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General introduction
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Chapter 1

Plant growth and development

Growth and development are fundamental characteristics of all living organisms. Plants grow
in both height and width throughout their lifespan. Plant growth is defined as size increase
through cell division and enlargement, which also includes synthesis of new cellular material
and arrangement of subcellular organelles. There are multiple ways to measure plant growth,
such as the increase in fresh/dry weight, volume, length, height and surface area. Plant growth
is an irreversible change in mass, while development is an irreversible change in tissue and
organ structure. In general, plant development is divided into four stages: embryogenesis,
juvenile stage, adult vegetative and reproductive stage. All developmental events, from the
embryo to the mature plant, occur in a well-ordered manner (Thomas and Ougham, 2017).
Fundamental research on plant growth and development has led to many breakthroughs in the
past decades. With a better understanding of growth and development in plants, we will
ultimately be able to control breeding and cultivation according to our demands. This can
include improving crop yield and securing food supply for the increasing world population,
enhancing fiber production and identifying new sources of renewable biofuels, bioactive
compounds and medicines (Brown, 2016; Matyska and Jacobi, 2018). Arabidopsis thaliana
was selected as a model plant for scientific research more than thirty years ago (Koornneef and
Meinke, 2010). Since then, it has become the most thoroughly studied flowering plant.
Significant progress in understanding plant growth and development has been made by

investigating the molecular genetics of this simple angiosperm (Provart et al., 2016).

Arabidopsis was originally adopted as a model organism due to its advantages in genetic
experiments. This organism has the ability to grow in the lab maintaining a small plant size and
a short generation time. Each plant can produce 10,000 to 40,000 seeds though self-fertilization.
Moreover, Arabidopsis has a relatively small nuclear genome (around 135 Mbp) for a complex
multicellular eukaryote. Its genome sequence was published in 2000 and more than 25,000
genes were annotated (Bevan and Walsh, 2005). In plant research, the Arabidopsis genome is
generally used as the standard reference for the sequence alignment of crop genomes (Meinke
et al., 1998; Bussemaker et al., 2001).

Taking Arabidopsis as an example, a typical life cycle starts from a seed that germinates and
grows into a mature plant (Figure 1). Every seed harbors a miniature embryo. During seed
development or embryogenesis, the zygote develops into a mature embryo which possesses a
shoot apical meristem (SAM) and a root apical meristem (RAM). Further organogenesis is
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General introduction

determined by the action of the SAM and RAM. The meristems are very essential parts of
plants, as new tissues and organs are all initiated from meristems, which makes plants able to
grow indefinitely over time. The next stage is seedling development or germination, which
gives rise to seedlings. In this process, an embryonically-formed hypocotyl pushes through the
soil along with the cotyledons. During the vegetative growth stage, leaves initiate from the
flanks of the SAM and undergo expansion, morphogenesis and differentiation in a highly
flexible process that forms the final leaf shape. Seedlings accumulate biomass and energy for
reproductive growth through photosynthesis. After some time, flower buds emerge and plants
become mature. The mature plants are composed of primary and secondary roots, rosette and
cauline leaves, stems, inflorescences and siliques. Flowers contain stamens (male reproductive
organ) and carpels (female reproductive organ) sepals and petals. After pollination, the

fertilized egg develops into an embryo inside the seed (Diévart and Clark, 2004).
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Figure 1. Life cycle of Arabidopsis thaliana (modified from Dievart and Clark, 2004). The typical

life cycle of Arabidopsis starts from the seed stage. Seeds undergo embryogenesis and germination to
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grow into seedlings, which further develop into mature plants. Flowers of mature plants produce seeds

after pollination. SAM, shoot apical meristem. RAM, root apical meristem.

Growth and development are complex and dynamic processes which involve environmental
and intrinsic stimuli. Environmental factors influencing plant growth/development include,
besides others, light, water, temperature and nutrition. Three principal characteristics of light
have an effect on plant growth: quantity, quality and duration (or photoperiod) (Singh and
Singh, 2015). Temperature affects most biological processes, including photosynthesis,
respiration, transpiration, germination and flowering. Temperature also influences the
transition from vegetative growth to reproductive growth when combined with day length
(Hatfield and Prueger, 2015). Water plays plenty of roles in plants. It is a basic component in
photosynthesis and respiration, the solvent for minerals and carbohydrates, and the medium in
which most biochemical reactions occurs. Water evaporates from leaf tissue during
transpiration, which provides the power to move nutrients through the plant. Moreover, it is
responsible for turgor pressure in cells, and turgor is important to maintain cell shape and keep
cell growth. Plants need 17 elements for normal growth and development. Except for carbon,
hydrogen and oxygen that can be taken from air and water, the other nutrients are found in soil.
Nitrogen, potassium, magnesium, calcium, phosphorus and sulfur are defined as
macronutrients which are used in relatively large amounts (e.g. 20 g/m?) by plants. Eight
micronutrients or trace elements are chloride, nickel, molybdenum, zinc, boron, copper,
manganese and iron that are used in much smaller amounts (e.g. 0.05-2 g/m?) (Briat et al., 2015;
Chrysargyris et al., 2016). Most of these nutrients are dissolved in water; plants absorb them
by roots and translocate them through transpiration to other organs. When a plant is under stress,
for example because of extreme temperature or low light which leads to reduced photosynthesis,
nutrient deficiency may occur (Pregitzer and King, 2005; Yan et al., 2012). Intrinsic factors
regulating plant growth/development can be genes, e.g. transcription factors, or chemicals.
These chemicals are small, simple chemicals produced naturally by plants to regulate their
growth and development, which are also referred to as plant growth regulators or

phytohormones (Neumann et al., 2009).

Phytohormonal regulation of plant growth

There are many plant growth factors that affect the function, growth and development of plants.
Phytohormones (also known as plant hormones) are one of these essential factors. They are

small chemicals that are used by plants for communication, coordination and development
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between cells. Plant hormones have been discovered in a variety of species, ranging from algae
to higher plants (Tarakhovskaya et al., 2007). They are signal molecules, like animal hormones,
that control growth and development in extremely low concentrations. However,
phytohormones have a simpler structure in contrast to those of animals and humans. There are
no specific or specialized glands in plants that produce phytohormones. Generally, these can
be synthesized in any cell of the plant and act on any part of the plant. Phytohormones are
involved in numerous aspects of growth and development, such as forming organs like leaves,
flowers, stems, and fruits and determining the sex of flowers and the color of fruits and leaves
(Miyakawa and Tanokura, 2017). They also play a role in respiration, energy production, plant
longevity and death (Umehara et al., 2008). Phytohormones coordinate the plant’s body and
response to the various endogenous/exogenous signals (Shan et al., 2012). As crucial signaling
molecules, the homeostasis of hormone biosynthesis and metabolism is tightly and
differentially regulated in different tissues though the development stages (Vert et al., 2005).

Phytohormones are categorized into several classes based on their chemical features. Within
each class, they share common physiological effects, but their exact structures differ. There are
five major classes of early discovered plant hormones. They are auxin, gibberellin (GA),
cytokinin, abscisic acid (ABA) and ethylene (Santner and Estelle, 2009). Auxin, GA and
cytokinin are hormones that promote growth, whereas ABA and ethylene act as growth
inhibitors. In addition to the five traditionally known classes, brassinosteroid (BR), jasmonic
acid (JA), salicylic acid (SA), strigolactone (SL), nitric oxide (NO), polyamine, and peptide
were also characterized as new groups of plant hormones in recent decades (Shapiro, 2005;
Moschou and Roubelakis-Angelakis, 2013; Takahashi et al., 2018). JA and SA are essential in
the plant’s response to pathogen attack, and plants use them as long-distance signals to
communicate with distant leaves within one plant and even with neighboring plants (Katsir et
al., 2008; Rivas-San Vicente and Plasencia, 2011). Except for its role in defense, JA also
functions in root growth, seed germination, and the storage of protein in seeds (Browse, 2005).
Additionally, SA is also involved in abiotic stress responses, for example, the response to
drought, heavy metal and osmotic stress (Verma et al., 2016; Berens et al., 2019). Roles of SL
have been shown in shoot branching, leaf senescence, light signaling, as well as the response
to phosphate starvation and salt stress (Ha et al., 2014). Plant peptide hormones are small
secreted peptides that serve as signaling molecules involved in cell-to-cell communication
(Lindsey et al., 2002). For instance, the small peptide CLE25 was identified as a long-distance

signal that transduces drought stress sensed by roots to stomata in leaves (Takahashi et al.,
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2018). In plants, polyamines are associated with the regulation of senescence, programed cell
death and the process of mitosis and meiosis (Moschou and Roubelakis-Angelakis, 2013;
Sobieszczuk-Nowicka, 2017). NO acts as a second messenger in hormonal and defense
responses that modulate various biological processes, including root development, seed

germination, stomatal closure, nitrogen fixation and cell death (Shapiro, 2005).

