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Introduction

1.1 Drought stress and climate change

Drought stress adversely affects plant growth and productivity. Many studies have been done to
estimate the impact and severity of damages in different parts of the world (Wullschleger et al.
2002; Averyt et al. 2013). To date, global warming and climate change are important risks for
crop production and impacting food supplies thereby affecting people health. As per the reports
from the World Bank (2007) in sub-Sahara Africa climate changes severely affect the crop
production. With regard to the growing World's population, it seems to be necessary to increase
the yield of crops. FAO (2008) reported that number of hungers due to insufficient food and un-
accessibility to food have been increased from 90 million in 1970 to 225 million in 2008 and
will reach to 325 million until 2015. Climate change is directly threatening water resources and
affects the global scarcity of water supplies in the coming decades.

It is obvious that crop plants have to compete for water access. Currently, about 70% of the
world’s fresh water consumed is used for the irrigation of crops (UNESCO, 2006). Drought can
have a substantial impact on the ecosystem and agriculture of the affected region. Drought is one
of the main factors, damaging the cellular structure and inhibiting the normal physiological
activities (Bray et al. 2000; Zhu 2002; Bartels and Sunkar 2005). Therefore, to cope with the
progressive climate change and consequently drought, it is necessary to investigate how plants

can survive under adverse environmental conditions.

1.2 Three strategies of plants in response to water stress

Plants have developed multiple strategies to cope with water stress in the cells. There are three
strategies in adaptation of plant cells to water scarcity, namely avoidance, resistance and
tolerance (Le and McQueen-Mason 2000). Desiccation avoidance is characteristic for the annual
plants, which produce the seeds in a favorable condition and finish the life cycle before facing
the dry season and water deficit. On the other hand, desiccation resistant plants withstand
drought conditions due to adapted morphological or physiological changes, such as increasing
the water uptake by decreasing the water potential in the cells, closing the stomata and reduction
of leaf surface, either in leaf size or covering the surface with special structures such as waxes or

hairs to avoid transpiration.
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The third strategy that plants use is desiccation tolerance. Small group of angiosperm plants
have an extraordinary ability to keep the water up to 10% and regain a biologically functional
state after rehydration. These plants are so called desiccation tolerant/resurrection plants (Gaff
1971; Bartels et al. 2005). Losing around 90% of water content is equivalent to a water potential
of -100 MPa (Alpert 2005), which is a severe stress to the plant and stops enzymatic reactions
and metabolic pathways (Billil and Potts 2002). These plants are fundamentally different than
other drought-surviving plants such as glycophytes or succulents. Desiccation tolerance is
frequently acquired in seeds of vascular plants or pollen grains, but it is rare in vegetative
tissues. Desiccation tolerance is a complex multi-genic and multi-factorial process. The
combination of genetic, metabolic, antioxidants and structural stabilization systems are involved

in the protection mechanisms (Bartels and Salamini 2001; Moore et al. 2009).

1.3 Three closely related species of Linderniaceae family are experimental

model plants to study molecular basis of desiccation tolerance

One model plant for studying the desiccation tolerance mechanisms is the resurrection plant
Craterostigma plantagineum Hochst (Bartels et al. 1990; Piatkowski et al. 1990; Bartels et al.
2006; Farrant and Moore 2011). It is an endemic species in arid areas of South Africa and
belongs to the Linderniaceae family. Several drought tolerant species have been reported in this
family (Fischer 1992). The family includes also another species that can withstand drought,
namely Lindernia brevidens Skan (Phillips et al. 2008). This plant is endemic to mountain forest
of costal Africa, where no drought period is experienced. Recovery was observed in this plant
after extreme dehydration under laboratory conditions, even though it is endemic in the tropical
rain forests of East Africa (Phillips et al. 2008). For comparative analysis, a desiccation sensitive
member of the Linderniaceae family, Lindernia subracemosa, has been introduced (Phillips et
al. 2008). The phylogenetic relationship between these three species and other members of
Linderniaceae family has been analyzed using sequences of the chloroplast maturase gene
(MATK) (Rahmanzadeh et al. 2005). The close relationship of these three species is shown in
Fig. 1-1. Three species C. plantagineum, L. brevidens and L. subracemosa are widely used in

extensive comparative analyses to understand the drought tolerance mechanisms. For instance,
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recently functional promoter analysis of desiccation-induced gene (LEA-like 11-24) was
compared between the three species and elucidated a step in regulatory mechanism of

desiccation tolerance (van den Dries et al. 2011).

N QQ'E Craterostigma lanceolatum”

Craterostigma hirsutum”
100

Craterostigma plantagineum”

100

Craterostigma pumilum”
e Lindernia brevidens "
Lindernia subracemosa
Torenia vagans

1 mE Lindernia rotundata
98 Lindernia microcalyx

Crepidorhopalon whytei

Fig. 1-1: Phylogenetic tree showing relationship among selected members of the Linderniaceae family. It
was constructed based on MATK gene sequences. The desiccation-tolerant species are marked with an
asterisk. The phylogenetic tree in this form was published by Phillips et al. (2008), but the data are
derived from the study of Rahmanzadeh et al. (2005) (see also van den Dries 2010).

1.4 Protection mechanisms in response to dehydration

Drought and dehydration stress affects almost all plant functions including growth, development
and productivity (Nakashima et al. 2009). It causes severe metabolic and mechanical changes of
plant cells (Bray 1993). It mediate the increase of concentration of cellular content due to
decreased water content, thereby causes unwanted molecular interactions, macromolecular
denaturation and alteration of biochemical activities (Gechev et al. 2012). Desiccation tolerant
plants have the capability to cope with severe water deficit (Bartels and Sunkar 2005). A
numbers of investigations have afforded to understand the mechanism involved in desiccation
tolerance (Phillips et al. 2002; Deng et al. 2006). These plants have complex protective
mechanisms to protect the macromolecules or cell organelles from stress-mediated injury. Some
of well studied resurrection plants are Craterostigma plantagineum, Lindernia brevidens,
Haberlea rhodopensis, Xerophyta viscosa, Boea hygrometrica, Sporobolus stapfianus, Ramonda
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nathaliae, Ramonda serbica (Ingle et al. 2007; Rodriguez et al. 2010; Oliver et al. 2011;
Dinakar et al. 2013; Gechev et al. 2013; Raki¢ et al. 2014).

1.4.1 LEA proteins and association with desiccation tolerance

More than two decades ago, LEA (late embryogenesis abundant) proteins which are abundantly
expressed during the late phase of embryo development were discovered in cotton seeds (Galau
et al. 1986) and later they were also discovered in vegetative tissues of plants under dehydration
suggesting the adaptation role during desiccation (Bartels et a. 1990; Ramanjulu and Bartels
2002; Hundertmark and Hincha 2008). These proteins show common feature of high
hydrophilicity, unordered structure, thermal stability (Battaglia et al. 2008) and become more
structured during dehydration (Wise and Tunnacliffe 2004). Despite extensive studies, the exact
biochemical function of LEA proteins is not fully understood (Bartels and Salamini 2001). LEA
proteins have been divided into at least 6 groups based on sequence similarities and biochemical
properties (Battaglia et al 2008). These proteins are localized in different cellular compartments
such as chloroplast, cytosol, mitochondria and nuclei (Dinakar et al. 2013). In most
angiosperms, seeds face extreme dehydration condition at this developmental stage. On the other
hand, the expression of LEA proteins during seed development abundantly induced (Bartels,
2005; Velasco et al., 1998). Therefore, a association of LEA proteins with desiccation and
acquisition of tolerance has been suggested (Cuming 1999). Many protective functions have
been proposed for LEA proteins in different studies. For instance, LEA proteins act against
DNA damages, stabilize other proteins or enzymes, cytoskeleton filaments, maintain cellular
structural organization, prevent ion crystallization during dehydration and act as chaperones
were reported (Baker et al. 1988; Robert et al. 1993; Wise and Tunnacliffe 2004; Tunnacliffe
and Wise 2007). In addition, a role in preventing aggregation of proteins by providing a water
hydration “’shell’’ has been proposed for LEA proteins (Goyal et al. 2005; Reyes et al. 2005).
Several of the genes induced by desiccation have been cloned and characterized as LEA proteins
in C. plantagineum. The transcript levels of many LEA genes encoding LEA proteins from
group 4 (CpC2), group 2 LEA (the dehydrin, Cp LEA 6-19), group 5 LEA (CDeT27-45) were

increased in C. plantagineum leaves upon dehydration or osmotic treatments (Bartels et al.
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1990; Piatkowski et al. 1990; Michel et al. 1994; Velasco et al. 1998; Ditzer et al. 2006). The Cp
LEA-like 11-24 1s one of these stress inducible genes in C.plantagineum that has been
extensively studied on the transcript and protein level as well as promoter region (Velasco et al.
1998, Bartels and et al. 1990; Bartels 2005; Facchinelli 2009; van den Dries et al. 2011).
Recently, the biochemical properties and structure of the Cp LEA-like 11-24 protein were
analyzed. It protects citrate synthase and lactate dehydrogenase against damaging effects caused
by desiccation in vitro (Petersen et al. 2012). RD29A (responsive to dehydration 29 A) and
RD29B from Arabidopsis are two close homologue of LEA like 11-24 gene (Velasco et al.
1998), which the expression is induced under ABA, dehydration and salt stress (Yamaguchi-
Shinozaki and Shinozaki 1993; Nakashima et al. 2006). These proteins share similar features
with other LEA proteins like hydrophilicity in response to water stress (Yamaguchi-Shinozaki

and Shinozaki 1993).

1.4.2 Carbohydrate

Accumulation of carbohydrates is a major response during desiccation in many resurrection
plants (Dinakar et al. 2012). While sucrose accumulates in most plants as a product of
photosynthesis, C. plantagineum has the capability to accumulate 2-octulose in the leaves and
convert to sucrose during desiccation (Bianchi et al. 1991, Norwood et al. 2000). Following
dehydration, sucrose accumulation progressively increases, but the accumulation of 2-octulose
decreases. Together with conversion of 2-octulose to sucrose, sucrose synthase and sucrose
phosphate synthase are also upregulated (Ingram et al. 1997, Ramanjulu and Bartels 2002). It
suggests that 2-octulose has a role in the carbon storage under dehydration condition, as
C. plantagineum plants do not accumulate starch (Bianchi et al. 1991). However, the exact
metabolic pathway of 2-octulose synthesis from sucrose or the conversion of sucrose into 2-
octulose is not clear. In addition, the expression of two classes of transketolases were increased
during rehydration in C. plantagineum (Bernacchia et al. 1995). Recently, the involvement of
transketolase in the conversion of sucrose into 2-octulose has been proposed based on enzymatic

assays and gene expression analyses (Willige et al. 2009).
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Also accumulation of sucrose, raffinose and trehalose (Ingram and Bartels 1996) which are
believed to function as osmoprotectant in protecting against oxidative stress, has been reported
in dehydration conditions (Nishizawa et al. 2008). Most metabolic changes in these plants
during dehydration associate with sugar metabolism (Dinakar et al. 2012). Some sugars (e.g.
raffinose) act as storage of carbohydrates and are remobilized to produce sucrose during
dehydration (Norwood et al. 1993). Some other sugars (such as sucrose and trehalose) play
osmoprotectant role for stabilizing membrane structure. Apart from protective role, they can act
as signaling molecule in regulating metabolic pathways. For instance, trehalose and trehalose-6-
phosphate are the important metabolic regulators which control the carbohydrate status, growth
and energy level in the cell (Smeekens et al. 2010).

For example, desiccation-tolerant Sporobolus stapfianus contains higher levels of osmolytes
and nitrogen metabolites compared to the concentration of energy-associated-metabolites of
desiccation-sensitive Sporobolus pyramidalis (Moore et al. 2009; Dinakar et al. 2012). Thus,
accumulation of sucrose and glucose in specific locations of resurrection plants under
dehydration was proposed as stabilizing the chloroplast and tonoplast membranes (Martinelli et
al. 2008). It is proposed that sucrose may form glasses phases like solid liquid. Formation of
intracellular glass may protect phospholipid bilayers against dehydration-mediated injury
(Crowe et al. 1992). Interaction of LEA proteins and sugars has been suggested in another study
to form a thigh hydrogen-bonding network, thus stabilize the cellular structure (Wolkers et al.

2001).

1.4.3 Compatible solutes (proline)

Many compatible solutes are produced in plants during dehydration (Verslues and Sharma
2010). Compatible solutes are small molecules that are accumulated in the cells under stress
without any toxic effect. They stabilize the cell membranes and proteins in response to stress
(Hare and Cress 1997; Yancey 2005; Verslues and Sharma 2010). Compatible solutes are
naturally synthesized in some plants and serve as protectants to cope with stresses. Several kinds
of compatible solutes such as sugars (mannitol, trehalose and sucrose), proline, glycine betaine,

spermine and spermidine are believed to function as osmotica and protect the membranes and
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proteins (Delauney and Verma 1993; Nuccio et al. 1999). Among the compatible solutes, proline
has long been known as an osmoprotectant that accumulates in plants under water stress (Hare
and Cress 1997; Yancey 2005). It is widely distributed in all organisms (Maggio et al. 2002). It
plays an important role as source of energy, carbon and nitrogen compounds, hydroxyl radical
scavenger and plasma membrane protector (Hare and Cress 1997; Nakashima et al. 1998;
Verslues and Sharma 2010). Proline accumulation is thought to have an adaptive role in
response to salinity, drought, high and low temperatures, pathogen attack, nutrient deficiency
and UV irradiation (Verbruggen and Hermans 2008). It can translocate from other parts of plant
to the stressed tissues. Proline biosynthesis occurs in the cytosol in the plastids while catabolism
takes place in mitochondria (Verslues and Sharma 2010). Proline is synthesized from glutamate
by two enzymes, namely pyrroline-5-carboxylate synthetase (PSCS) and pyrroline-5-carboxylate
reductase (P5CR), whereas proline dehydrogenase (ProDH) and pyrroline-5-carboxylate
dehydrogenase (PSCDH) are involved in its catabolism to glutamate (Fig. 1-2) (Deuschle et al.
2004, Verslues and Sharma 2010). The main pathway for proline synthesis during osmotic stress
is the glutamate pathway (Fig. 1-2) through pyrroline-5-carboxylate synthetase (PC5S) enzyme.
However, the ornithine pathway in young Arabidopsis plants seems to contribute as well

(Roosens et al. 1998).

P5CS P5CR
Giutamate —> Pyrroline-5-carboxylate —— A
¢ (P5C) <
P5CDH ProDH

Fig. 1-2: The main proline metabolism and catabolism pathway. Proline is produced by regulation of
P5C synthetase (PSCS) and P5C reductase (PSCR) enzymes in cytosol and plastids. It is catabolised to
Glutamate by proline dehydrogenase (ProDH) enzyme and P5C dehydrogenase (P5CDH) in
mitochondria.

The PCS5S enzyme has been proposed to participate in protein-protein interaction or to maintain
the protein structure (Verslues and Sharma 2010). It contains a leucine zipper region in each
domain. Transcript accumulation of PC5S1 is strongly induced under salt, dehydration and cold
stress (Yoshiba et al. 1999). Transcriptional up-regulation of PC5S1 is in positive correlation

with the proline level under dehydration (Yoshiba et al. 1995) indicating the involvement of
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P5CS1 in the biosynthesis of proline from glutamate (Kreps et al. 2002). The knockout mutants
of P5CS1 show hypersensitivity to salt or water deficit (Sharma and Verslues 2010). In contrast,
PC5S2 has a minor role under stress conditions as no transcript accumulated (Szekely et al.
2008). Tobacco overexpressing P5CSI showed more tolerance to salt stress (Kishor et al. 1995).
Studies on exogenous abscisic acid (ABA) treatment and ABA-deficient mutants have shown
that proline accumulation under stress can be partially regulated by ABA, thus ABA-dependent
and -independent regulation of proline has been proposed (Yoshiba et al. 1995; Savoure et al.

1997; Verslues and Bray 2006; Sharma and Verslues 2010).

1.4.4 Role of ABA in abiotic stress

The plant hormone, Abscisic acid (ABA) regulates several important aspects in growth and
development including seed dormancy and germination, embryo maturation as well as responses
to environmental stresses (Bewley, 1997; Fujita et al. 2011, Finkelstein 2013). Different abiotic
stresses such as drought, cold and salinity induce ABA synthesis, therefore, ABA is considered
as plant stress hormone (Swamy et al. 1999). ABA plays crucial role in response to abiotic
stress. ABA acts as endogenous messenger to activate plant responses to abiotic stresses
(Christmann et al. 2006). Initial physiological changes under mild water deficit mediate rapid
changes in ABA concentrations (Ramanjulu and Bartels 2002). The accumulation of ABA
mediates the stomatal closure and activates the induction of many stress inducible genes (Webb
et al. 2001). Consequently, it regulates the induction of genes associated with stress such as LEA
proteins, osmoprotectant, carbohydrate metabolism and transcription factors and kinases (Webb
et al. 2001; Kirch et al. 2001; Bartels and Sunkar 2005; Ditzer et al. 2006; Kempa et al. 2008;
Fujita et al. 2011). Therefore, accumulation of ABA is associated with stress and application of
exogenous ABA is used to mimic the dehydration responses (Yamaguchi-Shinozaki and
Shinozaki 2006). For instance, in vitro callus tissues of C. plantagineum are not drought
tolerant, unless ABA treated tissues (Bartels and Salamini 2001). Therefore, ABA has a critical

role in desiccation tolerance of C. plantagineum through induction of ABA-responsive genes.
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1.4.5 Regulation of stress and ABA-inducible genes

The regulation of ABA-mediated genes is very complex and both positive and negative
transcriptional regulations have been reported (Deng et al. 2006; Hilbricht et al. 2002). Ca*” -
dependent signaling has been proposed to regulate the expression of ABA biosynthetic genes. It
is believed that calcium ions as secondary messengers are important in ABA signal transduction
pathways (Webb et al. 2001). Presences of ABA can change the sytosolic concentration of
calcium. Many proteins in ABA perception and ABA transduction have been found. The best
characterized and the most convincing candidates as ABA receptors are a family of soluble
proteins named PYR/PYL/PCAR (pyrabactin resistant/PYR-like/regulatory component of ABA
receptor) which establish the beginning of a core ABA signaling pathway (Ma et al. 2009;
Finkelstein et al. 2013). ABA binds to a PYR/PYL/PCAR protein and changes the conformation
into a stable complex and inactivate the PP2C thereby, activating the SNRK2s protein kinase
(SNF1 related kinase) through removal of activating phosphates (Klinger et al. 2010). In this
pathway SNRK2s proteins are required for activation of transcription factors and act as positive
regulator, PP2Cs act as negative regulator. In addition, several protein phosphorylation cascades

have been found that are involved in ABA signalling.

1.4.5.1 ABA-induced genes are bind to ABRE cis-element

The promoter region has fundamental role in controlling the gene expression. There are specific
motifs named cis-elements in the promoter region of genes, which mediates the expression of
gene in response to different stimuli. Depends on the stress responsibility of gene different cis-
acting elements can be found in the promoter. For example, dehydration, pathogen defense,
hypoosmolarity. Therefore, there are two different signaling pathways in the regulation of stress
inducible genes, ABA-dependent pathway and ABA-independent pathway (Zhu 2002;
Yamaguchi-Shinozaki and Shinozaki 2005; Fujita et al. 2011). Each pathway contains specific
transcription factors binding to a particular motif in the promoter sequence.

One of the important cis-elements in the promoter of ABA-inducible genes is the ACGT-core
motif containing a 8-10 base pair long sequence (PYACGTGGC) (Fujita et al. 2011) and is
named ABA responsive element (ABRE) (Hattori et al. 2002). The flanking sequence of ACGT
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motif is important for the functionality of the cis-acting elements (Shinozaki et al. 2003). A
conserved sequence of CACGTG is named G-box which is recognized by ABA-regulated
transcription factors. Three transcription factors namely MYB, MYC and ABF (ABA binding
factor) proteins are associated with ABA responsiveness and bind to the MYB, MYC and ABRE
recognition sites, respectively (Abe et al. 2003; Shinozaki et al. 2005).

The proteins that are binding to the ABRE sites called ABRE binding factors. These factors are
bZIP (basic leucine zipper proteins) protein that bind to the ABRE motif and activate ABA-
dependent gene expression (Choi et al., 2000). All ABRE elements work in close cooperation
with other ABA-response regulatory elements such as MYC and MYB (Iwasaki et al. 1995). In
general, repeated copies of ABREs or one ABRE and one coupling element (CE) in the
promoter are required to confer ABA-mediated induction of gene expression (Shen and Ho
1995, Skriver et al. 1991, Uno et al. 2000).

In the promoter of dehydration-responsive genes (such as RD29A, RD29B, Cp LEA-like 11-24),
there is another cis-element named dehydration responsive element named DRE/C-repeat (CRT)
(Shinozaki et al., 2003; van den Dries et al. 2011). It has been reported that the expression of
genes in response to salt, dehydration and cold is regulated by this motif in the promoter
(Yamaguchi-Shinozaki and Shinozaki, 1994; van den Dries et al. 2011). DRE motif in the
promoter of RD29A contains 9 bp long conserve sequence and special transcription factors bind
to this motif. DREB1A (DRE-binding protein) and DREB2A are two major transcription factors
regulating dehydration, salt and cold response and specifically bind to DRE motif in the
promoter (Liu et al. 1998).

Expression of many stress inducible genes increase upon dehydration in C. plantagineum,
(Bartels and Sunkar 2005). Core promoter of an ABA-inducible gene of C. plantagineum, CpC2
from group 4 LEA gene has also been reported to have at least 2 ABRE elements (Ditzer et al.
2006). In the case of LEA-2 (Cp LEA 6-19) dehydrin, presence of 3 ABRE related motif in the
promoter region was not enough to enhanced the promoter activity in response to ABA using
different promoter fragments. The activity of promoter enhanced in the presence of full
promoter. This indicated that some promoter sequences which leads to increase of promoter

activity may locate on the largest promoter fragment (Michel et al. 1994).
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1.4.5.2 bZIP transcription factors

The transcription factor basic leucine zipper (bZIP) family is found in all eukaryotes and is one
of the largest families of transcription factors in the plant kingdom with many different
functions. These proteins integrate in many biological processes, which are crucial for the
function of organism (Deppmann et al. 2006). In animals, bZIP proteins are required for
development of organs such as liver, heart, bone and fat (Wang et al. 1992; Eferl et al. 1999). In
adult animals, bZIP proteins are also involved in essential processes such as circadian clock,
metabolism, learning and memory (Deppmann et al. 2006). In plants, bZIP factors are essential
for organ development, cell elongation and morphogenesis, seed development, flower
maturation, osmotic stress, sugar signaling, carbon metabolism and starvation (Chuang et
al.1999; Hai et al. 1999; Jakoby et al. 2002; Alonso et al. 2009; Weltmeier et al. 2009; Dietrich
et al. 2011; Satoh et al. 2004). The bZIP protein structurally consists of two domains. A basic
region contains 16 basic amino acid residues which are connected to the major groove of the
target DNA. A heptad leucine zipper region contains hydrophobic amino acids in the C-terminal
part of the protein responsible for dimerization of bZIPs (Fig. 1-3). The leucine zipper region
regulates the expression of the target genes through dimerization, which occurs through the
amphipathic coiled-coil leucine zipper domain (Hai et al. 1999). The Arabidopsis genome
contains 75 bZIP genes (Jakoby 2002). The number of bZIP genes in Arabidopsis is four times
more than in yeast (Jakoby 2002; Riechmann et al. 2000, Amoutzias et al. 2008). So far, less is

known about bZIP transcription factors in plants than observed for those in humans and yeast.
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Fig. 1-3: Shematic interaction of bZIP transcription factor with DNA. bZIP proteins bind DNA as dimer
in a major groove of DNA. The DNA binding domain and the leucine zipper region are shown in the
picture (Jakoby et al. 2002).
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According to sequence similarities of the basic region and additional conserved motifs bZIPs
can be divided into 10 groups from A to I and one small group, the so-called S-class (Jakoby

2002) (Fig. 1-4).
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Fig. 1-4: Phylogeny of bZIP protein family in Arabidopsis (Hanssen 2009). AtbZIP proteins are divided
in 10 major groups (A to I and S) (Jakoby 2002). The sequences of the group-specific domains are shown
on the right after the number of proteins within each group.

Group A of bZIP transcription factors, is the most extensively analysed group of bZIP proteins
in Arabidopsis plants. Members of this group are involved in ABA or stress signaling response
to abiotic stresses. The abiotic stresses such as drought, salt and cold induce the ABF/AREB
gene expression and trigger AREB phosphorylation. So far, all seven members of group A have
been analyzed namely (AtbZIP39/ABI5, AtbZIP36/ABF2/AREBI, AtbZIP38/ABF4/AREB2,
AtbZIP66/AREB3, AtbZIP40/GBF4, AtbZIP35/ABF I and AtbZIP37/ABF3) (Jakoby et al. 2002).

Members of group B, have been analyzed recently. The proteins mediate salt and endoplasmic
reticulum stress responses in Arabidopsis (Liu et al. 2007a, b). The members of group C, share
structural features with maize Opaque2 and parsely CPFR2 (Jakoby et al. 2002). The proteins
contain an extended leucine zipper, with up to nine heptad repeats. They are involved in

regulation of seed storage proteins (Jakoby et al. 2002; Alonso et al. 2009; Dietrich et al. 2011).
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AtbZIP10 and AtbZIP25 from Arabidopsis are the closest homologous of Opaque2 transcription
factor which has been shown to regulate the expression of storage proteins (Alonso et al. 2009).
Members of group D are linked with two different processes, namely defense against pathogen
and development. For members of group E no functional data are available. It is known that they
are similar to members of group I but differ from them with respect to the lysine residue in the
position -10. The members of the group, G binding factors (GBF) are mainly involved in
ultraviolet and blue light signal transduction. These proteins bind to the G-boxes present in the
promoters of light responsive genes (Schindler 1992; Armstrong et al. 1992). Two members of
group H are predicted to be involved in photo-morphogenesis. On the other hand, some
members of this group are proposed to regulate the vascular development. Group S, this group is
the largest bZIP group in Arabidopsis that has been shown to have multiple functions in
response to different stresses. All members of bZIP contain at least one domain such as a
proline-rich activation domain or a potential casein kinase I/ phosphorylation site except

members of group S of bZIP transcription factor.

1.4.5.3 bZIP transcription factors belonging to S1-class bZIP

The S1-class of bZIPs consists of 5 subclasses: AtbZIP1, AtbZIP2, AtbZIP11, AtbZIP44 and
AtbZIP53. Proteins from this class are at low molecular weight and contain long zipper domains
of 8-9 leucines (Rook et al. 1998; Wiese et al. 2004). This group of bZIPs contains an unusual
long upstream open reading frame (uORF) in the 5’ region, which is highly conserved between
species (Weltmeier et al. 2009). This region encodes a small protein that has a function in
controlling the sugar concentration in the cell called SIRT mechanism (Sucrose Induced
Repression of Translation) (Rook et al. 1998; Wiese et al. 2004; Weltmeier et al. 2009). This
class of bZIPs can be repressed at the translational level by sucrose through binding of the small
protein to the upstream open reading frame (uORF) in the 5’ region of transcript (Wiese et al.
2004; Weltmeier et al. 2009). Most of the S1-class bZIPs from Arabidopsis contain the long
conserved uORF which encodes 41-42 amino acids (Table 1-1). Only AtbZIP53 and AtbZIP1

have shorter uORFs of 28 and 25 amino acids respectively (Table 1-1). Highest similarities are
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found in the C-terminal part of these polypeptides. All bZIP proteins in this class are localized in

the nucleus (Jakoby et al. 2002; Wiese et al. 2004; Alonso et al. 2009; Dietrich et al. 2011).

Table 1-1: 5’-UTR harbouring the uORF in the bZIP transcription factors from different plants (Wiese et
al. 2004).

Intercistronic

Spacer SC-uORF
Plant Gene Name Accession Number Length (nt) Length (aa)
Arabidopsis thaliana (thale cress) ATB2/AtbZIPT1 Atdg34590 255 42
Arabidobsis AtbZIP44 At1g75390 164 41
Arabidopsis AthZIP2 At2g18160 1186 41
Arabidopsis AtbZIP53 At3g62420 182 28
Arabidopsis AtbZIP1 At5g49450 10 25
Nicotiana tabaccumn (tobacco) thz17 DE3951 240 28
N. tabaccumn thzF AB032478 162 25
Zea mays (maize) mLIP15 D26563 170 26
Z. mays OCSBF-1 X6245.1 188 28
Antirrhinurm majus (snapdragon) BZIPS10 Y¥13675.1 166 25
A. majus BZIP911 ¥13676.1 130 32
Oryza sativa (rice) glip19 DB3955 169 26
O. sativa - AAAADT1011550 254 41
Glycine max (soybean) GmATB2 AF532621 228 41
Petroselinum crispum (parsley) cprit AJ292744 138 25
Lycopersicon esculentumn (tomato) - BI207937 114 41
Medicago trunculata (barrel medic) - AC121244 198 42
Gossypium arboreum (tree cotton) - BG446720 41
Lotus japonicus - AP006137 115 28
Capsicum chinense (pepper) PPI1 AF430372 188 41

1.4.5.4 bZIP transcription factors and dimerization capacity

Dimerization of transcription factors provide a wide range of combination of proteins for
differential regulation of target genes via specific DNA binding capacities of dimers (Wiese et
al. 2004). Forming heterodimer or homodimer has distinct effect on the regulation of target
genes (Ehlert et al. 2006). Despite efforts to understand the structural specificity of coiled coil
establishing a paired dimer, the mechanism of dimerization between two transcription factors is
still unknown (Deng et al. 2008). However, Deppmann (2006) presented a comprehensive bZIP
dimerization network of Homo sapiens, Arabidopsis thaliana, Drosophila melanogaster and
Saccharomyces cervisiae by using a network mapping approach. He reported that animal bZIP
factors extensively heterodimerize, whereas bZIPs in plants almost exclusively form homodimer
networks by having long leucine zippers with asparagine which are located in the different

heptads.
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In Arabidopsis, S1-class bZIP proteins form heterodimers with C-class bZIP proteins. However,
functional homodimer formation has also been reported for AtbZIP11. In vivo and in vitro
heterodimerization of AtbZIP53 and two transcription factors of C-class AtbZIP10 and
AtbZIP25 were shown to lead to a strong activation of seed-specific genes (Alonso et al. 2009).
Heterodimerzation of bZIP transcription factors have been proposed to increase the affinity for
binding to the target gene and stabilization of the dimer structure. Transient expression analyses
have shown that five proteins in the Sl-class namely, AtbZIP53, AtbZIP44, AtbZIP11,
AtbZIP2, AtbZIP1 form different combinations that bind to the ACTCAT motif in the ProDH
promoter region and activate the expression under different stress conditions such as high
proline level, low energy and starvation (Satoh et al. 2004). Moreover, protein availability
during developmental or environmental changes regulates the target gene expression (Weltmeier
et al. 2006). Several members of S1 class AtbZIPs including AtbZIP1 and AtbZIP53 have been

suggested in starvation responses and in amino acid metabolism.

1.5 Association of the desiccation tolerance in seeds and the vegetative

tissues during evolution

Seed formation is divided into two phases, early and late embryogenesis. During early
embryogenesis the morphology of embryo is formed, while late embryogenesis mediates
accumulation of storage and seed desiccated proteins and dormancy (Goldberg et al. 1994). Not
all of the seeds are able to cope with drought. They can be divided into two groups in terms of
capability to withstand dehydration. The first group of seeds called orthodox seeds, is able to
survive drying and freezing during ex-situ conservation (Bewley and Black 1994). Reduction of
the metabolic rate to the lowest level at the time of (before/after) shedding (Farrant et al. 1997)
has been shown in orthodox seeds. In addition, water content decrease to 5-10% in orthodox
seeds (Manfre et al. 2009). This phenomenon appears in the seeds of most plant species (e.g.
Arabidopsis). Another group of seeds called recalcitrant seeds lose their viability upon the weak
drought stress or when the temperature is less than 10°C (e.g. Avicenna, avocado and mango).

These plants are mostly endemic to humid tropic or subtropic area (Gaméné et al. 2004;
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Pritchard et al. 2004; Berjak et al. 2008). In recalcitrant seeds, metabolic pathways and DNA
replication are actively preceded (Boubriak et al. 2000, Faria et al. 2004).

Bryophytes which are the non-vascular land plants were the first plants moved from the water to
the land (Mishler and churchil 1985) and the need to colonize the land caused evolutionary
changes (Charron and Quatrano et al. 2009). Most likely angiosperms lost the drought tolerance
possible in vegetative tissues during the evolution, as they were not required to be protected
(Farrant and Moore 2011). It is believed that the genetic program for dehydration acquisition in
the orthodox seeds has been derived from the ancestors of seed plants from gametophytic or
sporophytic tissues of bryophytes/pteridophytes (Oliver et al. 2000). The emergence of LEA
proteins are connected with the appearance of orthodox seeds (Cumming 1999). Although, the
molecular signature of seed in vegetative tissue of resurrection plants has not been established
convincingly, seed-specific protection strategy such as upregulation of LEA genes as well as
cys-peroxiredoxin genes in the leaves give the strong evidence for acquisition of desiccation
tolerance from the seeds (Illing et al. 2005).

Another evidence to prove the seed background of desiccation-induced genes in the leaves and
roots of resurrection plants is research done in Xerophyta humilis. The expression profile of
genes in Xerophyta humilis and Arabidopsis thaliana as desiccation-tolerant and -sensitive
species, respectively were compared using cDNA and microarray technology (Walford 2008).
The result revealed high similarity among the gene expression of seed, leaf and root of
X. Humilis. Storage proteins, peroxiredoxins, LEA and HSP genes were the most abundantly
induced genes in seeds and vegetative tissues. However, the respected genes are seed specific in
Arabidopsis and are not expressed in the vegetative tissues. Therefore, it is convincing that
desiccation tolerant species re-activate and recruit the seed development strategy in the
vegetative tissue to protect the organs against damage caused by desiccation (Farant and Moore

2011).

1.6 Circadian clock system and association with stress

Circadian clocks are endogenous rhythms within 24 hours which constantly occur (Hanano et al.

2008; Marcolino-Gomes et al. 2014). Many photosynthesis related photosystem I and II genes
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are known to be circadian clock rehgulated (Zhang and McClung 1996; Marcolino-Gomes et al.
2014). The genes associated with photosynthesis and photorespiration such as photosystem I and
Il reaction center proteins (Zhang and McClung 1996), the genes involved in carbon
assimilation have a peak in afternoon (Harmer et al. 2000; McClung. 2001). Also nitrogen
assimilation has been known to be clock regulated for decades (Cohen and Cumming 1974). It
should be noticed that a number of genes involved in stress responses including cold and
pathogen responses are also clock-regulated (Harmer et al. 2000; Schaffer et al. 2001).

Recently bioinformatic network analyses suggested that the AzbZIP1 is regulated by the
circadian clock (Gutierrez et al. 2008). It has been shown that the gene encoding circadian clock
associated 1 (CCAI) protein binds to the promoter of the AtbZIPI gene (Gutierrez et al. 2008).
Several reports have shown that the circadian clock affects stress responses in Arabidopsis. The
correlation between plant response to abiotic stresses and circadian clock rhythms has been
proposed in many studies (Bieniawska et al. 2008; Legnaioli et al. 2009; Wilkins et al. 2010).
For instance, in C. plantagineum a chloroplastic desiccation inducible protein Dsp22 shows
expression fluctuation in dark treatment (Alamillo and Bartels 1996). The homolog of Dsp22
protein in Arabbidopsis is an early light-inducible protein (ELIP) protein that is regulated by
circadian clock (Grimm et al. 1989). Alamillo and Bartels (1996) proposed the involvement of

circadian clock in regulation of Dsp22.

