCTGAAATTTAAAATTTGAAAAGTAAATGAATTAAATTTATAAAATTAAATATAA
AGAGACTAAATTATAAATTTTCAAAAGATAGAGGGGCTTATAACATATTTCAAATTTATGTTTATTATGTATGGATAATAGTAATACGGAAAATAA
ACCTGTATGCGAAATCGACAGAAATTCAAACAATTTCGTAAACGTAACAGTGCTGATCACGTACGTATACGAACCAGCAATCATTACTCCTAACTA
CGAAGTTGAAATTAACCGCAAATAATTACAAACAAGTACAGCGTAGAATCGAACGGTTCTGTAAAAGAAGGGAAAAAAAAAGAACCACGAAGATCA
TAGCTGAGCGGGGACGAC-AATTTTGTAAAGAGATTCCTAAACAGATTAGCCACAGTGCCAAAGCCATCACTGTGAGTAAACACAACATTG
TCCACAACGCAATAACGACAACGAAAGTTCGCCGACGTTTCCTTGAACCTTCTCTTCCTAAAATCCAATTCCCTCGCTTTTCACTTTACTCCTCCT
CTCTTTTTCTTTTTCAAAAAGGAAAAAAAAAAGGAGAGAGAGAAATTTTATTCTCTTTTTTTTTTTGGGTGGATAAAAATCGAATCACCTTTGAAG
AGAAAGAGAAGTGTTTTTCGAGTTTGGGGTTTTGTTTTTTTTGAGAAATGCAAAGTTCAAAATAAGATAGGAGAAGAGGGAAAAGAAAGAGAGAGA
GAGGTGTTTTGTTGTGTTAGTAGTTTCTGGGCAACCAAACAGGGCTGAGTTTGAAAAAAAAZ' ..

Promoter DNA sequences for GhCBP60b/c/d-5D

5’ .ATATCTGAGTGATTCATTTAAAATTTAAACTTAAAAAGAAAAAAAAATCCCTTTTGATTTCAACCAGAATTTTTCCTAGCCTTTTTAAAATAA
TTTTTTTGCGACATAATTGAAGTTTGTGAAAAGAATAGGTTATCTGATTTGATAGTCATATAATGCGGTTGCATGACTGATCCCGTCCCGGGTGTT
TTTGTCTGGTTGAGAATAAATGGACCAAAAATGTTGCCTTTTTTTAAAAAAATATAGAATAAAATCTGTCCGAAGTCTTGGATGAAATGATGGTTA
GGTTTGGCCTCTGTTTCCTTTGAACATAAAGTTTTGCTTAAACCACAACAATGGATTGGAAATTAGTTAACTAAGCCAGACAAAACAGATCCCCCC
CCCCCATGAGTAATGCCACAAAACAGATCCCCCCAATGATTAATACCTAAGGGAAGTATTTGATTATGATTAGGTTAAAATTTGTCATAACTCCTG
TACTATTTGAAAATTAAAAATTTTCTCCTTGTATTTTTATTTTTAGAATATTAATTTTTTATCTTTCAAATTTTAAATTTTAAGTCCAGTTATTAA
ATTTTAAAAATTAAATTGAAGTTCAATATAACATATTATTTTGGTTACATAGTTATGAGGTGAGTTTTTTTTAATTTTAAATTGATATACCAACAA
ATTTAACAAAATAATTTAATAATATTAACAACTGGACCTGAAATTTAAAATCTGAAAAGTAGATGAATTAAATTTCTAAAATTAAATATAAAGGAC
TAAATTCTAAATTTTCAAAAGATAGAGGGACTTATAACATATTTTAACTTTATGATTATTATGTATGGATATTAGTAATAAGGAAAATAAACCTGT
ATGCGAAATCGACAGAAATTCAAACAATTTCGTAAACGGAACAGTGCCGATCACGTACGTATACGAACCAACAATCATTACTCCTAACTACAAAGT
TGAAATTAAACGCAAATAATTACAAACAAGTAAAGCGTAGGAGAGATTCCGTAATCGAACGGCTCTGTAAAAGAAGGGAAAAAAAAAAGGACAACG
AAGATCATAGCTGAGCGGGGACGAC-AATTTTGTAAAGAGATTTCTAAACAGATTGGCCACAGTGCCAAAGTCATCACTGTGAGTAAACAC
AACATTGTCCACAACGCAATAACAACAACGAAAGTTCGCCGACGTTTCCTTGAACCTTCTCTTCCTAAAATCCAATTCCCTCGCTTTTCACTTTAC
TCCTCCTCTCTTTTTCTTTTTCAAAAAGGAAAAAAAAAAAGGAGAGAGAAATTTTATTCTCTTCTTTTTTGGGTGGATAAAAATCGAATCACCTTT
GAAGAGAAAGAGAAGTGTTTTTCGAGTTTGGGGTTGTGTTTTTTTGAGAAATGCAAAGTTCAAAATAAGCTAGGAGAAGTGGGAAAAGAAAGAGAG
AGAGAGAAGTTTTGCTGTGTTAGTAGTTTCTGGGCAACCAAACAGGGCTGAGTTTGAAAAAAASZ' ..

Promoter DNA sequences for GhCBP60b/c/d-6A

5’ .TGGTGCAAACATAGAATGTTATATAACAACAGTTTTAACAACCCAACAACTTAAATGAAAATTTATGAATGGTTTAGTGACCATTTTGTAACT
TTTTGATGTTAAGTGACCAAAATATAAACATACTAATAACCGTAGATGACATTTTTTCAATGATACTAAAACAGCGCCTTGTTTGGCCAGAAAAAA
GGCAAATCAGTCAATTCCCAATTATTACGCTTTATAATTAAATAAAACAATAATAAGTTTAAAAAAACAAATGAGTACGGCCAACATAAGAATTAA
ATATAAAAATATAAAAGAGTACGGGCAAAAACTAAAAAAGAAGAAGTTAAATTACACTTAAGGTCACTTAACTATTAGTAATTCTACGTTTTGGTC
ACTTAATTTTAAAAAGTTACAAAATTATCACTAAATCATTTAAAAGTTTCCATTTAAGTCACGTGGTTAGGCTGTTAAAATTTCTACTGTATGGCC
TTCTTTGTTTGCACCACCTGCACTAATTGAAAACTTTCTTCCCCTTCTCTTTTATAGTTTAATTTCTTTTTCATGAAACAGTTTTGAAACATCACG
AATTTACAAACCAAAATTTCAGATAGTTTTCTTCTTCGATTTTCGATACTAAC-GATCAACTTGGATATAAGGTATGTTGTTTTACTCATCA
ATTGGTATCCACGATACCAATCGTTGAATCATCACTTCGAGCTCGCTAGCTGAACTTTTTAATAAAAAAATTTTATTAGTTTAGTAACTTGAATAA
AAACTTTCAAATAGTTTAGTGTGGGATATTCAAACAGTCGATTCAGTTATTAACAGAACTGAATTAAAAAATATATTATATATAATATATATTATT
TAATTTGGTTAATTACTCGATTTCGAACCTAATTAACCGATAATCAAAATTTTAAGAAATCATTAATTGACTAAATTAAATCCGGCCACCGACCGA
TTAACTAAATTAAATCGATTCGATTGATTAATTCGATTTTAATTGAACTATTAACACCCTGATTTAATTATTTAAATGAACATATTTAAATAGCTT
AATATCTATTTTATAATATTTTAAAGTTAAATGGTTAAAATGTAAACTTCCTATAATTCTGATACAATGAGTGTAGTTTAACGAAAACATCCTACG
GCTCTGATCTGATCAGAGCTTGTGACTGAGAATTTAATTTATGCGAATCCGACCATTTAGCTAAAGTTACAGAAATTCGTTACTTCAAAACAAGAA
GGAAAATTCGCCGACTTTTCCTCGGTGCTTTTTAATTTACAAAAATCCAAATTTTCCGTCTTTTCGCTTTTCTATGATAAATGATAAAATACTATT
TTTTCCTGGAAATTTGATAGAGAGAGAAATTTGTTTTTATTTGTTTGTTTATTTATGTTGTTGAATAAATTTGATTCGCTGTTGAAGGGAAAGGGC
GAATTTTTAAAAGTTGCGTTTTTTTTTCTCGGGAACCAAACAGGTTTTTCAGTGTGCAGCAAAS' ...