Gibberellins

Gibberellin (GA) was first discovered in the fungus Gibberella fujikuroi by plant pathology
field researchers in the 20th century (Yabuta, 1938). GAs are essential growth hormones in
plants which are mainly present in the meristems of roots and apical buds, young leaves and
embryos. GAs promote plant growth throughout development. For example, they can stimulate
stem elongation, delay senescence and break seed dormancy (Hedden and Sponsel, 2015).
Mutants with defects in GA biosynthesis exhibit decreased germination and reduced elongation
of the hypocotyl, root and stem (Magome et al., 2004; Achard and Genschik, 2009; Rizza et
al., 2017). Furthermore, GAs have many commercial uses in agriculture. Farmers use synthetic
GA s to increase the size of fruits and enhance seed germination. Moreover, GA also plays an
important role in abiotic stress responses, such as the response to cold, salt, drought and osmatic
stress (Daviere and Achard, 2013).

In Arabidopsis, GA biosynthesis proteins mainly consist of 14 members (Sun, 2008). In Table
1, we list these genes including CPS (ent-copalyl diphosphate synthase, or GA1), KS (ent-
kaurene synthase, or GA2), KO (ent-kaurene oxidase, or GA3), KAO (ent-kaurenoic acid
oxidase), GA200X (GA 20-oxidase) and GA30X (GA 3-oxidase) (Martinez-Bello et al.,
2015). Nine GA catabolism proteins have been characterized, which includes seven GA20Xs
(GA 2-oxidases) and two GAMTs (GA methyltransferases). Shown in Figure 2, GA
biosynthesis starts from the conversion of GGDP (geranylgeranyl diphosphate) by CPS and
KS into ent-kaurene in plastids (Helliwell et al., 2001). Subsequently, KO converts ent-kaurene
to ent-kaurenoic acid, followed by an oxidation reaction, which is catalyzed by endoplasmic
reticulum (ER)-associated KAO, and GA12 is synthesized as a product (Grennan, 2006).
Together with other GA oxidases, GA200Xs produce GA15, GA53, GAl5, GA44, GA24,
GA19, GA9 and GA20 from GA12 in the cytosol (Serrani et al., 2007; Magome et al., 2013).
All these GAs are intermediates in the GA biosynthesis pathway and are not bioactive. The
final steps are catalyzed by GA30Xs, and bioactive GAs (GA1 and GA4) are produced
('Yamaguchi, 2008).
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Table 1. GA-associated genes in Arabidopsis thaliana.

Group LOCUS ID GENE NAME FUNCTION

AT4G02780 CPS (GA1l) ent-copalyl diphosphate synthase
AT1G79460 KS (GA2) ent-kaurene synthase
AT5G25900 KO (GA3) ent-kaurene oxidase
AT1G05160 KAO1 ent-kaurenoic acid oxidase
AT2G32440 KAO2 ent-kaurenoic acid oxidase
AT4G25420 GA200X1 GA 20-oxidase
AT5G51810 GA200X2 GA 20-oxidase

GAbiosynthesis — A15507200  GA200X3 GA 20-oxidase
AT1G60980 GA200X4 GA 20-oxidase
AT1G44090 GA200X5 GA 20-oxidase
AT1G15550 GA30X1 GA 3-oxidase
AT1G80340 GA30X2 GA 3-oxidase
AT4G21690 GA30X3 GA 3-oxidase
AT1G80330 GA30X4 GA 3-oxidase
AT1G78440 GA20X1 GA 2-oxidase
AT1G30040 GA20X2 GA 2-oxidase
AT2G34550 GA20X3 GA 2-oxidase
AT1G47990 GA20X4 GA 2-oxidase

GA catabolism AT1G02400 GA20X6 GA 2-oxidase
AT1G50960 GA20X7 GA 2-oxidase
AT4G21200 GA20X8 GA 2-oxidase
AT4G26420 GAMTL GA methyltransferase
AT5G56300 GAMT2 GA methyltransferase
AT3G05120 GID1A GA receptor
AT3G63010 GID1B GA receptor
AT5G27320 GID1C GA receptor
AT2G01570 RGA DELLA, GA signaling repressor
AT1G14920 GAl DELLA, GA signaling repressor

GA signaling AT1G66350 RGL1 DELLA, GA signaling repressor

AT3G03450 RGL2 DELLA, GA signaling repressor
AT5G17490 RGL3 DELLA, GA signaling repressor
AT3G11540 SPY OGT, GA signaling repressor
AT4G24210 SLY1 F-box protein
AT5G48170 SNE F-box protein
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Plastid
GGDP —>—> ent-kaurene
CPS KS

—_— I _—
ent-kaurene aci Re—al /}

——
Endoplasmic/) ¥~ ka0 D
retieulum GA GA 130y —GA/ Cytosol
&= = T
GA15 GAM
Non 13-hydroxylation pathway ‘1' GA 20-ox l Early 13-hydroxylation pathway

GA,, GAyg
GA; -cat €SAZX Gp ¢ SR20X Gp - GA, ALy G, SAZOXy, GA,ycat
GA 3-ox
GA 2- _ GA2- ] _G_A4_ K I GA, !
GA3-Cat €——— GA3 €221 Bioactive | I Bioactve o3> GAgSEZ2S GA cat

Figure 2. GA biosynthesis and catabolism pathways (modified from Hedden and Thomas, 2012;
Martinez-Bello et al., 2015). The GA biosynthesis starts from plastid and yields bioactive GAs (GAl
and GA4) in the cytosol. GA 3-oxidases are key GA biosynthesis enzymes that catalyze the last step of
GA biosynthesis. GA 2-oxidases are important GA catabolism enzymes that convert GAs into bio-
inactive GAs.

The mechanism of the GA signaling pathway in the model plant Arabidopsis and crops
including rice (Oryza sativa) and tomato (Solanum lycopersicum) has been well elucidated via
biochemical, genetic and structural analysis (Umehara et al., 2008; Hirano et al., 2010).
The GA receptor GID1 (GIBBERELLIN INSENSITIVE DWARF1) is a soluble protein which
is similar to hormone-sensitive lipases. Three homologous genes in Arabidopsis
called GID1a, GID1b and GID1c have been characterized as functionally redundant GA
receptors (Eckardt, 2007). Loss of function of GID partially or completely shuts down GA
signaling, and the mutants show severe dwarfing phenotypes (Griffiths et al., 2006). DELLAs
are key repressors in GA signaling pathways. The name is based on a short chain of amino
acids (D-E-L-L-A) located in the N-terminal region, which is tightly conserved among all plant
species (Locascio et al., 2013). As shown in Figure 3, DELLAS contain a functional domain
and a regulatory domain. The DELLA domain is located at the N-terminus, which binds to GID
and acts as a regulatory domain. The GRAS domain interacts with TFs and usually contains

the nuclear localization signals (Taiz and Zeiger, 2010). The rice and barley genomes encode
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a single DELLA protein, SLENDER1 (SLR1) and Slenderl (SInl), respectively (Locascio et
al., 2013). In contrast, in Arabidopsis there are five DELLA proteins: GAI (GA-insensitive),
RGA (repressor of GAI), RGL1, RGL2 and RGL3 (RGA-like) (Eckardt, 2007). In Arabidopsis,
each of the three GID1 proteins interacts with each of the five DELLA proteins. Genetic studies
indicate that these DELLA proteins have overlapping yet distinct functions in regulating plant
growth and development. GAI and RGA are important for GA-induced vegetative growth,
floral initiation and stem elongation (Dill and Sun, 2001; Bouton et al., 2002). GA-promoted
seed germination is mainly repressed by RGL2, and RGA, RGL1 and RGL2 are involved in
flower and fruit development (Cheng et al., 2004; Piskurewicz et al., 2008). There is little
evidence for the direct binding of DELLA proteins to DNA, suggesting that they probably
regulate target genes by interacting with DNA-binding transcription factors (Locascio et al.,
2013). DELLAs regulate specific developmental processes through interaction with many
different transcription factors. They sequester DNA-binding transcription factors and prevent
them from inducing or repressing the target genes through direct interaction. For instance,
Arabidopsis DELLAs interact with bHLH transcription factors PIF3 (PHYTOCHROME
INTERACTING FACTOR 3) and PIF paralogs, which prevents PIFs from binding to the
promoters of their target genes and results in short hypocotyls in light-grown plants (Li et al.,
2016). They can also bind directly to SPL (SQUAMOSA PROMOTER BINDING-LIKE)
transcription factors, which explains the mechanism by which GA accelerates flowering (Yu
et al., 2012). There are plenty of publications demonstrating that DELLAS are key components
in the crosstalk between GA and other phytohormones. They directly interact with the
brassinosteroid-dependent BES1 and BZR1 transcription factors (Gallego-Bartolomé et al.,
2012). DELLA proteins facilitate the gibberellin—jasmonic acid crosstalk though interaction
with MYC2 and JAZs (Hong et al., 2012; Wild et al., 2012). Moreover, DELLAs are involved
in feedback regulation of GA metabolism. In general, genes encoding GA biosynthesis
enzymes including GA30Xs and GA200Xs are positively regulated by DELLAs, while
GA20Xs encoding GA catabolism enzymes are repressed by DELLAS (Cheminant et al., 2011;
Gallego-Bartolomé et al., 2011). As growth repressors, DELLA proteins accumulate under
stresses like drought, low temperature, salt stress and nutrient deficiency (Achard et al., 2008;
Xie et al., 2016; Dubois et al., 2017). DELLAs enhance ROS (reactive oxygen species)
scavenging to reduce cell death (Achard et al., 2008). They promote stress-induced anthocyanin
biosynthesis, as well as the formation of a JAZ-DELLA-MYBL2 complex (Xie et al., 2016).