1.7 Promoter analyses to study mechanisms of desiccation tolerance in

C. plantagineum
Functional promoter analyses among three closely related genes has been performed (van den
Dries et a. 2011). LEA-like 11-24 promoter from two desiccation tolerants and a desiccation
sensitive species was investigated to understand the role of functional cis-elements in
determining the transcript level of the LEA like 11-24 genes. The importance of promoter region
in stress responsibility of genes was investigated. The presence of a DRE motif in the promoter
region has been identified as the key element for higher induction of Cp LEA-like 11-24 gene

from C. plantagineum in response to stresses (van den Dries et al. 2011).
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1.7.1 Promoter architecture of LEA like 11-24 in C. plantagineum, L. brevidens and

L. subracemosa

Minimal stress inducible promoter fragments of the LEA-like 11-24 gene were identified in
C. plantagineum (307 bp), L. brevidens (321 bp) and L. subracemosa (488 bp) (van den Dries et
al. 2011). A functional promoter analysis of these promoter fragments has shown that all three-
promoter fragments can be induced by ABA and osmotic stresses (van den Dries et al. 2011).
However, variation in the expression was observed between three species. A similar induction
was found by ABA and osmotic stress as the full-length promoters (Velasco et al. 1998; van den
Dries et al. 2011). These promoter fragments contain essential cis-acting regulatory elements
that are involved in the regulation of dehydration-responsive gene expression (Guiltinan et al.
1990; Yamaguchi-Shinozaki et al. 1994; Hattori et al. 2002) such as ABA-responsive elements
(ABREs) and drought responsive elements (DRE). Two ABREs are located at conserved
positions in all three promoter fragments (ABRE1 and ABRE2 (Fig. 3-5). In the case of C.
plantagineum, the promoter fragment also harbors one DRE element (van den Dries et al. 2011).
The LEA-like 11-24 promoter fragment of C. plantagineum is also inducible by ABA and
osmotic stress in heterologous genetic backgrounds as shown for A. thaliana (Velasco et al.
1998) and L. subracemosa (van den Dries et al. 2011).

The transcript of the LEA-like 11-24 gene accumulates in C. plantagineum, L. brevidens and
L. subracemosa at different levels under dehydration conditions and after ABA treatment (van
den Dries et al. 2011). Among them L. subracemosa shows the lowest expression level. Its
association with differences in the promoter sequence of LEA-like 11-24 in three species has
been reported (van den Dries et al. 2011). Loss of function mutation in the cis-elements of the
LEA-like 11-24 promoter fragment of C. plantagineum was also identified which proves the
critical role of DRE element in higher induction of the LEA-like 11-24 promoter fragment of
C. plantagineum under ABA and osmotic stress compared to L. brevidens and L. subracemosa.
A DRE deletion reduced the promoter activity in both treatments to the level obtained for the
LEA-like 11-24 promoters of L. brevidens and L. subracemosa (van den Dries et al. 2011).
While C. plantagineum showed the highest expression, L. subracemosa showed the weakest

expression. This demonstrates that the expression level of transcripts make the difference
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between desiccation-tolerance and sensitive ones as observed in C. plantagineum and
L. subracemosa, respectively (van den Dries et al. 2011), although the effect of trans-regulation-
environment of different plant species in the activity of LEA-like 11-24 promoter is not known.
Higher expression of the LEA-like 11-24 transcript and protein in C.plantagineum than in
L. subracemosa suggests that the promoter architecture is involved in the regulation of

expression level of LEA-like 11-24 gene.

1.7.2 Studying promoter function using transient transformation methods

In analyzing promoter functions transient transformation methods are a fast alternative
compared to stably transformed plants and their results are not influenced by the chromosomal
insertion position as reported for stable transformation (Yang et al. 2000). Transient
transformation methods can be divided into physical, chemical and biological procedures.
Physical methods include electroporation (Fromm et al. 1985) and particle bombardment (Ditzer
et al. 2006; Ueki et al. 2009; van den Dries et al. 2011; Sparks and Jones 2014). Chemical
methods consist of transformation by polyethylene glycol (Riazunnisa et al. 2007). Biological
methods comprise Agrobacterium tumefaciens-mediated (Bevan 1984; Li et al. 2009; Ismagul et
al. 2014; Xu et al. 2014) and virus-mediated transformation (Porta et al. 2002; Gelvin 2005)
processes.

Depending on the research objectives, different transient expression studies including biolistic
bombardment (Christou 1995; van den Dries et al. 2011; Sparks and Jones 2014; Liu et al.
2014), protoplast transfection (Michel et al. 1994; Sheen 2001; Ohkama-Ohtsu et al. 2008) or
Agrobacterium-mediated transient assays (Yang et al. 2000; Li et al. 2009; Xu et al. 2014;
Ismagul et al. 2014) are applicable. Among the transient transformation methods tobacco leaf
infiltration (Marion et al. 2008), Agrobacterium-mediated transformation and particle
bombardment are the most commonly used methods (Barampuram et al. 2011). Agrobacterium
tumefaciens-mediated transformation has been extensively used since 1983 in plant molecular
biology studies and for genetic improvement of crops (Lopez et al. 2004). The advantages of

Agrobacterium-mediated transformation are the ability to transfer large size DNA fragments,
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low copy number and high transformation efficiency (Ko and Korban 2004; Lopez et al. 2004;

Takata and Eriksson 2012; Xu et al. 2014).

1.7.3 Ciritical factors in developing an Agrobacterium-mediated plant
transformation protocol for Linderniaceae species

In the optimization of the Agrobacterium-mediated transient transformation for different plant
species, many studies showed that one must take into consideration the age of plants (Armstead
et al. 1987; Chabaud et al. 1988; Yang et al. 2000), growth stage of Agrobacterium cells (Song,
2001), concentration of the bacteria (Fillati et al. 1987) and duration of co-cultivation (Chabaud
et al. 1988; Fillati et al. 1987).

Co-cultivation as a simplified infiltration method has been developed for Arabidopsis seedlings
to transiently transform root epidermal cells with A. rhizogenes (Campanoni et al. 2003). Also the
Agrobacterium-mediated co-cultivation method the so-called FAST assays (Fast Agro-mediated
Seedling Transformation) was developed for Arabidopsis seedlings (Li et al. 2009). The method
provides a useful and quick transient assay of test promoter activity or gene expression (Li et al.
2009). Agrobacterium-mediated transient transformation of leaf explants have also been
described for other plant species, but it is not known how well these assays work in
C.plantagineum and two Lindernia species. However, Agrobacterium-based stable
transformation method of leaves has been developed in C. plantagineum successfully (Furini et

al. 1994).

1.8 Objectives of the study

Analyzing the promoter function requires use of an effective transformation method. Transient
transformation methods are suitable to analyze promoter function under various abiotic stresses.
Transient transformation methods are fast and flexible, compared to generation of stably
transformed lines and the results are not influenced by the chromosomal insertion position as
reported for stable transformation. A transient transformation method, particle bombardment,

which was used in previous studies to analyze the promoter activity in three Linderniaceae
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species, was not suitable for quantitative measurement of promoter activity. Therefore,
optimization of the method possessing capability to analyze the promoter activity accurately is
one of the objectives of this study. In this study, two desiccation tolerant species,
C. plantagineum and L. brevidens, and a desiccation sensitive species L. subracemosa have been
used as experimental models.

- An Agrobacterium-mediated transient transformation method called “co-cultivation” was
developed for three close related species. The important parameters such as leaf size, Silwet
concentration, bacteria density and duration of co-cultivation, which have the key role in the
functionality of the method, was optimized. Then activity of the minimal inducible promoter
fragments of LEA-like 11-24 gene were compared among three species under ABA and osmotic
stress treatments. Finally, the applicability of the co-cultivation method for Linderniaceae
species has been discussed.

- Previous comparison of LEA-like 11-24 transcript and protein accumulation from
C. plantagineum, L. brevidens and L. subracemosa under dehydration and ABA treatment
showed the highest expression level for C. plantagineum and the lowest for L. subracemosa.
Differences in the promoter sequences have been proposed to explain this gene expression
differences. Therefore, to understand the effect of trans-environmental regulation in the activity
of LEA-like 11-24 promoter fragments of C. plantagineum, L. brevidens and L. subracemosa,
cross comparison has been performed using the co-cultivation method and the activity of each
promoter fragments in homologous and heterologous background have been compared.

- On the other hand, Cp LEA-like 11-24 promoter fragment has been shown to interact
with CpbZIP1 proteins in the yeast-one-hybrid system. Therefore, the trans-activation of the Cp
LEA-like 11-24 promoter fragment by the CpbZIPI coding sequence under the control of
CaMV-35S promoter has been investigated in a homologous background (in C. plantagineum
leaves) using the co-cultivation method or heterologous background using stably transformed
Arabidopsis plants.

- Furthermore, Protein sequences of CpbZIPI shows 47% similarity with a transcription

factor ArbZIP53 from Arabidopsis plants, which abundantly expressed during seed maturation.
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Therefore, it was the objective to analyze the stress responsiveness of the CpbZIP1 transcript in
response to dehydration, ABA and salt stresses at different time points.

- In addition, a closely related homologue of CpbZIP1 in Arabidopsis, AtbZIP53, functions
in remobilization of carbon or nitrogen in starvation/darkness. Therefore, it would be interesting
to know whether CpbZIPI has the same function in C. plantagineum. Thus, the hypothesis of
Farrant and Moore 2011 that seed specific response genes of A. thaliana were re-activated in the
vegetative tissue of desiccation tolerant plants could be proved. For this, the Arabidopsis
transgenic plants ectopically expressing the CpbZIP1 have been generated and some selective

functional analyses were performed.
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Materials and Methods

2.1 Materials

2.1.1 Plant Material

Wild type of Arabidopsis thaliana ecotype Col-0 was used in this study. All transgenic plants
were generated based on the Col-0 ecotype. Transgenic lines containing Cp LEA-like 11-24 GUS
(long promoter, 1.5 kbp, L-lines) had been generated (Velasco et al. 1998), while other
transgenic lines such as G-lines (Cp LEA-like 11-24 GUS (short promoter, 307 kbp), GZ-lines
(Cp LEA-like 11-24::GUS (short promoter ) + 35S::CpbZIP1), LZ-lines (Cp LEA-like 11-
24::GUS (long promoter ) + 35S::CpbZIP1), S-lines (35S::CpbZIP1) were established in the
Institute of Molecular Physiology and Biotechnology of Plants (IMBIO). Craterostigma
plantagineum Hochst was collected in eastern Africa as described in Bartels et al. (1990) and
maintained in IMBIO. Lindernia brevidens and Lindernia subracemosa were collected in the
tropical rainforests of Taita Hills in Kenya (Philips et al. 2008) by Prof. E. Fischer (University of

Koblenz, Germany) and cultivated in the botanical garden of the University of Bonn.

2.1.2 Buffers, solutions and media
All solutions and media were autoclaved for 20 min at 120°C at 1.5 bars and kept at 4 °C. In case

of toxic or degradable solutions, filter serialization was applied.

Vitamin solution for plant media: 2 mg/ml glycine; 0.5 mg/ml niacin (Nicotine acid); 0.5 mg/ml

pyridoxine-HCI; 0.1 mg/ml thiamine-HCl. A dilution of

1:1000 was Used and stored at 4°C

50X TAE (Tris-Acetate-EDTA): 2 M Tris base; 100 mM EDTA, pH 8.0; pH was adjusted with

glacial acetic acid..

Ampicillin (made as stock solution): 100 mg of Ampicillin was dissolved in 1 ml water; filter

sterilization was applied and stored at -20°C; (concentration

of working solution: 1:1000 dilution).
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Kanamycin (made as stock solution):

Rifampicin (made as stock solution):

1 X TE buffer:

10 X DNA loading buffer (10 ml):

X-Gluc staining solution:

RNase A (made as stock solution):

Denaturing buffer:

Neutralizing buffer;

20X SSC

10X MEN :

RNA-, DNA-blot washing buffer:

100X Denhardt’s solution:

50 mg of kanamycin was dissolved in 1 ml water, filter
sterilization was applied and stored at -20°C; (concentration

of working solution: 1:1000 dilution).

50 mg of Rifampicin was dissolved in 1 ml DMSO and stored

at -20°C; working solution: 1:500 dilution of stock solution

10 mM Tris-HCl; ImM EDTA (pH 8.0)

25 mg Bromophenol blue, 1 ml 1 X TAE; 25 mg

Xylencyanol; 3 ml glycerol; 6 ml sterile water.

0.5 mg/ml X-Gluc dissolved in DMF (100 ul DMF per 10 mg
X-Gluc); 0.1% (v/v) Triton X-100; 50 mM NaHPO, buffer,

pH 7.2; 8 mM B-mercapto-ethanol; stored at -20°C.

10 mg of RNase A was dissolved in 1 ml sterile water and

stored in aliquots at -20°C.

0.5 M NaOH; 1.5 M NaCl; stored at room temperature.

1.5 M NaCl; 1 M Tris; pH was adjusted to 8.0 with

concentrated HCI.

0.3 M sodium citrate; 3 M NaCl; store at room temperature

200 mM MOPS (3-(N-morpholino) propanesulfonic acid); 80
mM sodium acetate pH7.0. Then 0.5 M EDTA pH 8.0 was
added to a final concentration of 10 mM and filter sterilised. It

should be protected against direct exposure to light.

2X SSC (Saline sodium citrate); 0.1% (w/v) SDS.

2% (w/v) Ficoll-400; 2% (w/v) PVP 360000; 2% (w/v) BSA.
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LB-medium (per litre):

YEB (per liter):

SOC (per litre):

MS-medium (per litre):

2.1.3 Bacteria

Store in aliquots at -20°C.

10 g peptone; 5 g yeast extract; 10 g NaCl; pH 7.5; 15 g

bacto-agar was added to the liquid medium for solidification.

5 g meat extract; 5 g peptone; 2 mM MgSQOy; 5 g sucrose; 1 g
yeast extract; pH was adjusted to 7.0; 15 g bacto-agar was

added to the liquid medium for solidification.

10 mM NaCl; 10 mM MgSO4; 10 mM MgCly; 2% (w/v)

trypton; 0.5% (w/v) selected yeast extract.

4.6 g MS-salt; 1 ml vitamin mixture; 20 g sucrose, pH
adjusted to 5.8; 8 g select-agar was added to the liquid

medium for solidification.

2.1.3.1 E. coli DH10B (Lorrow and Jessee, 1990)

For all studies genotype: F-mcrA A(mrr-hsdRMS-mcrBC) 80d lacZAM15 AlacX 74 endAl

recAl deoR A(ara, leu)7697 araD139 galU galK nupG rpsL & was used.

2.1.3.2 Agrobacterium tumefaciens GV3101/pmP90RK (Koncz and Shell 1986)

This strain was used for transient and stable transformations, either in wild-type A. thaliana or

C. plantagineum plants.

2.1.4 Plasmid vectors

The plasmid vectors were kept at -20°C (IMBIO). The bacteria were frozen in 100% glycerol

and stored at -80°C. Plasmid vectors used in this study are listed below.
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2.1.4.1 pJET1.2

The vector pJET1.2 (Fermentas, St. Leon-Rot, Germany) was used to clone PCR products as

described by the manufacturer.

2.1.42 pBT10-GUS

The vector pBT10-GUS (Sprenger-Haussels and Weisshaar 2000) is an expression vector
containing the coding sequence of the B-glucuronidase gene (GUS/uidA). The vector contains
the P-lactamase gene which is ampicillin resistant. Cp, Lb and Ls LEA-like 11-24::GUS
constructs (Van den Dries et al. 2011) were used for cloning the promoter fragments in the

pBIN19 binary vector (Vector map see AppendixXXXXX).

2.1.4.3pGJ280

This vector contains the GFP reporter gene (Green Fluorescent Protein), constructed by Dr G.
Jach (Max-Planck-Institute, Cologne, Germany) which was expressed under the control of
CaMV 35S promoter. It was used for the calculation of the relative activity of the promoter

fragments in biolistic transformation (vector map see AppendixXXXXX).

2.1.4.4 pBIN19

The plasmid pBIN19 (Bevan 1984; Frisch et al. 1995) is a binary vector was used to transform
Agrobacterium tumefaciens with either LEA-like 11-24-GUS construct from C. plantagineum,

L. brevidens, L: subracemosa or CaMV35S-CpbZIP1 or CaMV35S-GUS constructs. pBIN19
vector contains the NPTII gene encoding the neomycin phosphotransferase enzyme which

confers the kanamycin resistance to A. tumefaciens cells and plants.

2.1.5 Primers (5°-3°) Sequences
All primers were synthesized by Sigma-Aldrich, dissolved in sterile water to reach 100 xM
concentration and frozen at -20 °C.

Table 2-1: List of primers used in this study.

Primer name Sequence (5’ to 3°)

p35S-pROK2_fwd CACTGACGTAAGGGATGACGC
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pGJ280_fwd
pGJ280_rev

pBT10 left

pBt10 right

pBIN Direction Hind_fwd
pBIN Direction EcoRI_rev
GUS start_rev

GUS sense_ fwd
GUS_rev
pROK-NPTII_fwd
pROK-NPTII_rev
PA17 Hind MU_fwd
PA17 Hind MU _rev

RT Cp bZIP1_fwd

RT Cp bZIP1_rev

Cp TKT3_fwd

Cp TKT3_rev

Cp LEA-like 11-24_fwd
Cp LEA-like 11-24_rev
At-ProDH1_fwd
At-ProDH1_rev
pJET_fwd

pJET _rev

ACG AATCTCAAGCAATCAAGCA

TGTGCCCATTAACATCACCA

TTAATGCAGCGGATCA

TTTTGATTTCACGGGT

AGCTATGACCATGATTACGCCAAG

CGATTAAGTTGGGTAACGCCAGG

GGTTGGGGTTTCTACAGGACG

CGTCCTGTAGAAACCCCAACC

GATAGTCTGCCAGTTCAGTTCG

TGGATTGCACGCAGGTTCTC

TGGGCGAAGAACTCCAGCAT

GAGGCAGAGGAAGCGCAAACTCTCCAACCGCGAATC

GATTCGCGGTTGGAGAGTTTGCGCTTCCTCTGCCTC

CAATTGTACCTCAGCGTTGC

CTCACATCAGAAGCAACTCGAA

GCAGAACCTTAAGAGGCCATC

GGCACTCTCACCACCAAGAAC

TCGGAAGACGAGCCTAAGAA

AGATGAAGACAAGGCGCTGT

ATGGCAACCCGTCTTCTCCG

CGGAGAAGACGGGTTGCCAT

CGACTCACTATAGGGAGAGCGGC

AAGAACATCGATTTTCCATGGCAG

2.1.6 Membranes, enzymes and markers

For RNA-blots the nylon membrane Hybond TM (Amersham Biosciences, Buckinghamshire,

UK) was used. Restriction enzymes and buffers were provided by MBI-Fermentas (St. Leon-

Rot, Germany), Roche/Boehringer (Mannheim, Germany, Sigma-Aldrich (Munich, Germany).

The DNA ladder (1 kb) was from Invitrogen/GibcoBRL (Karlsruhe, Germany).
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2.1.7 Kits

NucleoBond® Xtra Maxi Kit (Macherey-Nagel; Diiren, Germany) was used for Midi-Maxi-prep
of Plasmid DNA. PCR product or DNA fragments were cloned in pJET vector using the
CloneJET™ PCR cloning Kit (Fermentas; St. Leon-Rot, Germany). DNAs were purified from
agarose gel with Qiaex II Gel Extraction Kit (Qiagen, Hilden, Germany) and NucleoSpin®
Extract II (Machenery- Nagel, Diiren, Germany). The Reverse Aid"™ H Minus First Strand
cDNA Synthesis Kit (Fermentas; Burlington, USA) was used for the RT-PCR cDNA synthesis.
QuikChange® II Site-Directed Mutagenesis Kit (Stratagene; Heidelberg, Germany) was used to
generate site-directed mutations. The Hexa Label™ DNA Labeling Kit (Fermentas, Germany)

was used for 32P—labeling of DNA probes.

2.1.8 Instruments and other devices
The following equipment and devices were used according to the manufacturer’s
instructions:

e Elektroporation apparatus Gene Pulser II, (Bio-Rad, Hercules, USA).

Typhoon Scanner (Amerscham Pharmacia Biotech).

e Electrophoresis power supplies, (Gibco BRL, Carlsbad, Canada).

e VersaFluorTM Fluorometer (Bio-rad, Munich, Germany).

e Confocal Laser Scanning Microscope ZE2000 with Laser D-eclipse C1, (Nikon,
Diisseldorf, Germany).

¢ Gun Biolistic®: Particle Delivery System 1000/He System Bio-Rad (Hercules, USA).

e Spectrophotometer smartSpec 3000 (Bio-rad, Hercules, USA).

e T3-Thermocycler (Biometra, Gottingen, Germany).

e BioSpec-nano spectrophotometer (Shimadzu Biotech, Chiyoda-ku, Japan).

e pH meter (Mainz, Germany).

e Binocular microscope SMZ-800 (Nikon, Diisseldorf, Germany).

e Gas exchange and chlorophyll fluorescence analyser GFS-3000 (Hein walz, Germany).
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2.1.9 Chemicals
Chemicals used during this project were purchased from the following companies:
e Amersham Buchler-Braunschweig, Boehringer-Manheim
e Merck VWR International, Darmstadt, Germany
e Qiagen, Hilden, Germany
e Pharmacia, Freiburg, Germany
e Machery Nagel, Diiren, Germany
e Roth, Karlsruhe,Germany
e Biomol, Hamburg, Germany

e Stratagene Heidelberg, Germany

2.1.10 Software, programs and online tools

DNA sequencing reactions were performed by Macrogen DNA sequencing services (Seoul,
Korea). DNA sequencing primers are listed in table 2-1. The Basic Local Alignment Search
Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to identify regions of sequence
similarity between query sequences and sequences in the database. DNA sequence alignments
were performed with APE or Vector NTItm Suite Program ver. 10.0. DNA sequence were
translated to protein sequences with the ExXPASy translate tool. (http://www .expasy.ch/tools/dna.
html). Program IMAGE J 1.45v as free software was used for measuring the root elongation in

the seedlings.

2.2  Methods

2.2.1 Growth conditions

2.2.1.1 L. brevidens, L. subracemosa and C. plantagineum
Lindernia brevidens and Lindernia subracemosa were grown on MS medium containing 4.6 g
MS-salt; 1 ml vitamin stock; 20 g sucrose pH adjusted to 5.8, 0.8% (w/v) select-agar

(Invitrogen, Karlsruhe, Germany). Craterostigma plantagineum plants were grown, either in
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vitro under sterile conditions on half-strength MS medium or in pots filled with clay granulate
(Seramis;Masterfoods, Verden, Germany). All plants were maintained in climate-controlled shot

day conditions at a day/night temperature of 22°C/18°C, 80 E/m2/s.

2.2.1.2 Arabidopsis thaliana L. cv Columbia

Arabidopsis thaliana plants were germinated and cultivated in growth chamber at a 8 h light/ 16
h dark and day/night temperature of 22°C. Transgenic lines were generated in Col-0 ecotype of
Arabidopsis thaliana by floral dip method.Transgenic plants used in this work are listed bellow:
Accession of A thaliana WT (Col 0), S-lines, S represents CaMV35S::CpbZIP1. G-lines, G
represents Cp LEA-like 11-24short prom::GUS (307 bp) transformed in A. thaliana. GZ-lines,
GZ represents Cp LEA-like 11-24 short prom::GUS +35S::CpbZIP1 transformed in A. thaliana..
L-lines, L represents Cp LEA-like 11-24 long prom::GUS (1.5 kbp) transformed in A. thaliana.
LZ-lines, LZ represents Cp LEA-like 11-24 long prom::GUS Arabidopsis transgenic line
transformed with 35S::CpbZIP1. S*L lines,S*L represents crossed lines of Cp LEA-like 11-
24::GUS (16-11)* 35S8::CpbZIP1 (S28). The number after represented lines assigned to

independent transgenic lines in T2 generation.

2.2.2 Seed sterilization and cultivation

For analyses of the plants at the seedling stage, seeds washed for 2 minutes with 70% (v/v)
ethanol followed by 10-12 minutes sterilization with the mixture of 7% (v/v) sodium
hypochlorite (NaOCl) and 0.1% (w/v) SDS with regular inverting. Afterwards, the seeds were
rinsed five times with sterile water and sown on MS-agar plates (Murashige and Skoog 1962).
Transgenic seeds were selected in MS-agar plates supplemented with 50 yg/ml kanamycin and
after 10 days, kanamycin-resistant ones were transferred either onto a new plates for further
stress experiments or into the soil-pots and then subjected to the various stress treatments at a 4-

5 week old.
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2.2.3 Bacterial growth conditions

Agrobacterium tumefaciens strain (GV3101) was cultured on a solid YEB medium on plate or
liquid culture supplemented with appropriate antibiotics under shaking (200-220 rpm) and in
28°C. E. coli strain (DH10B) was grown in LB (Luria-Bertani) medium containing 1% (w/v)
bactotryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl. The pH was adjusted to 7.0 and 1.5%

(w/v) select-agar was added if required.

2.24 Bacterial glycerol stock preparation

A single colony of the bacteria was inoculated in 3 ml LB medium with appropriate antibiotics
and grown overnight with shaking at 220 rpm and proper temperature. The day after, 500 pl of
the bacteria culture was mixed with an equal volume of 100% autoclaved glycerol, frozen

immediately in liquid nitrogen and placed at -80°C.

2.2.5 Plasmid purification

2.2.5.1 DNA plasmid purification in E. coli, mini- prep

Plasmid DNA was isolated from E. coli cells using the method of Sambrook et al. (1989). For
plasmid preparation from E. coli cells, a single colony was inoculated in 3 ml LB medium
containing appropriate selection markers and grown under constant shaker (220 rpm) overnight
at 37°C. The bacteria pellet was harvested by centrifugation for 5 minutes at 6000 rpm and room
temperature. The supernatant was removed and the pellet was resuspended in 200 pl solution I
by vortexing for a few seconds and kept at room temperature for 5 min. Then 400 pl of solution
II (lysis buffer) was added, the mixture was mixed by inverting the tube five times and incubated
for 3 minutes without shaking. 300 pl of ice-cold solution III containing 3 M potassium acetate
(PH 5.5) was added to the mixture and gently mixed in an inverted position for 10 seconds to
obtain a viscous bacterial lysate. The tube was stored on ice for 5 minutes and ccentrifuged for 5
minute at 13,200 rpm and 4°C. The aqueous phase was transferred to the new tube and equal
volume of phenol:chloroform (24:1) was added and mixed. The supernatant was transferred to a

new tube after centrifugation for 10 min at 13200 rpm and 4°C. To obtain high quality plasmid
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DNA, 0.1 volume 3 M sodium acetate (pH 5.2) and 0.8 volume of isopropanol were added and
centrifuged for 20 min at 14000 rpm after Smin incubation on ice. Precipitated DNA was
collected and washed twice with 1 ml 70% ethanol for Smin at 4°C. The air-dried DNA pellet
was dissolved in 25 pl sterile miliQ water or Tris-HCI (pH 8).

Solution I: 50 mM Tris-HCI, 10 mM EDTA pH 8.0, 100 pg/ml RNase A; Solution II: 200mM
NaOH, 1% SDS (always prepared freshly); Solution III: 3 M Potassium acetate (pH 5.5,

adjusted with glacial acetic acid).

2.2.5.2 Plasmid DNA purification of A. tumefaciens cells

Plasmid DNA was extracted from A. tumefaciens according to Birnboim and Doly (1979). A
single colony was cultured in 2 ml YEB medium containing appropriate selection markers (in
this case kanamycin and rifampicin) and grown overnight at 220 rpm and 28°C. The culture was
centrifuged at room temperature for 5 minutes at 6000 rpm. 400 pl of solution I was added and
the bacteria pellet was resuspended. The mixture was incubated at room temprature for 10 min
without shaking. Afterwards 800 pl of solution I was mixed with the suspension and further
incubated at room temperature for 10 minutes. Following incubation 600 ul of 3 M sodium
acetate (pH 5.2) and 120 pl of solution III were added to the suspension, slowly mixed and kept
at -20°C for 15 min. The suspension was centrifuged for 10 min at 14000 rpm and 4°C. The
supernatant was collected and divided into three Eppendorf tubes and 2 volume of cold absolute
ethanol was added to each Eppendorf tube and kept at -80°C for 15 min. The aliquots were
centrifuged for 10 minutes at 14000 rpm and 4°C and the pellet was resuspended in 1 ml ethanol
100%, 500 pl 0.3 M sodium acetate (pH 7.0) followed by incubation for 15 min at -80°C and
centrifuged for 10 min at 14000 rpm and 4°C. Subsequently, the pellet was washed with 1 ml
70% (v/v) ethanol and dried at room temperature. Finally, 25-40 pl of 10 mM Tris-HCI (pH 8)
containing 20 pg/ml of RNase A was added to the pellet and incubated at 37°C for 15 minutes.
The concentration and quality of extracted DNA was tested in 0.8% agarose gel as well as nano-
spectrophotometer. Solution I: 50 mM glucose; 10 mM EDTA; 25 mM Tris, pH 8.0; 4 mg/ml
lysozyme; Solution II: 0.2 M NaOH; 1% (w/v) SDS (always prepared freshly); Solution III: 2

volume of solution II + 1 volume of phenol.
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2.2.5.3 plasmid DNA purification in large scale, Maxi prep

In order to obtain higher amounts of plasmid DNA, the NucleoBond®Xtra Midi/Maxi plasmid
DNA purification Kit (Macherey-Nagel, Diiren,Germany) was used. The DNA extraction
procedure was followed based on the protocol which was recommended by the manufacturer. It
is briefly described in this part. This method is based on binding the plasmid DNA to the anion-
exchange resin in a supplied columns and specific buffers for washing and neutralizing the
plasmid DNA. A single E. coli cell was inoculated in 5 ml LB medium as pre-culture, containing
the appropriate antibiotic, grown overnight at 220 rpm, 37°C. Next day, the pre-culture was
added to the 250 ml of new LB medium containing appropriate antibiotic. The following day,
the culture was centrifuged for 15 min at 15000 rpm, at 4°C and bacteria cells harvested. The
pellet was suspended in 12 ml resuspension buffer containing RNase A (100 pg/ml) and lysed in
12 ml lysis buffer by inverting 5 times. Afterwards, chromosomal DNA and other cell
components were precipitated by adding 12 ml neutralization buffer (2.8 M potassium acetate,
pH 5.1). The NucleoBond® column was equilibrated with equilibration buffer and clarified
lysate was loaded on the column and cell components removed via the NucleoBond® filter.
Subsequently, the column was washed with 25 ml washing buffer and elute was collected by
adding 15 ml elution buffer. To precipitate plasmid DNA, 10.5 ml isopropanol in room
temperature was added to the mixture and centrifuged at 15000 g for 30 min at 4°C. The
supernatant was discarded and the DNA pellet was washed with 5 ml 70% (v/v) ethanol. Air-

dried pellet was resolved in an appropriate volume (150-200 pl) of TE buffer.

2.2.6 Nucleic acid extraction from the plant materials

2.2.6.1 Extraction of Genomic DNA from C. plantagineum

Genomic DNA was extracted from Craterostigma leaf tissues according to CTAB method
(Murray and Thompson, 1980) with some modifications. Fresh young leaf tissues were frozen
with liquid nitrogen and ground to a fine powder using a mortar and pestle. To extract genomic
DNA, 0.5 g of polyvinylpyrrolidone which eliminate polysaccharides was added to 2 g of the

plant materials. Afterwards, 8 ml of warm 2-ME/CTAB solution containing Cetyl Trimethyl
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Ammonium Bromide (CTAB), 20 mM EDTA pH=8.0, 1.4 M NaCl, 100 mM Tris-HCI pH=8.0,
2% (v/v) B-Mercaptoethanol was added to the samples, thoroughly mixed by vortexing and
placed for 1h at 65°C. Using 8 ml of chloroform-isoamylalcohol (v/v) (24:1) and centrifugation
at 8000 rpm for 5 min at 4°C, the supernata was separated and transferred to a fresh tube. The
warm CTAB/NaCl solution (10% (w/v) CTAB, 7 M NaCl) was added in 1/10 volume of the
supernatant, immediately mixed with one volume of chloroform-octanol 24:1 (v/v). The mixture
was centrifuged at 8000 rpm for 5 min at 4°C and supernatant was collected. One volume of
CTAB precipitation buffer (1% (w/v) CTAB, 10 mM EDTA pH 8.0, 50 mM Tris-HCI pH 8.0)
was added to the supernatant. The samples were mixed well by inversion and centrifuged at
2000 rpm for 5 min at 4°C. The pellet washed with 70% (v/v) ethanol, dried at room temperature
and resuspended in 250-400 pl of 10 mM Tris-HCI pH= 8.0 and after few hours was quantified

on the agarose gel.

2.2.6.2 Extraction of total RNA from C. plantagineum

Total RNA was extracted from 50 mg of Craterostigma leaf tissues according to Valenzuela-
Avendarno et al. (2005). Leaf materials were ground in mortar and pestle using liquid nitrogen.
1.5 ml of extraction buffer was added to the material in Eppendorf tube and incubated at room
temperature for 10 min. The suspension was centrifuged at 1000 g at room temperature for 10
min. The supernatant transferred to the new tube and mixed with 300 pl of the chloroform-
isoamylalcohol (24-1) mixture. After centrifugation at 10000 g for 10 min at 4°C, clear aqueous
phase transferred to the new tube, then 375 pl of isopropanol and 375 pl of a mixed solution
(0.8M sodium citrate/1M sodium chloride) were added. It was mixed thoroughly and incubated
at room temperature for 10 min. RNA was precipitated by centrifuging at 12000 g for 10 min,
then washed with 1ml of 70% ethanol twice. The pellet was dried up at room temperature and
dissolved with 100 pl of DEPC-treated water.

Extraction buffer: 0.8 M guanidine thiocyanate, 0.4 M ammonium thiocyanate, 0.1 M sodium
acetate pH 5.0, 38% (v/v) buffer-saturated phenol, 5% (v/v) glycerol DEPC-treated water:
0.2%(v/v) diethyl pyrocarbonate (DEPC) in distilled water, stirred vigorously for 1 hour and

then autoclaved.
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2.2.6.3 Extraction of genomic DNA from A. thaliana

DNA was extracted from about 100 mg of Arabidopsis leaf tissue in liquid nitrogen. 300 pl of
2x lysis buffer (4% sarcosyle; 1% (w/v) SDS; 40 mM EDTA, pH 8.0; 0.6 M NaCl; 0.1 M Tris-
HCI, pH 8.0) were added to the ground material and homogenized. After centrifugation, 600 ul
of phenol/chloroform/isoamyl alcohol (25:24:1) was added to the suspension, thoroughly mixed
and centrifuged for 10 min at 13000 rpm at room temperature. The supernatant was transferred
to a new tube and extracted once more with phenol/chloroform/isoamyl alcohol (25:24:1) when
required. 0.7 volume of isopropanol and 0.1 volumes of 3 M sodium acetate (pH 5.2) was added
to the supernatant and centrifuged for 20 min at 13000 rpm and 4°C. The DNA pellet was
washed twice with 70% (v/v) ethanol, dried and dissolved in 25 pl of re-suspension buffer
containing 10 mM Tris-HCI (pH 8.0) and 20-40 pg/ml RNase A. Extracted DNA was incubated
at 37°C for 15-20 min to activate the RNase and degrade the RNAs in the samples. DNA
quantity and quality were assessed using a nano-spectrophotometer (Shimadzu Biotech,

Chiyoda-ku, Japan) or 1% (w/v) agarose gel, respectively.