Promoter DNA sequences for GhCBP60b/c/d-6D

5’ ..GCAAATCAGTCAATTTCCAATAATAAATTTAAAAAACAAATGAGTACGGCCAACGTAAGAATTAAATATAAAAATATAAAAGAGTACGGTCTA
AAACTAAAAAAAAAGAGTTAAATTACACTAACTTTACGTTTTGGTCACTTAATTTTAAAAAGTTATAAAATGATCCCTGAATCATTCAAAAGCTTC
CATTTAAGCCACGTGGTTAGGCTGTTAAAATTTCTACTCTATAACCTTCTTTGTTTGCACCACCTGCACTAATTGAAAACTTTCTTTCCCTTCTCT
TTTATAGTTTAATTCCTTTTTCATGAAACAGTTTTGAAA-TGAATTTGCGAACCAAAATCTCAGATAGTTTTCTTCTCTGATTTTCGATATT
GAC-GATCAACTTGGATATAAGGTATGTTGTTTTACTAGTCAATGGGTATCCACGATACCAATCGTTGAATCATCACTTCAAACTCGCTAGC
TGAATTTTTTAATAAAAAAAATTATTAGTTTAGTAATTTGAATAAAAACTTTCAAATCATTCAGTATGGGGGGTTCAAACGGTAGGTTCGATTATT
AACAGAACTGAATTACTATTAACCGAATTATCCAAAATGTAAAAATCTTTAACCGTTAACTGAACGGAATATTTTTTCAAATACATTAAGTGAACC
AAAACTGAATTAACTGAAATTTATATGTTTTTGTCTTTTGGTTAAATTAAGTATAAAACATATAAAAAAACAGATCACTATGTTCATTTTCTTTTT
TTTTTAATAGTTCAAATATATATTATATTATATATATTATTTATTTTGATTAATATAAAAAAATAGTTCAAAAAATACCTTGCTAATATAACAAAT
ATATTATATATAATATATTGTTTAATTCAGTTAATTTCTCAATTTTGAACCGAATTAACCAATAATTGAAATTTTAAAAAATTATTAATTGATTGA
ACTAAATTCGGCCACCCACTGATTAACGAAATTAAATCGATTCGGTTGGTTAATTCGATTTTAACCGAACTATGAACACTCGTGATTCAATGATTT
AAATGAACCTATTTATATAGTTTAATAACTATTTTGTAATTTTTTAAAGTTAAATGATTAAAATGTAAACTTGGTGATAATTCAGAGAGAATTGGT
GTAGTTTAGCGAAAAAATTCTACGGCTCTGATCTGATCAGAGCTTGTGACTGAGAATTTAATTTATGCGAATCCGACCATTTAGCTATAGTTACAG
AATTCGTTACTTGAAAACAAAAACGAAAATTCGCCGACTTTTCCTCAGTGCTTTTTAATTTACAAAAATCCAAAATTGCCGTCTTTTCGCTTTTCT
ATGAAAATGATAAAATACTATTTTTTCCTGGAAATTTGATAAGAGAGAGAAATTTGTTTTTATTTATTTGTTTATTTATGTTGTTGAATACATTTG
ATAAAAGTGGGTTTTTTTTTTCTCGTGAACCAAACAGGTTTTTCAGTGTGCAGCARAAATGGAAS ...

Promoter DNA sequences for GhCBP60b/c/d-8A
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57 ..TGTTGATTTGGTTGATTGGTCAAGAGTAAATGATGTTGTGGATGCATATTTGAATGATTTTGTGCAGAATTTAATGTGCATCTATGTACCAAA
TGAGTTTTGTAATGGTTGGTTTGAAATAGGTATAAAAAAGTTCCATTTTCTACCAAAARACAGGTTCCTCATC T TCGATCTTCTCTCATCAC
AACGTCGGTCGACAGTTTGHBMBETCCCAACATCATATGACATGACATCTTCARAAACT TAAGACTAAACTTTACCTAAAAATTACTCACCARAAT
TAAACTTTTTAGAATATAAACATTGACAAAATATATTTTTCAATAAGTTGGTGTTGATATTCAACAGCCCCARGGGTAGTCCAAGTGGTACCATAC
CCCARGAAAAAGGCTACTTATGCCTTAGTTGGTAGTTTGAATACTTGTACGCGTATTTTCCATGATTAATATTCCGCCTTTCCTCCAGGTACTTCC
CTTCTCATCCAACTAATGCACTCCCATTACGCGAACTTATAGGGCTTTTTGTGGAGT TGAGARGCAAAACCTTGACACGGTGACAATACCTTCAAT
TGTTAAGGATAATGTTGATTGCTTAACAGACGACATTTCAAAAAACTTCTCCTAAAAGAGTCGATCCTGCTCAACGAACTCAAATTTTARAATTTA
AAGAGTATAAAAATTAARATTCCTAAAAATAAAACCATAAACATAATTTAACTAAATACAGAAAACTGGAGGGTTTACTTACCAACAATTTAGTTAC
CCAATTATTAATTTACAATTCTGGTGACTCGGCAGCHECRCCHCINCGCCcA2AAAACA TR TTTCAAAAGARAAAAGCATARACATGTCT
2AAAEEBETGGTAAATGCCGACGTACGGTGGCGATTTAATCACAGGTCTTCTACCCTTCGTAAGCTAATGATCAACGAATATTCAATCTGCTAAA
AATTATTCACTGCATCGATCTCCACCGTAGTCTCTTTCATCAAATTCAATCTCTCAARACCCTCCACAAAAACTCCATCAAAAAGCTATCACCGTT
ATCTTCATCCGTTGACTCCACTGTATTTACCGTAAATCAGGCGTACAGGATCCTTCCTTGAAAATCACGTCTCTGCTAAGAGTCGCCATAGTAGAC
TCCCCTATACTCTTCAAAATTTCCCTATTTTTCCCCTTAGGTTTTCTTCTTTTTTCTTCAATTTATCARAAACAGAARATARATTTCCCGTTTTTG
TTTATGTTTATTGTTTTCTGCTGTTAAAATTGAGAGTAACTGATTAGTAATAGTAAGAACGTAATTTTTGCTGATTTTTTTTTTATTTTTTTATTT
TCTAATTGAATTTATTTCTGGTGTTTAAATGGAAGATTATGGT TTCGAGTAGTGTGAATTTGAACTTTTTTACTTARATCAGTGATTTTTCTGAGT
GTTGTTTTGTTTTGGCTGTTCAGATCTGGGAAAAATTAGGGTTTTGAATTTGGTACTCACAAAS .

Promoter DNA sequences for GhCBP60b/c/d-8D

57 . AATTTATTTTTGGATTAGTTTGGTAAAACAGCCCATATTTGAATGATTTTGTGTAGAATTTAATGTGCATCAATGTACTAAAAGAGTTTTGTA
GTGCTTGGCTTGAAATAGGTACAAAAGATGTCCATTTTGTACCAAAAACAGGTTACTAGTCCCAAMlATCTTCCCTCATCACAACGTCGGTCG
ACAGTT TG T CCCAACATCATGACATGACATGCTCAACAACTTAAGACTAAACTTTACCTAAAAATTACTCACTAAAATTARAACTTTTTACA
ATATAAACATTAAAAATATATATTTTTAATAAGTTGGTGTTATATTCAATGGCCTAAAGGGTAGCCTAAGTGGTACCATACCCCAAGAAAAAAGCT
ACTTATGCCTTGTTTGGTAGTTTGAATACTTGCACTCGCATTTTCCATGATTAATATTCCGCCTTTCCTCCAGGTACTTTCCTTCTCATCCAACTA
AGGCATTCCCATTACGTGAACTCATAGGGCTTTTTGCGCTTGAGGAGTCGAGAAGCAAAACCTTAACACAGTGACAATACCTTCAGTTATTAAGAA
TAATGTTGACTGGTTAACAAACGACACTTCAAAAGACTTCTCTTAAAAGAGTCGATCCTGTTCAACAAACTCGAAGATTAAAATTTAAAGGGTATA
AAAATTAAACTCCTAAAAATAAAACCATAAACATATTTTAACGAAATACAAAATACACGAGGGCTTGCTTACCAACATTACTTACCAACATTTTAT
TTACCCAATTATTAATGTACAATTCTGATGACTCGGCAGGHCRCCHCOCHNCGCCArAAAACC SN T TCAAAAGAAAAAGCATAAACAT
GTcTAAAA BB T GGCAAATGCCGACGTACGGTGGCGATTTAATCACAAGTCTTCTACCCTTCGTAAGCTAATGATCAACGAATAGTCAATCTGC
TAATAATAATTCACTGCATCGATCTCCCTCGTAGTCTCTTTCATCAAATTAAATCTCTCAAAACCCTCCACAAAAACTCCATCAAAAAGCTATCAC
CGTTATCTTCATCCGTTGACTCCACTGTGTTTACCGTAAATCAGGCGTACAGGATCCTTCCTCGAAAATCACCTCTCTGCTAAGAGTCGCCATAGT
AGACTCCCCTATACTCTTCAAAATTTCCCCTCATTTTCCCCTTAGGTTTTCTTCTTCTTTCTTCAATTTATCAAAAACAGAAAATAAATTTCCCGT
TTTTATTTATGTTTATTGTTTTCTGCTGTTAAAATTGAGAGTATCTGATTAGTAATAGTAAGAACGTAATTTTTGCTGATTTTTTATTTTTTATTT
TCTAATTGAGTTTATTTCTGGTGTTTAAATTGAAGATTATGGTTTCGAGTAGTGTGAATTTGAACTTTTTTATTTAAATCAGTGATTTTTCTGAGT
GTTGTTTCGTTTTGGCTGTTCAGATCTGGGAAAAATTAGGGTTTTGAATTTGGTACTCACAAAS’ ..