DELLA proteins thereby increase tolerance to abiotic stresses in plants.
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Figure 3. Schematic diagram of the structure of DELLA proteins (modified from Taiz and Zeiger,
2010). DELLA proteins contain two essential domains, the DELLA and GRAS domain. The DELLA
domain is responsible for binding to the GA receptor GID. The GRAS domain binds to TFs and
represses the transcription of the target genes regulated by these TFs.

As indicated in Figure 4, a typical GA signaling model is composed of three steps: first,
perception of the GA signal followed by formation of a GA-GID1-DELLA complex; second,
proteasome-dependent degradation of DELLASs induced by GA; and finally, releasing the
repression of growth and development controlled by DELLAs (Sun, 2010). The GA receptor
GID1 contains a pocket structure allowing GA binding. The GID1 protein shows subcellular
localization in both the cytosol and nucleus, revealing its role in GA perception and signaling
transduction (Ueguchi-Tanaka et al., 2005). The GA response is activated when the GA-GID1
complex translocates to the nucleus and triggers the destruction of the DELLA proteins (Livne
and Weiss, 2014). In the presence of bioactive GA, GID1 recognizes and binds to GA
molecules (Murase et al., 2008). Subsequently, the GA-GID1-DELLA complex is formed in
the nucleus through interaction between GA-GID1 and DELLA domains of DELLA proteins,
which leads to the degradation of the DELLA proteins via the ubiquitin-proteasome pathway
(Ueguchi-Tanaka et al., 2005). GA-GID1 can also decrease DELLA activity by means of a
degradation-independent mechanism (Ariizumi et al., 2013). Degradation of the DELLAS
relieves the DELLA-mediated growth repression and facilitates GA responses, including cell
expansion, stem elongation, dormancy and flowering (Miyazaki et al., 2018). Moreover,
DELLA:s also play central roles in stress responses (Nir et al., 2017). Under stress conditions,
plants consume more resources and energy for survival partially through lowering the activity
of the GA signaling pathway by upregulating GA-inactivating genes GA20Xs and some
DELLA genes (Colebrook et al., 2014; Martinez-Bello et al., 2015).
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Figure 4. Model of GA signaling in plants (modified from Sun, 2010; Colebrook et al., 2014). The
GA receptor GID perceives the GA signal and triggers the degradation of GA signaling repressors
DELLAs. Thus, the GA response is activated. Stress conditions promote GA inactivation and an
increase of the stability of DELLA proteins.

Brassinosteroids

Brassinosteroids (BRS) are recognized as the sixth class of phytohormones playing essential
and diverse roles in plant growth and development (Kutschera and Wang, 2012). Researchers
have demonstrated the role of BRs for various developmental processes, including the
promotion of cell expansion, vascular differentiation, leaf development and pollen tube
formation (Nemhauser et al., 2004; Choe, 2006; Hedden and Sponsel, 2015). BR-mediated
growth responses are partially mediated through the regulation of genes involved in cell
expansion and division (Shigeta et al., 2011). It has been shown that BRs regulate the
reorientation of cortical microtubules in hypocotyl cells of Arabidopsis and the modulation of
plasma membrane ion channels to promote cell expansion (Zhang et al., 2005b). Moreover,
BRs control plant responses to environmental stresses and immunity (Divi and Krishna, 2010;
Wang, 2012). BRs have been shown to confer tolerance to a variety of biotic and abiotic
stresses, including drought, salinity, extreme temperatures and heavy metals (Bajguz, 2000;
Fariduddin et al., 2009; Fariduddin et al., 2011; Yusuf et al., 2012).

BRs are synthesized using sterols as precursors in plants. The genes encoding BR biosynthetic
enzymes have been characterized and reported in many plant species. Cytochrome P450
monooxygenases including DWF4 (DWARF4), CYP90A1/CPD, CYP90C1 and CYP90D1 are
important enzymes in BR biosynthesis. DWF4 is a 22a-hydroxylase which catalyzes a rate-
limiting step in BR biosynthesis (Kim et al., 2006). CYP90A1/CPD, CYP90C1 and CYP90D1
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act as 23a-hydroxylases (Ohnishi et al., 2006). Another enzyme involved in BR biosynthesis
is BR60OX, which catalyzes the C-6 oxidation of different 6-deoxo-BRs (Bishop et al., 1999).
BR biosynthesis starts from campesterol which goes through oxidation, hydroxylation,
dehydrogenation and reduction reactions catalyzed by associated enzymes, and brassinolide is
generated as the end product via two parallel pathways: the early and late C-6 oxidation
pathways (Fujioka and Yokota, 2003; Choe, 2006).

Signaling transduction studies have unraveled the signaling pathway involving BRs. They bind
to the extracellular domain of a membrane-associated receptor-like kinase,
BRASSINOSTEROID-INSENSITIVEL (BRI) at the cell surface, to activate the signaling
cascade and regulate the transcription of target genes (Nam and Li, 2002; Li, 2005; Wang et
al., 2005). In the presence of BRs, BRI1 perceives and binds to the BRs, which activates the
kinase activity of BRI1 and its co-receptor, BRI1-associated receptor kinase (BAK1), which
leads to the disassociation of the inhibitory protein BRI1 kinase inhibitor (BKI1) and
transphosphorylation of the kinase domains of BRI1 and BAK1 (Wang et al., 2002). BRI1 then
phosphorylates ~ BRASSINOSTEROID-SIGNALLING KINASE1 (BSK1) and
CONSTITUTIVE DIFFERENTIAL GROWTH1 (CDGL1), which triggers the phosphorylation
of phosphatase BRI1-SUPPRESSOR1 (BSU1) and inactivates the GSK3-like kinase
BRASSINOSTEROID INSENSITIVEZ2 (BIN2). BIN2 acts as a BR signaling inhibitor through
phosphorylation and inactivation of two extensively characterized transcription factors
mediating the BR signaling pathway, BZR1 Brassinazole-Resistantl (BZR1) and bril-EMS-
Suppressor 1 (BES1) (Yin et al., 2002). Thus, the presence of BR suppresses BIN2 activity,
which leads to dephosphorylation, activation and accumulation of BZR1 and BES1 in the
nucleus followed by activating BR response genes, e.g. RD26, WRKY74, ANAC059, ATHB-2
and ATMYBL2, which play diverse roles in growth and stress response (Li et al., 2002; Yu et
al., 2011).

The relationship between GA and BR signaling pathways

BR and GA are two important plant growth-promoting hormones, sharing similar functions in
a variety of developmental processes throughout the plant lifespan. BR and GA interaction
exists in processes including seed germination, flowering, gene expression regulation, cell
elongation, and hormone biosynthesis (Depuydt and Hardtke, 2011). The GA-deficient mutant
galand BR-deficient mutant cpd were reported to show delayed flowering phenotypes (Sun et

al., 1992; Szekeres et al., 1996). Later, another paper reported that the double mutant cpd gal
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showed further delayed flowering than the single mutant cpd. Moreover, the transgenic line
overexpressing GA biosynthetic gene GA5 and BR biosynthetic gene DWF4 flowered earlier
than the single overexpressor of GA5, which implies that BR-promoted flowering is dependent
on GA. This study thereby supports a genetic interaction of GA and BR pathways in controlling
flowering time in Arabidopsis (Szekeres et al., 1996). Defects in either the GA or BR
biosynthesis pathway lead to dwarfism and a decrease in seed yield (Tong and Chu, 2016).
Germination of GA-deficient and insensitive mutants could be partially recovered by BR in
Arabidopsis, suggesting a possible interaction of GA and BR signaling in regulating seed
germination by regulating each other’s biosynthesis or response (Steber and McCourt, 2001).
Although GA and BR signaling pathways have been considered to largely act on non-
overlapping transcriptional responses, the effects of GA and BR can also be additive
(Nemhauser et al., 2006). Recent studies reveal more independent roles of GA and BR
signaling pathways and direct interactions between them. Microarray data of the GA-deficient
mutant gal-3 and the BR-insensitive mutant bril-116 revealed numerous common genes co-
regulated by GA and BR (Bai et al., 2012).