2.2.6.4 Extraction of total RNA from A. thaliana

Total RNA was extracted from 100-200 mg of A. thaliana leaf tissues ground to a fine powder
in liquid nitrogen. 500 pl of the extraction buffer (10 mM Tris-HCI, pH 8.0; 20 mM EDTA, pH
8.0; 0.3 M LiCl; 6 M urea) were added to the leaf material. The suspension was centrifuged for 5
minutes at 13000 rpm and 4°C after adding one volume of phenol/ chloroform/ isoamyl alcohol
(25:24:1). Then aqueous phase was extracted once more with one volume of phenol/
chloroform/ isoamyl alcohol (25:24:1). The supernatant was transferred to the new tube and
RNAs were successively precipitated by adding 0.1 volume of 3 M sodium acetate (pH 5.2) and
0.7 volume of isopropanol and centrifuging for 20-30 minutes at 13000 rpm and 4°C. The RNA
pellet was washed twice with 1 ml of 70% (v/v) ethanol and after each washing step centrifuged
for 2 minutes at 4°C. Air-dried pellets were dissolved in 20-25 ul RNase free water and stored at

-70°C.
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2.2.7 Purification of extracted DNA:

To obtain pure DNA for PCR reactions, purification of manually extracted DNA is very
important. DNA samples were brought to 100 pl with sterile water, supplemented with one
volume of phenol/ chloroform/ isoamyl alcohol (25:24:1) and thoroughly mixed. The suspension
was centrifuged for 10 minutes at 14000 rpm and room temperature followed by the transfer of
the upper phase to the fresh tube. The DNA was precipitated with 0.1 volume of 3 M sodium
acetate (pH 5.2) and 2 volumes of 96% ethanol by centrifuging for 20 minutes at 14000 rpm and
4°C. The pellet was washed with 70% (v/v) ethanol and dissolved in 20 pl of 10 mM Tris-HCl

(pH 8.0). The concentration of DNA was measseard using a nano-spectrophotometer

2.2.8 Agarose gel electrophoresis

Agarose gel electrophoresis was used for separating DNA fragments after digestion or PCR
amplification. 1 g of agarose was dissolved in 100 ml 1 X Tris-acetate-EDTA (TAE) buffer and
boiled in microwave to be well melted. The solution was poured in a gel tray and solidified for 1
hour. The solidified gel was laid in an electrophoresis chamber and run at 90 V in 1 X TAE
buffer. Finally the agarose gel was stained with ethidiumbromide (0.5 mg/ml) solution, rinsed

with distilled water and visualized by ultraviolet (UV) light.

2.2.9 Estimation of DNA and RNA

The quantity of DNA or RNA was measured spectrophotometrically at 260 nm, while the
quality was assessed by both, electrophoresis in 1% agarose gel and spectrophotometrical
measurement at 230, 260 and 280 nm. A value of OD;¢ = 1 is considered as 50 pg/ul for a DNA
solution and 40 pg/pl for RNA solution. The ratios of OD,60/OD230 and OD,60/ODygp are
important to have it pure DNA. The value of pure DNA (ODy¢/OD5s0) is around 1.8 — 2. It
becomes smaller when contaminates with protein. The ratio of OD,¢/OD330 in pure DNA is

around 2.2 and decreases when the DNA is contaminated with phenolic compounds.
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2.2.10 RNA blot analyses

RNA blot analyses were carried out with 20 pg total RNA per sample. 1 g of agarose was boiled
in 62 ml of dH,O and cooled down at room temperature to 60°C. The mixture of 20 ml of 10 X
MEN buffer and 18 ml of 37% deionized formaldehyde were added to the melted agarose. It was
immediately poured on the tray and allowed to solidify under the hood. One volume of RNA-
blot loading buffer was mixed with RNA samples, heated at 70°C for 5 minutes and loaded into
the gel. The electrophoresis was carried out at 100 mA till the loading dye moved at least 8 cm
from the wells. The blotting was performed according to Bartels et al. (1990) using nylon

membrane (Hybond ™

-N, Amersham Biosciences; Buckinghamshire, UK) and transfer buffer
(10 X SSC). RNA was bound to the membrane by exposing it to UV light for 2-3 min,
afterwards; the membrane was baked at 80°C for 1 hour.

RNA running buffer: 100 ml of 10 X MEN buffer mixed with 820 ml sterile distilled water; 80
ml of 37% (v/v) deionized formaldehyde mixed to reach 1 liter.

RNA-blot loading buffer for 1 ml: 175 ul of 37% (v/v) deionized formaldehyde, 50 ul 10 X
MEN buffer; 500 u1 formamide; 255 ul of 100% glycerol and 20 ul of 10% (w/v) bromophenol

blue were mixed.

2.2.10.1 Staining of membranes

To check the efficiency of the transfer, the membrane was stained with a methylene blue
solution (0.04% (w/v) methylene blue in 0.5 M sodium acetate, pH=5.2) for 8 minutes and
washed three times with dH,O. The membrane was slightly moved until the blue-stained RNA
bands were appeared. The photograph was taken and the membrane was used, either for pre-
hybridization or kept in Whatman paper and stored until use. The amount of RNA > 20 ng can
be detected and stained with methylene blue. The bluish color in the background can be
removed from the membrane by washing with 0.1-1% SDS, which is present in the pre-

hybridization solution as well.
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2.2.10.2 Preparation of a*’P-dCTP hybridisation probe (Feinberg and Vogelstein,
1983)

Preparation of prob was according to Feinberg and Vogelstein (1983). To synthesize the probe, a
cDNA or PCR fragment of the respective gene was used. The PCR product was purified using
the NucleoSpin® Extract II kit. The radioactive labeling probe was performed using the
Hexalabel MDNA labeling Kit (MBI Fermentas; St. Leon-Rot, Germany). 100 ng of DNA was
mixed with 10 ul of 10 X hexanucleotides buffer and dH,O to reach a final volume of 40 1. The
DNA probe was heated for 5 minutes at 95°C and immediately transferred onto the ice. The
reaction mixture was mixed with 2 ul a**P-dCTP, 3 ul of Mix C (ANTPs without dCTP) and 1 ul
of Klenow fragment. The reaction was incubated at 37°C for 10 min, and then 4 ul ANTP-Mix
was added to the mixture, incubated at 37°C for 5 minutes and finally mixed with 50 ul of 1 X
TE (pH 8.0) to stop the reaction. The labeled probe was separated from non-incorporated dNTPs
by Sephadex G-50 column pre-equilibrated with 1 X TE buffer. After measuring the counts of
the fractions using Geiger counter as first peak was taken, the sample was denaturised at 95°C

for 5 minutes stored on ice and used as radioactive probe for hybridization.

2.2.10.3 Hybridization procedures

The membrane was incubated with nucleic acids and northern pre-hybridization buffer for
approximately 2-3 hours in a water bath at 42°C. The buffer was exchanged by the hybridization
buffer prior to adding the denatured a*P-dCTP probe. The hybridization was performed
overnight at 42°C under rotated condition. Next day, hybridization buffer was removed and the
membrane was washed twice with 0.1% (w/v) SDS and 2 X SSC for 20 min at 42°C and once
for 20 min at 65°C to remove unspecific probes from the membrane. The radioactivity level was
checked with a Geiger counter. When little radioactivity was left on the membrane, it was dried
on filter paper with RNA side up and kept in a transparent plastic bag. The membrane was
exposed to a signal on phosphor imager screens for a few days. The screens were analysed with
the Typhoon 8610 imager system (Amersham Biotech, Freiburg, Germany).

Hybridization buffer: 50% (v/v) formamide, 10 mM PIPES (pH 6.8),5 X SSC, 0.1% SDS
(w/v), 1 X Denhardt’s solution (100 X Denhardt’s: (2% (w/v) bovine serum albumin (BSA)
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Fraction V, 2% (w/v) Ficoll 400 and 2% (w/v) polyvinylpyrrolidone (PVP) 360.000), 100 pg/ml
heat-denatured salmon sperm). Washing Buffer: 0.1% (w/v) SDS, 2 X SSC.

2.2.11 Quantitative estimation of extracted protein

The concentration of the extracted protein was determined according to Bradford (1976) using a
Bio-RAD protein assay kit. 5-10 pl of extracted protein was mixed with 200 pl of Bradford dye
and 800 pl of sterile water and incubated at room temperature for 5 minutes followed by an OD
measurement at 595 nm. The amount of protein was calculated from a standard curve made for

different concentrations of BSA (bovine serum albumin).

2.2.12 Cloning of DNA fragments

22121 Polymerase chain reaction (PCR)

A standard PCR reaction in a total volume of 20 pl was prepared as followed:

16.4 ul H,O (sterile double distilled)

2ul 10 X PCR-buffer containing MgCl,

0.5 ul Forward-primer (10 uM/pl)

0.5 ul Reverse-primer (10 pM/ul)

0.4 ul 10 mM dNTPs

1.0 ul Genomic DNA (50-100 ng/ul) or plasmid DNA (5 ng/pl) or bacterial colonies

0.2 ul Taqg-polymerase
Reactions were mixed briefly and run in a PCR thermocycler (Thermo block, Biometra,
Gottingen, Germany). Depending on the level of gene expression, the number of PCR cycles
was adjusted. The following PCR program was used for amplification of plasmid DNA:

94°C 3 min (denaturation)

94°C 30 sec (denaturation)

X °C (Annealing)* 30 sec (primer binding)

72°C 30 sec (elongation)
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72 5 min for final extension
4°C For keeping the samples stable

* Annealing temperature = Ty + 4 °C; Ty = melting temperature of the primers. In the case of
primers with different Ty, the lower one was used for calculation of the annealing temperature.

2.2.12.2 Restriction endonuclease treatments

DNA digestion was performed by restriction endonucleases according to the following criteria:
For digestion of 1 ug of DNA 5 U of restriction enzyme and 1/10 dilution of reaction buffer (10
X) of the final volume were used. For double digestion, suitable buffers were used to ensure that

both restriction enzymes are active.

22123 Dephosphorylation

Digested DNA fragments were dephosphorylated at the 5’ end with shrimp alkaline phosphatase
(SAP, Boehringer/Roche, Mannheim, Germany) in order to avoid self ligation of 5° and 3’
compatible ends of plasmid DNA. The reaction was performed in a total volume of 10 ul
containing 1 pl 10 X SAP buffer, 1 ul (1 unit) SAP, and sufficient amount of the plasmid vector.
The mixture was made up to 10 ul with sterile distilled water and incubated at 37°C for 10-20

minutes. Afterwards, the SAP enzyme was inactivated by heating at 65 °C for 15 minutes.

22124 Ligation
To make plasmid DNA construct, the desired insert-DNA was ligated with a linearized vector

according to Maniatis et al. (1989) and the recommendation of Fermentas (http://www fermentas

.de/product_info.php?info=p580) in the following steps: The ligation reaction was made in 20 pl

(final volume) which comprises of 1 pl ligase buffer (10 X), X ul digested and purified plasmid
DNA vector (50 ng), 1 ul T4 DNA ligase (MBI-Fermentas; St. Leon-Rot, Germany), and y ul
insert-DNA. The mixture was adjusted to 20 pl with sterile H,O and incubated for 20 h at 16°C.
The molar ratio of DNA insert and plasmid vector in the ligation reaction should be at least 3 to
1. The amount of vector and insert DNA was determined according to the following formula: X

ng of insert = (3) x (bp insert) (50 ng linearized plasmid) + (size of plasmid in bp).
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2.2.13 Preparation of competent cells and bacterial transformation methods

221341 Preparation of rubidium chloride competent cells for E. coli

Cells from E. coli DH10B strain was used to make competent cells. A single colony was grown
in 3 ml LB liquid medium. Following the overnight incubation at 37°C, 1 ml of overnight pre-
culture was inoculated into 50 ml of LB medium. The bacteria culture was grown at 220 rpm at
37°C till ODgop was between 0.35 and 0.45. After centrifugation the pellet was resuspended in
15 ml of cold TBFI and incubated on ice for 10 minutes followed by centrifugation for 10
minutes at 4000 rpm and 4°C. Supernatant was discarded and the pellet resuspended once more
in 15 ml of cold TBFI followed by centrifugation at the same conditions as before. The
suspension was incubated on ice for 5 minutes and centrifuged. The pellet was resuspended in 2
ml TBFII. Finally, the suspension was aliquoted in 50 pl, frozen in liquid nitrogen and stored at -
80°C.

TBFI: KAc (Potassium acetate) 30 mM; RbCIl 100 mM; CaCl, 2H,0O 10 mM; MnCl, 4H,0 50
mM; Glycerol 15 (v/v) %; pH adjusted to 5.8 using 0.2 M acetic acid. TBFII: MOPS 10 mM;
CaCl, 2H,0 75 mM; RbCl 10 mM; Glycerol 15% (v/v); pH adjusted to 6.5 using potassium
hydroxide (KOH).

2.2.13.2 Preparation of calcium chloride competent cells for E. coli

DHI1O0B strain of E. coli cells was used to make competent cells. A single colony was inoculated
in 3 ml LB medium and incubated overnight and few hours at 37°C until the ODg¢g reached 0.5.
Afterwards, the culture was centrifuged for 5 minutes at 5000 rpm and 4°C. The pellet was
resuspended in 1 ml of pre-chilled 0.1 M CaCl, and centrifuged. After resuspending the pellet in
0.9 ml pre-chilled 0.1 M CaCl, centrifugation was repeated once more. Subsequently, the pellet
was resuspended in 1 ml of pre-chilled 0.1 M CaCl, supplemented with 15% (v/v) glycerol and

frozen in liquid nitrogen in 100 pl aliquots.
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22133 Preparation of electrocompetent cells of A. tumefaciens

A single colony of A. tumefaciens containing the binary vector GV3101 was inoculated in 3 ml
YEB-rifampicin medium and grown overnight at 250 rpm. Next day, the suspension was diluted
in 50 ml of fresh YEB-rif medium and further cultured until the ODg¢yo reached 0.5. Afterwards,
the cell culture was centrifuged for 30 minutes at 5000 rpm. The supernatant was discarded and
the pellet was resuspended in following solutions:

25 ml 1 mM Hepes pH 7.5

12.5 ml 1 mM Hepes pH 7.5

10 ml 10% (v/v) glycerol, 1 mM Hepes pH 7.5

5 ml 10% (v/v) glycerol, 1 mM Hepes pH 7.5

2 ml 10% (v/v) glycerol

1 ml 10% (v/v) glycerol

After adding of each solution the suspension was centrifuged for 10 minutes at 4°C and 5000
rpm. Finally after adding 1 ml 10% (v/v) glycerol, the competent cells were frozen in liquid

nitrogen in 50 pl aliquots.

2.2.14 Transformation of bacteria

2.2.14.1 Transformation of E. coli cells by heat shock method

For transformation of E. coli cells 5-10 ng/ul of DNA or 2-5 pl of a ligation product was mixed
with one aliquot (50 pl) of competent cells, incubated on ice for 20 min with tapping every 5
minutes and the incubation on ice was followed by heat shock in a water bath for 45 second at
42°C. Afterwards 650 pl of Soc medium (for 1 liter: 10 mM NaCl; 10 mM MgSOy4; 10 mM
MgCly; 2% (w/v) trypton; 0.5% (w/v) selected yeast extract) was added to the tube and
incubated at 37°C (180 rpm) for 1 hour. Subsequently, 100-200 pl of cell suspension was spread

on the plate containing appropriate antibiotics and the plate was incubated overnight at 37°C.
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2.2.14.2 Transformation of A. tumefaciens cells by electroporation method

Before starting the transformation one aliquot of electro-competent cells was thawed on ice and
5-10 ng/ul DNA or 1 pl of ligation product was added to them. The mixture was mixed by slight
tapping and loaded into pre-chilled electro-cuvette (Bio-Rad, Germany). A single pulse which
brings the foreign DNA into the cells (GenePulser II, Bio-Rad) was applied. 1 ml YEB-medium
was added into the cuvette and mixed thoroughly. Afterwards, the cells were transferred to a
new Falcon tube grown for 1-2 hours at 28°C. 100-150 pl of the cell culture were spread on
selective media and incubated at 28°C.

Table 2-2: Electroporation parameters of A. tumefaciens

Transformation parameters A. tumefaciens
DNA Only plasmid
Elecro-Cuvette 2 mm

Resistance 400 Q

Power 2.5kv

Capacity 25 plF

incubation medium YEB

incubation temperature 28°C

2.2.15 Plant transformation

2.2.151 Stable transformation of A. thaliana by floral dip method

Transgenic Arabidopsis plants were produced by the floral dip method in wild-type plants (Col-
0) according to Clough and Bent (1998). The Agrobacterium clone carring the transgene was
cultured in 250 ml YEB media containing 50 pg/ml kanamycin and rifampicin at 28°C under
shaking (250 rpm). The bacteria culture was grown until the ODg reached 0.6-0.7. Then 0.05%
(v/v) of Silwet L-77 (surfactant) were added to the cell suspension and mixed thoroughly. In the
flowering Arabidopsis plants open flowers were removed, while young and non-open ones were
inverted and immersed in the bacteria culture with gentle rotation for 20-25 seconds. The dipped

plants were covered with a transparent plastic bag with some holes to allow for ventilation. Two
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days after transformation, the plastic bags were removed and the plants were grown to produce

the first generation of seeds.

2.2.16 Transient transformation

2.2.16.1 Agrobacterium-mediated transient transformation, FAST assay

The Agrobacterium co-cultivation based on the procedure described by Li et al. (2009) was
optimized for 3 species of Linderniaceae family. The A. tumefaciens strain GV3101 (Koncz and
Schell 1986) was transformed with the binary vector pBIN19 containing selected
promoter::GUS constructs. Afterwards, leaves of C. plantagineum, L. brevidens or L.
subracemosa  were transiently transformed via Agrobacterium-mediated transient
transformation.

A single colony was grown in 3 ml YEB (Yeast Extract and Beef) medium containing 5 g/l beef
extract, 1 g/l yeast extract, 5 g/l peptone, 5 g/l sucrose, 0.5 g/l MgCl, with the appropriate
antibiotic (50 pg/ml rifampicin and 50 pg/ml kanamycin) for 24-36 hours at 28°C. Then 20 ml
YEB medium containing a selective antibiotics was inoculated with the Agrobacterium pre-
culture to reach an ODgp = 0.3 and grown at 28°C; continuously shaking at 220 rpm until ODgg
= 1.7-1.8. Agrobacterium cells were collected by centrifugation for 10 min at 6000 g and 4°C.
The pellet was resuspended in 20 ml 10 mM MgCl, washed twice and resuspended in 2 ml 10
mM MgCl,. A. tumefaciens cells were diluted to a density of ODgy = 0.7 for L. brevidens or
L. subracemosa and ODgy = 1 for C. plantagineum with 1/4 MS medium supplemented with 1%
(w/v) sucrose and 0.005% (v/v) Silwet L-77 for L. brevidens, L. subracemosa, or 0.0075% (v/v)
Silwet L-77 for C. plantagineum to generate the co-cultivation medium. Co-cultivation was
carried out in 24-well plates with three leaves per well. Leaves were handled gently with flat
forceps to avoid damage and soaked with co-cultivation medium. Co-cultivation was performed
in darkness for 60 hours for C. plantagineum or L. brevidens or 48 hours for L. subracemosa at
20°C. The transformed leaves were washed with 0.05% (v/v) sodium hypochlorite and rinsed

with water before performing stress treatments.
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2.2.16.2 Biolistic method

Leaves of C. plantagineum were transiently transformed with Cp LEA-like 11-24
promoter::GUS fusion constructs, provided by van den Dries et al. (2011), via particle
bombardment. Transformed leaves were incubated in 150 mM NaCl solution and water as
control for 48 hours. GFP signal was analysed 24 hours after bombardment by screening each
leave under a confocal laser-scanning microscope (Nikon Eclipse TE2000-U/D-Eclipse Cl,
Nikon, Diisseldorf, Germany). GFP was excitated at a wavelength of 488 and detected at 515
nm. The software of EZ-Clversion 3.20 (Nikon, Diisseldorf, Germany) was used for processing

the images. Chlorophyll autofluorescence was detected at 570 nm after excitation at 543 nm.

2.2.16.2.1 Preparation of gold particles

Preparation of gold particles was performed according to Sanford et al. (1993). Before starting
the preparation, three-month-old detached in-vitro leaves from Craterostigma arranged in the
middle of a petri dish containing 2 MS medium. Briefly, 30 mg of gold particles which are 1.6
UM in diameter (Bio-Rad, Munich, Germany), were sterilized with 1 ml of 70% (v/v) ethanol via
vigorous vortexing for 5 minutes and soaking for 15 minutes. Afterwards, the micro-particles
were shortly spun down and the supernatant was discarded. Centrifugation was followed by
triple washing with 1 ml of sterile water and subsequent vortexing for one minute, incubation for
1 minute to settle down the particles and short spinning down. After the third washing step, the
gold particles were resuspended in 500 pl of sterile 50% (v/v) glycerol to a final concentration of
60 mg/ml, assuming no loss during the preparation. Finally, 100 pl aliquots of gold micro-

particles were stored at 4°C.

2.2.16.2.2 Coating of gold micro-particles with DNA and bombardment

Before coating the gold particles with DNA, the tubes containing gold particles in 50% glycerol
were vortexed on a platform shaker for 5 minutes to ensure an even suspension. Afterwards, 50
pl (3 mg) of gold particles were taken into a 1.5 ml sterile Eppendorf tube and used for two
bombardments. In the next step, 30 pl of plasmid DNA containing 15 pl (1 pg/ul) LEA-like 11-

24 promoter::GUS and 15 pl (1 pg/pl) 355 CaMV::GFP construct were added to the tube. Then,
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20 pl of 100 mM freshly prepared spermidine and 2.5 M CaCl, were added to the tube and
mixed with continuous shaking. The suspension was briefly centrifuged and the supernatant was
discarded. Afterwards, 140 pl of 70% (v/v) ethanol was added to the suspension for washing the
particles, and the suspension was spun down followed by rewashing with 140 pl 100% (HPLC
grade) ethanol . After removing the supernatant, 30 pl of 100% ethanol was added to the
particles and the mixture was gently mixed by tapping, briefly spun down followed by placing
of 15 pl coated gold particles on the macrocarier to use for bombardment. Helium-driven
microprojectile gene gun (Biolistice Particle Delivery System-1000/He Device, Bio-Rad,
Munich, Germany) was used for the bombardment. Prior bombarding, equipment was sterilized
with 70% (v/v) ethanol and stopping disc as well as macrocarrier were placed in the
macrocarrier holder. The plate containing leaves in the middle position was placed on position 6
below the stopping screen, and then vacuum was applied to the bombardment chamber using
helium pressure until the rupture disk burst. Helium pressure of 1350 pounds per square inch
(9.3 Mega Pascal (MPa)) under a vacuum of 27 mm of mercury (3.6 MPa) was applied to the C.
plantagineum leaves. Under these conditions the macrocarrier was burst and held by the
stopping screen while DNA-coated gold particles were transferred into the leaf tissues.

Bombarded leaves were treated either with 150 mM NaCl or water.

2.2.17 Vitality test

Fluorescein-diacetate (FDA) is a non-fluorescent dye hydrolyzed by different enzymes such as
esterases used in the vitality test. The reaction results in the production of fluorescein, which can
be visualized within cells by fluorescence microscope (Schnurer and Rosswall, 1982). To
perform the vitality test Craterostigma leaves which were transiently transformed with “Cp
LEA-like 11-24::GUS + 35S::CpbZIP1’’ construct via Agrobacterium co-cultivation, the leaves
were firstly sectioned using razor blades and afterwards incubated in a 500-fold dilution of 0.5%
(w/v) FDA solution in acetone. After 5 minutes incubation, the staining solution was washed off
with water to reduce background staining. The tissues were visualized by fluorescent

microscopy.
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2.2.18 Screening methods

2.2.18.1 Screening of bacteria colonies

Bacteria colonies were picked from the plate and arranged in a new plate with different
numbers. The colonies were either directly used for amplification of DNA insert via colony PCR
or cultured in LB medium with appropriate antibiotics for plasmid DNA miniprep. The extracted
plasmid DNA was digested with specific restriction enzymes to prove the presence of respective

DNA insertion. All obtained results were confirmed by sequencing of plasmid DNA constructs.

2.2.18.2 Screening of transgenic plants

After transformation, the first set of seeds was collected from completely dried plants and sown
on MS-agar plates containing 50 pg/ml kanamycin. 10-15 day after sowing transgenic seedlings
(T1), kanamycin resistant seedlings could be distinguished from non resistant ones. Transgenic
seedlings were appeared with green cotyledon, whereas non-transgenic ones showed yellow and
dead cotyledonous. The green seedlings were transfered to soil and, later on, screened for the
transgene using PCR and specific primers. The seeds of these plants were collected and

germinated to produce T2 seedlings.

2.2.19 RT-PCR analyses

Reverse transcription analyses were performed with 2 pg of total RNA. RNAs were extracted
from either from C. plantagineum leaves or Arabidopsis transgenic lines. To remove the DNA
contaminations of extracted RNA, the samples were subjected to DNase I treatment. Briefly the
reaction mixture containing 10 U DNase I, 1 pul 10 X DNase buffer (20mM Tris-HCI , pH 8.0),
50 mM KCIl 2 mM MgCl, was incubated for 30 minutes at 37°C followed by adding 1 pl. 25
mM EDTA and incubation for 10 minutes at 65°C to stop the reaction. After this step, RNA can
be stored at -80°C or used for the synthesis of complementary DNA (cDNA). Single strand
cDNA was synthesized using 10 pl RNA pre-treated with DNase according to the protocol

provided by the manufacturer (Fermentas, Burlington, USA).
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2.2.20 Site-directed mutagenesis
Site-directed mutations were generated with the Quik Change® II Site-Directed Mutagenesis Kit
(Stratagene, Heidelberg, Germany). This method allows for site-specific mutations in a double-

stranded plasmid, without requirement of any specialized vector or unique restriction site.

i — Mutant Strand Synthesis
Perform thermal cycling fo:
1) Denature DMNA template
2} Anneal mutagenic primers

containing desired mutation
3) Bxtend primers with
.| Pfullltra DMA polymerase

S

*% Dpn | Digestion of Template
| Digest parental methylated and
" hemimethylated DNA with Dpn |

b IR

‘F‘

Transformation
Transform mutated molecule
into competent cells for nick repair

O-0-0-©

Fig. 2-1: Overview of the QuikChange® site-directed mutagenesis method (QuikChange® II Site-
Directed Mutagenesis protocol, Stratagene, Heidelberg, Germany).

The method is based on the amplification of a plasmid in a PCR reaction with specific primers
and subsequent digestion of the methylated parental plasmids with the restriction enzyme Dpnl.
The principle of this method is shown in Fig. 2-1. All steps were performed according to the

manufacturer’s instruction.

2.2.20.1 Designing of primer and introducing of mutations

To generate a single mutation, ’Quick Change Site-Directed Mutagenesis’ program

(http://www .stratagene.com/qcprimerdesign) was used. The designed primers should contain the

same mutation and anneal to the same sequence on the opposite strands of the plasmid. They
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should also contain 40% GC, be 25-45 bp in length and possess the melting temperature (Tm)

higher than 78°C. The melting temperature is calculated with the following formula:
Tm=281.5+0.41 (%GC) - 675/N

Where ‘N’ is the primer length in bases. It doesn’t include the bases which are being inserted or

deleted.

2.2.20.2 PCR reaction and digestion of parental DNA

Preparation according to the recipe presented as follows:

X ul (5-50 ng) dsDNA template

0.5 ul (125 ng) Oligonucleotide primer 1 (10 puM/pul)
0.5 ul (125 ng) Oligonucleotide primer 2 (10 pM/pl)
0.4l dNTP mix (10 mM)

16.4 nl ddH,O to a final volume of 50 pl

0.2 ul PfuTurbo DNA polymerase (2.5 U/ul)

Specific mutations were introduced by performing a PCR reaction with mutagenized primers
and program shown below (Table 2-3).

Table (2-3): PCR program in site direct mutagenesis

Segment Cycle Temperature Time

1 1 95°C 30 seconds
95°C 30 seconds

> £12-18 55°C 60 seconds

1 min per 1 kbp of

68°C plasmid length

* For single amino acid ex-change 16 cycle, for point mutations (our study) 12 cycles and for multiple
amino acids deletion or insertion 18 cycles are required.

The PCR amplification resulted in a formation of a plasmid with the desired mutations. From
this plasmid, the parental non-mutated and methylated template was removed by adding 1 pl of

the Dpn I restriction enzyme (10 U/ul) followed by the incubation for 1 hour 37°C.
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2.2.21 Relative water content

For the analyses of relative water content C. plantagineum leaves were taken from the pots and
treated either with salt or kept at room temperature for 0, 3, 6 and 9 hours. Fresh weight (FW) of
the samples was measured. For each sample fresh weight (FW), turgor weight (TW), after 24
hours incubation in tap water, dry weight (DW) after 24 hours incubation at 80°C were
determined. Relative water content (RWC) of plants was calculated in percentage (%) using the
following formula:

%RWC = (FW —DW)/ (TW —DW) x 100

In Arabidopsis overexpressing CpbZIP1 (35S::bZIP1) lines relative water content of soil and

leaves was measured in different time points.

2.2.22 Plant stress treatments

Stress treatments were performed in Agrobacterium mediated transient transformed plants. After
co-cultivation the leaves were soaked in 100 uM ABA (100 mM stock solution in absolute
ethanol) or 0.8 M mannitol for 48h in the growth room and immediately frozen in liquid
nitrogen. The samples were subsequently used for GUS quantification or gene expression
analyses.

To analyze the effect of stress treatments on expression of genes in C. plantagineum, the mature
plants grown in soil were removed from the pots and kept in water supplemented with different
concentration of NaCl (0, 50, 150, 300 mM) or 100 uM ABA. The plants were treated at
different time points 0, 3, 6, 9 and 24 h. In the case of dehydration treatment the plants were
removed from the pots and kept at room temperature. For each treatment three plants were used.
The leaves and roots of these plants were separated, immediately frozen in liquid nitrogen and

used for further analysis.

2.2.23 Biological and biochemical methods

2.2.231 Proline determination
The proline content was determined according to Bates et al (1973). Briefly, 80-100 mg of plant

material was ground in liquid nitrogen with metal beads and subsequently homogenized in 2 ml
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of 3% (w/v) sulphosalicylic acid. The mixture was centrifuged at 5000 rpm for 10 minutes and
afterwards 1 ml of the supernatant or standard L-proline solution (1, 5, 10, 25 and 50 uM) was
transferred into a Falcon tube containing 1 ml ninhydrin acid and 1 ml of glacial acetic acid. The
mixture was incubated in a water bath at 100°C for one hour followed by cooling down to room
temperature and proline extraction with 2 ml toluene. After centrifugation for 10 minutes at
5000 rpm and 4°C, upper organic phase was used for spectrophotometrical quantification of
proline content at 520 nm against toluene which used as blank. Obtained ODsyy values were
subsequently used for the calculation of proline concentration in the plant extract using a
standard curve drawn for various concentrations of standard L-proline solution. Calculated
concentration was used for the estimation of free proline content in the extract according to the
following formula:

Free proline content (umol g”'FW) = Estimated concentration x volume of extract in L/FW.

2.2.23.2 Determination of chlorophyll content

Total chlorophyll was extracted according to the method of Arnon (1949). Briefly, 20-60 mg of
leaf material ground in liquid nitrogen was extracted with 2 ml 80% (v/v) acetone. The
suspension was incubated for 30 minutes in the darkness at room temperature and subsequently
centrifuged for 5 minutes at 12000 rpm and room temperature. The chlorophyll content was
estimated from the absorption of the extract at 663 and 645 nm according to the following
formula:

C=10.002 x (20.2 x OD645 + 8.02 x OD663)/g FW,

where C expresses the total chlorophyll content (chlorophyll A + chlorophyll B) in mg/g FW.

2.2.233 Lipid peroxidation assay (MDA assay)

A lipid peroxidation assay based on the reaction of lipid peroxides with thiobarbitruric acid
(TBA) was performed according to Hodges et al. (1999) and Kotchoni et al. (2006). The amount
of malondialdehyde (MDA), a final product of lipid peroxidation process, can be quantified
spectrophotometrically and used as stress indicator. In short, 20-60 mg of plant material was

ground with metal beads in Eppendorf tubes, mixed by vortexing with 1 ml of pre-chilled 0.1%
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(w/v) trichlotoacetic acid (TCA solution) and incubated at room temperature for 5 min.
Afterwards, the mixture was centrifuged for 5 minutes at 13000 rpm and 4°C followed by the
transfer of one aliquot (0.5-0.6 ml) to a new 15 ml Falcon tube. The aliquot was subsequently
mixed with 1 volume of the reagent solution II (RSII: RSI+0.65% TBA) and incubated for 25
minutes at 95°C in a water bath. The reaction was stopped by cooling down on ice. After
centrifugation for 5 minutes at 13000 rpm and 4°C, the absorbance of supernatant was measured
at 440 nm (absorbance of sugars), 532 nm (the maximum absorbance of chromagen being the
product of MDA and TBA reaction) and finally at 600 nm corresponding to the turbidity. 0.1%
(w/v) TCA solution was used as blank. The amount of MDA was calculated based on the
following formula:

MDA equivalents (nmol/ml) = [(A-B)/157000] x 106, where

A= [(Abs 532RSII — Abs 600RSII)] and

B=[(Abs 440RSII — Abs 600RSII) x 0.0571]

MDA equivalents (nmol/g fresh weight) = MDA equivalents (nmol/ml) x total volume of the
extracts (ml)/g FW or number of seedlings.

Reagent solution I (RSI): 0.01% (w/v) Butylated hydroxytoluene (BHT) and 20% (w/v) TCA.

2.2.234 GUS expression in plant leaves or seedlings

The E.coli b-glucuronidase (GUS) gene has been developed as a reporter gene system for the
transformation of plants. The GUS enzyme hydrolyses wide range of B-glucuronides. It
catalyzes cleavage of colourless substrate X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D
glucuronic acid). After cleavage and oxidation of indole derivatives, dimerization occurs and

produces an insoluble blue dye the so called dichoro-dibromo-indigo (CIBr-indigo).

2.2.23.5 Histochemical GUS assay via tissue staining
Here, histochemical GUS assays were performed for 5-10 leaves of C. plantagineum after co-
cultivation and stress treatment as well as for transgenic A. thaliana seedlings at different

developmental stages. The leaves or seedlings were stained in GUS staining buffer overnight at
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37°C and de-stained in 80% (v/v) ethanol solution. Afterwards, the tissues were stored in 10%
(v/v) glycerol and subsequently analysed with a dissecting binocular microscope. For the
fluorometric GUS assays, 10-15 leaves (in three repeats, in each repeat 3-4 leave were used)
were assayed for GUS activity according to Michel et al. (1994) using a fluorometer (Bio-Rad,
Miinchen, Germany).

GUS staining solution: 0.5 mg/ml X-Gluc dissolved in DMF, dimethylformamide,(100 ul DMF
per 10 mg X-Gluc); 0.1% (v/v) Triton X-100; 50 mM NaH,PO, buffer, pH 7.2; 8§ mM -

mercapto-ethanol freshly added.