Promoter DNA sequences for GhCBP60b/c/d-13D

5’ .CAAGAATTTATTACTTGGATTTAAAAAAAAATTAACATCTTGATAACTTAAATAAAATTTTTTAAATAATTTAATGACTTAAATAATTTTTTT
TAATAGTTTAATGATTAATTTATAACTTTTTGAAATTAAGTGAACAAAGTTAATTTAATTTTAGGGATGGCAAAGAGTTCATATATGTAATTGTAA
GTATATTAATGATAGAGTTGGATGTCAGCCAAAAATATTTACAAAATGTAATTTTATAAATGTGTTACCACATAATTCAATTTAAATTAGAATCTA
ATATAAACAAACACCAATCTTTTATTTTTTGCCAAATTTGGCTATCAAGTAATTTGGCAAATCAAGTAGGGTGGCGTAAATTTTGGGTAAAGCTGA
ATTAATTCGGTCGGGTCGGTTAATAAATTTTTAGAAGTTTGATTAACGGTTAATTTGATTTGAAATCGGTTGGTTAATTAAATTAACTGAATTTAA
TAAATAATATTATAATATATAAATATTTGGTTGGTGGTCGGGTGGTTCGGTTAATTTTTTAGAAATATAAATTAATCAGTCGGTTAATTTTTATAT
GTTTTATATTTATTTTAATTAAAAATAAAAATATATACAAATTTTGATTAATTCGGTTAATAGACCGAATTAACTAAAAAAATTTAATTTGATTAA
CGGTTAAAGATTTAAAAAGGTTGACTAATTCGATTAATGGTAGTTTGAATTAGTTAACTGGTCGGTTAACCGATTGAATATTTTTACTACCAAGTT
GAGATACTAAAAAAATATATATATCAATTGGGAATATATTCATTTGAGCATTATTCTTTTTGTGGTTTTAAGGAACAAAAATATATTTATAGAGTG
GTAAGGTGAGCCTGTGAGCCTGTAACGTCGTTGCAAATCTTACAATTTGAACGGCTCAGAAAACGACATGTGTCCTACCAAAACCACTTACCCCCG
CTATAATAACTATTGAATATTTAAAAAC-TGGTTGACTCATCATCCGACAAACATCCAAATCCCAATCCACTAGCAAAAATCCCCTGCATCA
GTATCCACCCTAAAACTCCCTTTCACCAAATCCCTCACTCGCCCGCCCTCAATTTTACGTTAAT-TCGCATTACCCTGAATCTTGGTGTACC
AGATTATTCTCCGCATCACTTTTTGTCTGCTAAGATACTAAAAAGAAAAAAAAAAAAACCAAATACACAAACACTCACTGCAAAAGGATTTTCTCT
CAGATTTTTCTTTCCTTTAAAAAAAAAAAATCTCTGTTTATTAATTGTTCGTTTAAATATATTTGAGACCTCGACTGTTAAGAGTAAGAACCTAAT
TTTTATTTTTATTTTTAAATTTCTTTCAGTTTATTTTATCATTCCTGTTCTCTGTTTAAAAAGGAAGATTAGATATGGATTTTTTTTTAGTGAATT
TGAAGTTTTCATTTAAATCAGTGACTTTGATTTTGTTTTGATTGCAGATCTGGTACTTAGAGAZ' ...

Promoter DNA sequences for GhCBP60b/c/d-13A

57 ...ATGCTATTTCAGGTGAACTAATAGGTTTTGCGCTATATTCTCAGAGAACAAAATGAAGC-ATTACATGGCAAAAGAAGGGCTATCTTTT
AGAATTGATCTGTAATTTTTTGATACTCCTCTTAGGGTTTCGAATTTTTTAGATTTGCACCAGTTTAAAGCTCTTTTCTCAAGTGTGTTGGATGTA
ACTAATTAGCTATTCATTTTTTGTTTTTCACCAAAAAAAAAATATCATAGAGTTGGATGTCAGCCAAAAATATTTTCAAAAATGTAAATTTATAAA
TGTGTTACCACATAATTCAATTTAATTTTTTTAACTCAAATTCAAACTTAATTAAATCTAATATAAATAAACACCAATCTTTTATTTTTTGTCAAA
ATTGACTATCAAATAGGGGTGTGTAAATTTCGGATAAAGCTGAATTAATTCGGTTGGGGGTTGATTAATAATTTTTTAAAAGTTAGATTAACGATT
AATTCAGTTCAAAATTGGTTGGTTAATTGAATCAATTGAATTTAATAAATAATATTATAATATATTTATTCGGTTGGGGATCGGTTGGTTCAGTTA
ATTTTTTAGAAGTATAAATTAATTGGCCAGTTAATTTTTATATGTTTTATATTTGTTTTAACAAAAAAAATAAAAAAATATATAAAAATTTTAGTT
AATTTGATTAACTGATTGAATTAACTAAGAAGGTTTAATTTAGTTAACCATTAAAGATTTAAAAGAATTGATTAATTTAATTAATGGTAGTTTGAA
TTATTAACAGATTCAACACTAAAAAAACAAAAAAAAAATTCAATTGGGAATATATTCTTTTGAGCATTGTTCTTTTTGTGGTTTTAAGGAACAAAA
ATATATTTATAGAGTGGTAAGGTGACTCTGTAAGCCTGTAACGTCGCTTGCAAATCTTACAATTTGGACGGCTCAGAAAATGACATGTGTCCTACC
AAAACCACTTACTCCCGCTACAATGACTATTGGATATCTAAAAAC-TGGTTGACTCATCATCCGACAAACATCCAAATTCCAATCCACTAGC
AAAAATCCCCTGCATCAGTATCCACCCTAAAACTTCCTTTCACCAAATCCCTCACTCGCCCGCCCTCAGTTTTACGTTAAC-TCGCATTACC
CTGAATCTTGGTATACAAGATTATTCTCCTCATCACTTTTTGTCTGCTAAGATACTAAAAGGCAAAAAAAAGCACAAATACACAATCACTCACTGC
AAAAGGATTTTCTCTCAGATTTTTCTTTCCTTTTTAAAAAAAAAAAAATCTCTGTTTATTAATTGTTCGTTTAAGAGTAAGAACCGAAATTTTTTT
GTTTTTTTTTTAAATTCTTTCAGTTTATTTTATCATTCTTTTTCTCTGTTTAAAAAGGAAGATTAGATAATGATTTTTATTTTTGATTAGTGAATT
AGAAGTTTTCATTTGAATCGGTGATTTTGATTTTGTTATGATTGCAGATCTGATACTTAGAGAS ..

Promoter DNA sequences for GhCBP60b/c/d-10A

57 ...AATTAAATTGAAAATGTACAAAGAGTA-ACTTATAACATATTTTGACTTTTAAATTTTTACTCTATAATATAGTCTAAAAATTTAATTG
ATTCAACACCAAGTGTGGTGGTCACATACTACTTTTCTCAACGTTTATCTGGTAAAAGTAACACAGAGTCGCTTTTACTAATAGTCAAATTACATT
TT-CTCTATTAAAAAATAGGAAAATTATTTTTTTAACAATACAAAGTGATGATTTTTTTAACAAAAATGACCAACTTACTTTTTGATCTAAG
GTACAGTGACTAGTTTACACATTTTTTATTAAAAGGACCAAAATGTAATCTAACTCTTACTATAAAAGCCTCCACGGTACTTTTACCTTTTTAACC
ACCCATATGTTTAA-TAATTTCTAGTGGATACAGAAAAAAGAAAGAAATCGACAAAGGGGTACTGGTGCTAGTAGTATGTTACGGTGTACT
GTTTTTAAGGATAATAATTTTAAAAGATTCCTTAATCGAACGGCTCTGATTTGATCAGAGGAATGGGATCTCGCAGCCGCAAACTTTAAAGAATCA
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GCAAATATTATTCAATTTACGCTTTGGTAATTTAATTTTAAAAAAATTATAAAATAGTCATTGAATTATTTTAAAATTTTTATTTAAGTCATTAGA
TTATTTAAATTGTTGTTGTGTGATCTTCTCTATTTACACCTCTTGTACGTAGAGGTGAATCTAACGAGGGGTAAGTAGTGGCCTTCTAAAATTTAA
ATATTATAAATTAGTATAATGATAAAATTGTATTTTGGTCTCAAAAAATTTATAATTTAAAATTGCCCTCTAAAATGATCGAAATCTCTTGTTCCT
TTTCTCATTCACAAGTTTATTTATTTTTTCATGAAATAATTTTGAATGTCACGAATTTATGAACTAAAATACAAACAGCTTTATTATCTGATTTCT
AATACTAACTATTAAAATAATTTGGATCTAAGGTACGTTGTTTCACTTGTTGATAGGTACTAATCTATTATATCAATTGTCAAATAGTAGCTTAAT
TAGTTACACGTGTATTTACCCAAAATAAAATCAAAACAGTTCCAAACAAGCAAATACAAAGAAGGAAAATTCGTAAGCTTTACCACGAAGCTTCTT
TGCCCACAAAATTCCAATTCTCAATAAATTTCATTGACCCTTTTTCTTTTGTTTCCGTTACATTTTCCTTTTGAAAATAAATTGAAAAAAAAGAAC
AAATAGAGAAATTTGTTTCCCCTTCTTGTTGGATAAATAATTACGAATTTCCCTTTTGAAGAGTAGTGTTTTTCTTTTCCTTTTTCCCTTTTGGGA
GTTTGGGTTTTGTTCTTTTACGAAGGAATGTGAAGTTCAAAGTACGAAATGGAAGAAGGATTTTGATTTCAGTTTTTATTGCTTCTTTTTTTCTCG
GCAACCAAACAGGCTAAAGTTATTTGAAAAATGTAAAAGGGGTACGCGAAGAGGTCGAAAAATI' ..