Evidence obtained from genetic, physiological and biochemical analyses imply crosstalk
between GA and BR signaling pathways at the molecular level (Figure 5). In the presence of
BR, active BZR1 and BESL directly interact with GA signaling repressor DELLA proteins and
inhibit their DNA binding without affecting protein stability, and thus BR enhances GA-
regulated gene expression by releasing DELLAs’ inhibition of their target genes (Gallego-
Bartolomé et al., 2012; Li et al., 2012). When GA levels are low or in the absence of GA,
DELLAs bind to BZR1 or BES1 and prevent their dephosphorylation by protein phosphatase
PP2A, which results in their inactivation. Therefore, the destabilization of DELLAs by GAs
enhances BR-regulated cell elongation (Li et al., 2012). Stabilization of DELLAS in the
absence of GA or BR leads to the inactivation of target transcription factors, such as bHLH
factor PIF4, which promotes dark-induced cell elongation (de Lucas et al., 2008). Moreover,
DELLA proteins have been shown in several studies to interact with BZR1 and PIFs, which
integrate GA, BR, and light signals to modulate photomorphogenesis via transcriptional
regulation (Feng et al., 2008). A recent study on rice explored BR-GA crosstalk through
multiple analyses ranging from genetic and physiological to hormone quantification. The
results indicate that BR regulates cell elongation by adjusting GA metabolism. Endogenous
BR targeted D18/GA30x-2 to enhance GA biosynthesis and promote cell elongation. On the

other hand, high exogenous BR levels target GA20x-3 to inactivate GA and repress cell

21



Chapter 1

elongation. A high concentration of exogenous GA activates the primary BR signaling pathway
that facilitates cell elongation. However, endogenous GA inhibits BR biosynthesis and
signaling, which forms an inhibitory feedback loop (Tong et al., 2014). Moreover, the GA
pathway is just one of the multiple downstream pathways in BR-controlled cell elongation. BR
is also involved in the regulation of cell division, microtubule formation and shoot apical
meristem development (Yamamuro et al., 2000; Hong et al., 2002). For instance, brd1 is the
most severe BR-deficient mutant, which fails to form microtubules, and exogenous GA
treatment does not complement growth defects in severe BR mutants, while the most severe
GA-deficient mutant, d18, maintains normal microtubule formation (Mori et al., 2002).
Application of GA to BR-deficient and BR-insensitive mutants failed to increase hypocotyl
elongation, while BR and the dominant gain-of-function bzrl-1D mutation was able to
promote cell elongation in GA-deficient mutants (Zhu et al., 2013).

e I e —— BR
" BZR1
DELLA | BES1

Common target genes
a1 e.g. PIFs
Other target genes Other target genes
e.g. SPLs P e.g. NACs and WRKYs

Growth and developmental processes
(e g. cell elongation, seed germination, flowering etc.)

Figure 5. Model of GA-BR crosstalk centering around the interaction of DELLAs and
BZR1/BES1. DELLA proteins interact with BZR1/BES1 and inhibit its activity. When GA signaling
is activated, DELLAs are degraded by releasing its repression on BZR1/BES1 activity. On the other
hand, BR promotes GA biosynthesis and production. Therefore, GA and BR signaling pathways
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positively affect each other (Peres et al., 2019). DELLAs and BZR1/BES1 regulate growth and
development through common targets and also specific target genes (Li and He, 2013).

Auxins

Auxins were first discovered in the 1920s (Paciorek and Friml, 2006). Typically, auxins
promote cell enlargement and elongation. Auxins are responsible for various aspects of plant
growth, including embryo and fruit development, organogenesis, differentiation of phloem and
xylem, root initiation and patterning, delaying lead senescence and fruit ripening, apical hook
formation and apical dominance (Kepinski and Leyser, 2005). It has been well studied how
auxins mediate phototropism and geotropism, which allows plants to react to sunlight and
gravity, also known as tropistic growth. In many plants, auxins are responsible for establishing
the apical meristem and the growth direction of the plant (Estelle, 1996; Feraru et al., 2015).
As it was one of the earliest discovered plant hormones, the commercial uses of auxins have
expanded widely. Synthetic auxins are used as a weed Killer by disrupting the growth cycle of
many plants. They can also suppress lateral bud growth when applied to apical buds or stop the

growth of unwanted branches on ornamental trees.

The most abundant auxin produced by plants is indole-3-acetic acid (IAA). Itis present in plant
seed embryos, young leaves and apical bud meristems. Previous studies have established the
complete Trp (tryptophan)-dependent auxin biosynthesis pathway, in which Trp is used as a
precursor (Zhao, 2010). The first step is catalyzed by the TAA family amino transferases that
transfer the amino group from Trp to an alpha ketoacid (e.g. pyruvate) and generate indole-3-
pyruvate (IPA). Subsequently, IPA is converted by the YUCCA (YUC) family of flavin
monooxygenases to IAA (Zhao et al., 2001; Tao et al., 2008). The major mechanism through
which auxin signals are converted into cellular response is via transcriptional regulation
(Chapman and Estelle, 2009; Salehin et al., 2015). In the response to auxin, hundreds of genes
rapidly adjust their expression patterns (Paponov et al., 2008). The key components of auxin
signaling are three protein families: the auxin co-receptors F-box TIR1/AFB (TRANSPORT
INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN), the transcriptional
repressors Aux/IAA (Auxin/INDOLE-3-ACETIC ACID) and the ARF (AUXIN RESPONSE
FACTOR) transcription factors (Tan et al., 2007). ARF proteins interact with AREs (AUXIN
RESPONSE ELEMENTS) in the promoters of auxin-inducible genes, and expression of these
genes is repressed by Aux/IAA binding to these promoters. The auxin-mediated interaction
between TIR1/AFB and Aux/IAA proteins brings them to SCF-type E3 ubiquitin ligase,
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resulting in ubiquitination and degradation of the Aux/IAAs (Gray et al., 2001; Lavy and
Estelle, 2016). Thus, repression o auxin-inducible genes by ARF proteins is induced.

Cytokinins

Cytokinins (CKs) are an essential class of phytohormones that are involved in numerous
developmental processes, including cell division, cell elongation, morphogenesis,
differentiation, senescence, phloem transport, accumulation of salts, flowering and sex
expression; they are also important for apical dominance, seed dormancy, and establishing
resistance to stress (Werner et al., 2001). CKs are synthesized in both shoots and roots and can
undergo long-distance transport (Kamada-Nobusada and Sakakibara, 2009). From roots to
shoots, CKs are transported through the xylem, and from shoots to roots through the phloem
(Kieber and Schaller, 2018). Naturally occurring CKs are adenine derivatives. There are two
classes of CKs which carry either an isoprenoid side chain or an aromatic side chain. CKs with
an isoprenoid side chain include isopentenyladenine (iP), trans-zeatin (tZ), dihydrozeatin (DZ)
and cis-zeatin (cZ). The other type of CKs with an aromatic side chain includes benzyladenine
(BA), meta-topolin (mT) and ortho-topolin (oT) (Hwang and Sakakibara, 2006). Isoprenoid
CKs exist more commonly in higher plants than lower plants and are more abundant than
aromatic CKs. The biosynthesis pathway of isoprenoid CKs has been studied extensively
(Kamada-Nobusada and Sakakibara, 2009). In the biosynthesis pathway of isoprenoid CKSs,
the first step is catalyzed by adenosine phosphate-isopentenyltransferase (IPT) using
hydroxymethylbutenyl diphosphate (HMBDP), adenosine 5’-phosphates (ATP, ADP or AMP)
or dimethylallyl diphosphate (DMAPP) as substrates (Sakakibara, 2010). IPT use HMBDP to
produce trans-zeatin (tZ) nucleotides. On the other hand, iP-nucleotides are generated by IPT
when DMAPP is used as a substrate. The iP-nucleotides are subsequently converted to tZ
through hydroxylation. There are two cytochrome P450 monooxygenases, CYP735A1 and
CYP735A2, which have been characterized in Arabidopsis as catalyzing the reaction (Takei et
al., 2004).