2.2.23.6 Fluorometric GUS assay via X-Gluc substrate

Fluorometric assay of the GUS activity was performed according to Jefferson et al. (1987).
Fluorogenic substrate 4-methylumbelliferyl-glucuronid (4-MUG) is cleaved by GUS enzyme to
the fluorescent product 4-methylumbelliferone (4-MU) which can be detected spectro-
photometrically. To perform the GUS assay, 50-100 mg of plant tissues was ground with metal
beads in Eppendorf tubes and subsequently homogenized with 100-200 pl extraction buffer (50
mM sodium phosphate, pH= 7, 0.1% (v/v) TritonX-100, 10 mM EDTA, 0.1% (w/v) sodium-
lauryl sarcosyle). Afterwards, the homogenate was centrifuged for 10 minutes at 14000 rpm and
4°C. The supernatant was used for the quantification of GUS activity. To perform the assay, 15
pl of the extract was mixed with one volume of 1 mM 4-MUG and the reaction mixture was
incubated at 37°C for 15 minutes. A reaction mixture containing one volume of extraction buffer
and one volume of 4-MUG was prepared as a control. After 15 and 30 min incubation at 37°C, 5
ul from each sample was removed, diluted in 2 ml of stop buffer (0.2 M sodium carbonate:
Na,COs3, pH=9.5) and used for the measurement of fluorescent intensity (FI) with a flurometer
(Bio-rad). The filter with excitation at 365 nm and emission at 455 nm was used. The GUS
activity was calculated from the standard curve (FI versus pmol 4-MU) prepared for Na,COs3
(pH 9.5) containing different concentrations (5, 10, 25, 50 and 100 nM) of 4-MU to analyze the
GUS activity. The specific GUS activity for each sample was calculated on the protein level
(measured with Bio-Rad assay; see 2.2.11) and expressed as 4-MU pmol/min/mg protein based

on the following formula:
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GUS activity of the extract (pmol 4-MU/min/mg protein) = (corrected y/x) x [reaction volume
(ml)/volume per test (ml)] x [1 / sample volume (ml)] x [l/extract concentration (mg

protein/ml)].
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3.1 Optimization of Agrobacterium-mediated transient transformation in

C. plantagineum, L. brevidens and L. subracemosa
The method of Agrobacterium-mediated transformation has been optimized for the wide range
of plant species (Grant et al. 2004, Sharma et al. 2009). In this study the Agrobacterium-
mediated transient transformation method described by Li et al. (2009) was adapted and
optimized to transform leaves of 3 to 4 months-old in vitro cultured plants of the three closely
related Linderniaceae species namely, C. plantagineum L. brevidens and L. subracemosa. The

aim was to achieve a high transformation efficiency combined with a minimum of necrosis.

3.1.1 Parameters optimized in Agrobacterium-mediated transient transformation
of three Linderniaceae species

The CaMV35S::GUS construct was used to determine the optimal conditions of transient
transformation. Four parameters which have a key role in achieving high transformation
efficiency were taken into account: leaf size, surfactant (Silwet L-77) concentration, bacteria
density and duration of co-cultivation. As a control leaves were incubated in co-cultivation
media containing wild type A. tumefaciens cells. In this control no GUS activity was observed

whereas GUS activity was detected in the leaves transformed with CaMV35S::GUS construct.

3.1.1.1 Leaf size

To choose the best size of leaves for Agrobacterium-mediated transient transformation, different
sizes of plant leaves (0.5-1 cm, 1-2 cm, approximately 3 cm), at the age of 3-4 months-old
C. plantagineum, L. brevidens and L. subracemosa were tested. Quantitative GUS assays
showed highest activity in 1-2 cm long leaves. The efficiency was reduced in bigger and smaller

leaves (Fig. 3-1). For further experiments leaves of 1-2 cm were used.
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Fig. 3-1: Leaves of C. plantagineum used for optimization of Agrobacterium-mediated transient
transformation. a) Different size of leaves b) Histochemical GUS staining of C. plantagineum leaves in
two different sizes (1-2 cm and approximately 3 cm) transiently transformed with a 35S::GUS fusion
construct.

3.1.1.2 Silwet concentration

Different concentrations of Silwet L-77 (0.0%, 0.005%, 0.0075% and 0.01% (v/v)) in the co-
cultivation medium were tested for Linderniaceae species and quantitative GUS assays were
performed. To analyze the efficiency of transformation using co-cultivation medium containing
different concentration of Silwet L-77, quantitative GUS assays were performed (Fig. 3-2). The
highest GUS activity of C.plantagineum was observed in 0.0075% (v/v) Silwet L-77
concentration. In contrast, in L. brevidens and L. subracemosa the optimal GUS activity was
detected using 0.005% (v/v) Silwet in the co-cultivation medium. It is shown that Silwet L-77
concentration had the strongest effect on transformation efficiency in L. subracemosa. Thus the

GUS activity in the plants cultivated in medium containing 0.005% (v/v) Silwet L-77, was 3.1

fold higher than the control plants (without Silwet L-77 treatment) (Fig. 3-2). Nevertheless
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higher concentrations of Silwet L-77 affected the viability of leaf cells and led to necrosis of leaf

tissues.
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Fig. 3-2: Effect of Silwet L-77 concentration on expression of the GUS reporter gene in transient
transformed C. plantagineum (Cp), L. brevidens (Lb), L. subracemosa (Ls) via Agrobacterium-mediated
transformation. Transient expression efficiency was measured by expressing the GUS activity in the
leaves co-cultivated for 36 h in 4 MS medium containing various concentration of Silwet L-77. Bacteria
density and duration of co-cultivation was followed the FAST methos as described for Arabidopsis
seedlings. The expression was quantified as pmol 4-MU/min/mg protein. Values represent the mean + SE
of three biological replicates.

3.1.1.3 Bacteria density

When the optimal Silwet L-77 concentration in co-incubation medium was determined, different
bacterial densities (ODgpo= 0.5, 1, 1.5, 2, 3, 4, 5) were tested. The optimal densities were
obtained at A=600 nm as 1-2 for C. plantagineum and 1 for L. brevidens and L. subracemosa
(Fig. 3-3). Higher bacteria densities generally increased the GUS activity, but resulted in severe
necrosis of leaf tissues. Only C. plantagineum plants which have thicker leaves than L.
brevidens and L. subracemosa tolerated higher concentrations of bacteria (up to ODgy=3-4) and
increased the GUS activity. Nevertheless, at these concentrations necrosis in the leaves was
observed. Since the standard error in ODgpo=1 is high enough to cover the other ODgyo=1.5-2,

the ODgno=1 was used for further analyses.
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Fig. 3-3: Effect of Agrobacterium density on expression of GUS reporter gene in transient transformed
C.plantagineum (Cp), L. brevidens (Lb), L. subracemosa (Ls). Transient expression efficiency was
measured by determining the GUS activity in the leaves co-cultivated for 36 h in 4 MS medium
containing various bacteria density and optimized Silwet L-77 concentration (0.005% (v/v) for L.
brevidens and L. subracemosa and 0.0075% (v/v) for C. plantagineum). The expression was quantified as
pmol 4-MU/min/mg protein. Values represent the mean + SE of three biological replicates.

3.1.1.4 Duration of co-cultivation
Finally under the optimal Silwet L-77 concentration and bacteria density, various times of

incubation (0, 24, 36, 48, 60, 72 and 96 h) were tested (Fig. 3-4).
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Fig. 3-4: Effect of duration of co-cultivation on expression of GUS reporter gene in transient transformed
C. plantagineum (Cp), L. brevidens (Lb), L. subracemosa (Ls). Transient expression efficiency was
measured by determining the GUS activity in the leaves co-cultivated for various times in %2 MS medium
containing optimized Silwet L-77 concentration and bacteria density. The expression was quantified as
pmol 4-MU/min/mg protein. Values represent the mean + SE of three biological replicates.
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The optimal GUS expression was observed in C. plantagineum after 60-72 hours, after 54-60
hours in L. brevidens and after 48 h in L. subracemosa.. Table 3-1 summarizes the optimal

condition for each of three species.

Table 3-1: Optimal transformation conditions for the three tested Linderniaceae species

C. plantagineum L. brevidens L. subracemosa
Silwet L-77 concentration | 0.0075% (v/v) 0.005% (v/v) 0.005% (v/v)
Bacteria density ODgno=1 ODggo=0.7 ODgg0=0.7
Duration of co-cultivation | 60 h 60 h 48 h

3.1.2 Preparation and cloning of the LEA-like 11-24::GUS construct from

C. plantagineum, L. brevidens, L. subracemosa in pBIN19 binary vector

Three different GUS fusion constructs containing the LEA-like 11-24 promoter (307 bp for
C. plantagineum, 321 bp for L. brevidens and 488 bp for L. subracemosa) were used for cloning
in pBIN19 binary vector. The LEA-like 11-24::GUS constructs were digested in HindIIl and
Bglll sites of pBT10::GUS vector (Sprenger-Haussels and Weisshaar 2000) and cloned in the
pBIN19 binary vector between Hindlll and BamH]I restriction sites. The Cp LEA-like 11-24
promoter fragment harbours two conserved ABREs, namely ACGT box 1 (A1) and ACGT box
2 (A2) as well as one non conserved ABRE-ACGT box 3 (A3) (Fig. 3-5). Additionally one
ACCGAC motif termed DRE motif (D) is located in Cp LEA-like 11-24 promoter fragment. The
Lb LEA-like 11-24 promoter fragment contains two conserved ABREs (A1, A2) and one non
conserved ABRE (A4), while the Ls LEA-like 11-24 promoter fragment contained two
conserved ABREs (A1, A2) and two non conserved ABREs (A5, A6) in a more distal part of the

promoter fragment (van den Dries et al. 2011)
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Fig. 3-5: LEA-like 11-24 promoter fragments from C. plantagineum, L. brevidens and L. subracemosa
used for transient transformation assays. The ACGT motif determines the ABRE cis-acting element (A),
ACCGAC motif determines DRE Cis-acting element (D). Two conserved ABREs are indicated with Al
and A2 and non-conserved ABREs are indicated with A3, A4 and AS.

3.1.3 Reliability of the optimized method and transcript analysis

After optimization of the Agrobacterium-mediated transient transformation method in three
tested species, the reliability and efficiency of this method was tested using LEA-like 11-24
promoter::GUS construct of C. plantagineum, L. brevidens and L. subracemosa. Agrobacterium-
mediated transient transformation was performed successfully and the efficiency of 100% was
obtained in all three species as all leaves were stained positively in GUS assay. In this assay,
ABA and mannitol treatment after Agrobacterium-mediated transient transformation induced Cp
LEA-like 11-24 promoter activity stronger than water control. These results were comparable
with those obtained for biolistic method (van den Dries et al. 2011). This indicates that transient
Agrobacterium transformation is a reliable method to study promoter activities. Thus, promoter
activities can be analysed in the three tested species by two independent methods, namely
Agrobacterium co-cultivation and particle bombardment.

To test whether the Agrobacterium-mediated transient transformation induces host defences in
leaves of tested plants (Pruss et al. 2008; Rico et al. 2010) the accumulation of the stress-
inducible transcripts Cp LEA-like 11-24 (Velasco et al. 1998) and Cp LEA 6-19 (Michel et al.

1993) were examined after different periods of co-cultivation (24, 36, 48 and 60 h) in C.
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plantagineum leaf tissues (Fig. 3-5). The accumulation of these transcripts was examined also in
desiccated wild-type leaves as positive control and in non-treated wild-type leaves as negative
control. No transcript accumulation was observed in the transformed leaves, indicating that the
tested genes are not induced by Agrobacterium-mediated transient transformation. These results

show that the Agrobacterium co-cultivation does not induce host-defence reactions.

24h 36h 48 h 60 h
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Fig. 3-5: RNA blot analyses of Cp LEA-like 11-24 and Cp LEA 6-19 transcript expression in leaves of
C. plantagineum after Agrobacterium-mediated transient transformation. Leaves were co-incubated with
Agrobacterium and RNAs were extracted 24, 36, 48 and 60 h after inoculation. Small leaves (S = 1-2
cm), and large leaves (L = 3) were used in the experiment. The filters were hybridized with **P -labeled
probes for Cp LEA-like 11-24 and Cp LEA 6-19. FL and DL indicate fresh and dehydrated leaf tissues.
Methylene blue stain shows ribosomal RNA (rRNA) bands to indicate equal loading of RNA.

3.1.4 Activity of the LEA-like 11-24 promoter fragments in leaves via
Agrobacterium-mediated transient transformation in the homologous genetic
background

The optimized Agrobacterium co-cultivation method was used to transiently transform leaves
with the LEA-like 11-24 promoter::GUS constructs. The transformed leaves were treated with
100 uM ABA, 0.8 M mannitol or water as control for 48 hours and afterwards screened for GUS
activity. To compare the induction of promoters in different species the GUS activities of the
water treated samples set to 100 %. The GUS activities measured after stress treatment were
calculated based on water control to monitor the promoter induction. The LEA-like 11-24

promoter fragment of C.plantagineum, L. brevidens and L. subracemosa were expressed
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differentially in homologous leaves. The highest activity was obtained for Cp LEA-like 11-24
promoter fragment in comparison to Lb and Ls LEA-like 11-24 promoter fragments (Fig. 3-6).
Osmotic stress (mannitol) and ABA treatment induced the activity of Cp, Lb and Ls LEA-like
11-24 promoter fragments (Fig. 3-7). These results are in accordance with those obtained by van
den Dries (2011) using a biolistic method. In this assay, the activity of Cp LEA-like 11-24
promoter fragment was 1.3-fold higher in response to exogenous ABA, 2.7-fold higher than that
of Lb LEA-like 11-24 promoter fragment in response to mannitol treatment respectively. The Ls
LEA-like 11-24 promoter fragment (488 bp) showed very low activity compared to Cp LEA-like
11-24 promoter fragment (Fig.3-6). It was 2.2 fold lower than that of the Cp LEA-like 11-24

promoter fragment in response to ABA and 3.3 fold in response to mannitol treatments.

A2 D A1A3 ,
P
Cp LEA-like 11-24 promoter, 307 bp
A2 A4 A1 ey
]
[ Lb LEA-like 11-24 promoter, 321bp
AB A5 A2 A1 = Mannitol (M
ABA |
——<

Ls LEA-like 11-24 promoter, 488 bp

! L] I 1

0o 2 4 6 8 10

relative GUS activity (x-fold of Water control)

Fig. 3-6: Promoter activity of C. plantagineum (Cp), L. brevidens (Lb), L. subracemosa and (Ls) LEA-
like 11-24 promoter fragments in after transient transformation in a homologous genetic background.
Putative ABREs within the LEA-like 11-24 promoter fragments are shown in the red boxes (A1-A6) and
the DRE motif is shown in a yellow box (D). The two conserved ABREs are indicated with A1 and A2.
Promoter activities were measured after treatment with 100 uM ABA, 0.8 M mannitol or water for 48
hours. Promoter activity is expressed as pmol 4-MU/min/mg protein and normalized with regards to the
water control which was set to 100%. Values represent the mean + SE of three independent experiments.
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Fig. 3-7: Activity of the LEA-like 11-24 promoter in homologous leat tissues of transiently transformed
C. plantagineum (Cp), L. brevidens (Lb) and L. subracemosa (Ls) in response to abiotic stress. The
leaves were treated either with mannitol, ABA or water after transient transformation and subsequently

stained for GUS activities (Jefferson et al 1987) at 37°C in darkness for 4 h in C. plantagineum, 16 h in
L. brevidens and L. subracemosa.

3.1.5 Activities of the LEA-like 11-24 promoter fragments in a heterologous genetic
background

To examine whether essential trans-regulatory environment required for promoter induction in
dehydration and osmotic stress are present in the three species, cross comparison of promoter
fragments in three species was performed. The Cp LEA-like 11-24 promoter fragment was
analyzed in L. brevidens and L. subracemosa leaves in response to ABA and mannitol. Lb LEA-
like 11-24 promoter was analyzed in C. plantagineum and L. subracemosa leaves. The Ls LEA-

like 11-24 promoter fragment was evaluated in C. plantagineum and L. brevidens leaves.

3.1.5.1 Expression of the Cp LEA-like 11-24 promoter fragment

The induction of promoter activity in L. brevidens and L. subracemosa in response to expression
of the Cp LEA-like 11-24 promoter fragment indicates that the trans-acting environments
required for dehydration and osmotic stress-induced promoter activities are present in both
species (Fig. 3-8). Although, a decrease in mannitol responsiveness of 24% and ABA
responsiveness of 40% was observed in L. brevidens in comparison to that of C. plantagineum.

Similarly, in L. subracemosa, a decreased activity was detected in response to ABA (28%).
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Fig. 3-8: Activity of Craterostigma plantagineum (Cp) LEA-like 11-24 promoter fragment in
C. plantagineum, Lindernia brevidens (Lb) and Lindernia subracemosa (Ls) leaves in a Agrobacterium-
mediated transiently expression assay. Putative ABREs (A1-A3) within the Cp LEA-like 11-24 promoter
fragments are shown as red boxes and the DRE motif (D) is shown as a yellow box. The two conserved
ABREs among three species are indicated with A1 and A2. Promoter activities were measured as pmol 4-
MU/min/mg protein after treatment with 100 uM ABA, 0.8 M mannitol or water for 48 hours and
normalized to water control as 100%. Bars represent mean values of three independent experiment for
each treatment (n = 3). Standard errors are displayed as error bars.

3.1.5.2 Expression of Lb LEA-like 11-24 promoter fragment

The Lb LEA-like 11-24 promoter fragment harbours two conserved ABREs (ABRE1, ABRE2)
and one non-conserved ABRE (ABRE4) cis-elements (van den Dries et al. 2011). ABRE1 and
ABRE?2 motifs regulate promoter activity in ABA and mannitol treated homologous leaves (van
den Dries 2011). The Lb LEA-like 11-24 promoter fragment was expressed in C. plantagineum
as well as in L.subracemosa. The trans-acting environment in C. plantagineum and
L. subracemosa leaves was able to activate ABA and mannitol responsiveness of Lb LEA-like
11-24 promoter fragment (Fig. 3-9). Higher promoter activity was observed in response to ABA
than mannitol treatment in both species. However, decreased ABA-induction of 45% and
mannitol-induction of 38% in C. plantagineum were detected in comparison to that of L.
brevidens. In L. subracemosa, ABA induction of Lb LEA-like 11-24 promoter fragment was also

reduced (34%), but mannitol-induction was comparable to homologous leaves.
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Fig. 3-9: Activity of Lindernia brevidens (Lb) LEA-like 11-24, promoter fragment in transiently
transformed Craterostigma plantagineum (Cp), Lindernia brevidens (Lb) and Lindernia subracemosa
(Ls) leaves. Putative ABREs (A1-A4) within the Cp LEA-like 11-24 promoter fragments are shown in
red. The two conserved ABREs are indicated with A1 and A2. Promoter activities were measured as
pmol 4-MU/min/mg protein after treatment with 100 uM ABA, 0.8 M mannitol or water for 48 hours and
normalized with water control as 100%. Bars represent mean values of three independent experiments for
each treatment (n = 3). Standard errors are displayed as error bars.

3.1.5.3 Expression of Ls LEA-like 11-24 promoter fragment

The 488 bp fragment of Ls LEA-like 11-24 promoter which harbours two conserved (Al, A2)
and two non-conserved ABREs (A5, A6) elements (van den Dries et al. 2011), was introduced
into C. plantagineum and L. brevidens leaves. ABA induction in C. plantagineum and L.
brevidens leaves was similar to that observed in L. subracemosa (Fig. 3-10). The mannitol
responsiveness was shown to reduce the activity in C. plantagineum leaves. It is similar in L.
brevidens leaves. The reduction of the mannitol response in C. plantagineum leaves was

confirmed by particle bombardment experiments (Braun 2011).
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Fig. 3-10: Activity of Lindernia subracemosa (Ls) LEA-like 11-24 promoter fragment in transiently
transformed Craterostigma plantagineum (Cp), Lindernia brevidens (Lb) and Lindernia subracemosa
(Ls) leaves. Putative ABREs (A1-A6) within the Cp LEA-like 11-24 promoter fragments are shown as
red. The two conserved ABREs are indicated with A1 and A2. Promoter activities were measured as
pmol 4-MU/min/mg protein after treatment with 100 uM ABA, 0.8 M mannitol or water for 48 hours and
normalized with water control as 100%. Bars represent mean values of three independent experiments for
each treatment (n = 3). Standard errors are displayed as error bars.

3.2 Trans-activation of CpbZIPI transcription factor in Cp LEA-like 11-24-

GUS promoter
Using yeast-one-hybrid assay CpbZIP1 transcription factor shown to bind to the Cp LEA-like
11-24 core promoter (van den Dries 2010). The CpbZIP1 transcription factor was also found to
bind to the CpC2 promoter (stress inducible promoter from C. plantagineum) (Ditzer et al.
2006). To understand the effect of CpbZIP1 transcription factor on the activity of Cp LEA-like
11-24 promoter, trans-activation studies were performed via Agrobacterium-mediated transient

transformation.

3.2.1 Generation of “Cp LEA-like 11-24::GUS” and ”35S::CpbZIP1+Cp LEA-like
11-24::GUS”’ constructs

To perform the transient transformation of C. plantagineum leaves, two constructs were made
namely ‘'Cp LEA-like 11-24::GUS*’ and ’35S::CpbZIP1+Cp LEA-like 11-24::GUS"’ (Fig. 3-

12). The minimal stress inducible promoter fragment of Cp LEA-like 11-24 (307 bp) was used in
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both constructs. This core promoter fragment has been shown to be the minimal stress-inducible
promoter fragment and possessing similar induction pattern by ABA and osmotic stress to the
full length promoter (Velasco et al. 1998; van den Dries et al. 2011). The B-glucuronidase (GUS)
reporter gene driven by the Cp LEA-like 11-24 promoter fragment (Cp LEA-like 11-24
promoter::GUS::nos_terminator) was isolated from the pBT10-GUS vector (van den Dries et al.
2011) by digesting with HindIIl and BgllII restriction enzymes and sub-cloned in HindIIl and
BamH]I site of pBIN19 vector. A single colony of this clone was used to transform A.
tumefaciens.

The cassette 35S::CpbZIP1 (1400 bp) was isolated from PA17 (pBT10-GUS vector) construct
(Ditzer 2006) using HindlIII restriction enzyme. The isolation was preceded by generation of
point mutation via QuikChange® II Site-Directed Mutagenesis Kit (Stratagene, Heidelberg,
Germany) to disrupt one internal HindIII digestion site. The primers MU-Hind-bzip F/R were
used for the mutagenesis. The 35S::CpbZIP1 cassette was removed by using the Hindlll
restriction enzyme (Fig. 3-11) and subsequently sub-cloned either in front of the Cp LEA-like

11-24::GUS cassette in HindlIII restriction site of pBIN19 vector or in pJET1.2 vector.

Ladder NS W20

<«— 1400 bp

Fig. 3-11: Digestion of mutated PA17 construct with HindlIl restriction enzyme: After digestion, the
second band (1400 bp) was purified from the gel and cloned into pBIN19 vector in front of Cp LEA-like
11-24::GUS cassette.

Kanamycin resistant transformants were screened using a combination of primers specific for
the inserted gene. After sequencing analysis a clone was selected having Cp LEA-like 11-
24::GUS and 35S::CpbZIPI in the same direction as of pBIN19 vector (Fig. 3-12). The
posisitive clone was used to transform Agrobacterium tumefaciens competent cells. However,

the clone containing 35S5::CpbZIP1 in opposite direction of Cp LEA-like 11-24::GUS was also

obtained and remained in glycerol stock at -80°C for furher use.
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Fig. 3-12: Schematic diagram of the T-DNA region carrying ‘‘35S::CpbZIP1+Cp LEA-like 11-
24::GUS” cassette. It contains the Cp LEA-like 11-24::GUS coding sequence with 35S
prom::CpbZIPIcoding sequence. Three ABRE and One DRE motifs is located in Cp LEA-like 11-24
promoter fragment. The gene coding for the kanamycin resistance (NPTII) is located in the right border.
LB: Left border; RB: Right border.

3.2.2 Analysis of C. plantagineum leaves transiently transformed with ‘’Cp LEA-
like 11-24::GUS** and ¢’35S::CpbZIP1+Cp LEA-like 11-24::GUS”’ constructs

Agrobacterium-mediated transient transformation of two constructs, namely ’Cp LEA-like 11-
24::GUS”’ and “’35S8::CpbZIP1+Cp LEA-like 11-24::GUS"’’, was performed according to the
optimized method in C. plantagineum, L. brevidens and L. subracemosa leaves (in this study,
Table 3-1). The transformed leaves were treated for 48 hours with 0.8 M mannitol, 100 pM
ABA for osmotic and dehydration stress. Leaves incubated in tap water served as a control. GUS
activity in these leaves was assessed both qualitatively (histochemical staining) and

quantitatively (fluorometric assay).

3.2.2.1 Histochemical and fluorometric detection of GUS activity

Histochemical (Fig. 3-13b) and fluorometric (Fig. 3-13a) detection of GUS activity in the leaves
of C. plantagineum, transformed with ’35S::CpbZIP1+Cp LEA-like 11-24::GUS’’ cassette
indicated much weaker GUS expression in comparison to the leaves transformed with ’Cp LEA-
like 11-24::GUS"’ construct (Fig. 3-13a). In addition, low GUS activity was detected in the
leaves of L. brevidens and L. subracemosa transiently transformed with “’Cp LEA-like 11-

24::GUS +35S::CpbZIP1’’ cassette (Fig. 3-14).
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Fig. 3-13: GUS activity in the transiently transformed C. plantagineum leaves (Cp). a) Fluorometric and
b) Histochemichal GUS activity of transiently transformed leaves of C. plantagineum with “’Cp LEA-like
11-24::GUS "’ and “'35S::CpbZIP1+Cp LEA-like 11-24::GUS’’ cassette after subjection to the 48 hours-
long treatment with 0.8 M mannitol, 100 pM ABA or H,O (control).
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Fig. 3-14: Histochemichal detection of GUS activity in leaves of L. brevidens (Lb) and L. subracemosa
(Ls) transiently transformed with “Cp LEA-like 11-24::GUS” and “’Cp LEA-like 11-24::GUS+
358::CpbZIP1 "’ cassette after subjection to the 0.8 M mannitol, 100 uM ABA or H,O treatment for 48
hours.

Similarly, the promoter activity was not increased with the construct containing the opposite

direction of 35S::CpbZIP1 in’’35S::CpbZIP1+Cp LEA-like 11-24::GUS’’ cassette . To check
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whether CpbZIP1 gene product down-regulated the Cp LEA-like 11-24 promoter or damaged the

cells, viability test and GUS gene expression analyses were performed.

3.2.2.2 Viability test using Fluorescein diacetate (FDA)

To understand whether transformed cells showing low GUS activity are alive, viability tests
using fluorescein diacetate was performed (Schnurer and Rosswall, 1982). In both un-
transformed and transformed leaves, the fluorescence signal is observed thus indicating the
viability of the cells (Fig. 3-15). Therefore, cell death is excluded as a reason of lower GUS
activity in the leaves of C.plantagineum, L. brevidens and L.subracemosa transiently

transformed with 35S::CpbZIP1+Cp LEA-like 11-24::GUS.

Autofluorescence

Un-transformed leaf
(C. plantagineum)

(358::CpbZiP1+

Transformed by
Co LEA-Ilke 11-24.::GUS)

Fig. 3-15: FDA test of C. plantagineum leaves transiently transformed with 35S::CpbZIP1+Cp LEA-like
11-24::GUS construct. Leaf section of transiently transformed leaves was soaked in FDA solution (see
Materials and methods). Un-transformed WT leaves were used as control. Living cells show a yellow
fluorescence in the merged picture.
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3.2.2.3 Transcript expression analyses of GUS gene

To prove the lower activity of Cp LEA-like 11-24 promoter trans-activated by CpbZIP1 protein
compared to non-transactivated LEA-like 11-24 promoter in response to mannitol and ABA, the
expression level of the GUS gene was evaluated in all analysed samples (Fig. 3-16). The
analyses showed down-regulation of the GUS gene in the construct containing 35S::CpZIPI

suggesting that CpbZIP1 might be a negative regulator of Cp LEA-like 11-24 promoter.

Cp LEA-Jite 11-24 ASS--CpRZIPHHCP LEA-
-GUS inCp Fle 19-24--GUS in Cp

Man ABA HO Man ABA HO

Gus
SaraR s

pHOK2
NPT
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Fig. 3-16: GUS gene expression from the leaves of C. plantagineum transiently transformed with “’Cp
LEA-like 11-24::GUS”’ and “’35S::CpbZIP1+Cp LEA-like 11-24::GUS"’’ construct after exposure to 0.8
M mannitol (Man) 100 uM ABA or H,O (control) for 48 h. Expression pattern of transcripts encoding
the neomycin phosphotransferase (NPTII), transketolase3 (TKT3) genes are constitutively expressed in
C. plantagineum and thus served to monitor an equal use of RNA in the RT-PCR. Ribosomal RNA
(rRNA) bands indicate the equal loading of RNA. TKT3 was amplified in 28 cycles, while NPTII and
GUS were amplified in 30 cycles.

3.2.3 Trans-activation study of Cp LEA-like 11-24 promoter by CpbZIP1

transcription factor

3.2.3.1 Generation of Arabidopsis transgenic plants containing either ‘’Cp LEA-like 11-
24::GUS** or ,*“358::bZ1P+Cp LEA-like 11-24 GUS’’cassette

To study the physiological consequences and verify the results of GUS activity
measurements obtained for the C. plantagineum leaves transiently transformed with
358::CpbZIP1+Cp LEA-like 11-24::GUS and Cp LEA-like 11-24::GUS, Arabidopsis thaliana
Col-0 plants were stably transformed with both constructs. In addition, since Cp LEA-like

11-24 (307 bp) promoter fragment is the minimal stress inducible promoter fragment
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(van den Dries et al. 2011), a full length promoter fragment (1.5 kbp) (Velasco et al. 1998)
was used to generate transgenic plants. For the studies of the function of CpbZIP1
protein, generation of transgenic lines containing 35S::CpbZIP1 gene were also

performed.

3.2.3.2 Screening of the transgenic lines

The first generation of seeds (T1) were collected after transformation, surface sterilized and are
sown on MS plates supplemented with kanamycin (50 mg/ml). After 2 weeks of growth,
transgenic seeds which were able to produce green leaves in the presence of kanamycin were
selected as positive seedlings. Positive transgenic seedlings (transgenic lines) were transferred to
soil and screened for the transgene using combination of specific primers. The positive
transgenic plants were grown for the next generation (T2). Transgenic Arabidopsis plants
carring the Cp LEA-like 11-24::GUS, minimal promoter (307 bp) or *’35S::CpbZIP1+Cp LEA-
like 11-24 GUS’’ minimal promoter (307 bp) constructs, were respectively named G-Lines and
GZ-lines (Table 3-2). The transgenic Arabidopsis plants harbouring the Cp LEA-like 11-
24::GUS, full promoter (1.5 kbp), and °’35S::CpbZIP1+ Cp LEA-like 11-24::GUS’’, full
promoter cassette, were respectively called L-Lines (Velasco et al. 1998) and LZ-lines. The

transgenic lines containing the 35S::CpbZIP1 were named S-lines.

Table 3-2: List of generated Arabidopsis transgenic lines:

Studied lines Generated in: Description

G-Lines this study Cp LEA-like 11-24::GUS, minimal promoter (307 bp)

GZ-Lines this study 358::CpbZIP1+Cp LEA-like 11-24 GUS, minimal promoter (307 bp)
L-Lines Velasco (1998) Cp LEA-like 11-24::GUS, full promoter (1.5 kbp)

LZ-Lines this study 358::CpbZIP1+ Cp LEA-like 11-24::GUS, full promoter (1.5 kbp)
S-Lines this study 35S8::CpbZIP1

As Cp LEA-like 11-24::GUS full promoter lines (Velasco et al. 1998) were already available in
the laboratory, LZ-lines were generated by transformation of Cp LEA-like 11-24::GUS full
promoter (line /6-11) with the 35S::CpbZIP1 construct. The screening of transgenic seedling of
LZ lines was difficult, because of the presence of the gene providing kanamycin resistance in the
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T-DNA region of both constructs. However presence of CpbZIP1 in the transgenic lines gave a
phenotype which can be recognized from seedling stage (Fig. 3-17 b). Independent LZ
transgenic seedlings were first selected in seedling (Fig. 3-17 b) phenotyping (transgenic
seedlings showed different phenotype than the wild type seedlings) and next screened by DNA-
based PCR amplification using combination of primers specific for CpbZIPI gene and
CaMV35S promoter such as CpbZIP1 F/R or pROK-35S/CPbZIP1 primers (Fig. 3-17b and 3-
18).

T2 generation

Fig. 3-17: Different phenotypes observed by the transgenic Arabidopsis plants harboring
35S8::CpbZIP1+Cp LEA-like 11-24 GUS either minimal (307 bp) or full promoter (1.5 kbp) of CpLEA-
like 11-24. Pictures were taken from transgenic seedling and 6 week-old plants harboring
358::CpbZIP1+Cp LEA-like 11-24 GUS, minimal promoter. of Arabidopsis seeds were germinated either
in soil or on MS-medium. 6 week-old Arabidopsis plants in a) soil and b) seedlings on MS-medium
displayed different phenotypes. 1. Normal like wildtype seedlings 2. Abnormal seedlings or plant.

Four transgenic lines were confirmed in T1 generation, but the expression of CpbZIPI gene in
LZ44 line was not detected by RT-PCR whereas genomic DNA amplification showed the
presence of the gene encoding for CpbZIP1 (Fig. 3-18b). Silencing might explain this result as
reported for transgenic S- lines too (in this study, see Fig. 3-30). The transgenic plants in GZ, LZ,

S lines revealed phenotype, in the T1 and T2 generation with respect to the shoot and root

growth, flowering time, flower structure, siliques size and seed yield.
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Fig. 3-18: Screening of transgenic arabidopsis plants (LZ lines) containing 35S.::CpbZIP1+Cp LEA-like
11-24::GUS full promoter. a) Genomic DNA amplification using different combination of primers such
as CpbZIP1 F/R specific for CpbZIP1 gene. b) Transcript level of CpbZIP1 gene.

The expression of CpbZIPI was checked in independent transgenic lines in the T2 generation
(Fig 3-19b). It was found that the plants which contain high expression of CpbZIPI, showes
severe abnormalty and dwarfism. This is true for all transgenic lines which containing CpbZIP1

in the genome. Further experiments were done using transgenic lines with moderate expression

of CpbZIP1 gene, Fig. (3-19 a, b).

Transgenic lines GZ
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Fig. 3-19: Screening of transgenic lines. a) Genomic DNA amplification of CpbZIP] in wild type and T1
generation of independent transgenic GZ lines b) Expression analyses of CpbZIPIgene in T2 generation
using RT PCR.
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3.2.4 Analysis of Cp LEA-like 11-24 promoter activity in the presence or absence of
CpbZIP1I in Arabidopsis

In plants, ABRE binding factors which belong to bZIP transcription factor families are the
important regulator of ABRE-containing genes such as stress inducible genes (Hurst HC 1994;
Yamaguchi-Shinozaki et al. 2005). The interaction of CpbZIP1 transcription factor with Cp
LEA-like 11-24 promoter fragment was confirmed using yeas-one-hybrid system (van den Dries
et al. 2011). Therefore, it is assume that this transcription factor may play an important role in
C. plantagineum during dehydration.