Promoter DNA sequences for GhCBP60f-8D

5’ ..GTGTGCTTTATGCTGATCTACAATAACCAATTTTTAACTGTAGAAATAAGTTTTTGCCTTTGCTTCTTAATCTCCTCCTGCCACACATCGATT
CCAATCGTTAGAAAAAGCTGTTCTCGAACAGGTAGGTATGGTGGTCTCTTTATACGCAATTTCAAGTGATATTTTTAACAAAAGAATTCATCTGCT
CTTTAATCTAATGTGCAGGGACTAATTTGACCATTTCTTTAATAGATGGAGCAAATTGTAATCTAACTCTTAATATAAAGCTTTTATGATACTTTT
ACCAAGTTGTTTTAATATGGCAATTAACTCTCACATCTGAATCCTAAAATAGTTAAGATCCACTTATATTTAAATACAATGCATGTTCCCCCACTT
CTAAATGGCATGGACCGGCAGAAAGAAAAAGCTTTTGTTTTTTCCTTTATCAAGTTAATATTAAGTTTATATTTATGTAAAGTTAGTATTGTATTT
AAAATACAAGAATAAAGTTTTAATTTTACTTTTAATAGTGTGTTTCTACATATCAGAACAAAAAATGGACTATGAATTTTGTCAAAACATCCATCA
TTTTCTTTTTTCCTTTTTTTCCTTCTTCCGAGTATCCAAACAAACAAAAGGTAAAACATCAAATTTAGCTCTTAATGCTTATATTTTTATCAATTA
AATCCAGCCTTCAATTTTTAAAAAGAGTCAAATTTAATCATTAATTTTTTGAAAAATAATTGAATTAATTCGTTTTAATGGAAATGTTAGCTAAAC
GGTTAAATTTTAAACATGAAAACCCACATGACAGCCTATATATACTAAATTGCAAATAGTATCATATCAACATAAAGTGTAAGTCGACGAGTTGCC
AAGTTAACATGTTAAAAGTTGAATATTTTAGTTTATATTTTTATTTAAAAAAATTATTTAACTTTTTTTTAAACCTTATTAAGTACCAAATTGATA
AAATATGATTCTAACATAAAAAAAACCAATAATGGTATGATGCATACATGGATCAAGCATTGACTTTCCTCAAGAGCCAAACACAAACAAAGAGTG
TTTTTAAACAGAAAAGCGCACATGCGTAGCATTTGAGTTAAAAAGACATGAAGTGAGATGAGATGCCTAAAAAAACGCGGTTTCAATACTTTCAAC
GTTCATGCACCCAGTCTAGTCTCAAAACACAGCTGTGTTTTCTTCTTCAATTATATATAAATTTTAAAAAAAATTATCAACATTATAATATTGATC
ACTAGACAGAAAGTAAAATATAATATTATAAATCTAGATCTACCAATAAACATATATTTTAGCCCTTTGTTAATTTTACACCTAGATCTATAATAA
CATTAACTTCATTTTCTAAAAACAACTAAAATAAAATGAGTCTAAGCTTTGGACCTTGGTTTAGGGAACTCAAAGTTTTGTTCTAAAAGTTTCTTC
TTTGAATCTTCATTGGGATATCTTGGGTTCTTATTATTTTTCTTTTATTTTCTTGTTATCTAA3 ...

Promoter DNA sequences for GhCBP60f-A

5’ .ATCTACAATGACCAGTTTTTAATTATAGAAATAGGTTTTTGCTTTGCTTCTTAATCTCCTCCTGCCACACGTCGATTCCAATCGTTAGAAAAA
GCTGTTCTCGAACAGGTAGGTATGGTGGTCTCCTTGTACACAATTTCAAGTGATATTTTTAACAAAAGAATTCATCTACTCTTTAATCTAATACAT
ATGAATTAATTCGACTATTTCTTTAATAGATGGAGCAAATTGTAATCTAACTTTTAATATAAAGCTATACTATTACCAAGTTGTTTTAATATGACA
ATTAACTCTCATATCTAAATCCTAAAATAGTTAAGATCCACTTATATTTAAATATAATCCATGTTCCCCCACTTCTAAATGGCATGGACCGACAGA
AGGAAAAATATTTTGTTTTTTCCTTTGTCTAAGTTAAATAAGTTTATATTTATGTAAAGATGGTATTGTATTTCAAATACAAGAATAAGGTTTTAA
TTTTACTTTTACTTTTAATAGTGTGTTTCTACATAACAGAACAAAAAATGGTGGAAAGGACTATGAATTTTTGTCAAAACATCCATCATTTTCTAT
TTTCCTTTTGTTTTTCTTCTTCCTACAAACAAAAGGTAAAATATCAAATTTAGCTATTAATATTTATATTTTTGTCAATTAAATCTAGTCATTTTA
ATTTTTAAAAAGAGTTAAATTTAATCATTAATTTTTTTAAAAAATAATTGAATTAATTCATTTTAATAGAAATGTTAGCTAAATGGTTAAATTTTA
AAATATGAAAACTTGCATAATAGTCTACGTATACTAAATTATAAATAATATCATATCAACATAAACTGTATGTGGACGGGTTACCAAGTTAACATG
TAAAAAGTTGAATATTTTAGTCTATATTTTTATCTAAAAAAATTATTTAACTCTTTTTAAAATATAATTAATTACTAAATTGATAAAATATGATTC
TAACATAAAAAAACCAATAATGGTATGATGCATTATGCATACATGGATCAAGCATTGACTTTCCTTAAGAGCCAAACACAAACAAAGAGTGTTTTC
AAACAGAAAAGCGCACATGCGTAGCATTTGAGTTAAAAAGACATGAAGTGAGATGAGATGCCTAAAAAAACGCGGTTTCAATACTTTCAACGTTCA
TGCACCCAGTCTAGTCTCAAAACACAGCTGTGTTTTCTTCTTCAATTATATATAAATTTTAAAAAAATTATCAACATTATAATATTGATCACTAGA
CAGAAAGTAAAATATAATATTATAAATCTAGATCTACCAATAAACATATATTTTAGCCCTTTGTTAATTTTACACCTAGATCTATAATAATTGTCA
TTAACTTCATTTTCTTAAAAAAAAACTAAAAACAAAATGAGTCTAAGGTTTGGACCTTGGTTTAGGGAACTCAAAGTTTTGTTCTAAAAGTTTCTT
CTTTGAATCTTCTTTGGGATATCTTGGGTTCTTATTATTTTTCTTTTATTTTCTTGTTATCTAAS ...

Promoter DNA sequences for GhCBP60a-3A

5’ .CACACATTTCATATATCCTGTCGAGATGAGACTGTTACCTGAAAAACCTATCCTGTGAAAGTCAGGTTCCAAGGTGATGGTGTTTTATATGGT
CACGGGTCGAAGTCTACTAGAGGTTTCGGTCGATGACCGTTATGAGGTCATAGGTCGAAGTATAACTGAAGAGCCACTTAACGGTTATTCTGTGGG
CACGAGCTCAAACTTTTTGTACACCCTATGATTATGGCATCAATCTTATGTATGGTATATATAAGGCATCATTTGCAGGTATCCAAAAAGCTTGAA
CTCGTGACTGTATAACGAC-ATTAGCCCCTAGTTATACTCAAACCCTTGACCGCATAACGACCGCTGACTAGGACCTCCACTTAGATTTTGA
CCTATAATTGTATCAAGTATTGTCACATTGAAACCTGACTTCCATAAGATGAGTTTCTTAAGTAATGGCCCTATCCTGACATGACATATGAAGTGT
ATGTGTTTTGAGATACGTTCTTACATCCCTAGTCTTTCAAATCTACCTATAAACTTTCACGGTTTCACTCTCAAAACCTTAAACCAAATAAAAACC
CTAATTTTTAAACAAAAAAATCTAACCCTAATACCAACCTTAACCCTAAAAAATCATAAAAAATTGGTGGCTGAGGAGAGTGTGTGCAAGCGCATC
TAGCTAGGCGCGCTTTCACACACTGTCTTCAAAATCGAACTATTTTTTTAAATCATAAAAAAAGACCTATTTAATCAATTAAAAAACTACATATAT
TGCGTATTTAACCGATATACGAAATAGGAAGAATAAATAAACACGTAGTGTTAAGATAAAATCAATTATGTTAAACAAGCTAATAGAAAAAGAAAA
TAATTTTTTAAGTCTCGAGGCTAATTTAAAATTTAATAGATAATTTAGGAACATCTCAACCTCACTTAATACCAAATAATTACGTGTCTTTTTTTC
TTTTATTTCATTTGAAATTTCCTTTCTTCCAATAATTCACAAGTAAAAAGAGAAGAAAGGACAGCAAATCATATTTATAGATTTGTTTAGTTCCAA
AACGAGGTCAGTGG_CACATTCAGACAGATATCCTTTGGTTACATATAAACACACAACACAGAATCACAACCACCTACCCAAGCAGTTAAAG
TGTTAAACTCAGACAAGAGAGAGAGAGAGAGAAAGGGCCAATACAGGATCATGAAAGAGATTCAGGGTGAAGAAGCATCCCAGACACAGCCAAATT
CAGACAATGGGTAGGAAAGTGGGATGGGAAAAAGGGTTTTAACTCTTGCTTCTTCTTTTTTTCCACTTTTGGATTTACTCTTTGATTATCATTTAC
TGATGAATGAATAAATAAATAGTATCTCCTCCTGCTGGTTTCCTTTTCAATTGAAGTGCCGCATGTTGGGTTCTTTAATGTTTGTGAATGAACCTC
ATCACCATCCAAACAGCTTAGCTTCTGGGGGTGTTTTCATTCTTGGAGTTAATAGTTTTAACAS ...