The signaling pathway of CKs in plants has not been well demonstrated. The current model
relies on phosphorelay signal transduction (Hutchison and Kieber, 2002). CKs are perceived
by membrane-localized receptors through binding to histidine kinase CREL, which induces
His-Asp phosphorylation on His-containing phosphotransfer proteins (AHPs). Next, AHPs
translocate to the nucleus and activate a family of sequence-specific DNA binding transcription
factors (type-B ARRs or auxin response regulators). The activated type-B ARRs then bind to
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the regulatory elements within the promoter of type-A ARRs and induce their transcription.
Moreover, increased protein levels of type-A ARRs inhibit transcription of type-B ARRs,
which forms a negative feedback loop (Hwang and Sakakibara, 2006).

Abscisic acid

Unlike auxin, cytokinin, and GA, abscisic acid (ABA) is an important stress phytohormone. It
is particularly vital for stress responses in plants, including responses to drought, high/low
temperature, salinity and heavy metal stress (Ng et al., 2014). ABA was originally named after
its role in the abscission of flowers and fruits. In addition, the ABA-mediated signaling
pathway is also involved in other developmental processes, including establishing bud and seed
dormancy, stimulation of stomatal closure, leaf senescence, transpiration and starch hydrolysis
(Miyakawa et al., 2013). In vascular plants, a major function of ABA is to induce stomatal
closure in response to water loss. Under drought or high temperature conditions, ABA is
produced in leaves. Increased ABA levels subsequently lead to stomatal closure, so that water

is maintained in the leaves (Milborrow, 2001; Nambara and Marion-Poll, 2005).

Abiotic stresses such as heat, water deficit and salinity induce ABA biosynthesis. Studies on
ABA-deficient mutants have largely helped reveal the ABA biosynthesis pathway, and the
genes coding ABA biosynthesis enzymes have been well characterized in plants (Schwartz et
al., 2003; Siewers et al., 2004). These studies suggest that ABA biosynthesis starts in plastids
from the epoxidation of zeaxanthin and antheraxanthin to violaxanthin catalyzed by ZEP
(zeaxanthin epoxidase). Violaxanthin subsequently undergoes a set of structural modifications
and is converted to 9-cis-epoxycarotenoid. Next, NCED (9-cis-epoxycarotenoid dioxygenase)
cleaves the major epoxycarotenoid 9-cis-neoxanthin and produces xanthoxin, a Cis
intermediate. The conversion of epoxycarotenoid to xanthoxin is considered as the first key
step in ABA biosynthesis. Xanthoxin is then exported from plastids to the cytosol and used by
SDR (short-chain alcohol dehydrogenase/reductase) as a substrate to yield ABA-aldehyde. The
final step of ABA biosynthesis is catalyzed by AAO (ABA aldehyde oxidase), which converts
ABA-aldehyde to ABA (Xiong and Zhu, 2003). The model of the ABA signaling pathway has
been confirmed by multiple genetic, biochemical and structural studies (Zang et al., 2016;
Vishwakarma et al., 2017; Zhang et al., 2017). Key elements of the signaling cascade are ABA
receptors, SNRK2s (Snfl-related protein kinases 2) and PP2Cs (type 2C protein phosphatases).
ABA receptors were originally referred to as RCAR1-RCAR14 (Regulatory Component of
ABA Receptor), or PYR1 (Pyrabactin Resistance 1) and PYL1-PYL13 (PYR1-like 1-13).
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Later, they became known as PYLs (Park et al., 2009; Santiago et al., 2009; Nishimura et al.,
2010). SnRK2s are positive regulators in ABA signaling. In the absence of ABA or when the
ABA level is low, SnRK2s are inhibited by PP2Cs through direct binding, which keeps the
ABA response silent. Stress-induced ABA accumulation activates the ABA receptors, PYLs,
thereby allowing them to bind to PP2Cs. Thus, the PP2C-SnRK2 complexes dissociate and the
inhibition of SNRK2s by PP2Cs is therefore released. Active SnRK2s then phosphorylate
different target proteins in different tissues and trigger the downstream signaling cascade by
activating the transcription of genes containing ABREs (ABA-responsive elements) in their
promoters. As a result, the ABA response is switched on (Ng et al., 2014). For instance,
SnRK2s phosphorylate the SLAC1 and KAT1 ion channels in guard cells, which leads to
stomatal closure and prevents water loss due to transpiration (YYamazaki et al., 2003; Geiger et
al., 2009; Sato et al., 2009).

Coordination of growth in response to environmental stresses

Plants grown in nature or agricultural farms are often confronted with various environmental
conditions that are not optimal for plant growth and development. Throughout their life span,
they may be exposed to a variety of abiotic stresses such as drought, salinity, shortage of water
and nutrients and unstable temperatures, as well as biotic stresses such as an attack by pests,
pathogen invasion and herbivore damage. These environmental stresses lead to a series of
changes in physiological, biochemical and molecular processes and dramatically affect the
yield of crops in agriculture (Verslues et al., 2006). Due to global climate change, crops are
exposed more frequently to environmental constraints, including drought, salinity and high
temperatures (Munns and Tester, 2008; Rengasamy, 2010; Roy et al., 2014). For instance, the
most important crops that provide two-thirds of human caloric intake are wheat (Triticum
aestivum), rice, maize (Zea mays) and soybean (Glycine max). Research on the impact of
temperature increase on the yield of these staple food crops have indicated that a one degree-
Celsius increase in global mean temperature would result in the decrease of global yield of rice
by 3.2%, wheat by 6.0%, maize by 7.4%, and soybean by 3.1% (Porter and Gawith, 1999;
Ottman et al., 2012; Wheeler and von Braun, 2013; Rosenzweig et al., 2014; Zhao et al., 2016;
Zhao et al., 2017).

In confrontation with stresses, plants consume more resources to combat the negative impact
of the stress. Therefore, adaptation occurs at the expense of plant growth and causes a reduction
in yield (Granier and Tardieu, 1999; Skirycz et al., 2010). The inhibition of growth by stress

26



General introduction

may be relieved once the environment becomes stable and suitable. For example, when plants
are subjected to water deprivation, the transpiration rate decreases to keep water within the
plants, followed by a slower uptake of nutrients from the soil that is driven by transpiration.
Subsequently, leaf growth is significantly restrained. If plants are put back into normal
conditions with a sufficient water supply, they will reset the stress response and recover growth
rapidly (Hsiao and Xu, 2000; Thirumalaikumar et al., 2018). Stressful environments can also
induce a quicker transition to reproductive development from vegetative growth, leading to
early flowering and altered senescence (Balazadeh et al., 2008; Balazadeh et al., 2010a). These
growth alterations enable plants to make the most of the resource supply, which might become

limited under extreme stress conditions.

Severe stresses restrain plant growth or even kill plants. Nevertheless, exposure to mild stress
helps plants survive when facing the same stress more intensely later. Animals can avoid or
escape from harmful environments by moving to other places more suitable for survival. They
remember stresses they have been through and use the memory of previous experience to make
proper decisions when they face similar conditions (Yehuda, 2002; Wang et al., 2018).
Although plants do not have a neurological system like animals, there is an increasing amount
of experimental evidence suggesting that over their long period of evolution, plants have
successfully developed a molecular memory system that enables them to survive better under
stress conditions if previously exposed to the same abiotic stress (Larkindale et al., 2005; Hilker
etal., 2015). As sessile organisms, plants indeed rapidly respond and adapt to recurring stresses
(Blechert et al., 2007; Charng et al., 2007; Milad et al., 2009; Garfinkel et al., 2014). Stress
response and stress memory in higher plants are dynamic and complex processes, which
involves massive changes at the DNA, transcript, protein and metabolite levels (Bruce et al.,
2007; Balazadeh et al., 2010b; Peyraud et al., 2017; Santamaria et al., 2018; Stahl et al., 2018;
Thomas et al., 2018).

It is of great importance for plants to control the distribution of energy supplies between growth
and stress adaptation and maintain a balance between growth and stress response in varying
environmental conditions. Plenty of publications have demonstrated that dwarfed mutants
survive better than non-dwarfed plants in abiotic stress conditions, which is partially due to the
lower allocation of resources to growth in the absence of stress (Yang et al., 2011; Colebrook
et al., 2014). Modifications of this trade-off in favor of agriculture are of high interest, as both
growth and stress responses are essential for crop yield. Transgenic plants with improved stress

tolerance without decreasing productivity become attractive for agriculture (Haake et al., 2002;
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Sakamoto, 2004; Papdi et al., 2008). Plant breeders are making efforts to combine good traits
of growth and stress tolerance together.