To analyze the effect of presence of CpbZIPI in trans-activation of the Cp LEA-like 11-24
promoter, GUS histochemical and fluorometric assays were performed in independent
transgenic lines (G-lines, GZ-lines, L-lines and LZ-lines) subjected to 18 hours of ABA
treatment or water (control). Analysis of promoter activity was carried out in transgenic lines at
different developmental stages of 7, 14 and 21 day-old seedlings. As different GUS expression
was observed in the leaf and root (visualized by GUS staining), the GUS activity of transgenic

lines in the leaf and root were separately analyzed.

3.2.4.1 GUS activity in 7 day-old seedlings

7 day-old seedlings of transgenic lines (G-line, GZ-lines, L-lines, LZ-lines) were treated for 18
hours with either ABA or H,O as control. In this assay GZ-lines, which contain the short
fragment of Cp LEA-like 11-24 promoter were compared with G-lines with the same size of
promoter and LZ lines which contain the full promoter of Cp LEA-like 11-24, were compared
with L lines. The Short promoter fragment in G-lines consists of 3 ABRE (ABA response
element) namely ABRE I, ABRE II, ABRE III and one DRE motif (dehydration response
element) (Fig. 3-4). In 7 day-old seedlings, fluorometric and histochemical analyses of GUS
activity revealed lower GUS expression in the leaves of GZ-lines than in L-lines treated with
ABA. These results were confirmed using three independent lines of LZ transgenic plants (Fig.

3-20).
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In 7 day-old seedlings of G-lines and L-lines which, only contain respectively short or full
promoter of Cp LEA-like 11-24, the GUS reporter gene was active only in the young tissue of
cotyledon leaves and root tips. However, in G-lines, GUS gene was constitutively expressed in
the whole root tissue, whereas in L-lines only in the root tips (Fig. 3-20 a, b). Thus, comparison
of G-lines and L-lines treated with ABA demonstrated that GUS expression in the roots of G-
lines is stronger than those of the L-lines in both ABA treated and not-treated seedlings. The
observation suggests that there are cis-elements upstream of the promoter fragment in the G-

lines, which control the tissue-specific expression of the promoter.
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ig. 3-20: 7 day-old seedlings of independent transgenic lines were treated for 18 h with 100 uM ABA or
H,O (control) and histochemically stained for GUS activitiy (Jefferson et al. 1987). GUS expression in
G-lines (Cp LEA-like 11-24::GUS short promoter) and GZ-lines (Cp LEA-like 11-24::GUS+35SCpbZIP1
short promoter), L-lines (Cp LEA-like 11-24::GUS full promoter) and LZ lines (Cp LEA-like 11-
24::GUS+35SCpbZIP1 full promoter ).
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Fig. 3-20: 7 day-old seedlings of independent transgenic lines were treated for 18 h with 100 uM ABA or
H,O (control) and GUS activity (Jefferson et al. 1987) was measured. a) GUS expression in G-lines (Cp
LEA-like 11-24::GUS short promoter) and GZ-lines (Cp LEA-like 11-24::GUS+35SCpbZIP1 short
promoter), L-lines (Cp LEA-like 11-24::GUS long promoter ) and LZ lines (Cp LEA-like 11-
24::GUS+355CpbZIP1 long promoter ). c and d ) Quantitative GUS assays of G-lines, GZ-lines, L-lines
and LZ-lines in response to ABA or H,O treatment (H,O as control) in leaves and roots respectively.
Values represent the mean + SE from three biological replicates.
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3.2.4.2 GUS activity in 14 day old seedlings

In 14 day-old seedlings of transgenic lines containing 35S::CpbZIP1, GUS expression followed
the same pattern as in 7 day-old seedlings. However in general the promoter activity was
decreased in 14 day-old seedlings compared to 7 day-old seedlings (Fig. 3-20 and 3-22).
Moreover, GUS activity in the leaves and roots of transgenic lines containing CpbZIPI was
lower than in the transgenic lines without CpbZIP1 coding sequence (Fig. 3-21, 3-22).

The comparison of GUS expression in G-lines and L-lines revealed that ABA-response in the
roots of G-lines is higher than those of the L-lines, whereas in the leaves, the GUS gene was

expressed slightly stronger in L-lines than in those of the G-line (Fig. 3-21, 3-22).
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d)

Fig. 3-21: Histochemical GUS staining of 14 day-old Arabidopsis transgenic lines treated with ABA or
H,O (as control). a) Arabidopsis transgenic L-lines containing the full promoter of Cp LEA-like 11-
24::GUS, (lines: L-1 (16-11), L-2 (16-18), L-3 (16-3). b) Arabidopsis transgenic LZ-lines containing the
full promoter of Cp LEA-like 11-24::GUS+35S8::CpbZIP1 (lines LZ-36, LZ-40, LZ-42). c) Arabidopsis
transgenic G-lines containing short promoter of Cp LEA-like 11-24::GUS (lines: G-1, G-2, G-6, G-8). d)
Arabidopsis transgenic GZ-lines, containing short promoter of Cp LEA-like 11-24::GUS+35S::CpbZIP1
(lines: GZ-30, GZ-40, GZ-23, GZ-24).
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Fig.3-22: Quantitative GUS activity of 14 day-old seedlings of G-lines (Cp LEA-like 11-24::GUS short
promoter) GZ-lines (Cp LEA-like 11-24::GUS+35SCpbZIPIshort promoter), L-lines (Cp LEA-like 11-
24::GUS long promoter) and, LZ-lines (Cp LEA-like 11-24::GUS+35SCpbZIPI long promoter ) in
response to ABA and H,O treatment (H,O as control) . a) in leaves or b) in roots. Values represent the
mean + SE from three biological replicates.
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3.2.4.3 GUS activity in 21 day old seedlings

In 21 day-old seedlings, quantitative GUS activity in the leaves although did not showed any
significant induction in all transgenic lines tested under ABA treatment (Fig. 3-23a). The GUS
activity in the roots of Cp LEA-like 11-24 plants was induced under ABA treatment in all lines.

The promoter activity in the roots of G-lines is much higher than those of other lines.
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Fig. 3-23: Quantitative GUS activity of 21 day-old seedlings of G-lines (Cp LEA-like 11-24::GUS short
promoter) GZ-lines (Cp LEA-like 11-24::GUS+35SCpbZIPIshort promoter), L-lines (Cp LEA-like 11-
24::GUS long promoter) and, LZ-lines (Cp LEA-like 11-24::GUS+35SCpbZIPI long promoter ) in
response to ABA and H,O treatment (H,O as control), in leaves a) or in roots b). Values represent the
mean + SE from three biological replicates.
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3.3 Transcript expression analyses of CpbZIPl1 and Cp LEA-like 11-24

coding gene

3.3.1 Expression of the CpbZIP1 gene in leaves and roots of C. plantagineum
exposed to various abiotic stress conditions

Transcript level of CpbZIP1 gene was analysed in C. plantagineum leaf and root tissues
subjected to different abiotic stresses. Leaves and roots were separately analysed for gene
expression. Since the expression of CpbZIPI in C. plantagineum leaves is weak (Ditzer 2003), 2
ug of RNA was initially taken for cDNA preparation and without diluting the cDNA 1 ul was
used for PCR with 30 cycles of amplification. Experimental conditions for all RT-PCR reactions
were identical. To analyze the gene induction, transcript abundance of treated samples were
compared with the expression level of water treated plants. To monitor the effectiveness of the
stress treatments and to show that the stress stimuli were strong enough to induce the stress
inducible genes, the expression of the Cp LEA-like 11-24 gene was analysed in parallel for all
samples. The accumulation of Cp LEA-like 11-24 transcript upon stress is known (Bartels et al.
1990; Hundertmark and Hincha 2008). The expression of transketolase 3 (tkt3) was used as
internal control. Constitutively expression of 7k#3 in untreated, dried or rehydrated leaves of C.

plantagineum has been reported (Bernacchia et al. 1995).

3.3.1.1 Gene expression under dehydration condition at different time points

Transcript expression analysis was carried out in dehydrated and non-stressed samples at
different time points in leaves and roots (Fig. 3-24a). The plants were removed from the pots
and kept on a paper towel to dehydrated for various time periods. Gene expression in leaf and
root tissues were analysed in untreated samples (control) and after 3, 6, 9 and 24 hours of
dehydration as well as in completely desiccated plant (DS). Total RNA was extracted from the
leaves and roots of respective plants and the expression level of CpbZIPI gene was investigated
(Fig. 3-24a). Transcript analysis demonstrated that the CpbZIPI gene was transcribed in

untreated leaves and roots as well as in the dehydrated samples. However, there was a slight
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upregulation of the expressionafter dehydration in leaves. The expression of Cp LEA-like 11-24

gene was up-regulated after 3 and 9 hours of dehydration in the both leaves and roots.
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Fig. 3-24: Analysis of CpbZIP1 gene expression in leaves and roots of C. plantagineum subjected to
either different dehydration periods or ABA treatment for different time periods. a). Expression of
CpbZIP1 in response to dehydration stress. Plants were kept under drought conditions for 0, 3, 9 and 24
h. DS indicates desiccated leaves. b) Expression of CpbZIP1 in response to ABA treatment after 3, 6,9
and 24 h. ‘Untreated’ fresh leaves and roots were used as control. Cp LEA-like 11-24 gene expression
was used as control for a stress-inducible gene. tkt3 is constitutively expressed in C. plantagineum and
served to monitor equal loading of RNA in the RT-PCR (28 cycles). The CpbZIP1gene was amplified in
30 cycles.

89



Results

3.3.1.2 Gene expression under ABA treatment at different time points

To study the effect of ABA treatment on the expression of the CpbZIP1 gene, C. plantagineum
plants were treated with 100 uM ABA for 3, 6, 9 or 24 hours. Untreated fresh leaves and roots
were used as control. Total RNA was separately extracted from the leaves and roots and the
expression of CpbZIP1 gene was evaluated using RT-PCR (Fig. 3-24b). Transcript analysis
demonstrated that CpbZIP1 was constitutively expressed in untreated leaves and roots.
Transcript level of the CpbZIP1 slightly increased in the leaves after 24 hours ABA treatment.
In contrast, no change in the expression of CpbZIP1 was observed in the roots. Differentially Cp
LEA-like 11-24 gene was expressed already after a short treatment with ABA (3 h). Afterwards,
expression of this gene progressively increased until 24 hours of treatment. Likewise, the
expression of the Cp LEA-like 11-24 gene in the roots was induced after 6 hours of ABA

treatment.

3.3.1.3 Gene expression profiling of C. plantagineum leaves and roots subjected to elevated
sodium chloride concentration

Effect of salt treatment on the expression of the CpbZIP1 was analysed in the leaves and roots of
C.plantagineum. The plants were subjected to salt stress by treating them with different
concentrations of NaCl (50, 150, 300 mM) for 3, 6 and 9 hours. untreated fresh leaves and roots
were used as controls (Fig. 3-25, 3-26). Transcript expression analyses demonstrated up-
regulation of the CpbZIP1 gene under salt treatment. The expression was induced in the roots
treated for 9 hours with 50 mM salt, whereas it peaked after only 3 hours of treatment with 300
mM NaCl. This suggests that the CpbZIP1 gene is a salt stress responsive gene. The Cp LEA-
like 11-24 gene expression showed that the transcript level was induced by salt treatment as

well.

3.3.1.3.1 Relative water content of C. plantagineum exposed to dehydration and salt
treatment
Relative water content of C. plantagineum leaves was determined under dehydrations conditions

and under salt treatment at different time points (0, 3, 6, 9 and 24 h). The percentage of relative
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water content in fresh leaves was set as 100%. During the first 3 hours of dehydration the leaves
lost approximately 55% of water, whereas plants treated with 50 mM salt lost 20% of water
content (Fig. 3-25). In contrast to 50 mM salt, the plants in 300 mM salt treatment lost 40% of

water content which is comparable with dehydration conditions.
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Fig. 3-25: Salt stress treatment in C. plantagineum. a) Untreated and salt-treated C. plantagineum plants
for 3 h in 300 mM NaCl. b) Relative water content of C. plantagineum leaves dehydrated and treated in
different concentrations of salt.
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Fig. 3-26: Expression analyses of CpbZIPI transcript in the leaves and roots of C. plantagineum in
response to different concentration of NaCl. a) Expression of CpbZIPI in leaves b) Expression of
CpbZIP1 in roots. Plants were treated with in different concentrations of sodium chloride (0, 50, 150 and
300 mM) for 3, 6 and 9 hours. Fresh leaves and roots were used as control for gene expression. Cp LEA-
like 11-24 gene expression was used as control for a stress-inducible gene (28 cycles). Tkt3 is
constitutively expressed in C. plantagineum and served to monitor equal use of RNA in the RT-PCR (28
cycles). The CpbZIP1gene was amplified for 30 cycles.

3.3.1.3.2 Activity of the Cp LEA-like 11-24 promoter fragment in response to sodium
chloride via particle bombardment

The expression of LEA-like 11-24 promoter fragment of C. plantagineum under salt stress
condition (150 mM sodium chloride) was also analysed in transient transformation method. The
Cp LEA-like 11-24::GUS fusion construct (van den Dries et al. 2011) was introduced in to the
leaf cells of C. plantagineum via particle bombardment. The construct 35S CaMV::GFP was
used as an internal control and co-bombarded with the Cp LEA-like 11-24::GUS construct. The
bombarded leaves were treated for 48 hours with 150 mM NaCl or water as control. For
analysing the GFP signal and GUS spots, the previous procedure was followed (van den Dries et

al. 2011). GFP signal was analysed 24 hours and GUS spots were counted 48 hours after
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bombardment (Fig. 3-27). Normalization of GUS spots to GFP signals was performed by
dividing the number of counted GUS spot to the number of GFP spots. The relative expression
(% GUS/GFP) confirmed the induction of Cp LEA-like 11-24 promoter in response to NaCl
treatment (Fig. 3-27). However, the detected spots were very small due to plasmolysises of cells
in the sodium chloride solution.
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Fig. 3-27: a) Analyses of promoter activity of LEA- like 11-24 gene in response to 150 mM sodium
chloride treatment via particle bombardment. b) Expression of LEA-like 11-24 gene expression after
sodium chloride treatment (150 mM). The green signal corresponds to GFP, red is autofluorescence of
chloroplasts and the third picture is the merged signal of autofluorescence and the GFP signal.

3.3.2 Time dependent of the CpbZIP1 and Cp LEA-like 11-24 gene in

C. plantagineum leaves
It has been reported that some of the stress inducible genes follows circadian rhythms
(Bieniawska et al. 2008; Legnaioli et al. 2009; Wilkins et al. 2010). To analyze the expression
kinetics of CpbZIPI and Cp LEA-like 11-24 gene at the transcript level, detached plants were
taken from the growth room every four hours. Immediately leaves, roots were separated and
frozen in -80°C. For each time point three plants were taken at different time point including 11

am, 3 pm, 7 pm, 11 pm which is corresponds to light period, 3 (3 am) and 7 hours (7 am) after
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darkn period (Fig. 3-28). Transcript expression results showed that the expression of CpbZIP1
was up-regulated after 7 hours darkness (at 7 am), whereas during the day (in growth room) the
gene was expressed constitutively. Three hours of dark treatment (at 3 am) were not sufficient to
induce the CpbZIP1 gene expression. Cp LEA-like 11-24 gene was weakly expressed during the
day in growth room. While the expression completely was abolished at 11 pm and 3 am which
corresponds to the light and dark conditions respectively. Upregulation of this gene was
observed at 7 am in the morning, when the light was still off. Apart from that, to evaluate the
expression of CpbZIP1 and Cp LEA-like 11-24 gene under low energy condition in darkness C.
plantagineum plants were kept in prolonged darkness for 24 and 72 hours. Expression of
CpbZIP1 increased after 72 hours dark treatment while it was changed slightly after 24 hours of
dark treatment (Fig. 3-28). The upregulation of CpbZIP1 expression under prolonged dark
condition indicate the regulation of CpbZIP1 under low energy condition. Prolonged darkness
up to 72 hours led to upregulation of Cp LEA-like 11-24 expression show the function of Cp
LEA-like 11-24 in circadian clock.
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Fig. 3-28: Expression of CpbZIPI and Cp LEA-like 11-24 during one day light/dark cycle in the growth
room. a) Detached leaves and roots of C. plantagineum were harvested every 4 hours during one day
light/dark cycle. The leaves were harvested at 11 am, 3 pm, 7 pm and 11 pm, when the light in growth
room was on. Remaining plants were harvested at 3 am, 7 am when the light was off. As control for
CPbZIPI gene expression in the darkness, harvested leaves after 24 and 72 h under darkness were used.
tkt3 is constitutively expressed in C. plantagineum and served to monitor equal use of RNA in the RT-
PCR (tkt3 was amplified in 28 cycles). Cp LEA-like 11-24 gene was amplified in 28 cycles and CpbZIP1
gene for 35 cycles. rRNA bands indicate equal loading of RNA.
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3.3.3 Sequence similarity of CpbZIP1 protein with other plant species

The bZIP proteins are characterized by basic region and leucine zipper domain in Arabidopsis.
The CpbZIP1 protein from C. plantagineum consists of 139 amino acids with a molecular
weight of 16 kDa (Ditzer et al. 2006). The CpbZIP1 protein sequence was aligned the bZIP
protein sequence of different species to get the percentage similarity. According to the
transcriptome data of C. plantagineum, Vitis vinifera, Populus tricocarpa, Solanum
lycopersicum are shown high homology (Dinakar and Bartels 2013). The sequence of the bZIP
proteins were aligned along with AtbZIP53 from A. thaliana, Zea mays, Oryza sativa (Fig. 3-
29). In addition, the CpbZIP2 protein sequence was added as close homologue of CpbZIP1. The
CpbZIP1 protein showed the highest similarity (94%) with CpbZIP2 from C. plantagineum,
followed by 55% and 51 % identity with Populus tricocarpa and Arabidopsis thaliana. In
contrast, a bit lower amino acid identity was obtained for Orysa sativa (48%), Zea mayze (46%)
and Vitis vinifera (45%). Among the analysed species only AtbZIP53 from A. thaliana which
shows 47% amino acid identity with CpbZIP1, has been demonstrated to have specific function

in seeds (Alonso et al. 2009).
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Fig. 3-29: Alignment of amino acid sequences of different bZIP proteins. Sequences of CpbZIP1 protein
were compared between a CpbZIP2 from C. plantagineum (accession Nr: AAZ72654) as close relative of
CpbZIP1 protein, Solanum lycopersicum (accession Nr: NP_001234339), Oryza sativa (accession Nr.
NP_001054544), Zea mays (accession Nr: NP_001105684), Vitis vinifera (accession Nr:
XP_002282195), Arabidopsis thaliana bZIP53 (accession Nr: NP_191801) and Poulus trichocarpa
(accession Nr: XP_002301511).
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3.4 Generation and molecular characterisation of transgenic plants
ectopically expressing the CpbZIPI gene, (35S::CpbZIP1, S-lines)
To further characterise and understand the role of CpbZIP1 protein in response to abiotic

stresses, plant overexpressing CpbZIP1 were generated through stable transformation (For the

isolation of the ’35S::CpbZIP1’’ cassette and cloning procedure see in part 3.2.1).

3.4.1 Screening of the transgenic plants overexpressing the CpbZIP1 gene and

correlation of CpbZIP1 expression with the level of dwarfism

After 14 day kanamycin-resistant seedlings were transferred from MS-plates supplemented with
kanamycin into the soil. Afterwards, the transgenic seedlings were screened with the
combination of specific primers flanking the CpbZIP1 coding sequence and CaMV35S promoter
such as RTCpbZIP1 F/R, 35S-pRok-F/RTCpbZIP-R in T1 and T2 generation. Totally, more
than 10 transgenic lines were screened in T1 generation. Transcript level of CpbZIP1 gene
was analysed in 5 lines namely S3, S10, S25, S28, S31, S36 (Fig. 3-32). Different phenotype
was found between transgenic lines which can be attributed to the overexpression of CpbZIP1I.
Similar phenotype also was found in GZ and LZ lines harbouring (35S::CpbZIP1+Cp LEA-like
11-24::GUS). None of these phenotypic traits was observed in the Cp LEA-like 11-24::GUS
lines either short or full promoter. The gene was found to be silenced in one of the independent
lines (S10) in T2 generation. In these lines CpbZIP1 expression was abolished at the transcript
level whereas it was present in the genomic PCR amplification. Therefore, the S10 line was
removed from the list of study. Also S12 line was removed from the list, because the seeds were
not viable and only few seedlings were grown. Finally, three independent lines (S28, S31, S36)
were chosen for further analyses.

In these analyses the expression level of transgene was investigated in T1 and T2 generation of
independent lines. 4 week-old plants cultivated in growth chamber were removed from the pots
and the leaves were immediately frozen in liquid nitrogen. Two different phenotypes of each
line were chosen to analyze the transcript expression of CpbZIPI gene (Fig. 3-31). Higher

expression of CpbZIP1 was often found in plants showing more severe phenotype.
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Fig. 3-30:. Silencing of the CpbZIP1 gene in T2 generation of overexpressing S10 line. No transcript
expression of CpbZIP1 gene was observed in the 6 members of S10 line. Genomic DNA amplification
proved the presence of CpbZIP1. Expression of neophosphotransferase II gene proved the insertion of
transgene in transgenic plants. Actin gene expression shows equal use of RNA in the RT-PCR. rRNA
bands indicate equal loading of RNA.
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Fig. 3-31: Expression analyses of CpbZIPIgene in a) T1 generation and b) T2 generation of transgenic
lines overexpressing CpbZIP1 (S-lines). Actin expression determines the equal use of RNA in the RT-
PCR.

3.4.2 Phenotypic analyses of S-lines plants

Phenotypic analyses of transgenic Arabidopsis plants ectopically expressing CpbZIP1 gene were
peformed. 4 week-old Wild-type and transgenic Arabidopsis lines were transferred to the long-
day conditions for flowering. The transgenic lines showed dwarf phenotype with short roots and
stems, abnormal flowers with small siliques and delayed flowering time. Moerover, in these
lines floral buds appeared open with shorter sepal and petal in early stage of flowering when

flowers are supposed to be closed (Fig. 3-32c).
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Fig. 3-32: Phenotypical comparison of
wild type and transgenic S-lines, a) 4
week-old wild type plants show normal
phenotype whereas transgenic S-line
shows dwarf phenotype. b) Dwarf
phenotype of S-line plants in mature stage
c¢) Close up of flower buds in wild-type
and S-lines. Open flower with short sepal
and petal in transgenic lines (S31, S36,
S28) compare to closed buds of wild-type
plants, (Bar= 10 cm).

3.4.3 CpbZIPI overexpressing (S lines) plants under salt stress

The CpbZIP1 protein is a member of S-class bZIP transcription factor. All members of this class
have been demonstrated to function very specifically in the regulation of stress responsive drives
from abiotic stresses or changing energy balances (Weltmeier et al. 2004, Dietrich et al. 2011).
Therefore, the stress responsiveness of CpbZIPI was analysed in transgenic lines ectopically
expressing the bZIP1 protein. (also transcript of the gene showed slight upregulation in
C. plantagineum). Responsiveness of transgenic plants overexpressing CpbZIP1 (S-lines) to the
salt stress was tested at the seedling stage. Transgenic S-lines were grown on MS-kanamycin
plates for 7 days, while wild-type seeds were cultured in MS-medium without kanamycin.
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Afterwards wild-type and kanamycin-resistant seedlings were transferred on MS-medium
supplemented with different concentration of NaCl (0, 100 and 150 mM) and subsequently
grown for 10 days in the respected medium (Fig. 3-33). As 150 mM NaCl was an effective
concentration in inhibiting the seedling growth of wild type plants, the number of seedlings
survived in 150 mM NaCl was counted (Table 3-3). Higher percentage of survived seedlings
was obtained in transgenic lines (89-98%) compared with wild type (56%). Moreover,
Mmeasurement of proline content indicated higher accumulation of proline in response to 150
mM NacCl in transgenic lines than in wild-type plants (Fig. 3-34). Plants accumulate proline as
compatible solute to cope with the stress conditions. Also plants membrane lipids oxidizes under
stress conditions leading to producing malondialdehyde (MDA) which being a toxic compound
for plant, MDA content was measured (Fig. 3-39). MDA level increased in wild-type plants
more than the transgenic S-lines when seedlings were grown on MS medium supplemented with

150 mM NacCl.

Table 3-3: Total number, survived and Percentage of survived seedlings under salt stress.

Salt stress WT S28 S31 S36
Total Number of seedlings 75 75 75 75
Number of survived seedlings 57 67 60 74
Percentage of survived seedlings (%) 76 89 80 98

Nacl( mh Nacl 100 miM Nacl 150 mM

Fig. 3-33: Photographs of WT and transgenic S-line seedlings grown on MS plates. The photos were
taken after 10 day from transferring them to the MS supplemented with 0, 100 and 150 mM NaCl.
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Fig. 3-34: Seedlings of wild-type and transgenic S-lines treated with 100 and 150 mM NaCl. a) MDA
level and b) Free proline content. Values represent the mean + SE from three biological replicates.

3.44 CpbZIPI overexpressing (S lines) plants under drought stress

To check the response of transgenic lines to drought conditions, five week-old wild-type, S28

and S31 overexpressing lines were exposed to drought stress by stopping irrigation (Fig. 3-35).

In general transgenic plants were smaller than the wild-type plants (Fig. 3-35a). Therefore,

different physiological stages of plants could make the comparison of wild-type plants and

transgenic lines difficult. The water content of the soil was measured in the plants grown in a an

equal amount of soil as at the beginning of the experiment
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Fig. 3-35: a) Photos of transgenic and wild-type plants subjected to drought, b) Relative water content of
the soil in the pots with wild-type or transgenic plant after stress application. c¢) Percentage of water loss
in wild type and transgenic plants, 5 days after stopping to water.
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The pots were weighted every 2-3 days for 18 days. After this time, the transgenic plants look
healthier than the wild-type. However, high percentage of soil relative water content was
obtained in transgenic lines than in wild-type plants (Fig. 3-35b).

In addition, %water loss of leaves taken from wild type and transgenic plants were calculated
after 1, 2 and 3 hours (Fig. 3-35¢). Wild type and transgenic plants showed similar percentage of
water loss in different time point. Since the biomass of the transgenic plants is less, it is not
surprising that the transgenic plants take less water than wild type plants. Logically the water

content in soil where transgenic plants are grown will be higher.

3.4.5 Photosynthesis rate in non-stressed plants overexpressing CpbZIP1 gene

Since transgenic plants overexpressing CpbZIP1 showed a dwarf phenotype, photosynthetic
parameters were measured in untreated wild-type and overexpressing CpbZIPI plants to check
whether transgenic plants are healthy (Fig. 3-36). The leaves of 4-5 week-old wild-type and
transgenic plants from three pots were used for this purpose. The graph shown on CO,
assimilation demonstrates that the transgenic plants at different light intensities have higher
photosynthetic rates than wild-type plants. However, no significant differences was observed
among transgenic and wild-type planats, suggesting higher rates of CO, assimilation in these
plants (Fig. 3-36a). The differences between wild type and transgenic plants in yield of PSII are
marginal as shown in Fig. 3-36b.

The photosynthetic electron transport rate is higher in transgenic lines than in wild-type plants
(Fig. 3-36¢c). However, it shows variation among the transgenic plants. The increase in non-
photochemical quenching at all light intensities in one transgenic plant (S28) suggests that this
transgenic plant is better photoprotected than the others (Fig. 3-36d). These parameters suggest
that transgenic plants are healthy. Moreover, the enhanced photosynthetic performance, electron
transport rate and better photo protection mechanisms show better performance of these

transgenic plants than wild-type plants.
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Fig. 3-36: Photosynthesis measurements in wild-type and transgenic plants overexpressing CpbZIP1
under non-stressed conditions in various light intensity. a) CO2 assimilation rate, b) The yield of
photosystem 1I, c) Electron transport capacity, d) Non photochemical quenching. All photosynthetic
parameters were measured in 4-5 week-old transgenic (S lines) and wild-type plants. The measurements
are mean + SE. from three biological replicates.

3.4.6 CpbZIPI overexpressing (S-lines) plants under dark stress

In previous sections (part 3.3.2 Fig. 3-28), the kinetic expression of gene encoding CpbZIP1
showed demonstrated the upregulation of gene during dark period and after 7 hours darkness,
while it expressed constitutively during the day. The upregulation of CpbZIPI during dark
conditions may have a specific function. To analyses the function of CpbZIP1 in the dark, 4-5
week-old Arabidopsis plants overexpressing CpbZIP1 were cultivated in dark condition for 4
and 8 days (Fig. 3-37a). Control plants were cultivated in similar condition along with light. The
proline level was higher in untreated transgenic plants than that of wild type. However,
differentially than in wild-type, proline content in transgenic lines sharply decreased after 4 days
of dark treatment. After 8 days of darkness, the proline content was increased in wild type as

well as transgenic lines. The proline level almost reached the level of control conditions in wild
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type. This suggests that plants possess particular regulatory mechanism to compensate the
carbon limitation in severe starvation. Expression of ProDH after 4 days of darkness showed

upregulation of this gene in both, dark- treated or non-treated plants (Fig. 3-37c¢).
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Fig. 3-37: 5-week-old wild type and transgenic plants overexpressing CpbZIP1 were subjected to dark
treatment. a) Proline content of wild-type and transgenic plants under prolonged darkness, control plant
kept in short day room. Standard errors are displayed as error bars. Asterisks indicate statistical
significance (* P < 0.05) in comparison with the corresponding wt plants. b) Photos of wild-type and
transgenic lines after 0, 4 and 8 days of dark treatment. c) Expression of ProDH in wild-type and
transgenic lines under light (L) or dark (D) conditions.
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3.4.7 Effect of nitrogen source on the growth rate of transgenic plants
overexpressing CpbZIP1 gene

To support the results obtained from transgenic plants overexpressing CpbZIPI, one

independent transgenic plant (GZ21) belongs to the GZ line harbouring '35S::CpbZIPI1+Cp

LEA-like 11-24::GUS’ (short promoter) was used in all physiological experiments.

3.4.7.1 Effect of proline in rescuing the growth of transgenic plants

Proline is the major component of cell wall proteins, therefore the presence of this amino acid is
crucial for plant growth (Verslues and Sharma 2010). ProDH plays a crucial role in proline
degradation in Arabidopsis plants after releasing the stress conditions. Since, dwarf phenotype
were observed in transgenic plants overexpressing CpbZIPI (S lines), in addition, the ProDH
gene was up regulated in these plants, the effect of proline in rescuing the growth rate of
transgenic plants was analysed. The seedlings were grown on MS+kan (kanamycin) and after 7-
days transferred to the MS+N (nitrogen source) as described by Murashige and Skoog (1962) or
MS+N+5 mM proline.

The seedlings were subsequently grown for two weeks on MS+N+5 mM. However proline
could not rescue the growth of transgenic plants (Fig. 3-38). Measurement of chlorophyll
contents resulted in significantly lower chlorophyll contents in the transgenic seedlings grown
on MS+N+5 mM proline compared with those grown on MS+N.

It suggests that addition of proline to the MS medium has a toxic effect in transgenic plants.
Toxicity of proline accumulation in plant cells is known from different plants (Mani et al. 2002,
Nanjo et al. 2003; Verbruggen and Hermans 2008). It has been reported that toxicity of proline
in these plants is derived from pyrroline-5-carboxylate (P5C) accumulation, which increases
reactive oxygen species (ROS) production and causes stress for plants (Hellmann et al. 2000;

Deuschle et al. 2004; Verbruggen and Hermans 2008).
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Fig. 3-38: Effect of proline on the growth rate of transgenic lines: a) MS+N (Murashige and Skoog
1962). b) MS+N+5 mM. c) Chlorophyll content of treated and non-treated transgenic lines. Data are
means+ SE from three replicates. The significance of differences between treatments was determined by
one-way ANOVA (p<0.05).

3.4.7.2 Utilization of proline as a nitrogen source in transgenic plants overexpressing the
CpbZIPI gene

To understand whether transgenic plants can utilize the proline as nitrogen source, wild type and
transgenic lines were grown in MS-medium with and without nitrogen source. Nitrogen sources
in MS-medium (NH4NO3 and KNO3) were substituted with 20 mM KCI, (Murashige and Skoog
1962) and supplemented with 15 mM sucrose. Transgenic lines were first grown in MS+Kan for
one week and then transferred to the respected plates for two weeks. The comparison of plants
grown on MS-medium without nitrogen source and with those grown on the similar medium
supplemented with proline indicated that transgenic plants are able to use proline as a nitrogen
source. It demonstrates no defect in the nitrogen utilization pathway (Fig. 3-39 a,b).

The comparison of chlorophyll content of transgenic lines with that of the wild-type plants

showed that transgenic lines could grow in MS-N medium better than wild-type plants. In this

medium transgenic seedlings retained higher chlorophyll levels than wild type (Fig 3-39 d.e f,g).
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In addition, transgenic seedling in MS medium with out nitrogen source started bolting earlier
than wild type.This suggests the use of endogenous proline as nitrogen source for growth. The
transcript accumulation of ProDH gene was also up regulated in transgenic plants (Fig. 3-39 c).
Therefore, it is assumed that transgenic lines may contribute in remobilizing the amino acids in

nitrogen deficiency conditions.
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Fig. 3-39: Use of proline as nitrogen source in wild-type and transgenic plants: a) 7 day-old seedlings
were grown in MS-N (MS-medium without nitrogen source) b) seedlings were grown in MS-N+5 mM
proline at a concentration of 5 mM. c) Transcript expression of ProDH in untreated transgenic lines and
wt. d) Chlorophyll content of wt and transgenic lines in MS-N and MS+N medium. e) Chlorophyll
content of wt and transgenic lines grown on MS-N plate supplemented with SmM proline. f and g) 7 day-
old wt and transgenic S31seedlings were grown on MS+N or MS-N plate for 2 weeks. Transgenic
seedlings grew better than wild type and start bolting. Red signs show bolted seedlings. Data are means +
SE from three replicates. The significance of differences between treatments was determined by one-way
ANOVA (p<0.05).
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3.4.8 Proline content in transgenic plants overexpressing CpbZIP1

As proline dehydrogenase (ProDH) was upregulated in the transgenic plants overexpressing the
CpbZIP1 gene, proline accumulation was measured in different organs of these lines and
subsequently compared to wild type. The proline level was measured in vegetative organs of 2, 3
and 4 week-old plants and reproductive organs as flowers and siliques. Since, the proline level
can vary during the day or night, the plant material was harvested always in the afternoon. In
both 2 week-old seedlings, 3 and 4 week-old plants, the proline was accumulated at higher level
in leaves of transgenic plants than that of wild type. In addition proline level was higher in the
flower, young and mature siliques of transgenic plants, suggesting the up-regulation of the genes

responsible for proline biosynthesis in transgenic plants.
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Fig. 3-40: Proline accumulation in wild-type and transgenic lines overexpressing CpbZIP1. Proline was
measured in the leaves of a) 2 week-old seedlings, b) 3 week and 4 week-old plants c) proline level was
measured in flowers and siliques. Y-sil=young siliques, M-sil=mature siliques, O-sil=old siliques; d)
three different sizes of siliques were used for proline measurements (Yung, Mature, Old).
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3.4.9 Effect of proline on root elongation of transgenic plants overexpressing

CpbZIPI
To evaluate the effect of external supply of proline on root elongation in transgenic plants,
different concentrations of proline (5, 10 and 20 mM) were tested for 10 days in 7 day-old
seedlings. Seedlings grown in 20 mM of proline were dead while 10 mM did not show any
alteration in phenotype of wild type and transgenic seedlings. Thus, 10 mM proline was added to
the media. In Arabidopsis the concentration of proline higher than 10 mM has been reported
(Mani et al. 2002). The experiment was performed in two levels, with sugar and without sugar
for better mimic the environment of soil grown plants (Sharma et al. 2011). After one week of
growing in the respected media, root elongation was analysed (Fig. 3-41). The results
demonstrated that addition of proline to the medium supplemented with/without sucrose did not

have any effect on the root elongation of transgenic lines and did not rescue the root defect.
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Fig. 3-41: Effect of proline on root elongation in transgenic lines. 7 days-old seedlings were transferred
to the MS+sucrose with/without 10mM proline. a) Root length was measured after 10 days in different
media. b) Photo of root elongation in different media. The photos were taken after 10 days of growth.
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Discussion

Desiccation tolerance is a very complex trait. Numerous genes involved in desiccation tolerance
have been characterized in C. plantagineum (Michel et al. 1994; Velasco et al. 1994; Ditzer et
al. 2006; van den Dries et al. 2011). Promoter regions play an important role in transcriptional
expression of genes regulated by desiccation tolerance (van den Dries et al. 2011). Since
promoters are the main regulatory elements for enhancing the transcriptional efficiency, our
focus was at the study on transient transformation methods to understand promoter function in
response to different abiotic stresses. The first objective of this study was optimization of the
Agrobacterium-mediated transient transformation method to analyze the promoter activity in
three closely related species of Linderniaceae family (C. plantagineum, L. brevidens and
L. subracemosa). The optimized method was used for cross comparison of the LEA-like 11-24
promoter fragments of these species. The trans-activation of the Cp LEA-like 11-24 promoter by
the CpbZIP1 transcription factor was examined in homologous and heterologous systems. Also,
the stress responsiveness of the gene coding CpbZIP1 was studied under different abiotic stress
conditions. Finally, for functional analyses transgenic Arabidopsis plants overexpressing

CpbZIP1 were generated.