Promoter DNA sequences for GhCBP60a-3D

5’ ..GACGTAGGAGGACTCTTCGGCGGGCAATGACTATTTCGATGGAGTAAAGGTGATGCTCTTTTTAGTTAGTAAAAAATCATTAATAACTACAAC
TGTTGTAGCACCGACTCAAGTTTGACTTTTACTCCACCTGAACATTCGTTTTTCGCTTGAGAGCCCTCTTGTGTCAACCTCGATGCCAACCCTCAG
ATAAGAATGAAAGGTTAAAGATATCAACTGCTTGGAAATAGAGAAAAAAATTACATTGATTACATCGAAAAGCCCTTCATTTTTTCCTATGATTAT
GGCATCAATCTTATGTATGGTATATATAAGGCATCATTTGCGGGTATCCAAAAAGCTTGAACTCGTGACTGCATAACGACCGCCAACTGACCCCCA
GTTATACTCAAACCTGTGACCGCATAACGACCGTTGACTAGGACCTCCACTTAGACTTCAACCCGTGATTGTATCAAGCATTGTCACCCTGAAAGC
TGACTTATATAAGATGAATTTCTTAGGTAAT-TATCCTGACATGACATATGAAGTGTATGTGTTTTGAGATACGTTTTTGTATCCCCAATCT
TTCAAATCTACCTATAAACTTTCACAGTTTCACTCTCAAAACCTTAAACCCAATAAAAACCCTAATTCTTAAACAAAAAAATCTAACCTTAATACC
AACCTTAACCCTAAAAAATCATAAAAAAAATTGATGGCTGAGGAGAGTGTGTGTAAACGTGTCTTGCTAGGCGCGCTTTCACAAACAGTCTTCAAA
ATTGACCTATTTTCCTAAATCTTAAAAAAACGACCTATTTAATCAATTAAAAAACCACATATATTGCCTATTTAACCTATATATGAAATAGGAAGA
ATAAATAAACAAATTAAAATCAATTATGTTAAACAAGCTAATAGAAAAAGAAAATAATTTTTTAAGTCTCGAGGCTAATTTAAAATTTAATAGATA
ATTTAGGAAAATCAAATTTCCTTTCTTCCAATAATTCCCTAGTAAAAAGAGAAAGGACAGCACATCATGTTTATAGATTTGTTTAGTTCCAAAACG
GGGTCAGTGG_CACATTCAGACGGATATCCTTTGGTTACATATAAACACACAACACAGAAACACAAC CACCTACCCAAGCAGTTAAAGTGTT
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AAACTCAGACGAGAGAGAGAGAGAGAGAGAGAAAGGGCCAATACAGGATCATGAAAGAGATTCAGGGTGAAGAAGCATCCCAGACACAGCCAAATT
CAGACAATGGGTAGGAAAGTGGGATGGGAAAAAGGGTTTTAACTCTTGCTTCTTCTTTTTTTCCACTTTTGGATTTACTCTTTGATTATCATTTAC
TGATGAATGAATAAATAAATAGTATCTCCTCCTGCTGGTTTCCTTTTCAATTGAAGTGCCGCATGTTGGGTTCTTTAGTGTTTGTGAATGAACCTC
ATCACCATCCAAACAGCTTAGCTTCTGGGGGTGTTTTCATTGTTGGAGTTAATAGTTTTAACAS ..

Promoter DNA sequences for GhCBP60a-12D

5’ ..GTAATGAAGGCTATGATATTTTGGATACAAATTCCGTGATTCCCATCATGTGTATATAATTTCCTAGATTTATTAAAATATAAAAAGATAAAT
ACTCTCAAAATAATAATCGTTATTTTGTAAAAGAGATGAGATTATAGTAATTTCACAATTGAATTGAAACTCCATTGATACATTACATCAATTTAG
TCACTTTTAATAATAATAATATATTATATATTATTATTAAATAATTATAAAAACACTATAAAAAATTATTTAAAACTATTAAAATTTTTGCAACTT
TTAATAATTTTTAAATAATTATCTATGTTTTTATAATTTTTTGAAAAATCATATCCAAGATGAATTAGAAAAATCATTTGTCTAGATTCTTCTTGG
ATGTAGTTTTTTAAATAATTATAATTATAACTATAACAAATATTTATTTTTAGGATACTTTAATTTTTAAAATATTATCACATCAACACTTAGTAC
TTAGTTTTTTTGTAAATCATATCAAAATTTAAGAGTAGATATAAATGGAAATTTTAATAGAAGATTAGTTTGCACTAATTTACCAATTTTGAGTTG
AAATGGAAAACTGCAATATGAATATTAATACTTTTTTTACCTAATGCTACTCACCATTGAATTTAATATCACTTACATAATAAACTTTAAAAATCT
AAATCATCATTTAACAACATATATGGATAGATTTTTTAACGAAAAAGTTAAATTACACTTTTTTTTAATATATAAAAATTAATTAATTTATTTATT
AATAAAGAAGATAAAATATAATCTAATTTTTAATATTGATATTTTTACTTGATTCAAACCTAAATATTATAATTTTTAATAACTCAATTTTACTAT
TTAAAATAAAATCATATTTAATTAGTATTATATCAAAATTAATAAATATATTATGTAAACTTTTTTACGTACGGGGTGTTGTATGTATAAAATGTA
AGAAATATTTTATCCTAAAATTAAAATTGAAATTAAAGTCAAACTCCATTACACGCTTAGATTAGATAGGATCGGAACGAAATGGAAGGAAAATGC
GTATTATTATGTGGACCCCACCCCTCAAATCTAGTCCAAAACGCGGTTTGTCG_CATGTTACGGACAAAAATCCTTGCTTGCAGACACAGCT
TATACAGCAACCTTTGGCATTGAAGTTAAACTCGAAGAAAGGAAATAGAGAAAAAATATAATAATAAAATGAAAAGAGTTTTGCGGCGAAGAAGCA
TCCCAGATTCCGCCAAATTCAGGCAATGGATAGGAAAGTGAGATTAAAGTGCTAGGTTGCTTTTGCCTTTACTTTTTATTTTTATTCTTTTGGATT
TTACTCATTTGATTAGCAGTTATTTATGAATGAGTAGCTTATATATGTATATGTGAACTCCCCCGGGCTGTTTCATGATTTCATTTTATTATTGAA
GTGGCGCATGGTTGGTTCTTTGGCTGTTATTGTTGTTGTTGTTGTCGTCTAGGTGTTTGTTAA3' ...