Drought response and drought tolerance

Drought is defined as soil and/or atmospheric water deficit. It is among the top causes of
agricultural productivity losses globally and often occurs together with high temperature and
radiation (Kamanga et al., 2018). Because of increasing aridity and a growing human
population, water is becoming a scarcer commaodity in the near future. Agriculture is the major
user of water resources in many regions of the world. Studies on drought response have been
conducted over the last decades to illustrate plant responses to water deficits, including
physiological and biochemical processes and plant strategies of controlling water status under
drought (Chaves, 1991; Cornic and Massacci, 1996). Progress has also been made on
interpreting the correlation between leaf structures, root morphology and stress tolerance
(Jackson et al., 2000; Maggio et al., 2001). So far, hundreds of drought responsive genes have
been identified, and their functions in adaptation to water deficits or acclimation have been
characterized. Many stress-responsive genes participate in cellular adaptive processes, while
some of them are only involved in short-term deleterious responses (Chaves et al., 2003; Mun
etal., 2017).

Drought stress induces massive changes in plants at the organ, tissue, cell and molecular levels.
These changes include alterations in chlorophyll fluorescence, chlorophyll content,
photosynthesis efficiency, stomatal conductance, transpiration rate, electrolyte leakage and
relative water content in leaves (Batra et al., 2014). Other biochemical and physiological
changes include an altered concentration of potassium in leaf tissues and an accumulation of

proline, ROS and antioxidants (Kamanga et al., 2018).

Tolerance to water deficit usually involves maintaining turgor under low tissue water potential,
osmotic adjustment, the formation of rigid cell walls, or a decrease of cell size (DaCosta and
Huang, 2006). Alteration of agronomic traits indeed can aid plant adaptation to drought. The
beneficial traits mainly include those that determine plant development and shape, such as,
xylem properties, the size and depth of the root, leaf shape, water potential, osmotic adjustment
capabilities, stability of the cell membrane and ABA content. These traits are mostly
constitutive instead of stress-induced (Passioura, 2002). The drought resistance of plants is

sorted into four basic types: drought escape, drought recovery, drought avoidance and drought
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tolerance. During the past decades, scientists have investigated the genetic and molecular
mechanisms of drought resistance in various crops, and significant progress has been made on
the two major mechanisms of drought resistance utilized by plants: drought avoidance and
drought tolerance (Yue et al., 2006; Laxa et al., 2019).

Drought avoidance represents the capability of plants to maintain normal and fundamental
physiological activities under moderate drought stress conditions by adjusting growth rates or
morphological structures to avoid drought stress (Blum, 2005; Luo, 2010). Therefore, drought
avoidance is generally characterized by the maintenance of high water potentials when plants
are exposed to a water deficit (Mitra, 2001; Luo, 2010). Plants have developed a series of ways
to acquire drought avoidance: (1) enhancing the water uptake capacity through increasing
rooting density, rooting depth, or the root/shoot ratio, (2) improving the water storage ability
of specific organs (Sawidis et al., 2005; Ogburn and Edwards, 2010; Tardieu, 2013), (3)
reducing water loss through leaf rolling, rapid stomatal closure, or increasing wax
accumulation on the leaf surface (Zhang et al., 2005a; Cameron et al., 2006; Islam et al., 2009)
and (4) adjusting the conversion from vegetative growth to reproductive growth to avoid

complete abortion at the severe drought stress stage (Luo, 2010).

The term ‘drought tolerance’ refers to the ability to conduct a certain level of physiological
processes under drought stress via the regulation of metabolic pathways and related genes to
reduce or repair stress damages. For instance, a rapid ABA signaling response aids plants in
surviving under drought stress. Alternatively, a plant can increase the activity of ROS
scavenging enzymes, which reduces damage caused by drought-induced ROS accumulation
(Mitra, 2001). In nature, plants may encounter short-term water deficits (hours to days) or long-
term drought conditions. In the event of rapid dehydration, plants tend to respond by
minimizing water loss or exhibiting metabolic protection against the dehydration damage and
co-occurring oxidative stress. In the case of long-term drought stress, plants can either escape
water shortage by adjusting planting time, life cycle or growth period to prevent the growing
season affected by seasonal or climatic drought or optimizing their resource gain through
acclimation responses, which is referred to as ‘drought escape’ (Manavalan et al., 2009).
Drought recovery is the capability of plants to resume growth and gain yield (in the case of

crops) after exposure to severe drought (Luo, 2010).
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Transcription factors

In general, transcription factors (TFs) are proteins regulating the transcription of target genes
via binding to specific DNA sequences through their DNA-binding domains (DBDs). The
binding sites of TFs are usually located in promoters of target genes (Kummerfeld and
Teichmann, 2006). However, some regulatory proteins without a DBD are also involved in
transcriptional regulation via direct interaction with TFs and are also defined as TFs. TFs can
function as activators or repressors to activate or repress transcription of downstream target
genes. There is a considerable number of TFs in plants. About 6% to 10% of the genes in the
plant genomes encode TFs. Genome-wide comparative structural analyses have recognized
more than 2,000 genes encoding TFs in Arabidopsis (Guo et al., 2005; Riano-Pachon et al.
2007; Jin et al., 2015), 1,845 in tomato, 3,308 in maize, and 1,611 in rice (Xiong et al., 2005;
Jin et al., 2014; Jin et al., 2017). TFs are classified into different families according to
conserved sequence motifs and their DNA-binding domains (Riechmann et al., 2000). As
shown by the Plant Transcription Factor Database (PlantTFDB), Arabidopsis thaliana TFs are
grouped into 58 families based on the presence of the DNA-binding domain, auxiliary domain
and forbidden domain (Molina and Grotewold, 2005; Palaniswamy et al., 2006; Qu and Zhu,
2006). The largest family is basic/helix-loop-helix (bHLH), which consists of 225 TFs
(Toledo-Oritz et al., 2003), and the smallest family is the LEAFY (LYF) family, which includes
only one plant-specific protein (William et al., 2004). Other families include the NAC family,
which comprises 126 members, heat stress transcription factors (HSFs), which are encoded by
21 loci in Arabidopsis (Kotak et al., 2004) and the MYB family, which contains 125 TFs
(Stracke et al., 2001; Kotak et al., 2004; Olsen at al., 2005; Fang et al., 2008).

During the process of growth and development, plant TFs play important roles in sensing and
responding to diverse environmental stresses and developmental signals (Liu et al., 2001,
Franco-Zorrilla et al., 2014). They control a variety of biological processes and trigger cascades
of biochemical reactions in cells (Ramirez and Basu, 2009; Seo and Choi, 2015). Plant cells
perceive extracellular (drought, heat, cold, salt, hormones, pathogens, etc.) or intracellular
signals and transduce the signals to TFs (Tsuda and Somssich, 2015; Zhao et al., 2015; Guo et
al., 2016; Wang et al., 2016; Zong et al., 2016; Mun et al., 2017). Afterwards, TFs regulate the
transcription of target genes by binding to specific cis-elements (Tian et al., 2018). The target
genes might encode TFs or other genes with different physiological and biochemical functions.
With the products of target genes, plants respond to various stimuli and adapt to environmental

changes (Perez-Rodriguez et al., 2009). Research into NAC and HD-Zip transcription factors
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has demonstrated the importance of these two TF families in controlling plant growth and

adaption to environmental changes.

NAC transcription factors

The NAC abbreviation is derived from the first letters of three genes that contain a specific
domain (the NAC domain): NAM (no apical meristem), ATAF1/2 (Arabidopsis transcription
activator factor 1/2) and CUC2 (cup-shaped cotyledon) (Moyano et al., 2018). The NAC
transcription factor contains a DNA-binding NAC domain at the N-terminus, which is divided
into five typical subdomains (called A, B, C, D and E) and a variable transcriptional regulation
C-terminal domain (Tran et al., 2010). NAC transcription factors represent one of the largest
plant-specific transcription factor families. The NAC family is distributed among a wide range
of land plants (Olsen et al., 2005). They play vital roles in diverse developmental processes,
such as senescence, secondary wall synthesis, wood formation and lateral root development
(Xie et al., 2000; Zhong et al., 2010; Shao et al., 2015; Kim et al., 2016). For example, NAC
family proteins NARS1/NAC2 and NARS2/NAM regulate embryogenesis in Arabidopsis
(Kunieda et al., 2008). In tomato, SINAP2 plays a central role in controlling fruit yield and leaf
senescence (Ma et al., 2018). SINAM2 is involved in the establishment of tomato sepal
boundaries and flower whorl (Hendelman et al., 2013). ZmMNAC84 affects pollen development
by repressing ZmRbohH expression in maize (Yang et al., 2018). OsSNAC2 acts as a negative
regulator of flowering time and plant height by directly regulating the GA biosynthesis pathway
in rice. On the other hand, it promotes ABA-induced leaf senescence (Chen et al., 2015; Mao
et al., 2017). OsNACO11 is a positive regulator of heading and leaf senescence during the
reproductive phase in rice (EI Mannai et al., 2017). Additionally, NAC transcription factors
show multiple functions in biotic and abiotic stress responses. AtNAC4 promotes pathogen-
induced cell death in Arabidopsis (Lee et al., 2017). OsSNAC106 increases salt tolerance in rice
(Sakuraba et al., 2015). Overexpression of OsNAC022 improves salt and drought stress
tolerance in rice by modulating an ABA-mediated pathway (Hong et al., 2016). Overexpression
of SINAC35 enhances resistance to bacterial pathogens in transgenic tobacco (Wang et al.,
2016). ThNAC13 is an NAC transcription factor from Tamarix hispida. Overexpressing
ThNAC13 in Arabidopsis or Tamarix hispida improves osmotic stress and salt tolerance (Wang
et al., 2017). TaNAC29 enhances salt stress tolerance in wheat through reducing membrane
damage and H»O> accumulation by reinforcing the antioxidant system (Xu et al., 2015).
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Overexpressing MINAC9 from Miscanthus lutarioriparius in Arabidopsis plants increases

tolerance to drought, salt and cold stress (Zhao et al., 2016).