4.1 Optimization of a new transient transformation method was essential

for studying the promoter function in C. plantagineum

Transient transformation is a suitable method for analysing promoter activity in different plants
species (Basu et al., 2003; Endo et al. 2008). Transient transformation methods are a rapid
choice to analyze the promoter function in compare to stable transformation. On the other hand,
stable transformation allows the insertion of a gene in random genomic position. As a result, it
may have an effect on the expression level of gene based on chromosomal insertion
position.(Yang et al. 2000).

Different transient expression studies including biolistic bombardment (Christou 1995; van den
Dries et al. 2011; Liu et al. 2014), protoplast transfection (Michel et al. 1994; Yoo et al. 2007;
Ohkama-Ohtsu et al. 2008) and Agrobacterium-mediated transient transformation methods
(Yang et al. 2000; Li et al. 2009; Xu et al. 2014) have been applied in different studies. These

transient transformation methods practically faced some difficulties in C. plantagineum. For
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instance, protoplast isolation in C. plantagineum leaves is difficult because of the presence of
thick leaves and the fragile nature of protoplasts. Both methods of protoplast isolation and
particle bombardment are not suitable for quantitative measurements of promoter activities.
Therefore, development of a new transient expression method was proposed (van den Dries
2010). In this study Agrobacterium tumefaciens-based large-scale transient transformation
method was optimized in three closely related species to analyze and compare the LEA like-11-
24 promoter activities in homologous and heterologous backgrounds in response to ABA and
osmotic stress. The method was optimized according to the FAST procedure (Fast Agro-
mediated Seedling Transformation) which has been developed for A. thaliana seedlings (Lie et

al. 2009).

4.1.1 Agrobacterium-mediated transient transformation has been successfully
optimized in two desiccation tolerant and one desiccation sensitive

Linderniaceae members
Comparative analysis using physiological, biochemical and molecular approaches, between
desiccation tolerant C. plantagineum, L. brevidens and desiccation sensitive species,
L. subracemosa is very important for understanding desiccation tolerance mechanisms (van den
Dries et al. 2011; Dinakar et al. 2012). To analyze the comparative promoter functions in these
three species, the important parameters in enhancing the transformation efficiency such as leaf
size, Silwet L-77 concentration, bacterial density and duration of co-cultivation was optimized
for three species. Silwet L-77 plays a similar role to the vacuum infiltration and facilitates the
delivery of A. tumefaciens cells (Desfeux et al. 2000; Li et al. 2009). Silwet L-77 in co-
cultivation medium reduces plant surface tension with less phytotoxicity (Whalen et al. 1991).
Therefore, the dissolved Silwet L-77 in aqueous solution spreads over the leaf and penetrates in
open stomata (Whalen et al. 1991). In L. subracemosa, GUS activity increased with 0.005%
(v/v) Silwet L-77 and declined sharply with 0.0075% (v/v), whereas 0.0075% (v/v) Silwet L-77
concentration enhanced GUS activity in C. plantagineum and was slightly reduced with 0.01 %
Silwet concentration, indicating essential requirement for optimizing the method in different

species. The transformation with optimal Silwet concentration enhanced GUS activity 4.2, 2.4
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and 3.1 fold in comparison to control conditions (Silwet concentration = 0%) in C.
plantagineum, L. brevidens, L. subracemosa respectively. The results for the optimal Silwet
concentration are in agreement with other Agrobacterium mediated-transformation studies in
wheat, soybean or Arabidopsis that showed the positive effect of Silwet L-77 on transformation
efficiency (Clough and Bent 1998; Wu et al. 2003; Li et al. 2009). In addition, optimization of
the bacteria concentration in the co-cultivation medium improved the transformation efficiency
which is consistent with the reports of legumes (Kapila et al. 1997), cottonwood (Han et al.
2000), tobacco (Krugel et al. 2002) and Arabidopsis (Clough and Bent 1998; Li et al. 2009). In
the case of C. plantagineum a concentration of bacteria equal to ODgno= 2 increased the GUS
activity, but caused necrosis in leaves. Higher bacteria density ODgy > 2 damaged the leaf
tissues and decreased the GUS activity demonstrating toxicity of high bacteria density in plant
cells (Voinnet et al. 2003).

We were able to optimize the duration of co-cultivation using the optimal Silwet L-77 and
bacteria concentration in the co-cultivation medium. The highest transformation efficiency in
L. subracemosa was observed after 48 hours co-cultivation, whereas in C. plantagineum and
L. brevidens 60 hours co-cultivation caused highest transformation efficiency. Duration of 72
hours co-cultivation was lethal for L. subracemosa while 96 hours for C. plantagineum and L.
brevidens. That corresponds with previous data where the duration of Agrobacterium co-
cultivation varies from 2-7 days (Han et al. 2000; Somleva et al. 2002; Li et al. 2009; Xu et al.
2014) whereas a period of 2-3 days is commonly use. Finally, after optimization we observed a
12.5, 3.5 and 2.7 fold increase of GUS activity in C. plantagineum, L. brevidens and L.
subracemosa leaves in comparison to transformation before optimization, when only the FAST

method was followed.

4.1.2 Promoter activities can be analyzed in the three species of Linderniaceae by

Agrobacterium co-cultivation method
After optimization of co-cultivation method in three species using control construct (35S::GUS),
small inducible promoter fragments of the LEA-like 11-24 from three species (promoter::GUS)
were introduced into homologous leaves via co-cultivation. When the optimized method was
employed, a similar activity was observed for the LEA-like 11-24 promoter fragments compared
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to both stable transformation (Velasco et al. 1998) and particle bombardment (van den Dries et
al. 2011) in response to ABA and mannitol. The host defense response to Agrobacterium co-
cultivation has been suspected to have an influence on activity of promoters (Pruss et al. 2008;
Rico et al. 2010). But the expression pattern of Cp LEA-like 11-24 in response to mannitol and
ABA in homologous leaves is comparable with that of particle bombardment (van den Dries et
al. 2011). Higher GUS expression of Cp LEA-like 11-24 promoter in response to mannitol than
ABA in C.plantagineum leaves (Fig. 3-6) is in agreement with particle bombardment
observations (van den Dries et al. 2011). High promoter activity of Cp LEA-like 11-24 in co-
cultivation confirmed the fundamental role of the DRE motif (dehydration responsive element)
(Fig. 3-5) in Cp LEA-like 11-24 promoter fragment in stress responsive conditions (van den
Dries et al. 2011). The DRE motif, which is presents only in the Cp LEA-like 11-24 promoter
fragment (van den Dries et al. 2011), mediates the stronger expression of the C. plantagineum
promoter than Lb and Ls LEA-like 11-24 promoter fragments.

While both transient transformation methods (co-cultivation and particle bombardment) have
their own benefit, remarkable advantages of co-cultivation can overcome that of particle
bombardment method (Ko and Korban 2004; Lopez et al. 2004; Takata and Eriksson 2012; Xu
et al. 2014). These advantages are including large scale transformation of plant tissue, high
transformation efficiency, low cost procedure, capability in quantitative measurement of
promoter activity and possibly transcript expression analyses. These results demonstrate that the
optimized protocol is an efficient and suitable method for analysing the promoter functions in

transiently transformed leaves of C. plantagineum, L. brevidens and L. subracemosa.

4.1.3 Trans-regulatory factors responsible for Cp LEA-like 11-24 promoter are
present in drought tolerant and sensitive species

The comparison of Cp LEA-like 11-24 promoter activity in two other heterologous backgrounds

such as L. brevidens and L. subracemosa revealed the induction of Cp LEA-like 11-24 promoter

fragment in two other species. Similarly, the Lb and Ls LEA-like 11-24 promoter fragments

showed activity in C. plantagineum and two Lindernia species, suggesting the presence of trans-

regulatory factors essential for the induction of LEA-like 11-24 promoter fragments in two
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desiccation tolerant and a desiccation sensitive species. The Cp LEA-like 11-24 promoter which
contains two conserved ABA-responsive elements (ABRE cis-elements), similar to that of L.
brevidens and L. subracemosa, and additional DRE motif revealed high promoter activity in
homologous species and two heterologous background, confirming the fundamental role of
promoter type and architecture in the expression level of the Cp LEA-like 11-24 promoter
fragment (van den Dries et al. 2011). Functional promoter analyses of LEA-like 11-24 from three
related species of Linderniaceae via particle bombardment revealed that the level of GUS
expression is related to the promoter type, number, position and distribution of functional cis-
acting elements (Braun 2011, van den Dries et al. 2011). However, we cannot exclude the trans-
environment effect, specific for each species in the activity of promoters (Fig. 3-8). For example
the Cp LEA-like 11-24 promoter showed highest activity in homologous background, while the
expression was slightly decreased in L. brevidens and L. subracemosa background. Protein
sequence similarity of the LEA-like 11-24 between C. plantagineum and L. brevidens is 46%
while, it is 51% between C. plantagineum and L. subracemosa proteins (van den Dries 2010).
These differences may relate to species-specific proteins as C. plantagineum belongs to
Craterostigma genus, whereas L. brevidens and L. subracemosa belongs to Lindernia genus
(Rahmanzadeh et al. 2005).

However, little is known about the trans-acting factors participating in transcriptional regulation
of the LEA-like 11-24 promoters. Recently, Braun (2011) showed that when a DRE motif from
the Cp LEA-like 11-24 promoter fragment was inserted in the same position in Lb and Ls LEA-
like 11-24 promoter fragments promoter activities were significantly enhanced in response to
ABA and osmotic stress. Similarly, when the DRE motif was removed from the Cp LEA-like
11-24 promoter, the GUS activity was comparable with that of L. brevidens and L. subracemosa.
This demonstrates trans-regulatory elements which is binding to the DRE element is present in
three species and promoter sequence and architecture is more important in the activity of
promoters. Altogether these findings demonstrate the presence of essential trans-regulatory

factors responsible for Cp LEA-like 11-24 promoter in three species and
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4.2 GUS activity was not increased in trans-activation of Cp LEA-like 11-24

promoter by CpbZIP1 protein

The interaction of CpbZIP1 transcription factor with Cp LEA-like 11-24 promoter fragment has
been reported in C. plantagineum using yeast-one hybrid assay (van den Dries et al. 2011). It is
assumed that CpbZIP1 binds to the Cp LEA-like 11-24 promoter in C. plantagineum during
desiccation. Trans-activation was performed to evaluate the effect of over-expression of the
CpbZIP1 transcription factor in activating the Cp LEA-like 11-24 promoter. GUS activity was
analyzed in stably transformed Arabidopsis plants with a short (307 bp) or a long promoter
fragments (1.5 kbp) of Cp LEA-like 11-24. GUS expression did not increase in response to ABA
in transgenic Arabidopsis lines containing ’35S::CpbZIP1+Cp LEA-like 11-24 GUS”
compared to ’Cp LEA-like 11-24 GUS’’ in leaves. This is in agreement with the results of trans-
activation assay via Agrobacterium-mediated transient transformation in C. plantagineum,
L. brevidens and L. subracemosa (in this research Fig. 3-13; 3-14). In previous studies, the
CaMV 358::CpbZIP1 construct was co-bombarded with Cp LEA-like 11-24::GUS and CaMV
35S::GFP vectors into C. plantagineum leaves via particle bombardment (van den Dries 2010).
Even though trans-activation experiments were performed with different concentration ratios,
the level of Cp LEA-like 11-24 promoter activity co-expressed with CpbZIPI was not enhanced
in comparison with that of the Cp LEA-like 11-24 promoter alone in response to ABA or
mannitol (van den Dries 2010). Similar results were obtained in trans-activation of another stress
inducible promoter the CpC2 by CpbZIP1 using particle bombardment in C. plantagineum
(Ditzer et al. 2006). The interaction of CpbZIP1 protein with the CpC2 promoter has also been
reported. These authors proposed that 1) transient expression of the CpbZIP1 was not sufficient
to enhance the activity of the Cp LEA-like 11-24 promoter fragment, 2) the CpbZIP1 required
post translational modification to be active and likely activation of CpbZIP1 protein depends on
other proteins to induce the promoter. Though, based on our observations, other reasons might
explain the low GUS activity in the concerned transgenic lines. It must be noticed that, the
transgenic Arabidopsis plants overexpressing CpbZIPI1 (35S::CpbZIP1) have shown similar
phenotype with transgenic plants containing the ’35S::CpbZIP1+Cp LEA-like 11-24::GUS”

cassette, in addition both direction of CpbZIPI in the cassette showed similar results in
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Agrobacterium-mediated transient transformation assay. Therefore, we should exclude the effect
of construct structure in obtained low GUS activity in transformed plants.

1) Contribution of heterologous background for CpbZIP1 mediates lower promoter activity:

The first reason could be that the partner proteins are not available in A. thaliana as heterologous
background for CpbZIP1 protein to form dimmers. The CpbZIP1 protein sequence shows
homology with the S1-class of bZIP proteins from Arabidopsis (Ditzer et al. 2006; van den
Dries 2009). Members of this class of bZIP proteins preferentially heterodimerize with members
of the C-class in tobacco (Strathmann et al. 2001), parsely (Riigner et al. 2001) and Arabidopsis
(Ehlert et al. 2006, Hanson et al. 2008; Dietrich et al. 2011) in response to different abiotic
stresses. But the homodimerization capacity is very weak, for instance, homodimerization of
AtbZIP63 (C-class) or AtbZIP1 (S1-class) in a yeast-two-hybrid assay produces GUS activity of
1.0 and 0.38 units respectively compared to 22.1 units in heterodimerization of these two bZIPs
(Ehlert et al. 2006). In C. plantagineum the trans-activation experiment in homologous leaves of
Craterostigma also was performed via Agrobacterium-mediated transient transformation, and
the results were identical with these in stable transgenic lines. Therefore, the formation of
CpbZIP1 dimers in homologous or heterologous background may be less relevant to explain our
observations. The CpbZIP1 protein in homologous background also was not able to increase
GUS activity.

2) Repressor functions of CpbZIP1 protein:

As bZIP transcription factors in the S1-class do not contain any activation domain, they might
exert their function through either heterodimerization with other bZIPs or constitutive binding to
DNA, thus preventing other transcription factors to bind to the cis-elements in the target gene
promoters (Jakoby et al. 2002). The bZIP proteins regulate the expression of the target genes
through dimerization specificity. The dimerization specificity of bZIP proteins in Arabidopsis
has been predicted (Deppmann et al. 2004). Heterodimerization of AtbZIP53 (S1-class) and
AtbZIP10 (C-class) may mediate activation of transcription independently from the DNA-
binding properties. This demonstrates a specific mechanism in regulation, activation and
function of transcription factors (Weltmeier et al. 2006). Specific heterodimerization of bZIP53

was shown to change the function and activity in Arabidopsis (Weltmeier et al. 2006; Ehlert et
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al. 2006). For example AtbZIP53 and all S1-class bZIP proteins are able to bind the ACTCAT
motif in the proline dehydrogenase gene (PrODH) promoter in combination with C-class bZIP
and differentially regulate the gene (Weltmeier et al. 2006). Therefore, heterodimerization of
transcription factors allow numerous combinations of protein complexes which can have
different and sometimes opposite function. (Naar et al. 2001). Over-expression of AtbZIP11
down regulates a few transcription factors such as AtbZIP10, AtbZIP25 and AtbZIP1 (Hanssen
2009). Analysis of the downregulated genes demonstrated that the mechanism of repression
differs from that of activation. It has been reported that AtbZIP11 represses the genes via
indirect binding to the conserved motif in the promoter region (Hanssen 2009). But most
transcription factors can repress the genes by binding a conserved site with specific heterodimer
formation (Gaston and Jayaraman 2003).

3) Inhibition of DNA-protein interaction by non-equimolar ratio of protein:

Negative DNA-protein interaction might be due to non-equimolar ratio of the protein (Kang et
al. 2010). Inhibition of LEA-like 11-24 promoter activity by constitutively expressed CpbZIP1
protein could be due to heterodimer formation by non-equimolar ratio of partner proteins. For
instance, heterodimer formation of AtbZIP63 (C-class) and AtbZIP1 (S1-class) have a negative
effect on binding to the ACGT motif in a concentration dependent manner, thus reducing the
DNA-protein dimerization (Kang et al. 2010).

In Arabidopsis different heterodimer transcription factors regulate a single gene in different
ways. For example, ProDH can be regulated with different heterodimer complexex of all bZIPs
in S1-class (AtbZIP1, AtbZIP2, AtbZIP11, AtbZIP44, AtbZIP53) (Satoh et al. 2004; Weltmeier
et al., 2006). AtbZIP11 has been demonstrated to form dimers with other proteins based on the
availability of proteins and activates the ProDH gene in ACTCAT motif in response to
hypoosmolarity, starvation and sucrose level differentially. However, homodimer formation
poorly activates the ProDH (Weltmeier et al. 2006).

4) Absence of uORF in the 5’ region of CpbZIP1:

The CpbZIP1 belongs to Sl-class bZIPs (Ditzer et al. 2006), which is characterized by a
conserved upstream open reading frame (UORF) (Martinez-Garcia et al. 1998; Jakoby et al.

2002; Strathmann et al. 2001; Wiese et al. 2004; Dietrich et al. 2011). The protein deduced from
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this region is known to regulate post-translational modification of proteins (Morris and Geballe,
2000). It has been shown to have SIRT activity (sucrose-induced repression of translation)
which represses the bZIP protein translation in high sugar conditions (Morris and Geballe, 2000;
Wiese et al. 2004; Dietrich et al. 2011). SIRT mechanism as post transcriptional repression has
been reported in all members of S1-class (Weltmeier et al. 2009) which controls the sugar level
in the cells. The AtbZIP1I controls nitrogen and carbon level through SIRT mechanism
(Gutierrez et al., 2007).

In a previous study, the CpbZIPI gene was isolated from C. plantagineum (Ditzer et al. 2006).
The binding of this transcription factor to the small stress inducible promoter fragment, the
CpC2, was confirmed in yeast-one-hybrid assay (Ditzer et al. 2006; van den Dries 2010). But
the effort to isolate the upstream region of the CpbZIPI coding sequence failed. Therefore, it is
not clear whether this CpbZIP1 gene also contains a long 5’-leader sequence containing small
upstream open reading frames (UORF) (Ditzer et al. 2006). On the other hand, the second
isolated gene (CpbZIP2) which shows 94% identity with the CpbZIP1 protein contains uORF
sequence. If the CpbZIP1 coding sequence actually contains the uORF in C. plantagineum, the
transgenic Arabidopsis lines generated in this work thus lack the uORF in the coding sequence
of CpbZIP1 gene. Therefore, the function is affected. Most likely, during photosynthesis when
sugar levels go up in the cells; all S1-class bZIPs of Arabidopsis are repressed through SIRT
mechanism. Only CpbZIP1 proteins will likely form homodimer or heterodimerize with the
bZIP proteins from other groups. No increase of the promoter activity will observed if such

homodimers or heterodimers bind to the promoter of Cp LEA-like 11-24-GUS.

4.3 CpbZIP1 transcript expression under abiotic stress conditions
To understand the biological function of CpbZIP1 transcription factor, the expression of
CpbZIP1 gene was evaluated in C. plantagineum leaves and roots in response to ABA,
dehydration and salt treatments (sodium chloride) during different time points or different
concentrations. Expression analyses of the gene encoding CpbZIPI in C. plantagineum
demonstrated that the gene is slightly induced in response to dehydration and ABA in leaves,
while constitutive expression is obtained in roots (Fig. 3-24). In contrast, expression of CpbZIP1
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in response to salt treatment increased in the roots, whereas it remained unchanged in leaves
(Fig. 3-26). In previous studies, only three stages of C.plantagineum plant (untreated,
dehydrated and rehydrated leaves and roots) were analysed without considering different time
points (Ditzer et al. 2006; van den Dries 2010). Consequently, constitutive expression of
CpbZIP1 under stressed (drought, ABA) and non-stressed conditions was observed, which may
not determine the expression of the CpbZIP1 gene accurately. The results obtained in this study
using different time points or concentrations for all stress treatments led to accurate estimation
of CpbZIP1 expression in response to abiotic stresses and demonstrated stress induciblity of the

CpbZIP1 gene.

4.3.1 CpbZIPI gene from C. plantagineum is slightly induced under drought and
ABA treatments in leaves

RT-PCR analyses demonstrated slightly induction of CpbZIPI gene by stress treatments,

drought and ABA, in leaves. Similarly, the moderate transcriptional responses of S1-class

AtbZIPs from Arabidopsis in stress conditions have also been reported (Kaminaka et al. 2006;

Weltmeier et al. 2009). In A. thaliana AtbZIP1 has been shown to be slightly induced in

response to ABA (Zimmermann et al. 2004) .Induction in CpbZIP1 gene under stress conditions

shows the stress responsibility of transgene.

4.3.2 The CpbZIPI gene from C. plantagineum is induced by salt stress in roots

The expression analyses of the CpbZIP1 gene revealed accumulation of its transcript in response
to different concentrations of salt in roots, while transcript levels remained unchanged in leaves.
Weltmeier et al. (2009) using in silico analyses showed the expression profile of all members of
S1-class of AtbZIPs in Arabidopsis under different abiotic stresses. Among them only ArbZIP1
and ArbZIP53 transcripts were inducible by salt treatment in roots. In contrast, expression of
AtbZIP1 was repressed by salt in leaves, whereas that of AtbZIP53 remained unchanged.
AtbZIP11 transcript was strongly induced only in leaves under salt stress. Therefore, transcript

expression of CpbZIPI in response to salt treatments is in agreement with the expression of
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AtbZIP53 in leaves and roots. AtbZIP53 is the only gene in the S-class of Arabidopsis, which the

expression is abundantly induced during seed development (Alonso et al. 2009).

4.3.3 Distinct expression pattern of CpbZIP1I in response to different abiotic

stresses
The observation that the expression of CpbZIP] is induced only in roots after salt treatments but
not under dehydration or ABA treatments indicates the differential regulation of CpbZIP1 gene
in response to dehydration/ABA and salt treatments in roots. In addition, the expression of
CpbZIP1 in leaves slightly induced under dehydration and ABA. Complex regulation of AtbZIP
transcription factors in the leaves and roots is reported by Kilian et al. (2007) using a
transcriptome data set. The authors showed that exposure to stress treatments usually leads to the
induction of AtbZIPs only in one organ of the plants. It has been shown that five members of S1-
class AtbZIPs (AtbZIPl, AtbZIP2, AtbZIPl1, AtbZIP44 and AtbZIP53) are differentially
expressed in the leaves and roots of Arabidopsis in response to different stresses (Zimmermann
et al. 2004; Alonso et al. 2009; Weltmeier et al. 2009; Kang et al. 2010; Dietrich et al. 2011; Ma
et al. 2011). For instance, expression of AtbZIP53 can be observed in mid and late maturation
stage of seeds and under the particular stress conditions such as salt treatment in roots
(Weltmeier et al. 2009). In contrast, AtbZIP1 is induced by cold and salt stresses in roots, while
the transcript level decreased in leaves under the same treatments (Weltmeier et al. 2009).
Therefore, these observations suggest a specific and complex expression of CpbZIP1 gene in

leaves and roots under different abiotic stresses.

4.4 Molecular and functional analyses of the CpbZIP1 protein in transgenic

plants overexpressing CpbZIP1

Transcription factor analysis involves studying of the gene expression, function and regulation
(Thomashow, 1999; Shinozaki and Yamaguchi-Shinozaki 2003; Sakuma et al. 2006). One way
to identify the biological function of the genes is by generating “’gain of function’ or “’loss of

function”” mutant plants. This can be done by analysing knock-out plants or transgenic lines
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that overexpress the gene of interest. Most of the resurrection plants are polyploid and have
large genomes, which makes it difficult to knock out a particular gene (Rodriguez et al. 2010;
Dinakar et al. 2013). C. plantagineum is a polyploid species for which generation of loss of
function mutant was not possible by using currently available methods (Furini et al 1994;
Dinakar et al. 2012). Therefore, Arabidopsis transgenic lines overexpressing CpbZIP1 coding

sequence were generated to study selective functions of CpbZIP1 protein in Arabidopsis.

4.4.1 Dwarf phenotype in transgenic plants

Arabidopsis transgenic plants overexpressing CpbZIPI (S-lines) from C. plantagineum were
analyzed based on morphological characteristics. Dwarf phenotypes with abnormal flower,
small siliques and delayed bolting were observed in transgenic lines overexpressing CpbZIP1
(Fig. 3-31). Strong dwarf phenotypes showed higher expression of the CpbZIPI gene, whereas
lower expression of the CpbZIPI was correlated with a slight alteration in the phenotype.
Overexpression of bZIPs from Arabidopsis such as AtbZIP11 and AtbZIP2 also generated dwarf
phenotypes (Dietrich et al. 2011). Moreover, Alonso et al. (2009) showed that over-expression
of AtbZIP53 in Arabidopsis resulted plants slowly growth phenotype and dwarfism. As
AtbZIP53 is highly expressed during seed development, dwarf phenotypes in transgenic plants
overexpressing AtbZIP53 were correlated with missexpression of maturation genes (MAT) in
vegetative tissues. These authors showed that transcripts of maturation genes such as albumin
(282), cruciferin (CRU3) were accumulated.

Similarly, CabZIPI1 from pepper (Capsicum annuum) which is also stress responsive
transcription factor leads to the alteration in phenotype when overexpressed in A. thaliana.
Altered phenotype is probably due to defects in the ability to transmit hormones signaling and is
presumed to play a negative regulatory role in development of hormone signaling (Karlowski et
al. 2003; Kuhlmann et al. 2003).

Observation of dwarf phenotypes in overexpressing CpbZIP1 plant could be due to one of those
reasons mentioned above. Further analyses are needed to confirm the function of the CpbZIP1

protein in growth and development.
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4.4.2 Moderate stress tolerance of transgenic plants

Stress responsiveness of transgenic lines overexpressing CpbZIP1 (S-lines) was investigated by
exposure of the seedlings to different concentrations of salt (Fig. 3-33, 34). Stress tolerance of
these plants is explained via higher accumulation of proline (Kreps et al. 2002) and reduction of
malondialdehyde (MDA) as a marker of free-radical-catalyzed lipid peroxidation (Weber et al.
2004). According to our results, accumulation of proline in untreated transgenic seedlings is
higher than in the wild-type plants (Fig. 3-34). The proline content was increased and MDA
level decreased in the seedlings grown on 150 mM salt. However, proline content and MDA
level were not significantly different from wild-type plants in the seedling grown on 150 mM
salt suggesting moderate salt stress tolerances of transgenic lines.

In addition, stress responsiveness of of transgenic plants in dehydration condition showed
moderately, better performace of transgenic plants. However, relative water content of soil and
% water loos in leaves of wild type and transgenic plants demonstrated that wild-type plants
which have more biomass than transgenic plants loos water faster than transgenic plants.
Looking at the picture (Fig. 3-35a), although both have similar water loos, transgenic plants
seems to sustain dehydration stress. This could be due to remobilizing nutrient from the old
leaves.

Altogether, dehydration tolerance of transgenic plants can not be confirmed based on different

size and consequently different physiological stages.

4.4.3 The involvement of CpbZIP1 protein in energy homeostasis/starvation

Time dependent expression of the CpbZIP1 gene demonstrated constitutively expression of gene
during light. However, the induction of CpbZIP1 gene was observed during the dark period (Fig.
3-28). This induction was increased under prolonged darkness (72 hours). Consistent with the
results that obtained in this study, transcripts of the AtbZIP1 and AtbZIP53 from Arabidopsis are
up-regulated in dark condition (Kang et al. 2010; Dietrich et al. 2011). Diurnal changes in life
cycle mediate environmental fluctuations, which bring temporary energy deprivation (Baena-
Gonzélez and Sheen 2008). Plant metabolism has to be adjusted to these fluctuations (Weltmeier
et al. 2009). For instance, to cope with the diurnal changes in carbon availability, plants retain
some photosynthates such as starch or other storage carbohydrates that can be remobilized
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during the night to compensate the low energy conditions in the cells (Usadel et al. 2008). These
resources are depleted within 2 to 4 hours of extended night, consequently severe carbohydrate
starvation occur, which is not a favour for plant. To cope with the carbohydrate depletion during
night, expression of many genes related to remobilization of carbon/nitrogen is induced; thereby
amino acids as source of nitrogen and carbon are recycled to compensate the starvation
condition (Usadel et al. 2008; Dietrich et al. 2011). In the cell asparagine is used to store and
transport nitrogen in stress condition (Lam et al. 1994). Several members of S1-class of AtbZIP
from Arabidopsis have been reported to be involved in starvation response and amino acid
metabolism (Gutiérrez et al. 2008; Dietrich et al. 2011). AtbZIPI1 and AtbZIP53 has been
reported to be involved in dark-induced starvation (Dietrich et al. 2011). The authors showed
that dark-induced expression of CpbZIPI depends on the sugar depletion and not the light
absence.

Based on the high sequence homology between AtbZIP1 and AtbZIP53 from Arabidopsis
(Dietrich et al. 2011) and CpbZIP1 from C. plantagineum, similarly the CpbZIP1 may function
in energy homeostasis in C. plantagineum. Controlling energy homeostasis is a critical task for
plant surviving in response to biotic and abiotic stresses (Dietrich et al. 2011). Similar starvation
conditions may occur at the beginning of dehydration period due to shut down or decrease of
metabolic pathways which is related to photosynthesis. Consequently, sugar depletion and
finally starvation occur in the plants. Therefore, to cope with low energy condition due to
decrease of photosynthesis activity in the cell, CpbZIP1 transcriptionally and posttranslationally
being active to bind the target genes for remobilizing the amino acids. Since CpbZIP1 expresses
in control condition, the transcript is available in nucleus and mediates faster reponse to minor
altereation in sugar level.

Similar function has been reported for dark-induced transcription factors, AtbZIP1 and
AtbZIP53. Homologs of Arabidopsis S1 AtbZIPs are present in other plant species which are
transcriptionally induced under abiotic stresses such as drought, cold, salt and wounding
(Kusano et al. 1995; Ito et al. 1999; Stankovic et al. 2000; Shimizu et al. 2005). AtbZIPI and
AtbTIP53 has been found to be as a crucial transcription factors in low energy conditions that is

transcriptionally and posttranscriptionally regulated (Dietrich et al. 2011).
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Further support for the hypothesis of involvement of CpbZIP1 in homeostasis/starvation comes
from overexpressing CpbZIPI lines. When transgenic Arabidopsis plants overexpressing
CpbZIP1 were cultivated under dark regime for four days, high expression of ProDHI was
found in both untreated and dark-treated transgenic plants (Fig. 3-37¢; 3-39c) in compared to
wild type. In addition, lower proline accumulation was observed in transgenic plants which were
cultivated in dark regime for four days compared to wild type (Fig. 3-37a), confirming
degradation of proline by high expression of ProDH enzyme. ProDH is known as the first
enzyme in the proline catabolism pathway. This enzyme upregulates in hypoomolarity (when the
sugar is depleted) and high proline accumulated conditions (Kiyosue et al. 1996; Satoh et al.
2004; Weltmeier et al. 2006). It catabolises the conversion of proline to P5SC (pyrroline-5-
carboxylate) in mitochondria, consequently proline is degraded and glutamate is produced
(Verbruggen and Hermans 2008; Verslues and Sharma 2010).

These observations are in agreement with AtbZIPI and ArbZIP53 function in darkness.
Transgenic lines overexpressing AtbZIPI and AtbZIP53 revealed that these proteins are crucial
transcription factor involved in regulating proline level (Dietrich et al. 2011). In addition, direct
binding of these proteins to the promoter of proline dehydrogenase (ProDH) has been shown
(Weltmeier et al. 2009; Dietrich et al. 2011). A 6-bp sequence, ACTCAT, in the promoter region
of the ProDH gene is known as cis-element. This sequence is similar to the ATGA(C/G)TCAT
motif that is recognized by bZIP proteins. The authors proposed that AtbZIP53 and AtbZIP1
proteins regulate the control of energy homeostasis in the cell through a carbon/nitrogen

accessibility network and clock day/night rhythms.

4.4.4 Seedlings overexpressing CpbZIP1I utilize remobilized nitrogen to continue
the growth under hypoosmotic conditions

Growth rate and chlorophyll content of transgenic and wild-type seedlings were compared on

MS-medium supplemented with 15 mM sucrose (0.015 M) with or without nitrogen source

(proline) (Fig. 3-39d,f and g). The results demonstrated that transgenic lines overexpressing

CpbZIP1 retained more chlorophyll (Fig. 3-39d,g) in the medium without nitrogen source.
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In Arabidopsis, upregulation of the ProDH gene in proline accumulation or hypoosmolarity-
response has been reported (Kiyosue et al. 1996; Nakashima et al. 1998). Hypoosmotic
conditions can be obtained by the cultivation of Arabidopsis seedlings in MS-medium
supplemented with sugar (such as mannitol or sucrose) less than 0.1 M (Satoh et al. 2004)
whereas, 0.9 M sugar is used for control conditions.

The observations in this study suggest that during hypoosmolarity condition, where
carbon/nitrogen sources are limited, transgenic seedlings overexpressing CpbZIPI1 may recycle
amino acids to support carbon and nitrogen demands. This hypothesis id in agreement with the
hypothesis of Albert et al. (2012) and Dietrich et al. (2011). Also, upregulation of the gene
encoding ProDH in transgenic plants overexpressing CpbZIPI (fig. 3-39¢) supports this
hypothesis. The ProDH which is involved in amino acid catabolism (Verslues and Sharma
2010), has been reported as direct in vivo target of the AtbZIP53 transcription factor (Weltmeier
et al. 20006).

Altogether, these results reveal that CpbZIPI involvement in remobilizing the amino acids in
hypoosmolarity condition. As explained above, similar hypoosmolarity may occur in
dehydration condition and mediate the activation of CpbZIP1 in binding to the target genes such
as ProDH and asparagine synthetase to remobilize the nitrogen from prolin and produce

aspagine respectively.