Promoter DNA sequences for GhCBP60a-12A

5/ ..GTAATTTATGTTTACCTTTTAAGTGTAAATTAAATTAAAGATTACGCATGATTTGAATTTAAATATAAATTAAAATATAAAAAATTTGTTTGG
TTATGCAAAAATAAAGCCAAAATTAAATAAAACTAGATCTTAAAAAATACATTTATAAAAAAATAGAAATAGAAATAAAAAATGACTTTAATGGAA
ATGATAAAGTTAAATAGTGAAGGCTATGATATTTTGGATACAAATTTTGTGATTCCTATAATGTGTATATAATTTCCTAGATTTATTAAAGTATAA
AAAAATAAAAACGCTCAAAATAATAATTGTTATTTTGTAAAAGGGATGAGATTATGGTAATTTCACAATTGAATTAAAACTTCATTAATACATTAC
ATCAATTTAGTCATACTTTTAATAATAATAATATTATTATTATTATTATTTATAACTATAACAAATATTTATTTTTAGGTTACTTTAATTTTTAAA
ATATTATCACATCAACCACATCAAAATTTAAGAGTAAATATAAATGTAAATTTTAATAGATGATTAATTTGCACTAATTTACCCATTTTGAGTAGA
AATAGAAAAATGCAACATGAATCTTAATACTTTTTTTACCTAATGCTACTCATCATTGAATTTAATATTACTTACATAAGAAATTTTAAAAATTTA
AATCATCACTTAACAACATATATGGATAATTTTTTAACGAAAAAGTTAAATTACACTTTTTTCTAACATATAAAAATTAATTAATTTATTTTTTAA
TAAAAAAGATAAAATATAATCTAACTTTTAATATTGATATTTTTACTTGATTCAAACCTAAATATTATAATTTTTAATAACTTAATTTTACCATTT
AAAATAAAATCATATTTAATTAGTATTATATCAAAATTAATAAATATATTATATAAACTTTTTTACGTACGGGGTGTTGTATGTATAAAATGTAAG
AAATATTTTATCGTAAAATTAAAATTGAAATTAAAGTCAAATTCCATTACACGCTTAGATTAGATTTAGATAGGATCGGAACGAAATGGAAGGAAA
ATGCGTATTATTATGTGGACCCCACCCCTCAAATCTAGTCCAAAACGCGGTTTGTCG-CATGTTACGGACAAAAATCCTTGCTTGCAGACAC
AGCATATACAGCAACCTTTGGCATTGCAGTTAAACTCGAAGAAAGGAAAGAGAGAAAAAAGATAATAATAAAATGAAAAGAGTTTTGCGGCGAAGA
AGCATCCCAGATTCCGCCAAATTCAGGCAATGGATAGGAAAGTGAGATTAAAGTGCTAGGTTGCTTTTGCCTTTACTTTTTATTTTTATTCTTTTG
GATTTTACTCATTTGATTAGCAGTGTTTATGAATGAGTAGCTTATATATGTATATGTTAACTCCCCCGGGCTGTTTCATAATTTCATTTTATTATT
GAAGTGGCGCATGGTGGGTTCTTTGGCTGTTGTTGTTGTTGTTGTCGCCTAGGTGTTTGTTAAS' ...

Promoter DNA sequences for GhCBP60g-8D

57 ...TTTTATAATTTTGTTAAAAGGGGTCACAATTTATTATTTCGCCTAG-CAAAAATATCAAGAACGGGTTGTTATTTGTTATGTTGTTAAA
GTAAGGTTGAATTGATGGGAAATGTATATAAAGTACATTAAAATTTTAAAAAATAAGACACATTACAAATTTATAATTCTATTTGCCAAGTTAAAA
CATGCGCTGTAGTATATCAAATACTCACCCATTAATATATAGTTTAATAAAACCTTTTATTGATTGTTTGTGTATATACATACTTTCACCAAACCA
ATTATAAATTTGTATAGTCAATTAAATTTTAACTCGATTGGTATTGTTACTGTTATTATAATTTAGAGAAGATGCATTAATGTCTTCCACTTTAGA
AATTGTATCAATATATATTGGTTAAATTCTGCAATTAGTCATTATATAATTTGGTCATTTTTAGTTCTATATTTTTGAATTAGTCAATTATTGTCC
TCGTACTTTTAAAATTTTAAAAATTTAATCCTAATCCAAACAACAACCGTTAAATCCATTTAGTTAAATTCAATAATTACTAGTCATGTACCATGC
GCACAATCGTAGATTCAATTCATATTCTCCAACTGGATTATTTTAAGTCTTTATATTTTTCGAATTTTAAAATTTTAATTTTGACACAAATAACAA
TAGTTAATACATTAATTAAAATTTTAAGGAATATTAGAATCTAAGCATTTTATTTTTCTAGAAAATTAAGTTAAGCGAGAAAGGGAATGCGATTTT
CAATACATGTCGCGCGATTCTCAGCAGTCAAAGCTAGACCCAACGCGGTATTTGTGGAAAAACAACACAATGCATATGCTTTTTGAGTTCTTTTCA
TGCACGCGTTTTAATTTAATGCAATCCAACCGTGTTTTTTTTCATATTTCTCTTGTCATAAAAACAACTACAATCCAACATTTTCTGTTTCATAAT
CCTCTAATATTACATTTAAAATCGAATAATATTTCAATGAATGACTCGTTTTCACAGTACATTTTATCGTTTTTCTTTATGTACTTTTCAAATTTC
AATGATGATAGCGCGTTGTTTGTTGTTCCACTTTCGTTAATCGTTAAT-CAATGATTTTATTTGCAGTTTTTTTTTAGTTAAAGTCTGGTTC
AGTGATGTGTACAACTTAAGTCTGAGGTTGATCCTTTTTAAAGTATATACTCACCAAAATTAGCATAAAATAGTGTTGTTTTCTTGTTTTAGGGTT
TTTCACCTTTTCTCCTTTCTTATCTTTTAAATACAATATTTCCTTGACTTTAATGACATTTACGTGTTTTTATACAAGTGGCTTCGAAGAGTTTCC
AGGTACCTTCAGTGAGTGACTTGAGTTTTCAAGTCAAGGAAAGCAACATTTGCTCTCTGATTATTTATATAGAACTAGCTGGATACAACTGGGTTT
AAGGGCTTGTTTGCTCACAGTGTTTTCTGCTTCTTTTTCTTTTTATATTTTGTTTCCGTTTTC3” ...

Promoter DNA sequences for GhCBP60g-8A

57 ...GTTTTTATTTTATTATATTACATTTTATAATTTTGTTAAAAGGGGTCTCAATTTATTGTTTCGCCTAG_CAAAAATATCAAGTACAGGT
CTGTTATTTTATAATTCTATTTGTGGAATTAAAAAATAGAC-GTATATCAAATACTCACCCATTAATATATAGTTTAATAAAACCTTTTAAT
GATTGTTTGTGTATATACATACTTTCACCAAATCAATTATAAATTCGTATAGTCAATTAAATTTTAACTCGATTAGTATTGTTACTGTTATTATAA
TTTAGAGGAGTTGTCTTCCACCTTAGAAATTGTATCAATATATATCAACTCATATATATCAGTTAAATTCTGCTATAGTCATTATATAATTTGGTC
ATTTTTAGTTTTATATTTTTGAATTAGTCAATTATTGTCCCTGTACTTTTGAAATTTTAAAAATTTAATCCTAACCTAAACAACAACAGTTAAATC
CATTTAGTTAAATTCAATAATTATTAGTCATGTACCATATGTACCATGCGCATAATTGTAGATTCAATCCATATTCTCTAACGGGATCATTATAAC
TATTTATATTTTTTAAATTTTTAAATTTTAATCTTAATACAAATAATAATAATTAATACATTAATTAAAATTTTAAGATATAATTTATAAAATAAT
AAACAAACATAATATTTGATTAGAATTTAACCACTTTATTTATTTTTCTAGAAAATTAACTTAAGCGAAAAGAGGAATGCCATTTTCAATACATGT
CGCGCGATTCTCTAACAGTCAAAGCTAGACCCAACGCGGTATTTGTGGAAAAATAACACAATGCATATGCTTTTTGAGTTCTTTTCATGCACGCGT
TTTAATTTAATGCAATCCAACCGTGTTTTTTTTTTTCATATTTCTCTTGTCATAAAAACAACTACAATCCAACATTTTCTTTTTCATAATCTTCTA
ATATGACATTTAAAATCGAATAATATTTTCAATGAATGACTCGTTTTCATAGTACATTTTATCGTTTTTCTTGATTTACTTTTCAAATTTCAATGA
TGATAGCGCGTTGTTTGTTGTTCCACTTTTGTTAATCGTTAAT-CAATGATTTTATTAGCAGTTTTTTTTTTTAGTTAAAGTCTGGTTCAGT
GATGTGTACAATTTAAGTCTGAGGTTGATCCTTTTCAAAGTATATACTCACCAAAATTATCATAAAATAATGTTCTTTTCTTGTTTTAGGGTTTTT
CACCTTTTCTCCTTTCTTATCTTTTAAATACAATATTTCCTTGACTTTAATAACATTTACGTGTTTTTATAGCAGTGGCTTTGAAGAGTTTCCAGG
TACCTTCAGTGGGTGACTTGAGTTTTCAAGTCAATGAAAGCAACATTTGCTCTCTGATTATTTATATGGAACCAGCTGGCTACAAGTGGGTTTAAG
GGCTTGTTTGCTCACAGTGTTTTCTGCTTCTTTTTCTTTTTATATTTTGTTTCCGTTTTCATG3' ...