JUBL1 is a central regulator of growth and stress response

NAC transcription factor JUNGBRUNNEN1 (JUB1; AT2G43000) has been characterized as
a longevity regulator in Arabidopsis as overexpression of JUB1 strongly delays senescence
(Wu et al.,, 2012). Although overexpressing JUBL in Arabidopsis inhibits growth and
development, it dampens intracellular H2O> levels and enhances tolerance to salinity, heat and
drought stress (Shahnejat-Bushehri et al., 2012; Wu et al., 2012; Ebrahimian-Motlagh et al.,
2017). Thirumalaikumar et al. reported that overexpression of AtJUB1 (JUB1) improves
survival of tomato under drought stress (Thirumalaikumar et al., 2018). Another recently
published paper has demonstrated that overexpression of AtJUBL1 also increases tolerance to
salt in tomato (Alshareef et al., 2019). Results of EMSA (Electrophoretic Mobility Shift Assay),
ChIP-gPCR (Chromatin Immunoprecipitation coupled with quantitative PCR) and transcripts
level analysis demonstrated that JUB1 directly represses the expression of GA and BR
biosynthesis genes. Thus, overexpressing JUB1 reduces the levels of both growth hormones
followed by a stabilization of DELLA proteins, which restrict growth and confer resistance to
various abiotic stresses (Achard et al., 2008; Shahnejat-Bushehri et al., 2012).

During the process of leaf senescence, JUB1 expression increases. Under stress conditions,
H20- is massively produced and the expression level of JUB1 is increased. JUB1 binds to the
NAC binding site in the DREB2A promoter, and enhances its expression. As a target of
DREB2A, HsfA3 is upregulated when the expression level of DREB2A is increased (Schramm
et al., 2008), thus triggering a transcriptional regulation cascade. As indicated in Nishizawa-
Yokoi’s paper, HsfA3 promotes the expression of HSP (HEAT-SHOCK PROTEIN) genes in
the heat stress response together with HsfA2 (Nishizawa-Yokoi et al., 2011). On the other hand,
it also induces expression of ROS scavenging enzymes, which reduces intracellular ROS levels.
Therefore, plants overexpressing JUB1 accumulate less ROS and survive better than wild-type
plants. Additionally, JUB1 may increase longevity and enhance stress tolerance through other

target genes (Figure 6).

In order to determine the upstream TFs regulating JUB1, phylogenetic footprinting analysis
combined with promoter deletion analysis of the JUB1 promoter and Y1H assays were

performed. Several HD-Zip | TFs were identified as potential upstream regulators of JUBL.
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Thereafter, HB22 (AT2G36610) and HB40 (AT4G36740) were selected for further

characterization in this project.
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Figure 6. Model of JUB1 functions (modified from Shahnejat-Bushehri et al., 2016). Briefly, JUB1
represses cell elongation via inhibition of GA (gibberellin) and BR (brassinosteroid) biosynthesis. It
directly and negatively regulates expression of GA and BR biosynthesis genes GA30x1 and DWF4.
JUBL1 is also a key stress response gene and central regulator of senescence. Its expression level is
induced by environmental stress and during senescence. Under drought stress, JUBL expression is
activated which promotes transcription of DREB2A, which further restricts accumulation of reactive
oxygen species. As a result, plants overexpressing JUB1 show increased tolerance to multiple stresses.

HD-Zip I TFs

Members of the HD-Zip family are characterized by a common region of DNA homeobox (HB)
encoding a homeodomain (HD), which is a conserved 60-amino acid motif present in all
eukaryotic organisms, and a plant-specific leucine zipper (LZ) domain, termed the HALZ (HB
associated leucine zipper), immediately downstream of the HD. The encoded proteins have a
molecular mass of ~35 kDa and exhibit a highly conserved HD and a less conserved LZ motif.
The HD is responsible for the specific binding to the DNA, and LZ is involved in the formation
of hetero- or homo-dimers, which are necessary for binding to DNA (Ariel et al., 2007;
Belamkar et al., 2014). HD-Zip proteins have been identified in various plants such as
Arabidopsis, rice, tomato, sunflower (Helianthus annuus) and Medicago truncatula
(Manavella et al., 2006; Agalou et al., 2008, Lin et al., 2008; Ariel et al., 2010). Agalou et al.
identified 33 HD-Zip genes in rice (Oryza sativa L.) and classified them into family I (14 genes),
family 11 (14 genes) and family 111 (5 genes) (Agalou et al., 2008). There are 51 HD-Zip genes

(SIHZ01-51) identified and categorized into four classes by their gene and protein structures in
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the tomato genome (Zhang et al., 2014). Fifty-seven HD-Zip genes (MeHDZ01-57) were
identified in the cassava (Manihot esculenta) genome (Ding et al., 2017). The soybean
(Glycine max) HD-Zip family contains 88 members, 59 of which were differentially expressed
under salinity and drought stress (Chen et al., 2014). Analysis of the genome sequence of
Arabidopsis identified 48 HD-Zip genes, which are divided into four subfamilies (HD-Zip 1-
IV) according to four distinguishing features: (a) intron/exon patterns of the encoding genes;
(b) sequence conservation of the HD-Zip domain determining DNA-binding specificities; (c)
the additional conserved motifs outside the HD-Zip domain; and (d) the pathways that they are
involved in (Ribone et al., 2015). The Arabidopsis HD-Zip class | subfamily contains 17
members. Through phylogenetic analysis and genome-wide sequence comparison, the 17
members of the HD-Zip | protein family were grouped into six different clades, I to VI. Their
specific functions are defined by the presence and the position of conserved sequences
(Henriksson et al., 2005; Arce et al., 2011). HD-Zip | TFs are able to form homodimers or
heterodimers and recognize the pseudo-palindromic sequence CAAT (A/T) ATTG (Chenetal.,
2014). In addition to the HD and LZ domains, HD-Zip class | TFs contain an AHA (aromatic
and large hydrophobic residues embedded in an acidic context) motif at the C-terminus that
directly interacts with the basal transcriptional machinery and acts as an activation domain
(Figure 7).

CAAT(A/T)ATTG

Figure 7. Schematic representation of putative mechanisms of HD-ZIP | TFs function (modified
from Capella et al., 2016). HD-Zip class | TFs recognize and bind to target cis-elements by forming
homo- or heterodimers and then activating transcription through the interaction of the AHA motif with
the basal transcription machinery.

Functional studies of HD-Zip | members have demonstrated that they are integrators of intrinsic
developmental processes and external signals in the regulation of abiotic and biotic stresses.
Their expression is mainly regulated by water deficit, extreme temperatures, osmotic stresses,
light conditions and hormones such as ABA and ethylene (Ariel et al., 2010; Harris et al., 2011;
Bou-Torrentetal., 2012; Chen et al., 2014; Zhang et al., 2014; Romani et al., 2016; Ding et al.,