4.4.5 More proline accumulated in overexpressing CpbZIP1 lines in control
condition

Higher accumulation of proline was observed in the leaves, florets and siliques of transgenic
plants overexpressing CpbZIPIl than in the same organs of wild-type plants (Fig. 3-40).
Although, plant age, leaf age and position of leaves influence the proline content (Chiang and
Dandekar 1995; Sharma et al. 2011), proline level that was measured in transgenic lines in all
experiments under non-stressed conditions was higher than in wild-type plants. In Arabidopsis
high proline content in seeds and flowers, especially in pollen grains under non-stressed
conditions is already known (Verbruggen 1993; Verbruggen and Hermans 2008). High
accumulation of proline has been reported during flowering stage due to the requirement of
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carbon and nitrogen (Verbruggen 1993; Verslues and Sharma 2010). Transgenic lines
overexpressing AtbZIP53 in Arabidopsis has been shown to accumulate less proline in leaves
due to upregulation of the ProDH gene, which is responsible for degradation of proline in
mitochondria (Dietrich et al. 2011). In contrast, transgenic lines overexpressing CpbZIP1
accumulated more proline in leaves compared to wild type. However, upregulation of ProDH in
these transgenic lines also was observed. Upregulation and downregulation of ProDH was
shown to be independent from ABA or proline accumulation (Sharma and Verslues 2012).

In addition, these lines on the medium without nitrogen source initiated flowering and started
bolting earlier than wild-type plants (Fig. 3-39g). The positive correlation of high accumulation
of proline and early flowering has been reported in Arabidopsis plants overexpressing pyrroline-
S-carboxylate synthetase (P5CS) (Kavi Kishor et al. 1995; Mattioli et al. 2007). Therefore, the
results obtained for CpbZIP1 suggests that this protein may functionally related to some
transcription factor regulators that enhance proline accumulation in leaves and reproductive

organs of Arabidopsis.

Apart from the contribution of CpbZIP1 in abiotic stress, The CpbZIP1 is found to be involved

in another pathway that is discussed below:
4.4.6 Kinetic expression analyses of CpbZIP1 and Cp LEA-likel1-24

4.4.6.1 Expression of Cp LEA-likel1-24 and CpbZIPI gene depends on the time of the day

Diurnal fluctuation was observed in expression of Cp LEA-likell-24 and CpbZIPI from
C. plantagineum under control conditions. This rhythmic expression of gene is correlated with
the circadian clock (McClung 2006). The circadian clock is an endogenous timer that plays a
crucial role in biological activities through diurnal variation for adaptation of organisms
(Hanano et al. 2008; Marcolino-Gomes et al. 2014). The correlation between plant responses to
abiotic stresses (such as drought, cold and heat) and circadian clock has been reported in many
studies (Bieniawska et al. 2008; Legnaioli et al. 2009; Wilkins et al. 2010). For instance, Dsp22
is a chloroplastic desiccation inducible protein from C. plantagineum that shows expression
fluctuation under dark treatment (Alamillo and Bartels 1996). Dsp22 is a homologue of the gene

encoding early light-inducible protein (ELIP) which is regulated by the circadian clock (Grimm
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et al. 1989). The involvement of the circadian clock in regulation of Dsp22 has been porposed
by Alamillo and Bartels (1996).

Another clock-regulated gene is the AtbZIP1 from Arabidopsis. The involvement of the CCAI
(circadian clock-associated 1) gene in regulation of the AtbZIPI has been proposed (Yakir et al.
2007; Dietrich et al. 2011). It has been shown that the CCA1 protein binds to the promoter of the
AtbZIP1 gene (Gutierrez et al. 2008). However the exact molecular base of this interaction is not
known yet. Similarly, Hanano (2008) using in silico analyses showed that members of three
transcription factor families, MYB, bHLH, bZIP show a circadian clock waveform of transcript
abundance.

According the obtained results in this study, oscillation in accumulation of Cp LEA-like 11-24
and CpbZIP1 transcripts during day and night suggests that the circadian clock may also
regulate these genes. The circadian rhythm of CpbZIP1 and Cp LEA-like 11-24 genes might be
proved by kinetic expression analyses of the circadian related genes. According to the central
clock of Arabidopsis thaliana, the homologue of CCAI (circadian clock-associated /), LHY (late
elongated hypocotyls) and TOCI! (timing of expression 1) genes (Li et al. 2011) in C.

plantagineum could be examined for gene expression analyses.

Abictic stress response

Function in Remoblzing the
flower structure carbon/nitrogen source in

\ hypoosmolanty conditions
CpbZIP1

High accumulation of proline
and unknown function

Relation to circadian

Maintaining homeostasis
clock thythm e

in low energy conditions

Fig. 4-1: Putative functions of CpbZIP1 transcription factor from C. plantagineum.
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Conclusions

In this study, an efficient transient transformation method was standardized to study promoter
functions in three species, C. plantagineum, L. brevidens and L. subracemosa. The ABA and
mannitol-induction pattern of the LEA-like 11-24 promoter fragments from three species were in
agreement with that of particle bombardment. Using the optimized method, quantitative
measurement of promoter activities will be possible in these three species. Cross comparison of
LEA-like 11-24 promoters between three species revealed that the trans-regulatory factors
responsible for LEA-like 11-24 promoter fragments are present in drought tolerant and sensitive
species.

Trans-activation activity did not show an increase in the activity of the Cp LEA-like 11-24
promoter by the CpbZIP1 transcription factor. Many reasons could be responsible for this, such
as repressor function of CpbZIP1 protein in Cp LEA-like 11-24 promoter or likely, absence of an
uOREF in the upstream region of the CpbZIP1 coding sequence. This region functions in the
repression of bZIP proteins of S1-class in Arabidopsis in response to sucrose level. The results
obtained in this study shows that CpbZIP1 is inducible by abiotic stress in a very distinct
manner.

Owing to the fact that current methods do not allow to generate stable transgenic
C. plantagineum plants, the functional characterization of C. plantagineum genes can currently
be done in a heterologous system. Gain of function mutants was thus generated in this study in
Arabidopsis to study the function of CpbZIP1 transcription factor. The function of the CpbZIP1
is completely unknown in C. plantagineum so far. This protein has been shown to bind to the
stress inducible Cp LEA-like 11-24 promoter (van den Dries 2010). The gene encoding the Cp
LEA-like 11-24 protein is known to be induced during desiccation in C. plantagineum.
Therefore, understanding the function of CpbZIP1 protein can help to follow the signaling
pathways of desiccation tolerance in resurrection plants. The results obtained in this study,
demonstrated the contribution of CpbZIP1 in remobilization of carbon/nitrogen or maintaining
their homeostasis under low energy conditions as obtained for the bZIP homologue in
Arabidopsis (AtbZIP53). More research needs to be done inorder to find its partner proteins in

C. plantagineum.
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Discussion

It is conceivable that during desiccation, photosynthesis decreases followed by the reduction of
photoassimilates in the plant. Carbon and nitrogen must be remobilized and used for the
synthesis of particular sugars (serving as compatible osmolytes) during desiccation as
demonstrated in C. plantagineum. The transcription factors involved in starvation response play
an important role in this process and CpbZIPI appears to be one of these factors in C.
plantagineum.

Apart from stress responsiveness of CpbZIP1, the involvement of this protein in circadian clock
regulation was also proposed. However, further studies are required to prove this hypothesis.
Overexpression of CpbZIP1 in Arabidopsis opens new doors of research for the bZIP protein
function from C. plantagineum. The multiple function of the CpbZIPI in proline level, flower
structure, circadian rhythms should be studied extensively. The Fig. (4-1) shows putative

function of CpbZIP1 transcription factor from C. plantagineum.
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Summary

The resurrection plant Craterostigma plantagineum, a member of Linderniaceae family, is
distributed in areas with variable water availability in Southern Africa. Two closely related
species, L. brevidens which is endemic to montan rain forest of Africa and L. subracemosa
which is found in central and Southern Africa, are used for comparative analyses for unravelling
the molecular mechanisms of desiccation tolerance. While C. plantagineum and L. brevidens are
desiccation tolerant, L.subracemosa represents a desiccation sensitive species. Desiccation
tolerance is a very complex trait. Many genes that are involved in desiccation tolerance and the
proteins that are encoded by these genes have been characterized in C. plantagineum. The Cp
LEA-like 11-24 is one of these stress inducible genes in C.plantagineum that has been
extensively studied both at the transcriptional and posttranscriptional level. Studies have been
performed on the promoter regulation and transcription factor binding along with comparative
promoter analyses between two desiccation tolerant and a desiccation sensitive species. Since
promoter regions are the main regulatory elements for enhancing the transcriptional efficiency,
developing an efficient transient transformation system was required to analyze promoter
functions in response to different abiotic stresses. In this study, an efficient Agrobacterium-
mediated transient transformation method was developed in three closely related Linderniaceae
species. Different parameters that are important for enhancing the transformation efficiency
were considered. These parameters include leaf size, Silwet L-77 concentration, bacterial
density and duration of co-cultivation. After optimization, the activities of the minimal stress
inducible promoter fragments of the LEA-like 11-24 from three species were examined under
ABA and osmotic stress using optimized Agrobacterium co-cultivation method.

The transformation efficiency was found to be 100% in all three species. In addition, the
induction pattern of each promoter fragment under ABA and osmotic stress was comparable
with that of stably transformed plants or particle bombardment, suggesting this as the most
suitable method for quantitatively analyzing promoter activity in the three species. The
optimized method was used for cross comparison of the LEA-like 11-24 promoter fragments
among two desiccation tolerant and a sensitive species to understand the effect of trans-
regulatory factors in activating the LEA-like 11-24 promoter fragments. The results

demonstrated that both desiccation tolerant and sensitive species contain essential frans-
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Summary

regulatory factors for the activity of LEA-like 11-24 promoter fragments. Using a yeast-one-
hybrid system, it was previously shown the Cp LEA-like 11-24 promoter fragment interacts with
CpbZIP1 protein. The CpbZIP1 belongs to the Sl-class of AtbZIP transcription factors from
Arabidopsis and has been shown to have 47% protein sequence identity with AtbZIP53.
Transcript expression analysis of CpbZIPI in response to ABA, dehydration and salt stress
demonstrated the stress responsiveness of this gene. Sl-class members of AtbZIP from
Arabidopsis have complex expression patterns in different stress responses. The CpbZIP1 from
C. plantagineum also showed similar complex expression pattern in response to stress. The
function of CpbZIP1 transcription is completely unknown in C. plantagineum. In a functional
study of the CpbZIP1 transcription factor, transgenic Arabidopsis plants overexpressing
CpbZIP1 exhibited dwarf phenotype, abnormality in flower structure and small siliques
suggesting that CpbZIP1 interferes with the developmental processes. Physiological and
molecular data from transgenic plants overexpressing CpbZIPI revealed the contribution of
CpbZIP1 in remobilization of carbon/nitrogen or maintaining homeostasis of energy, as obtained
for the bZIP homologue in Arabidopsis (AtbZIP53). Time dependent expression of CpbZIP1
revealed that apart from the function of CpbZIPI in abiotic stress, most likely CpbZIPI is
regulated by circadian clock rhythm. The results from this study suggests that CpbZIP1 is stress
inducible and involved in multiple functions like growth, flower development, accumulation of
proline, remobilizing carbon/nitrogen and maintaining homeostasis of energy in low energy

conditions.

134



6.References






References

Abe H, Urao T, Ito T, Seki M, Shinozaki K, Yamaguchi-Shinozaki K (2003) Arabidopsis
AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid
signaling. Plant Cell 15:63-78.

Abel S, Theologis A (1994) Transient transformation of Arabidopsis leaf protoplasts: a versatile
experimental system to study gene expression. Plant J 5:421-427.

Alamillo JM, Bartels D (1996) Light and stage of development influence the expression of
desiccation-induced genes in the resurrection plant Craterostigma piantagineum. Plant Cell Environ
19:300-310.

Alamillo JM, Bartels D (2001) Effects of desiccation on photosynthesis pigments and the ELIP-like
dsp 22 protein complexes in the resurrection plant Craterostigma plantagineum. Plant Sci 160:1161-
1170.

Albert B, Le Cahérec F, Niogret MF, Faes P, Avice JC, Leport L, Bouchereau A (2012) Nitrogen
availability impacts oilseed rape (Brassica napus L.) plant water status and proline production
efficiency under water-limited conditions. Planta 236:659-676.

Alonso R, Onate-Sanchez L, Weltmeier F, Ehlert A, Diaz I, Dietrich K, Vicente-Carbajosa J,
and Droge-Laser, W (2009) A pivotal role of the basic leucine zipper transcription factor bZIP53 in
the regulation of Arabidopsis seed maturation gene expression based on heterodimerization and
protein complex formation. Plant Cell 21:1747-1761.

Alonso R, Oiate-Sanchez L, Weltmeier F, Ehlert A, Diaz I, Dietrich K, Vicente-Carbajosa J,
Dro ge-Laser W (2009) A pivotal role of the basic leucine zipper transcription factor bZIP53 in the
regulation of Arabidopsis seed maturation gene expression based on heterodimerization and protein
complex formation. Plant Cell 21:1747-1761.

Alpert P (2005) The limits and frontiers of desiccation-tolerant life. Integ Comp Biol 45:685-695.
Alves MS, Dadalto SP, Gon¢alves AB, Souza GB, Barros VA and Fietto LG (2013) Plant bZIP
transcription factors responsive to pathogens. Int J Mol Sci 14:7815-7828.

Amoutzias GD, Robertson DL, Van de Peer Y, Oliver SG (2008) Choose your partners:
dimerization in eukaryotic transcription factors. Trends Biochem Sci 33:220-229.

Armstrong GA, Weisshaar B, Hahlbrock K (1992) Homodimeric and heterodimeric leucine zipper
proteins and nuclear factors from parsley recognize diverse promoter elements with ACGT cores.
Plant Cell 4:525-537.

Averyt K, Meldrum J, Caldwell P, Sun G, McNulty S, Huber-Lee A, Madden N (2013) Sectoral
contributions to surface water stress in the coterminous United States. Environ Res Lett 8:035046.

Baena-Gonzalez E, Rolland F, Thevelein JM, Sheen J (2007) A central integrator of transcription
networks in plant stress and energy signaling. Nature 448:938-942.

Baena-Gonzalez E, Sheen J (2008) Convergent energy and stress signaling. Trends Plant Sci 13:474-
482.

Bartels D, Ditzer A, Furini A (2006) What Can We Learn from Resurrection Plants? In: Drought
Adaptation in Cereals. The Haworth Press, New York/London/Oxford, pp. 599-615.

Bartels D, Hussain SS (2011) Resurrection plants: physiology and molecular biology in ecological
studies: Desiccation Tolerance in Plants. Eds U. Liittge, E. Beck, and D. Bartels (Heidelberg:
Springer), 339-364.

137



References

Bartels D, Salamini F (2001) Desiccation tolerance in the resurrection plant Craterostigma
plantagineum. A contribution to the study of drought tolerance at the molecular level. Plant Physiol
127:1346-53.

Bartels D, Schneider K, Terstappen G, Piatkowski D, Salamini F (1990) Molecular cloning of
abscisic acid-modulated genes which are induced during desiccation of the resurrection plant
Craterostigma plantagineum. Planta 181:27-34.

Bartels D, Sunkar R (2005) Drought and salt tolerance in plant. Crit Rev Plant Sci Sci 24:23-58.

Bartels, D (2005). Desiccation tolerance studied in the resurrection plant Craterostigma
plantagineum Integr Comp Biol, 45: 696-701.

Basu C, Kausch AP, Luo H, Chandlee JM (2003) Promoter analysis in transient assays using a
GUS reporter gene construct in creeping bentgrass (Agrostis palustris). J Plant Physiol 160:1233-
1239.

Basu K, Kausch AP, Luo H, Chandlee JM (2003) Promoter analysis in transient assays using a
GUS reporter gene construct in creeping bentgrass (Agrostis palustris). J Plant Physiol 160:1233-
1239.

Battaglia M, Olvera-Carrillo Y, Garciarrubio A, Campos F, Covarrubias AA (2008) The
enigmatic LEA proteins and other hydrophilins. Plant Physiol 148:6-24.

Berjak P, Pammenter NW (2008) From Avicennia to Ziziania: seed recalcitrance in perspective.
Ann Bot 101:213-228.

Bernacchia G, Schwall G, Lottspeich F, Salamini F, Bartels D (1995) The transketolase gene
family of the resurrection plant Craterostigma plantagineum: differential expression during the
rehydration phase. EMBO J 14:610-618.

Bettini P, Michelotti S, Bindi D, Giannini R, Capuana M, Buiatti M (2003) Pleiotropic effect of
the insertion of Agrobacterium rhizogenes rolD gene in tomato (Lycopersicon esculentum Mill).
Theor Appl Genet 107:831-836.

Bevan M (1984) Binary Agrobacterium vectors for plant transformation. Nucleic Acids Res 12:8711-
8721.

Bewley JD, Burton RA, Morohashi Y, Fincher GB (1997) Molecular cloning of a cDNA encoding
a (1-->4)-beta-mannan endohydrolase from the seeds of germinated tomato (Lycopersicon
esculentum). Planta 203:454-459.

Bianchi G, Gamba A, Murelli C, Salamini F, Bartels D (1991) Novel carbohydrate metabolism in
the resurrection plant Craterostigma plantagineum. Plant J 1:355-359.

Bianchi G, Gamba A, Murelli C, Salamini F, Bartels D (1992) Low molecular weight solutes in
desiccated and ABA-treated calli and leaves of Craterostigma plantagineum. Phytochem 31:1917-
1922.

Bieniawska Z, Espinoza C, Schlereth A, Sulpice R, Hincha DK, Hannah MA (2008) Disruption of
the Arabidopsis circadian clock is responsible for extensive variation in the cold-responsive

transcriptome. Plant physiol 147:263-279.

Billi D, Potts M (2002) Life and death of dried prokaryotes. Res Microbiol 153:7-12.

138



References

Bockel C, Salamini F, Bartels D (1998) Isolation and characterization of genes expressed during
early events of the dehydration process in the resurrection plant Craterostigma plantagineum. J Plant
Physiol 152:158-166.

Boubriak I, Dini M, Berjak P, Osborne DJ (2000) Desiccation and survival in the recalcitrant seeds
of Avicennia marina: DNA replication, DNA repair and protein synthesis. Seed Sci Res 10:307-315.

Bradford MM (1976) A rapid and sensitive method for quantitation of protein utilizing the principle
of protein-dye binding. Anal Biochem 72:248-254.

Brands A, Ho TH (2002) Function of a plant stress-induced gene, HVA22. Synthetic enhancement
screen with its yeast homolog reveals its role in vesicular traffic. Plant Physiol 130:1121-1131.

Braun V (2011) Vergleichende Untersuchungen zur Aktivitit der LEA-like 11-24 Promotoren in drei
Linderniaceae Spezies. Diplomarbeit, Mathematisch-Naturwissenschaftlichen Fakultéit, Rheinischen
Friedrich-Wilhelms-Universitit Bonn, Bonn.

Bray EA (1993) Molecular responses to water deficit. Plant Physiol 103:1035-1040.

Bray EA (2004) Genes commonly regulated by water-deficit stress in Arabidopsis thaliana. J Exp
Bot 55:2331-2341.

Brighigna L, Bennici A, Tani C, Tani G (2002) Structural and ultrastructural characterization of
Selaginella lepidophylla, a desiccation-tolerant plant, during the rehydration process. Flora 197:81-91.

Campanoni P, Sutter JU, Davis CS, Littlejohn GR, Blatt MR (2007) A generalized method for
transfecting root epidermis uncovers endosomal dynamics in Arabidopsis root hairs. Plant J 51:322-
330.

Charron AJ, Quatrano RS (2009) Between a rock and a dry place: the water-stressed moss. Mol
Plant 2:478-486.

Cheng M, Fry JE, Pang SZ, Zhou HP, Hironaka CM, Duncan DR, Conner TW, Wan YC (1997)
Genetic transformation of wheat mediated by Agrobacterium tumefaciens. Plant Physiol 115:971-980.

Chiang HH, Dandekar AM (1995) Regulation of proline accumulation in Arabidopsis thaliana (L)
Heynh during development and in response to desiccation. Plant Cell Environ 18:1280-1290.

Choi H, Hong J, Ha J, Kang J, Kim SY (2000) ABFs, a family of ABA-responsive element binding
factors. J Biol Chem 275:1723-1730.

Christmann A, Moes D, Himmelbach A, Yang Y, Tang Y, Grill E (2006) Integration of abscisic
acid signaling into plant responses. Plant Biol 8:314-325.

Christou P (1995) Strategies for variety-independent genetic transformation of important cereals,
legumes and woody species utilizing particle bombardment. Euphytica 85:13-27.

Chuang CF, Running MP, Williams RW, Meyerowitz EM (1999) The Perianthia gene encodes a
bZIP protein involved in the determination of floral organ number in Arabidopsis thaliana. Genes
Dev 13:334-344.

Citao L, Bigang M, Shujun O, Wei W, Linchuan L, Yanbin W, Chengcai C, Xiping W (2014)

OsbZIP71, a bZIP transcription factor, confers salinity and drought tolerance in rice. Plant Mol Biol
84:19-36.

139



References

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. Plant J 16:735-743.

Cohen AS, Cumming BG (1974) Endogenous rhythmic activity of nitrate reductase in a selection of
Chenopodium rubrum. Can J Bot 52:2351-2360.

Collett H, Butowt R, Smith J, Farrant JM, Illing N (2003) Photosynthetic genes are differentially
transcribed during the dehydration—rehydration cycle in the resurrection plant, Xerophyta humilis. J
Exp Bot 54:2593-2595.

Collett H, Shen A, Gardner M, Farrant JM, Denby KJ, Illing N (2004) Towards profiling of
desiccation tolerance in Xerophyta humilis (Bak.) Dur and Schinz: construction of a normalized 11 k
X. humilis cDNA set and microarray expression analysis of 424 cDNAs in response to dehydration.
Physiol Plant 122:39-53.

Cooper K, Farrant JM (2002) Recovery of the resurrection plant Craterostigma wilmsii from
desiccation: protection versus repair. J Exp Bot 53:1805-1813.

Crowe LM, Crowe JH (1992). Stabilization of dry liposomes by carbohydrates. Dev Biol Stand
74:285-294.

Cuming AC (1999) LEA proteins. In: Shewry PR, Casey R, eds. Seed proteins. Dordrecht, The
Netherlands: Kluwer Academic Publishers, pp 753-779.

Curtis IS, Nam HG (2001) Transgenic radish (Raphanus sativus, L. longipinnatus Bailey) by floral-
dip method-plant development and surfactant are important in optimizing transformation efficiency.
Transgenic Res 10:363-371.

Delauney AJ, Hu CA, Kishor BP, Verma DP (1993) Cloning of ornithine delta-aminotransferase
cDNA from Vigna aconitifolia by transcomplementation in Escherichia coli and regulation of proline
biosynthesis. J Biol Chem 268:18673-18678.

Delseny M, Bies-Etheve N, Carles C, Hull G, Vicient C, Raynal M, Grellet F, Aspart L. (2001)
Late EmFbryogenesis Abundant (LEA) protein gene regulation during Arabidopsis seed maturation. J
Plant Physiol 158:419-427.

Deng X, Phillips JR, Brautigam A, Engstrom P, Johannesson H, Ouwerkerk PB, Ruberti I,
Salinas J, Vera P, Iannacone R, Meijer AH, Bartels D (2006) A homeodomain leucine zipper gene
from Craterostigma plantagineum regulates abscisic acid responsive gene expression and
physiological responses. Plant Mol Biol 61:469-489.

Deng Y, Liu J, Zheng Q, Li Q, Kallenbach NR, Lu M (2008) A heterospecific leucine zipper
tetramer. Chemistry & Biology 15: 908-919.

Deppmann CD, Alvania RS, Taparowsky EJ (2006) Cross-species annotation of basic leucine
zipper factor interactions: Insight into the evolution of closed interaction networks. Mol Biol Evol
23(8):1480-1492.

Deuschle K, Funck D, Forlani G, Stransky H, Biehl A, Leister D, van der Graaff E, Kunze R,
Frommer WB (2004) The role of D1-pyrroline-5-carboxylate dehydrogenase in proline degradation.
Plant Cell 16:3413-3425.

Dickie JB, Pritchard HW (2002) Systematic and evolutionary aspects of desiccation tolerance in

seeds. In: Black M, Pritchard HW, eds. Desiccation and survival in plants. Drying without dying.
Wallingford, Oxon: CABI Publishing, 239-259.

140



References

Dietrich K, Weltmeier F, Ehlert A, Weiste C, Stahl M, Harter K, Droge-Laser W (2011)
Heterodimers of the Arabidopsis transcription factors bZIP1 and bZIP53 reprogram amino acid
metabolism during low energy stress. Plant Cell 23:381-395.

Dinakar C, Bartels D (2013) Desiccation tolerance in resurrection plants: new insights from
transcriptome, proteome and metabolome analysis. Front Plant Sci 4:1-14.

Dinakar C, Djilianov D, Bartels D (2012) Photosynthesis in desiccation tolerant plants: Energy
metabolism and antioxidative stress defense. Plant Sci 182:29-41.

Ditzer A, Bartels D (2006) Identification of a dehydration and ABA responsive promoter regulon and
isolation of corresponding DNA binding proteins for the group 4 LEA gene CpC2 from C.
plantagineum. Plant Mol Biol 61:643-663.

Eferl R, Sibilia M, Hilberg F, Fuchsbichler A, Kufferath I, Guertl B, Zenz R, Wagner EF,
Zatloukal K (1999). Functions of c-Jun in liver and heart development. J Cell Biol 145:1049-1061.

Ehlert A, Weltmeier F, Wang X, Mayer CS, Smeekens, S, Vicente-Carbajosa J, and Droge-
Laser W (2006) Two-hybrid protein-protein interaction analysis in Arabidopsis protoplasts:
establishment of a heterodimerization map of group C and group S bZIP transcription factors. Plant J
46:890-900.

Endo S, Pesquet E, Tashiro G, Kuriyama H, Goffner D, Fukuda H, Demura T (2008) Transient
transformation and RNA silencing in Zinnia tracheary element differentiating cell cultures. Plant J
53:864-875.

Facchinelli F (2009) Phosphoproteomic analysis of Craterostigma plantagineum upon Abscisic acid
and desiccation stress. Dissertation, Mathematisch-Naturwissenschaftlichen Fakultdt, Rheinischen
Friedrich-Wilhelms-Universitidt Bonn, Bonn.

FAO (2008) FAO, The state of food and agriculture. Biofuels: prospects, risks and opportunities.
FAOQO, Rome, Italy.

Faria JMR, van Lammeren AAM, Hilhorst HWM (2004) Desiccation sensitivity and cell cycle
aspects in seeds of Inga vera subsp. Affinis. Seed Sci Res 14:165-178.

Farrant J, Brandt W, Lidsey GG (2007) An overview of mechanisms of desiccation tolerance in
selected angiosperm resurrection plants. Plant Stress 1:72-84.

Farrant JM, Moore JP (2011) Programming desiccation-tolerance: from plants to seeds to
resurrection plants. Curr Opin Plant Biol 14:340-345.

Farrant JM, Pammenter NW, Berjak P, Farnsworth EJ, Vertucci CW (1996) Presence of
dehydrin-like proteins and levels of abscisic acid in recalcitrant (desiccation sensitive) seeds may be
related to habitat. Seed Sci Res 6:175-182.

Farrant JM, Sherwin HW (1997) Mechanisms of desiccation tolerance in seeds and resurrection
plants, in: A.G. Taylor, X.L. Huang (Eds.), Progress in Seed Research. Proceedings of the Second
International Conference on Seed Science and Technology, Communication Services of the New
York State Agricultural Experimental Station, Geneva, New York, pp. 109-120.

Farrant JM, Vander Willigen C, Loffell DA, Bartsch S, Whittaker A (2003) An investigation into

the role of light during desiccation of three angiosperm resurrection plants, Plant Cell Environ
26:1275-1286.

141



References

Feinberg AP, Vogelstein B (1983) A technique for radiolabeling DNA restriction endonuclease
fragments to high specific activity. Anal Biochem 132:6-13.

Finkelstein R (2013) Abscisic Acid synthesis and response. Arabidopsis Book. 1;11:¢0166. doi:
10.1199/tab.0166.

Fischer E (1992) Systematik der afrikanischen Lindernieae (Scrophulariaceae). Trop Subtrop.
Pflanzenwelt 81:1-365.

Frisch DA, Harris-Haller LW, Yokubaitis NT, Tomas TL, Hardin SH, Hall TC (1995) Complete
sequence of the binary vector pBIN 19. Plant Mol Biol 27:405-409.

Fromm M, Taylor LP, Walbot V (1985) Expression of genes transferred into monocot and dicot
plant cells by electroporation. Proc Natl Acad Sci 82:5824-5828.

Fujita Y, Fujita M, Shinozaki K, Yamaguchi-Shinozaki K (2011) ABA-mediated transcriptional
regulation in response to osmotic stress in plants. J Plant Res 124:509-525.

Furini A, Koncz C, Salamini F, Bartels D (1994) Agrobacterium-mediated transformation of the
desiccation-tolerant plant Craterostigma plantagineum. Plant Cell Rep 14:102-106.

Furini A, Parcy F, Salamini F, Bartels D (1996) Differential regulation of two ABA-inducible
genes from Craterostigma plantagineum in transgenic Arabidopsis plants. Plant Mol Biol 30:343-349.

Gaff, D (1971) Desiccation-tolerant flowering plants in southern Africa. Science 174:1033-1034.
Galau GA, Hughes DW, Dure L (1986) Abscisic acid induction of cloned cotton late embryogenesis
abundant (Lea) mRNAs. Plant Mol Biol 7:155-170.

Gallardo K, Le Signor C, Vandekerckhove J, Thompson RD, Burstin J (2003) Proteomics of
Medicago truncatula seed development establishes the time frame of diverse metabolic processes
related to reserve accumulation. Plant Physiol 133:664-682.

Gaméné CS, Pritchard HW, Daws MI (2004) Effects of desiccation and storage on Vitellaria
paradoxa seed viability. In: Sacande” M, Joker D, Dulloo ME, Thomsen KA, eds. Comparative
storage biology of tropical tree seeds. Rome: IPGRI, 40-56.

Gaston SK, Jayaraman PS (2003) Transcriptional repression in eukaryotes: repressors and
repression mechanism. Cell Mol Life Sc 60:721-741.

Gechev TS, Benina M, Obata T, Tohge T, Sujeeth N, Minkov I, Hille J, Temanni MR, Marriott
AS, Bergstrom E, Thomas-Oates J, Antonio C, Mueller-Roeber B, Schippers JH, Fernie AR,
Toneva V (2013) Molecular mechanisms of desiccation tolerance in the resurrection glacial relic
Haberlea rhodopensis. Cell Mol Life Sci 70:689-709.

Gechev TS, Dinakar C, Benina M, Toneva V, Bartels D (2012) Molecular mechanisms of
desiccation tolerance in resurrection plants. Cell Mol Life Sci 69:3175-3186.

Gelvin SB (2003) Agrobacterium and plant transformation: the biology behind the “gene-jockeying”
tool. Microbiol Mol Biol Rev 67:16-37.

Gelvin SB (2006) Agrobacterium virulence gene induction. In K Wang, ed, Methods in Molecular
Biology: Agrobacterium Protocols, Vol 44. Humana Press, Totowa, NJ, pp 77-84.

142



References

Georgieva K, Sarvari E, Keresztes A (2010) Protection of thylakoids against combined light and
drought by a luminal substance in the resurrection plant Haberlea rhodopensis. Ann Bot 105:117-126.

Goldberg RB, DePaiva G, Yadegari R (1994) Plant embryogenesis: zygote to seed. Science
266:605-614.

Goldsmith CS, Bell-Pedersen D (2013) Diverse roles for MAPK signaling in circadian clocks Adv
Genet 84:1-39.

Goyal K, Pinelli C, Maslen SL, Rastogi RK, Stephens E, Tunnacliffe A (2005) Dehydration-
regulated processing of late embryogenesis abundant protein in a desiccation-tolerant nematode.
FEBS Lett 579:4093-4098.

Grant JE, Cooper PA, Dale TM (2004) Transgenic Pinus radiate from Agrobacterium tumefaciens-
mediated transformation of cotyledons. Plant Cell Rep 22:894-902.

Grimm B, Kruse E, Kloppstech K (1989) Transiently expressed early light-inducible thylakoid
proteins share transmembrane domains with light-harvesting chlorophyll binding proteins, Plant Mol
Biol 13:583-593.

Guiltinan MJ, Marcotte WR, Quatrano RS (1990) A plant leucine zipper protein that recognizes an
abscisic acid response element. Science 250:267-271.

Gutiérrez RA, Stokes TL, Thum K, Xu X, Obertello M, Katari MS, Tanurdzic M, Dean A, Nero
DC, McClung CR, Coruzzi GM (2008) Systems approach identifies an organic nitrogen-responsive
gene network that is regulated by the master clock control gene CCAI. Proc Natl Acad Sci USA
105:4939-4944.

Hai T, Wolfgang CD, Marsee DK, Allen AE, Sivaprasad U (1999) ATF3 and stress responses.
Gene Expr 7:321-335.

Han KH, Meilan R, Ma C, Strauss SH (2000) An Agrobacterium tumefaciens transformation
protocol effective on a variety of cottonwood hybrids (genus Populus). Plant Cell Rep 19:315-320.

Hanano S, Stracke R, Jakoby M, Merkle T, Domagalska MA, Weisshaar B, Davis SJ (2008) A
systematic survey in Arabidopsis thaliana of transcription factors that modulate circadian parameters.
BMC Genomics. 9:182 doi:10.1186/1471-2164-9-182.

Hanson, J, Hanssen, M, Wiese, A, Hendriks, MMWB, Smeekens S (2008) The sucrose regulated
transcription factor bZIP11 affects amino acid metabolism by regulating the expression of asparagine
synthetasel and proline dehydrogenase2. Plant J 53:935-949.

Hanssen M (2009) Sweet connections, bZIP transcription factors and the regulation of metabolism in
Arabidopsis. Dissetation, Department of Biology, Faculty of Sciences, Utrecht University,
Netherland.

Hardie DG (2007) AMPK and SNF1: Snuffing Out Stress. Cell Metab 6:339-340.

Hare PD, Cress WA (1997) Metabolic implications of stress induced proline accumulation in plants.
Plant Growth Regul 21:79-102.

Harmer SL, Hogenesch JB, Straume M, Chang HS, Han B, Zhu T, Wang X, Kreps JA, Kay SA
(2000) Orchestrated transcription of key pathways in Arabidopsis by the circadian clock. Science
290:2110-2113.

143



References

Harwood WA, Davies DR (1990) Protoplast microinjection using agarose microdrops. Method Mol
Biol 6:323-333.

Hattori T, Totsuka M, Hobo T, Kagaya Y, Yamamoto-Toyoda A (2002) Experimentally
determined sequence requirement of ACGT-containing abscisic acid response element. Plant Cell
Physiol 43:136-140.

Hellmann H, Funck D, Rentsch D, Frommer WB (2000) Hypersensitivity of an Arabidopsis sugar
signaling mutant toward exogenous proline application. Plant Physiology 122:357-367.

Hilbricht T, Salamini F, Bartels D (2002) CpR18, a novel SAP-domain plant transcription factor,
binds to a promoter region necessary for ABA mediated expression of the CDeT27-45 gene from the
resurrection plant Craterostigma plantagineum Hochst. Plant J 31:293-303.