Promoter DNA sequences for GhCBP60g-13A
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5’ .AGTTTTATAATTTAAAAAAAAAATTAAATTATTTACATATTATATATAATTATTTACATTTTTATTCAATATAACATATATAATATTAAATAA
AAAAAAAAGAACATGTAGCAGGTTCTAATGGTGCCATGTGGATGGGCAATGGAGGTCAACTATAGTCAATGCCAATCAATAATGATCAAGAGTGAG
TTAAATCAAATATGTTTTTAATTTAATTTTAATATTTTTATATTAAATAAATTTAATTATCATGTGGCACATTGTGATTGGTTGGATGTGCCACAT
GGCACATTTTTAATTAGCAATATA-ATCGATTTTTTAACATCATTACAAAAAAAAAGTTAAAATAATAATTTAAATACTAATATGAGAAAAA
ACAAAATTTGAGTACAAAGGAGGAAAACAGACAGAATTTGAGGGAAAACCCAAATAAAGAGCTGTAGAAAAAACTCCTTGAATTGAATTTTTTAGA
TTTACTTGGATAATTAAATTTATTTTTTAAAAAAATATCGAAAACATCCATCTTTAGTAATTAAAAATTCATAATAGTCGGGGGAAAAAAGCTCTT
TATTTCCAAATAAAGTTTGCCGAGGCTAATATTATCACAAATATATGAACAGGCGGAATTTTACTTGTTACTTAGGGACAAGGCAAAAATATACTA
AAGCAAAAGAGCAAGAATGGAGGTTTTGAAATTTACTGAAGAGACAAAACTAGGAATAATCATGGCAGTATATTGAATCTTTGTCAGAAAAACAAT
TATTTAGTTTAAGAAGACAGTGACATTTTCAAATCTAAAAAACTCAATCCCATCACAACGCGCTATTTGTAGAAAAACAAAAAAGTTTTCTCCTCC
ATGCACGCGTTTTAATCCACCGTGTTTTTTTGTCATAAGTTTCTTGTCCGAAGAACTACAATTAAGAAGAAAAAAAAAACTGTTTTCTTGGATTAC
TCGTTTTCATTGAACTATTTTTTGCCATTTTATGAACTATTCAATGATCATCACGCGTTTGTTCATTTTCCAGCTCATTGTACCCTTCCAAAATCC
AGTTTTTCCAAGTTTACTTGTCTGGTTTTTAAAGTCTAGTGATGTGTACAACAATTCAAGCAGTTGTTGATACTTTTGAAAGAAACTATATATATA
TAAAGAGTAGTTATACAAGCATATTTTAATAATGTTTTCAGTTGCTAGCTCTTTTCTTTTTGGGTTTTTCTTATTGCTTCAAATGTTTTAATTACA
ATATTTTATTGACTTTAGTAGCATTAAGTGTTTTGGGATTAGTGATATTCTTTAATGAGTTTCCAGGTATCTTCTATGACTGAGTTTAGTTCTAGT
TATTAGTCAACTAAAGCAATCTATATACTGCTAAGCATATCTATAAAGGGGACACCTGGAGAAGGTTTTGGCTACTGGGGTTTGAATATTTATGCT
CCCAAAGTGTTTGGGTTTTTGCCTTCATTAAATCACTGTCAAGTTCCAACTTTCATTTTTCCC3 ...

Promoter DNA sequences for GhCBP60g-13D

5/ . TTTCAAATTTTATATTTATATATTTTAGAGTTTTATAATTTTTTAAAAAAATTGAATTATTTAATATTATATATGATTTTTTTATATTTTTAA
TCAATATAATATGTATAATATTAAAAAAGGACACGTGGCACGTTCTAATTGTGCCATGTGGATGGGCAATTGAGGTCAACTGTGGTCAATGCCAAT
CAATGATGGTCAAGGGTGAGTTAAAATCAAATATGTTTTTAATTTAATTTAATTTTAATATTTTTATTTTAAATAAATTTAATTATCATATGGCGC
ATTGTGATTGGTTAAATGTGCCACG-ATCAATTTTTTTAACATCAACACAAAAAAAATTGAAATAATAGTTTAAGTAGTAATCGAAGACAAA
ACAAAATTTGAGTACAAAGTAGGAAAACAGACAGAATTTGGGAGAAAACCCAAATAAAGAGCTGTAAAAAAAACTCCTTGAATTGAATTTTTTAGA
TTTACTTGGATAATTAATTTTATTTTTAAAAAAAATATAAAGCATTCATCTTTAGTAATTAAAAATTCATATTAGTCGGGGGAAAAAGCT-T
TTCCAAATAAAGTTTGCCGAGGCTAATATTATCCCAAATATATGAACAGTCGGAATTTTACTTGTTACTTAGGGACAAGGCAAAAATATATTTATA
ATTATATATGCAAAGCAAAAGAGAAAGAATGGAGGTTTTGAGCTTTACTAAAGAGACAAAACTAGGAATAATCATGGCAGTTATTGAATCTTTGTC
AGAAAAACAATTATTTAGTTTAAGAAGACAG-TTTTCAAATCTAAAAAATCTCAATCCCAACAACGCGCTATTTGTAGAAAAACCAAAAAGT
TTTCTCCTCCATGCACGCGTTTTAATCCACCGTGTTTTTTTTGTCATAAGTTTCTTGTCCGAAGAACTACAATTAAGAAAAAAAAAAACTGTTTTC
TTGGATTACTCGTTTTCATTGTACTAGTTTTTGCCATTTTATGAACTATTCAATGATCATCACGCGTTTGTTCAATTTCCAGTTCATTGTATCCTT
CGAAAATCCAGTTTTTCAAGTTTACTTGTCTGGTTTTTAAAGTCCAGTGATGTGTACAACAATTCAAGCAGTTGTACTATATATATGTATTTATAT
ATAAACAGTAGTTATACAAGCATATTTTAATAATTTTTCAGTTGCTAGCTCTTTTCTTTTTGGGTTTTTCTTATTGCTTCAAATGTTTTAATTACA
ATATTTTATTGACTTTAGTTGCATTTCGTGTTTTGGGATTAGTGATGTTCTTTAATGAGTTTCCAGGTATCTTCTATGACTGAGTTTAGTTCTAGT
TATTAGTCAACTAAAGCAATCTATTTACTGCTAAGCATATCTATAAAGGGGACACCTGGAGAAGGTTTTCGCTACTGGGGTTTGAATATTTATGCT
CTCAAAGTGTTTGGGTTTTTACCTTCATTAAATCACTGTCAAGTTCCAACTTTCATTTTTCCC3' ...

Promoter DNA sequences for GhSARD1-9D

5’ .AGAGGTAAGTATAAATTGGTGGTATGTGTCCGCCTAGGTACTATGGGTGTTAGGTTTAAATTGGTGAAGTGTTGCCATCAGAAATTACGGCTG
ATGAATGGACATATTGTGTTTGTAAGACTAAGTCTTACGAAATTATTTATAATTCTCATGAGTACTATTGCTTGTGGATTATCAGTGTTCTTGTAT
TCGTTTTGTAGCTATTTGGAACTTACTAAGTTCAAATGAACTTACTTCATTACTTTTCTTTCTCAGGCATTTTGTTTTAGAAGAAGATCAGTAGAA
GGGGACTATGCTAGAGCTGCGTCTGCGAGTGAGCCATTTGCCTATTTTTGTATCATGCATGGCTATGTGACAGACAATGTATACATATGTTTTGTA
ATTAACCTTTACAATTAACTA-TCTGTATCGTTTTATCTTAAAAGAGAATTGTTCCTTCTTTGAAAGTGTACGTTGAACCCTCTTGAATTAC
TAATCATAAATTTTATGATTTGAATATAAA-TAATTAAGTAGTAGTTGAAAATATACTTTTCTTTTATAATTTCTATTATTTTCTCTAAAGA
TGCGTTATCTACTGAAAAAAAAAAAGAGATTTTTATGCTAAGGAAAATCTTCATAATTATTTTTCCCAAATTTTTAAGTTAAGTTGAATGGTTTAA
ATCCATTAATAATGGCTTAGTTCGTCGGACAATCTATGTGGTTGATTGATACATGCCACGTCTACCCAACAATGAACATGTACTTGAAAATTTTTT
AAAGCCGGAACTCGGCCCGGTCACGTAGAAATGTACCGTAATCCCAAGCAAAAAAGGATGATTATAAAACTATAATCTAATTGCAAGCAGGACAGT
TTTACTTGAAGAATGACACAAATATAATGACTAAAATAATGCAAAAAAGAAAACCTTTGAATTATCAAAAAAGAGAAGAAAAGAGTTGATGACTAT
GGCAAGGGCCTACACAAAAGCAGACACTTCTAAGAAATGAGGCATTTGTGGACTATGTGATCTTTTCCCAAACTTTTTTCCCTCTTAAAAGTAGTC
TAAACATAATAATATTATTTTATATATCTCTATTCATTTGTCACAAACTTTTGCTTTTTTCTCTTTTTATCAACATAATCCAAGTTCTACTTGTAT
TAACCGTTGGATCAATATCTAAGGATTGGAGATGTCGTTTTAACTCTTTTTTATATATCAATGTAATAATAAATAGAAATAGTTGACTTAAAAGCA
GAGTTTAGATGTCCAAAAGTCATTCATAACATGAGACAAATACCTTGGTTGCTCCGTGGCTGTTACTCAGTTGTTTCCACCAACATTCCAAGAACC
TTCTTTTTATTATTATTGACATGTATTTAAACTCCCCCCTTACAACATCGTTTTAAGACCATGACATATTCTCAAAATCCCTATCTTTTTCTTCAG
TTATGATCTGTTAGGGGTTTTTTTTGTGTGTGTGTGTGTGTTTT-TTGAATCTTTGGAA3 I