2017; Sessa et al., 2018). Their role as TFs is related to the developmental activities in response
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to environmental conditions, particularly abiotic stresses (Figure 8). It is believed that the
majority of stress-responsive HD-Zip genes in plants encode members of the HD-Zip class |
subfamily. Overexpression of HD-Zip | genes often leads to alterations in the shape and growth
of the plant, including the cotyledon, leaf and supporting organs (Aoyama et al., 1995; Hanson
et al., 2001), suggesting a role of HD-Zip | proteins in specific growth and/or developmental
pathways. ATHB16 from Arabidopsis is involved in blue-light signaling (Wang et al., 2003).
ATHB51 (LMI1) is a meristem identity gene regulating leaf shape and bract formation (Saddic
etal., 2006). Moreover, several HD-Zip class | members have been identified and characterized
for their roles in regulating drought responses (Henriksson et al., 2005). As a direct target of
PHYTOCHROME INTERACTING FACTOR 1 (PIF1), ATHB1 is known to play a role in
regulating hypocotyl elongation (Leivar and Quail, 2011). It has also been shown to be a
mediator in leaf cell fate determination (Pierik et al., 2009; Capella et al., 2015). Expression of
ATHBL is positively regulated by ethylene, and its orthologue in tomato has been shown to
directly regulate the expression of the ethylene biosynthesis gene LeACO1 (Zhong et al., 2003;
Lin et al., 2008). ATHB7 and ATHB12 are both strongly induced by drought stress and ABA
(Arceetal., 2011). ChIP (Chromatin immunoprecipitation) assay and gene expression analyses
have demonstrated that ATHB7 and ATHB12 negatively regulate ABA signaling by promoting
the expression of the PP2C-type phosphatase gene family (PP2C) (Merlot et al., 2001; Saez et
al., 2004; Kuhn et al., 2006). Furthermore, it has been shown that ATHB7 and ATHB12 repress
the PYRABACTIN RESISTANCEL (PYR1)/PYR1-LIKE (PYL) gene family, which encodes
ABA receptors. Together, these data indicate that ATHB7 and ATHB12 function as negative
regulators in the ABA signaling pathway (Miyazono et al., 2009; Park et al., 2009; Valdes et
al., 2012). The homolog to ATHB7 and ATHB12 in sunflower, HAHB4, is also regulated by
ABA and drought, as well as by methyl-jasmonic acid (MeJa) or ethylene (ET) and biotic
stresses. The ectopic expression of HAHB4 in Arabidopsis represses biosynthesis of ET and
enhances drought tolerance (Manavella et al., 2006). ATHB13 is positively regulated by low
temperature, drought and salinity. Overexpression of ATHB13 confers increased resistance to
cold, drought and broad-spectrum disease (Cabello et al., 2012). ATHBS positively regulates
and promotes the GA-mediated expansion of the epidermis and cortex. It also promotes
hypocotyl growth in post-embryonic development (Stamm et al., 2017). A recent work found
that the central regulator in axillary buds to restrain constitutive branch outgrowth,
BRANCHED1 (BRC1), directly and positively regulates the transcription of HB21, HB40 and
HB53. These HD-Zip | proteins are necessary and sufficient to enhance the expression of the

ABA biosynthesis gene, NCED3, which causes suppression of bud development (Gonzalez et
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al., 2017). It has been reported that ATHB6 and its close homolog, ATHB5, may act redundantly
in restricting auxin signaling during embryogenesis (De Smet et al., 2013). A molecular and
genetic analysis has shown that ATHB52 is positively regulated by the ethylene signal
transduction pathway. Moreover, ATHB52 has also been found to directly regulate
transcription of PIN FORMED?2 (PIN2), which encodes a polar auxin carrier and affects the
local polar auxin transport in the root tip followed by inhibition of primary root elongation
(Ruzicka et al., 2007; Stepanova et al., 2007; Swarup et al., 2007; Markakis et al., 2012; Miao
etal., 2018).

Developmental Abiotic Environmental
stimuli stress stimuli

—

Modulation of TFs
expression

HD-Zip | TFs homo-

or hetrodimerization
within the family

—
[ caaT(a/T)ATTG > Downstream gene|

Cell expansion, division, differentiation

Adaption of plant growth to the
environment

Figure 8. Roles of HD-Zip | TFs (modified from Harris et al., 2011). HD-Zip class | TFs respond to
developmental and environmental signals. When their expression is activated by upstream stimuli and
TFs, they induce the transcription of downstream target genes by forming hetero- or homodimers and
binding to the target DNA sequence, which triggers the cascade of stress response pathways and the
adaptation of plants to environmental changes.

36



General introduction

Thesis outline

The Arabidopsis NAC transcription factor JUNGBRUNNEN 1 (JUB1) has been previously
characterized as a central regulator of longevity and the interplay between gibberellins (GAS)-
and brassinosteroids (BRs)-mediated growth and stress responses. By employing a yeast-one-
hybrid (Y1H) assay and transcript analysis of transgenic lines, we identified two TFs (HB40
and HB22) from the HD-Zip class | subfamily as potential upstream regulators of JUB1.
Studies have shown that members of HD-Zip transcription factors play a role in controlling
plant growth and development as well as in responses to environmental cues. However, the
functions of HB40 and HB22 with respect to the regulation of growth and responses to stresses

have not been investigated.

In this thesis, we investigated the growth-related and developmental functions and the gene
regulatory networks (GRNs) of HB40, and to a lesser extent HB22, in Arabidopsis. HB40
expression is strongly induced by drought, similar to that of JUB1 expression. We also studied
the role of HB40 in response to drought stress and identified the biological relevance of the
HB40-JUB1 control unit for the regulation of growth and drought tolerance. The result of our
research adds to the understanding of molecular mechanisms underlying growth and
contributing to drought tolerance, mediated by the HD-Zip TFs-JUB1 module, and can guide

the development of new strategies for improving plant growth and stress responses.

In Chapter 2, we analyzed the expression pattern of HB40 in different tissues and in response
to the treatments with GAs and BRs by means of a B-glucuronidase (GUS) reporter gene assay
and quantitative real-time PCR (qRT-PCR). We characterized the growth and developmental
phenotypes of Arabidopsis transgenic lines with altered expression of HB40 (overexpressors
and T-DNA knockout mutant) and showed that HB40 negatively regulates growth, cell
elongation, and flowering time, mainly by lowering the levels of bioactive GAs. Our extensive
molecular and biochemical studies which included employing technologies such as gRT-PCR,
chromatin immunoprecipitation (ChlIP), electrophoretic mobility shift (EMSA) and
transactivation assays showed that HB40 directly activates the transcription of JUBI.
Furthermore, we identified genes encoding GA-catabolic enzymes, GA-2 oxidases (GA20Xs)
as direct targets of HB40. Our genetic studies confirmed that indeed HB40 suppresses growth
and the levels of bioactive GAs through the regulation of JUB1 and GA20Xs. Finally, we

demonstrated the genetic and functional relevance of HB40 and GA signaling components, i.e.
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DELLA proteins. We conclude that HB40 as an important regulator of GA homeostasis in
Arabidopsis.

In Chapter 3, we show that HB40 plays a positive role in drought tolerance. Overexpression
of HB40 (driven by the CaMV 35S promoter) resulted in enhanced tolerance to drought.
Moreover, we demonstrated that HB40-conferred drought tolerance requires JUB1. To
uncouple the effects of HB40 on plant growth and drought response, we also generated
transgenic Arabidopsis lines expressing HB40 under the control of the stress-inducible RD29A
(RD29A:HB40) and the guard cell-specific KST1 (KST1:HB40) promoter. The RD29A:HB40
lines did not show defects in growth and development, but retained the enhanced drought-
tolerant phenotype suggesting that the enhanced tolerance phenotype of HB40 is not solely due
to its growth retarding effect. However, no significant tolerance to drought was observed in
KST1:HB40 plants, indicating that drought tolerance conferred by HB40 is not due to a function

in stomata.

In Chapter 4, we investigated the functional redundancy of HB40 and two other members of
the HD-Zip class | family, HB21 and HB53, in controlling hypocotyl growth and the regulation
of JUBL1 expression. Hypocotyl elongation of an HB40 single knockout mutant (under dark)
was comparable to that of the wild type, while the mutant lacking the three HD-Zips (triple
mutant of HB21, HB40, and HB5) showed significantly longer hypocotyls than the wild type,
suggesting these HBs are functionally redundant in controlling hypocotyl growth. EMSA and
transactivation assays confirmed that HB21 and HB53 directly and positively regulate JUB1
expression. No interactions between HB40 and HB21/HB53 were detected in bimolecular
fluorescence complementation (BiFC) assays suggesting that these TFs do not form
heterodimers and rather act independently and redundantly in the regulation of JUB1 and

hypocotyl growth.

In Chapter 5, we analyzed the expression of HB22 at the cellular level. We generated
transgenic lines expressing B-glucuronidase (GUS) and HB22 in fusion with a green fluorescent
protein (GFP) under the control of the HB22 promoter and showed that HB22 is specifically
expressed in young leaves and floral primordia of Arabidopsis seedlings. Phenotypic analysis
of HB22 transgenic lines showed that overexpression of HB22 affected the transition of
vegetative growth to reproductive growth. However, a knockout mutant of HB22 (T-DNA
insertion line) did not show any phenotype, likely due to functional redundancy with its closest
members within the HD-Zip | family. We analyzed expression levels of JUB1 and several
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meristem identity genes in HB22 transgenic lines. Our results show that transcript levels of
JUB1, CAL (CAULIFLOWER) and AP1 (APETALAL), were upregulated in HB220Xs, whereas
in the T-DNA mutants they were less expressed compared to wild type. Our data suggest HB22
as a potential regulator of meristem identity in Arabidopsis.
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