Promoter DNA sequences for GhSARD1-9A

5’ .TTGAAAATGTAGGTCCGAGGTTAGCACAATGATAGGTCACAAGTAAACTAACATGATTATGAGAGGTGAGTATAAGTTGGTGGTATGTATCCA
CCTGGGTACTATGGGTGTTATGTTTAAAATGGTGAAGTGTTGC-GAAATTGCGGCTGATGAATCGATGTATTGTGTTTGTAAGACTAAGACT
TATGAAATTATCTGTAATTCTCATGAGTACTGTTGCTTGTAGATTATCTGTGTTCTTGTATTCGTTTTGTGGCTATTGGAACTTACTAAGTTCAAA
TGAACTTACTTCATTACTTTTCTTTCTCAAGCATTTTGTTCTAGAAAAAGATCACTAGAAGGGGACTACACCAGAAGTCCGTCTGCGAGTGAGCCA
TTTGTCTATTTTTGTATCATGCATGACTATGTGATGAACAATGTATACACATGTTTTCTAATTAACCTTTGCAATTAACTACGTCGTTTGTATCGT
TTTATCTTAAAAGAGATTTGCTCCTTTGAAGGTGTACACTGAACCCTCTTGAATTGCTAATCATAAATTTTATGATTTTGATATAACCGCAATAAC
TAGGCAGTAGTTGAAAATAGATTTTTCTTTTATAATTTTTATTATATTCTCTGAAAATGCGTTATCTAATGAAAGAAGAAAATTAGTTTTTACGCT
AAGGAAAATCTTCATAATTTTTTTTTCCAAATTTTTAAGTTAAATGGTTTGAATCCATTAATAATGCCTCAGTTTGTCAGGCAATCTATCTAGTTG
ATTGATACAACCCAACAATAAACATGTAGTTGAAAATTTTTTAAAACCAGAACTCGGCCGGTCACGTTGAAATGTACCGTAATCCCAAGCAAAARAA
GGATGATTATATAATTGCAAGCAGGACAGTTTTACTTGAAGAATGACACAAATATAATAACTAAAATAATGCAAAAAAAGAAAACCGTTGAATTAT
CAAAAAAGAGAAAAGAAAAGATTTGATGACTAAGGCAAGGGCCTACACAAAAGCAGACACTTCTAAGAAATGAGGCATTTGTGGACTTGGTGATCT
TTTCCCAAACTATTTTCCCTCTTAAAAGTAGTCTAAACAAAATAATATTATTTTATATATCTCTATTCATTTGTCACAAACCTTTGTTTTTTTTCT
TTTTATCAACATAATCCAAGTTCTACTTGTATTAACCGTTGGATCAACATCTAAGGGCATAGATATGATTGGAGATGTCGTTTTAACTCATTTTTA
TATATCAATGTAATAATAAATAGAAATAGTTGACTTAAAAGCAGAGTTAGATGTCCAAAAGTCATAACATGAGACAAATACCTTGGTTGCTCCGGG
GCTGTTACTCAGTTGTTTCCACCAACATTCCAAGAACCTTCTTTTTATTATTATTGACATGTATTTATATTCTCAAAATCCCTATCTTTTTCTTTA
GTTATGATCTGTTAGGTTTTTTTTTGTGTGTGTGTGTGTGTTTT-TTGAATCTTTGAAA3 I

Promoter DNA sequences for GhSARD1-12D

5’ .AAATTCGTATTATATATATTTTATGCAAGAAAAATGAAATGATAAGTAAACTTGCATCTGACATATTGTATAATTTATCATATTTAGCTGATA
TGGCGAGTTCCTTTATTTGAAGAAATTTGATTTCTAAAGAATACAACCTTAAGAAGATCTCTACTACTATATCACATATTAAAAACCTGATCAGAG
CTGATTTTAAGCAGGTAAAGTTTTATATTGATGGTAGGGGTTTATTATTTTATGCATTATGTACAAGTTTAAAAGCATTTATCTTGTTTGTGCAAG
GAATTCTATTTTATGAATAGGAACGAGGTTGCAGCTTGATGATTATGTTAAATTTAAATTACGGATTGTACAAATAAAATTATAGTGAACTATTCT
CTAGATAAAATTCCGCAGATCTACAAAGTTTTTGTCCATCTCTATCTTGTACTATTTAGTTAGTTAGTTAGTTAGCCTAGTTGCAATTGAATATGC
ATCTAAAAGGCAAATTTAACAAGCTATTATGAGACACGACGGCTTTTTAACCTGACTTGTGGAGTTAAAAAACTCCACTAATGTATTAAATAACAA
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GATTTATATTATTATTTTATTACACCCTAAAACCAAATGATATCATTCTAGACGATTAAAGTACATGGGA-CTATACTATAGGGACTAGATA
AAATTAGTCCCTCTATTATTAAATAGATTAGTTTAATCTCTATACTAATAAAAAGAATCAATTAAGTCCGAATTGAAATAAAATTATTCAATTGTA
ATTAAATTTTAAACAAAAAAAATTCATTTATAGAACAATAAAAATTTTAAACATATTAACTCTATTTAAATCTACCTTATTTGATTATGTTTAATA
ATACTTTTGATAATAGAATGATTAATTTAATCAGGCCCCTATAATAGAAGACCTCTCGGAAACATTCACCTATTCTAGATACATTTGTAAAAAATT
TTACTCCATCGAAAATATACAATATAATATTTGTTTTTATAAAATAACATAATTTAGAGAACTATTCGTTATTTATTAACATACATTTTTGAGTTT
AAATTAAAAAATTATAAATCAAATAAACTATCTGTTGAATCGAATTTTTATCTCGATTTAACCAGTTCAAAATTATTCTTTAATTCAAACTAATGT
ATCGTTTTATTCACGATTCCAACCTATTAAATTGACTTGGTATCTACTATCATGGAATTAACCCTAAATAATAAAAAACAAATGATTGACTCAAAG
GTTAGTCGA-AAGTCATTGCATTATTTTATACACATATATTAATTTACATAGGTTAGTACGTGGCTATTACACTGCTGTTTCCTCTAACGTT
CCAAGAACCTTCTTTTTTATTATTAATTTTTTTGAACTCTCCTGTATTTAAACTCCATTTTCGCCTTTACACCATTCTTAAACCCATTTCCTCTCC
TCTCTCTCTCCTTTTTGTTGGGTTTCAAATATCTGGGAATTAATAAATACTCAGCTGAARATASZ' ...

Promoter DNA sequences for GhSARD1-12A

5’ ..CATATTTAATTGGTATCTTTTTATCGTAAAACTTTGGACTTCTTTTAAAAATTGTATGAAATTTGAAGAAATTTGATTTCTAAAGAATACAAC
CTTAAGAAGATCTCTATTACTATATCCCATATTGAAAACATGACCAAAGCTGATTTTAAGTAGGTAAAGTTTTATATTGACTGTATTTTTGTTAAG
CCAATACATGTCTAAGAGGGGTTTACTGTTTTATGCATTATGTACAAGTTCAAAAGCATTTATCTTGTTTATGGAAGGAATTTTATTTTACAAATA
GAAACGAAGGTTGCAACTTGATGAATATGTTGAATTTAAATCATGGATTGTACAAATAAAATTATAATAAACTATTCTTTAGATAAAATTCCACAC
ACCTACGAAGTTTTTGTCCATCTCTGTCTCTATCTTGTACTATTTTGTACTCAATCTCGTTGCAATTGAATATGCATCTAAAAGGCAAAATTAACA
AGCTATTATGAGACACGGTGACTTTTTAACCCGGCTTATAGAGATAAAAAACTCTACTAATGTATTTTAAATAACAAGATTTATTTTATTATTTTA
TTACACCCTAAAACCAAATGTTATCATTCTAGACTATTGTGCTTGAGA-CTATATTATAGGGACTAAATAAAATTAGTCCCTCTATTATTAA
ATAAATTAATTTAGTCTCTATATTATTAAAAAGAATCAATTAAGTCCAAGTTGAAATAGAGTTATTCAATTGTAGTTTAATATCAAACAAAATTAA
TTCATTTAAAGCTACCTTATTTGATTCTGTTTAATAGTACATGAACTAAATTATTTTGTTTAATAGTAGAATGATTAATTTAATCAAGTCCCTATA
ATAGAAGACCTCTCAGAGACATTCATCTATTTCTAAATACGTTTGTAAAATTTTTTACTCTACCAAAAATATACAATATAATAATTTTTTTATAAA
ATAATATAATTTAGAGAACAAAGAGGTTAAAACTATTCGTTATTTATTAACATGTAATTTAGAGTTTAAATTAAAAAAATTGTAAATTAAATAAAA
TTATTTGCTCAATCAAAATTTTTTATCTCAACTCGACTAGTTCAAAATAAAATTTTAATTTAAACTAATGTATCATTTATTCACGGTTCAATTGAT
TCAACCTATTAATTTAACTTGATATCGATATCAACCACCATGGAATTAACCCTAAATAATAAAAAGCAAATGATTGACTCAAAGGTTTGT-
.AAGTCATTGCATTATTTTATACATATATTTTAATTTACATAGGTTAGTACGTGGCTATTACACTGCTGTTTCCTCTAACGTTCCAAGAACCTTC
TTTTTTTATTATTAATTTTTTTAAACTCTCCTGTATTTAAACTCCATTTTCGCCTTTACACCTTCTTAAACCCATTTCCTCTCATCTCTCTCTCTC
TCCCCCTCTCCTTTTTGTTGGGTTTCAAATACCTGGGAACTAACAAATACTCAGCTGAAAAAAS ..
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