Hirt H, Shinozaki K (2004) Plant responses to abiotic stress. Springer Verlag Berlin Hubbard KE,
Nishimura N, Hitomi K, Getzoff ED, and JI Schroeder (2014) Early abscisic acid signal transduction
mechanisms: newly discovered components and newly emerging questions. Genes Dev 2010
24:1695-1708.

Hobo T, Asada M, Kowyama Y, Hattori T (1999) ACGT-containing abscisic acid response element
(ABRE) and coupling element 3 (CE3) are functionally equivalent. Plant J 19:679-689.

Hoecker U, Vasil IK, McCarty DR (1995) Integrated control of seed maturation and germination
programs by activator and repressor function of Viviparous-1 of maize. Genes Dev 9:2459-2469.

Hong ZL, Lakkineni K, Zhang ZM, Verma DPS (2000) Removal of feedback inhibition of
delta(1)-pyrroline-5-carboxylate synthetase results in increased proline accumulation and protection
of plants from osmotic stress. Plant Physiol 122:1129-1136.

Hundertmark M, Hincha DK (2008) LEA (late embryogenesis abundant) proteins and their
encoding genes in Arabidopsis thaliana. BMC Genom 9, 18. doi:10.1186/ 1471-2164-9-118.

Illing N, Denby KJ, Collett H, Shen A, Farrant JM (2005) The signature of seeds in resurrection
plants: a molecular and physiological comparison of desiccation tolerance in seeds and vegetative
tissues. Integr Comp Biol 45:771-787.

Ingle RA, Schmidt UG, Farrant JM, Thomson JA, Mundree SG (2007) Proteomic analysis of leaf
proteins during dehydration of the resurrection plant Xerophyta viscose. Plant Cell Environ 30:435-
446.

Ingram J, Bartels D (1996) The molecular basis of dehydration tolerance in plants. Annu Rev Plant
Physiol Plant Mol Biol 47:377-403.

Ingram J, Chandler JW, Gallagher L, Salamini F, Bartels D (1997) Analysis of cDNA clones
encoding sucrose-phosphate synthase in relation to sugar interconversions associated with
dehydration in the resurrection plant Craterostigma plantagineum Hochst. Plant Physiol 115:113-121.

Ismagul A, Mazonka I, Callegari C, Eliby S (2014) Agrobacterium-mediated transformation of
barley (Hordeum vulgare L.). Methods Mol Biol 1145:203-211.

Iwasaki T, Yamaguchi-Shinozaki K, Shinozaki K (1995) Identification of a cis-regulatory region of

a gene in Arabidopsis thaliana whose induction by dehydration is mediated by abscisic acid and
requires protein synthesis. Mol Gen Genet 247: 391-398.

144



References

Jakoby M, Weisshaar B, Droge-Laser W, Vicente-Carbajosa J, Tiedemann J, Kroj T, Parcy F
(2002) bZIP transcription factors in Arabidopsis. Trends Plant Sci 7:106-111.

Jefferson RA, Burgess SM, Hirsh D (1986) f-Glucuronidase from Escheichia coli as a gene fusion
marker. Proc Natl Acad Sci USA 86:8447-8451.

Jiang G, Wang Z, Shang HH, Yang WL, Hu ZA, Phillips J, Deng X (2007) Proteome analysis of
leaves from the resurrection plant Boea hygrometrica in response to dehydration and rehydration.
Planta 225:1405-1420.

Jones L, McQueen-Mason S (2004) A role for expansins in dehydration and rehydration of the
resurrection plant Craterostigma plantagineum. FEBS Lett 559:61-65.

Kaminaka H, Nake C, Epple P, Dittgen J, Schiitze K, Chaban C, Holt BF, Merkle T, Schiifer E,
Harter K, Dangl J (2006) bZIP10-LSDI antagonism modulates basal defense and cell death in
Arabidopsis following infection. EMBO J 25:4400-4411.

Kang SG, Price J, Lin PC, Hong JC, Jang JC (2010) The Arabidopsis bZIP1 transcription factor is
involved in sugar signaling, protein networking, and DNA binding. Mol. Plant 3:361-373.

Kapila J, De Rycke R, Van Montagu M, Angenon G (1997) Agrobacterium-mediated transient
gene expression system for intact leaves. Plant Sci. 122:101-108.

Karlowski WM; Hirsch AM (2003) The over-expression of an alfalfa RING-H2 gene induces
pleiotropic effects on plant growth and development. Plant Mol Biol 52:121-133.

Kavi Kishor PB, Hong Z, Miao G-H, Hu C-AA, Verma DPS (1995) Overexpression of pyrroline-
5-carboxylate synthetase increases proline production and confers osmotolerance in transgenic plants.
Plant Physiol 108:1387-1394.

Kilian J1, Whitehead D, Horak J, Wanke D, Weinl S, Batistic O, D'Angelo C, Bornberg-Bauer
E, Kudla J, Harter K (2007) The AtGen Express global stress expression data set: protocols,
evaluation and model data analysis of UV-B light, drought and cold stress responses. Plant J
50(2):347-63.

Kishor PBK, Hong Z, Miao CH, Hu CAA, Verma DPS (1995) Overexpression of pyrroline-5-
carboxylate synthetase Increases proline production and confers osmotolerance in transgenic plants.
Plant Physiol 108:1387-1394.

Kiyosue K, Yoshiba Y, Yamaguchi-Shinozaki K, Shinozaki K (1996) A nuclear gene encoding
mitochondrial proline dehydrogenase, an enzyme involved in proline metabolism is upregulated by
proline but downregulated by dehydration in Arabidopsis. Plant Cell 8:1323-1335.

Klingler JP, Batelli G, Zhu J-K (2010) ABA receptors: The START of a new paradigm in
phytohormone signaling. J Exp Bot 61:3199-3210.

Ko T, Korban S (2004) Enhancing the frequency of somatic embyogenesis following
Agrobacterium-mediated transformation of immature cotyledons of soybean (Glycine max (L.)
Merrill). Vitro Cell Dev Biol Plant 40:552-558.

Koncz C, Schell J (1986) The promoter of the TL-DNA gene 5 controls the tissue-specific expression

of chimeric genes carried by a novel type of Agrobacterium binary vector. Mol Gen Genet 204:383-
396.

145



References

Kreps, JA, Wu Y, Chang HS, Zhu T, Wang X, Harper JF (2002) Transcriptome changes for
Arabidopsis in response to salt, osmotic and cold stress. Plant Physiol. 130:2129-2141.

Krugel T, Lim M, Gase K, Halitschke R, Baldwin IT (2002) Agrobacterium-mediated
transformation of Nicotiana attenuata, a model ecological expression system. Chemoecology,
12:177.183

Kuhlmann M, Horvay K, Stathmann A, Heinekamp T, Fischer U, Bottner S, Droge-Laser W
(2003) The alpha-helical D1 domain of the bZIP transcription factor BZI-1 interacts with the ankyrin-
repeat protein ANK1, and is essential for BZI-1 function, both in auxin signaling and pathogen
response. J Biol Chem 278:8786-8794.

Lam HM, Hsieh MH, Coruzzi G (1998) Reciprocal regulation of distinct asparagine synthetase
genes by light and metabolites in Arabidopsis thaliana. Plant J 16:345-353.

Le T, McQueen-Mason S (2006) Desiccation-tolerant plants in dry environments. Rev Environ Sci
Biotechnol 5:269-279.

Lee LY, Gelvin SB (2008) T-DNA binary vectors and systems. Plant Physiol 146:325-332.

Legnaioli T, Cuevas J, Mas P (2009) TOC1 functions as a molecular switch connecting the circadian
clock with plant responses to drought. EMBO J 28:3745-3757.

Li G, Siddiqui H, Teng Y, Lin R, Wan XY, Li J, Lau OS, Ouyang X, Dai M, Wan J, Devlin PF,
Deng XW, Wang H (2011) Coordinated transcriptional regulation underlying the circadian clock in
Arabidopsis. Nat Cell Biol 13:616-622.

Li HQ, Xu J, Chen L, Li MR (2007) Establishment of an efficient Agrobacterium tumefaciens-
mediated leaf disc transformation of Thellungiella halophila. Plant Cell Rep 26(10):1785-9.

Li J, Park E, von Arnim A, Nebenfiihr A (2009) The FAST technique: a simplified Agrobacterium-
based transformation method for transient gene expression analysis in seedlings of Arabidopsis and
other plant species. Plant Methods 20;5:6. doi: 10.1186/1746-4811-5-6.

Liu G, Campbell BC, Godwin ID (2014) Sorghum genetic transformation by particle bombardment.
Methods Mol Biol. 1099:219-234.

Liu JX, Srivastava R, Che P, Howell SH (2007) An endoplasmic reticulum stress response in
Arabidopsis is mediated by proteolytic processing and nuclear relocation of a membrane-associated
transcription factor, bZIP28. Plant Cell 19:4111-4119.

Liu JX, Srivastava R, Che P, Howell SH (2007) Salt stress responses in Arabidopsis utilize a signal
transduction pathway related to endoplasmic reticulum stress signaling. Plant J 51:897-909.

Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-Shinozaki K, and Shinozaki K
(1998) Two transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA binding domain
separate two cellular signal transduction pathways in drought- and low-temperature-responsive gene
expression, respectively, in Arabidopsis. Plant Cell 10:1391-1406.

Lopez SJ, Kumar RR, Pius PK, Muraleedharan N (2004) Agrobacterium tumefaciens-mediated
genetic transformation in tea (Camellia sinensis (L.) O. Kuntze). Plant Mol Biol Rep 22:201a-201j.

Ma J, Hanssen M, Lundgren K, Hernandez L, Delatte T, Ehlert A, Liu CM, Schluepmann H,
Droge-Laser W, Moritz T, Smeekens S, Hanson J (2011) The sucrose-regulated Arabidopsis

146



References

transcription factor bZIP11 reprograms metabolism and regulates trehalose metabolism. New phytol
191:733-745.

Ma Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, Grill E (2009) Regulators of
PP2C phosphatase activity function as abscisic acid sensors. Science 324:1064—1068.

Maggio A, Miyazaki S, Veronese P, Fujita T, Ibeas JI, Damsz B, Narasimhan ML, Hasegawa
PM, Joly RJ, Bressan RA (2002) Does proline accumulation play an active role in stress-induced
growth reduction? Plant J 31:699-712.

Magome H, Yamaguchi Sh, Hanada A, Kamiya Y, Oda K (2004) Dwarf and delayed-flowering 1,
a novel Arabidopsis mutant deficient in gibberellin biosynthesis because of over-expression of a
putative AP2 transcription factor. Plant J 37:720-729.

Manfre AJ, LaHatte GA, Climer CR, Marcotte Jr WR (2009) Seed dehydration and the
establishment of desiccation tolerance during seed maturation is altered in the Arabidopsis thaliana
mutant atem6-1. Plant Cell Physiol 50:243-253.

Mani S, Van de Cotte B, Van Montagu M, Verbruggen N (2002) Altered levels of proline
dehydrogenase cause hypersensitivity to proline and its analogs in Arabidopsis. Plant Physiology
128:73-83.

Marcolino-Gomes J, Rodrigues FA, Fuganti-Pagliarini R, Bendix C, Nakayama TJ, Celaya B,
Molinari HB, de Oliveira MC, Harmon FG, Nepomuceno A (2014) Diurnal oscillations of
soybean circadian clock and drought responsive genes. PLoS One 9(1): e86402. doi:10.1371/
journal.pone.0086402

Marion J, Bach L, Bellec Y, Meyer C, Gissot L, Faure JD (2008) Systematic analysis of protein
subcellular localization and interaction using high-throughput transient transformation of Arabidopsis
seedlings. Plant J 56:169-179.

Martinelli T (2008) In situ localization of glucose and sucrose in dehydrating leaves of Sporobolus
stapfianus. J Plant Physiol 165:580-587.

Martinez-Garcia J, Moyano E, Alcocer M, Martin C (1998) Two bZIP proteins from Antirrhinum
flowers preferentially bind a hybrid C-box/G-box motif and help to define a new subfamily of bZIP
transcription factors. Plant J 13(4):489-505.

Mattioli R, Marchese D, D’Angeli S, Altamura MM, Costantino P, Maurizio T (2007)
Modulation of intracellular proline levels affects flowering time and inflorescence architecture in
Arabidopsis. Plant Mol Biol 66:277-288.

McClung CR (2006) Plant circadian rhythms. Plant Cell 18:792-803.

McClung, CR (2001) Circadian rhythms in plants. Annu Rev Plant Physiol Plant Mol. Biol 52:139-
162.

Michel D, Furini A, Salamini F, Bartels D (1994) Structure and regulation of an ABA and
desiccation-responsive gene from the resurrection plant Craterostigma plantagineum. Plant Mol Biol

24:549-560.

Mishler BD, Churchill SP (1985) Transition to a land flora: phylogenetic relationships of the green
algae and bryophytes. Cladistics 1:305-328.

147



References

Moore JP, Tuan Le N, Brandt WF, Driouich A, Farrant JM (2009) Towards a systems-based
understanding of plant desiccation tolerance. Trends Plant Sci 14:110-117.

Morris DR,Geballe AP (2000) Upstream open reading frames as regulators of mRNA translation.
Mol Cell Biol 20:8635-8642.

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays with tobacco tissue
cultures. Physiol Plant 15:473-497.

Murray MG, Thompson WF (1980) Rapid isolation of high molecular weight plant DNA. Nucleic
Acids Res 8:4321-4325.

Naar AM, Lemon BD, Tjian R (2001) Transcriptional coactivator complexes. Annu Rev Biochem
70:475-501.

Nakashima K, Ito Y, Yamaguchi-Shinozaki K (2009) Transcriptional regulatory networks in
response to abiotic stresses in Arabidopsis and grasses. Plant Physiol 149:88-95.

Nakashima K, Satoh R, Kiyosue T, Yamaguchi-Shinozaki K, Shinozaki K (1998) A gene
encoding proline dehydrogenase is not only induced by proline and hypoosmolarity, but also
developmentally regulated in the reproductive organs of Arabidposis. Plant Physiol 118:1233-1241.

Nambara E, Keith K, McCourt P, Naito S (1995) A regulatory role for the ABI3 gene in the
establishment of embryo maturation in Arabidopsis thaliana. Development 121:629-636.

Nefissi R, Natsui Y, Miyata K, Ghorbel A, Mizoguchi T (2011) Roles of circadian clock in
developmental controls and stress responses in Arabidopsis: exploring a link for three components of
clock function in Arabidopsis. Adv Bot Res 57:377-403.

Nishizawa A, Yabuta Y, Shigeoka S (2008) Galactinol and raffinose constitute a novel function to
protect plants from oxidative damage. Plant Physiol 147:1251-1263.

Norwood M, Truesdale MR, Richter A, Scott P (2000) Photosynthetic carbohydrate metabolism in
the resurrection plant Craterostigma plantagineum. J Exp Bot 51:159-165.

Norwood M,Toldi O, Richter A, Scott P (2003) Investigation into the ability of roots of the
poikilohydric plant Craterostigma plantagineum to survive dehydration stress. J Exp Bot 54:2313-
2321.

Ohkama-Ohtsu N, Kezuka A, Onouchi H, Fujiwara T, Naito S (2008) The promoter region of the
b subunit gene of b-conglycinin responds to methionine and glutathione in transient assay using
Arabidopsis protoplasts. Soil Sci Plant Nutr 54:128-132.

Oliver MJ (1996) Desiccation-tolerance in vegetative plant cells. Physiol Plant 97:779-787.

Oliver MJ, Bewley JD (1997) Desiccation tolerance of plant tissues: a mechanistic overview. Hortic
Rev 18:171-214.

Oliver MJ, Dowd SE, Zaragoza J, Mauget SA, Payton PR (2004) The rehydration transcriptome of
the desiccation-tolerant bryophyte Tortula ruralis: transcript classification and analysis. BMC
Genomics 5:89-107.

Oliver MJ, Guo L, Alexander DC, Ryals JA, Wone BW, Cushman JC (2011) A sister group
contrast using untargeted global metabolomic analysis delineates the biochemical regulation

underlying desiccation tolerance in Sporobolus stapfianus. Plant Cell 23:1231-48.

148



References

Oliver MJ, Tuba Z, Mishler BD (2000) The evolution of vegetative desiccation tolerance in land
plants. Plant Ecol 151:85-100.

Oltmanns H, Frame B, Lee LY, Johnson S, Li B, Wang K, Gelvin SB (2010) Generation of
backbone-free, low transgene copy plants by launching T-DNA from the Agrobacterium
chromosome. Plant Physiol 152:1158-1156.

Palena CM, Gonzalez DH, Chan RL (1999) A monomer-dimer equilibrium modulates the
interaction of the sunflower homeodomain leucine-zipper protein Hahb-4 with DNA. Biochem J
341:81-87.

Petersen J1, Eriksson SK, Harryson P, Pierog S, Colby T, Bartels D, Rohrig H (2012) The
lysine-rich motif of intrinsically disordered stress protein CDeT11-24 from Craterostigma
plantagineum is responsible for phosphatidic acid binding and protection of enzymes from damaging
effects caused by desiccation. J Exp Bot 63:4919-4929.

Phillips JR, Fischer E, Baron M, van den Dries N, Facchinelli F, Kutzer M, Rahmanzadeh R,
Remus D, Bartels D (2008) Lindernia brevidens: a novel desiccation-tolerant vascular plant, endemic
to ancient tropical rainforests. Plant J 54:938-948.

Piatkowski D, Schneider K, Salamini F, Bartels D (1990) Characterization of five abscisic acid-
responsive cDNA clones isolated from the desiccation-tolerant plant Craterostigma plantagineum and
their relationship to other water-stress genes. Plant Physiol 94:1682-1688.

Porembski S (2011) Evolution, diversity and habitats of poikilohydrous plants. In: Luttge U, Beck E,
Bartels D (eds) Plant desiccation tolerance. Springer, Berlin, pp 139-156.

Pritchard HW, Wood CB, Hodges S, Vautier HJ (2004) 100-seed test for desiccation tolerance and
germination: a case study on 8 tropical palm species. Seed Sci Technol 32:393-403.

Proctor M (2001) Patterns of desiccation tolerance and recovery in bryophytes. Plant Growth Reg
35:147-156.

Pruss GJ, Nester EW, Vance V (2008) Infiltration with Agrobacterium tumefaciens induces host
defense and development-dependent responses in the infiltrated zone. Mol Plant Microb Interact
21:1528-1538.

Rahmanzadeh R, Muller K, Fischer E, Bartels D, Borsch T (2005) The Linderniaceae and
Gratiolaceae are further lineages distinct from the Scrophulariaceae (Lamiales). Plant Biol 7:67-78.

Rakié¢ T, Lazarevi¢ M, Jovanovié¢ ZS, Radovié¢ S, Siljak-Yakovlev S, Stevanovi¢ B, Stevanovi¢ V
(2014) Resurrection plants of the genus Ramonda: prospective survival strategies unlock further
capacity of adaptation, or embark on the path of evolution? Front Plant Sci 4:550.

Ramanjulu S, Bartels D (2002) Drought- and desiccation induced modulation of gene expression in
plants. Plant Cell Environ 25:141-151.

Rascio N, La Rocca N (2005) Resurrection plants: The puzzle of surviving extreme vegetative
desiccation. Crit Rev Plant Sci 24:209-225.

Reyes JL, Rodrigo MJ, Cokmenero-Flores JM, Gil JV, Garay-Arroyo A, Campos F, Salamini F,

Bartels D, Covarrubias AA (2005) Hydrophilins from distant organisms can protect enzymatic
activities from water limitation effects in vitro. Plant Cell Environ 28:709-718.

149



References

Riazunnisa K, Padmavathi L, Scheibe R, Raghavendra AS (2007) Preparation of Arabidopsis
mesophyll protoplast with high rates of photosynthesis. Physiol plantarum 129:679-686.

Rico A, Bennett M.H, Forcat S, Huang WE, Preston GM (2010) Agroinfiltration reduces ABA
levels and suppresses Pseudomonas syringae-elicited salicylic acid production in Nicotiana tabacum.
PLoS One, 5, e8977.

Rico A, Bennett MH, Forcat S, Huang WE, Preston GM (2010) Agro-infiltration reduces ABA
levels and suppresses Pseudomonas syringae-elicited salicylic acid production in Nicotiana tabacum.
PLoS ONE 5(1): e8977.

Riechmann JL, Heard J, Martin G, Reuber L, Jiang C, Keddie J, Adam L, Pineda O, Ratcliffe
0J, Samaha RR, Creelman R, Pilgrim M, Broun P, Zhang JZ, Ghandehari D, Sherman BK, Yu
G (2000) Arabidopsis transcription factors: genome-wide comparative analysis among eukaryotes.
Science 290:2105-2110.

Rodriguez MCS, Edsgard D, Hussain SS, Alquezar D, Rasmussen M, Gilbert T, Nielsen BH,
Bartels D, Mundy J (2010) Transcriptomes of the desiccationtolerant resurrection plant
Craterostigma plantagineum. Plant J 63:212-228.

Rohrig H, Schmidt J, Colby T, Brautigam A, Hufnagel P, Bartels D (2006) Desiccation of the
resurrection plant Craterostigma plantagineum induces dynamic changes in protein phosphorylation.
Plant Cell Environ 29:1606-1617.

Rook F, Weisbeek P, Smeekens S (1998) The light-regulated Arabidopsis bZIP transcription factor
gene ATB2 encodes a protein 1728 The Plant Cell with an unusually long leucine zipper domain.
Plant Mol Biol 37:171-178.

Roosens N, Thu TT, Iskandar HM, Jacobs M (1998) Isolation of the ornithine-delta-
aminotransferase cDNA and effect of salt stress on its expression in Arabidopsis thaliana. Plant
Physiol 117:263-271.

Riigner A, Frohnmeyer H, Nake C, Wellmer F, Kircher S, Schéfer E, Harter K (2001) Isolation
and characterization of four novel parsley proteins that interact with the transcriptional regulators
CPRF1 and CPRF2. Mol Genet Genomics 265:964-976.

Sakuma Y, Maruyama K, Osakabe Y, Qin F, Seki M, Shinozaki K, Yamaguchi-Shinozaki K
(2006) Functional analysis of an Arabidopsis transcription factor, DREB2A, involved in drought-
responsive gene expression. Plant Cell 18:1292-309.

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a laboratory manual. Cold Spring
Harbor Press, New York.

Satoh R, Fujita Y, Nakashima K, Shinozaki K, Yamaguchi-Shinozaki K. (2004) A novel
subgroup of bZIP proteins functions as transcriptional activators in hypoosmolarity-responsive
expression of the ProDH gene in Arabidopsis. Plant Cell Physiol 45:309-317.

Savoure A, Hua XJ, Bertauche N, VanMontagu M, Verbruggen N (1997) Abscisic acid-
independent and abscisic acid-dependent regulation of proline biosynthesis following cold and

osmotic stresses in Arabidopsis thaliana. Mol Gen Genet 254:104-109.

Saxena SN, Kaushik N, Sharma R (2008) Effect of abscisic acid and proline on in vitro flowering in
Vigna aconitifolia. Biol Plant 52:181-183.

150



References

Schaffer R, Wisman E (2001) Microarray analysis using genomic DNA as a common reference. 12th
International Conference on Arabidopsis Research, Madison WI, June 23-27,2001 Abstr. 111

Schindler U, Menkens AE, Beckmann H, Ecker JR, Cashmore AR (1992) Heterodimerization
between light-regulated and ubiquitously expressed Arabidopsis GBF bZIP proteins. EMBO J
11:1261-1273.

Schnurer J, Rosswall T (1982) Fluorescein diacetate hydrolysis as a measure of total microbial
activity in soil and litter. Appl Environ Microbiol 43:1256-1261.

Sharma MK, Solanke AU, Jani D, Singh Y, Sharma AK (2009) A simple and efficient
Agrobacterium-mediated procedure for transformation of tomato. J Biosci 34:423-433.

Sharma S, Verslues PE (2010) Mechanisms independent of ABA or proline feedback have a
predominant role in transcriptional regulation of proline metabolism during low water potential and
stress recovery. Plant Cell Environ 33:1838-1851.

Shinozaki K, Yamaguchi-Shinozaki K (2000) Molecular responses to dehydration and low
temperature:differences and cross-talk between two stress signaling pathways. Curr Opin Plant Biol
3:217-223.

Shinozaki K, Yamaguchi-Shinozaki K, Seki M (2003) Regulatory network of gene expression in
the drought and cold stress responses. Curr Opin Plant Biol 6:410-417.

Siberil Y, Benhamron S, Memelink J, Giglioli-Guivarc’h N, Thiersault M, Boisson B, Doireau P,
Gantet P (2001) Catharanthus roseus G-box binding factors 1 and 2 act as repressors of strictosidine
synthase gene expression in cell cultures. Plant Mol Biol 45:477-488.

Skriver K, Olsen FL, Roger JC Mundy J (1991) Cis-acting DNA elements responsive to gibberlin
and its antagonist abscic acid. Proc. Natl. Acad. Sci. 88:7266-7270.

Smeekens S, Ma J, Hanson J, Rolland F (2010) Sugar signals and molecular networks controlling
plant growth. Curr Opin Plant Biol 13:274-279.

Smith-Espinoza C, Bartels D, Phillips JR (2007) Analysis of a LEA gene promoter via
Agrobacterium-mediated transformation of the desiccation tolerant plant Lindernia brevidens. Plant
Cell Rep 26:1681-1688.

Somleva MN, Tomaszewski Z, Conger BV (2002) Agrobacterium-mediated genetic transformation
of switchgrass. Crop Sci 42:2080-2087.

Sparks CA, Jones HD (2014) Genetic transformation of wheat via particle bombardment. Methods
Mol Biol 1099:201-218.

Sprenger-Haussels M, Weisshaar B (2000) Trans-activation properties of parsley proline-rich bZIP
transcription factors. Plant J 22:1-8.

Strathmann A, Kuhlmann M, Heinekamp T, Droege-Laser W (2001) BZI-1 specifically
heterodimerises with the tobacco bZIP transcription factors BZI-2, BZI-3/TBZF and BZI-4, and is
functionally involved in flower development. Plant J 28:397-408.

Swamy PM, Smith B (1999) Role of abscisic acid in plant stress tolerance. Curr Sci India 76:1220-
1227.

151



References

Székely G, Abraham E, Cseplo A, Rigo G, Zsigmond L, Csiszar J, Ayaydin F, Strizhov N, Jasik
J, Schmelzer E, Koncz C, Szabados L (2008) Duplicated P5CS genes of Arabidopsis play distinct
roles in stress regulation and developmental control of proline biosynthesis. Plant J 53:11-28.

Takata N, Eriksson ME (2012) A simple and efficient transient transformation for hybrid aspen
(Populus tremula x P. tremuloides). Plant Methods 8:30. doi:10.1186/1746-4811-8-30.

Thompson J, Higgins D, Gibson T (1994) Clustal W: Improving the sensitivity of progressive
multiple sequence alignment through sequence weighting, position-specific gap penalties and weight
matrix choice. Nucleic Acids Res 22:4673-4680.

Tuba Z, Lichtenthaler HK, Csintalan Z, Nagy Z, Szente K (1994) Reconstitution of chlorophylls
and photosynthetic CO2 assimilation upon rehydration of the desiccated poikilochlorophyllous plant
Xerophyta scabrida (Pax) Th. Dur. Et Schinz. Planta 192:414-420.

Tunnacliffe A, Wise, MJ (2007) The continuing conundrum of the LEA proteins.
Naturwissenschaften 94:791-812.

Ueki S, Lacroix B, Krichevsky A, Lazarowitz SG, Citovsky V (2009) Functional transient genetic
transformation of Arabidopsis leaves by biolistic bombardment. Nat Protoc 4:71-77.

Uno Y, Furihata T, Abe H, Yoshida R, Shinozaki K, Yamaguchi-Shinozaki K (2000) Arabidopsis
basic leucine zipper transcription factors involved in an abscisic acid-dependent signal transduction
pathway under drought and high salinity conditions. Proc Natl Acad Sci 97:11632-11637.

Usadel B, Blising OE, Gibon Y, Retzlaff K, Hohne M, Giinther M, Stitt M (2008) Global
transcript levels respond to small changes of the carbon status during progressive exhaustion of
carbohydrates in Arabidopsis rosettes. Plant Physiol 146:1834-1861.

Valenzuela-Avendaiio JP, Estrada-Mota IA, Lizama-Uc G, Souza-perera R, Valenzuela-Soto
EM, Ziga JJ (2005) Use of a simple method to isolate intact RNA from partially hydrated Selaginella
lepidophylla plants. Pant Mol Biol Rep 23:199a-199¢.

Van den Dies (2009) Comparative and functional promoter analysis of desiccation-related genes from
three closely related plant species differing in desiccation tolerance. Dissertation, Mathematisch-
Naturwissenschaftlichen Fakultit, Rheinischen Friedrich-Wilhelms-Universitit Bonn, Bonn.

Van den Dies N, Facchinelli F, Giarola V, Phillips JR, Bartels D (2011) Comparative analysis of
LEA-like 11-24 gene expression and regulation in related plant species within the Linderniaceae that
differ in desiccation tolerance. New Phytol 190:75-88.

Velasco R, Salamini F, Bartels D (1998) Gene structure and expression analysis of the drought and
abscisic acid-responsive gene CDeTl[-24 family from the resurrection plant Craterostigma
plantagineum Hochst. Planta 204:459-471.

Verbruggen N, Hermans C (2008) Proline accumulation in plants: a review. Amino Acids 35:753-
759.

Verbruggen N, Villarroel R, Van Montagu M (1993) Osmoregulation of a pyrroline-5-carboxylate
reductase gene in Arabidopsis thaliana. Plant Physiol 103:771-781.

Verslues PE, Bray EA (2006) Role of abscisic acid (ABA) and Arabidopsis thaliana ABA-
insensitive loci in low water potential-induced ABA and proline accumulation. J Exp Bot 57:201-212.

152



References

Verslues PE, Sharma S (2010) Proline metabolism and its implications for plant-environment
interaction. The Arabidopsis Book, American Society of Plant Biologists 8, e014010.1199/tab.0140.

Voinnet O, Rivas S, Mestre P, Baulcombe DC (2003) An enhanced transient expression system in
plants based on suppression of gene silencing by the p19 protein of tomato bushy stunt virus. Plant J
33:949-956.

Walford S (2008) Activation of seed-specific genes in leaves and roots of the desiccation tolerant
plant, Xerophyta humilis. Dissertation, University of Cape Town, South Africa.

Wang ZQ, Ovitt C, Grigoriadis AE, Mohle-Steinlein U, Ruther U, Wagner EF (1992). Bone and
haematopoietic defects in mice lacking c-fos. Nature 360:741-745.

Webb AA, Larman MG, Montgomery LT, Taylor JE, Hetherington AM (2001) The role of
calcium in ABA-induced gene expression and stomatal movements. Plant J 26:351-362.

Weber H, Chételat A, Reymond P, Farmer EE (2004) Selective and powerful stress gene
expression in Arabidopsis in response to malondialdehyde. Plant J 37:877-888.

Weigel R, Glazebrook J (2002) Arabidopsis: a laboratory manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, New York.

Weltmeier F, Ehlert A, Mayer CS, Dietrich K, Wang X, Schii tze K, Alonso R, Harter K,
Vicente-Carbajosa J, Droge-Laser W (2006) Combinatorial control of Arabidopsis proline
dehydrogenase transcription by specific heterodimerisation of bZIP transcription factors. EMBO J
25:3133-3143.

Whalen MC, Innes RW, Bent AF, Staskawicz BJ (1991) Identification of Pseudomonas syringae
pathogens of Arabidopsis and a bacterial locus determining avirulence on both Arabidopsis and
soybean. Plant Cell 3:49-59.

Wiese A, Elzinga N, Wobbes B, Smeekens S (2004) A conserved upstream open reading frame
mediates sucrose-induced repression of translation. Plant Cell 16:1717-1729.

Wilkins O, Bréautigam K, Campbell MM (2010) Time of day shapes Arabidopsis drought
transcriptomes. Plant J 63:715-727.

Willige BC, Kutzer M, Tebartz F, Bartels D (2009) Subcellular localization and enzymatic
properties of differentially expressed transketolase genes isolated from the desiccation tolerant
resurrection plant Craterostigma plantagineum. Planta 229:659-666.

Wise MJ, Tunnacliffe A (2004) POPP the question: what do LEA proteins do? Trends Plant Sci
9:1360-1385.

Wittkopp PJ, Haerum BK, Clark AG (2004) Evolutionary changes in cis and trans gene regulation.
Nature 430:85-88.

Wolkers WF, McCready S, Brandt WF, Lindsey GG, Hoekstra FA (2001) Isolation and
characterization of a D-7 LEA protein from pollen that stabilizes glasses in vitro. Biochim Biophys
Acta 1544:196-206.

Wolkers WF, McCready S, Brandt WF, Lindsey GG, Hoekstra FA (2001) Isolation and

characterization of a D-7 LEA protein from pollen that stabilizes glasses in vitro. Biochim Biophys
Acta 1544:196-206.

153



References

Wroblewski T, Tomczak A, Michelmore R (2005) Optimization of Agrobacterium-mediated
transient assays of gene expression in lettuce, tomato and Arabidopsis. Plant Biotechnol J 3:259-273.

Wu H, Sparks C, Amoah B, Jones D (2003) Factors influencing successful Agrobacterium-mediated
genetic transformation of wheat. Plant Cell Rep 21:659-668.

Waullschleger SD, Tschaplinski TJ, Norby RJ (2002) Plant water relations at elevated CO2
implications for water-limited environments. Plant Cell Environ 25:319-331.

Xiao S, SunY, Tian C, Wang Y (2013) Optimization of factors affecting protoplast preparation and
transformation of smoke-tree wilt fungus Verticillium dahliae. Afr J Microbiol Res 7:2712-2718.

Xu D, Duan X, Wang B, Hong B, Ho T, Wu R (1996) Expression of a late embryogenesis abundant
protein gene, HVAI, from barley confers tolerance to water deficit and salt stress in transgenic rice.
Plant Physiol 110:249-257.

Xu K, Huang X, Wu M, Wang Y, Chang Y, Liu K, Zhang J, Zhang Y, Zhang F, Yi L, Li T,
Wang R, Tan G, Li C, A (2014) A rapid, highly efficient and economical method of Agrobacterium-
mediated in planta transient transformation in living onion epidermis. PLoS One. 9(5):€96979.
doi:10.1371/journal. pone.0096979.

Xu ZY, Kim SY, Hyeon do Y, Kim DH, Dong T, Park Y, Jin JB, Joo SH, Kim SK, Hong JC,
Hwang D, Hwang I (2013) The Arabidopsis NAC transcription factor ANACO096 cooperates with
bZIP-type transcription factors in dehydration and osmotic stress responses. Plant Cell 25:4708-4724.

Yamaguchi-Shinozaki K, Shinozaki K (1994) A novel cis-Acting element in an Arabidopsis gene is
involved in responsiveness to drought, low-temperature, or high-salt stress. Plant Cell 6:251-264.

Yamaguchi-Shinozaki K, Shinozaki K (2005) Organization of cis-acting regulatory elements in
osmotic- and cold-stress-responsive promoters. Trends Plant Sci 10:88-94.

Yamaguchi-Shinozaki K, Shinozaki K (2006) Transcriptional regulatory networks in cellular
responses and tolerance to dehydration and cold stresses. Annu Rev Plant Biol 57:781-803.

Yancey PH (2005) Organic osmolytes as compatible, metabolic and counteracting cytoprotectants in
high osmolarity and other stresses. J Exp Biol 208:2819-2830.

Yang Y, Li R, Qi M (2000) In vitro analysis of plant promoters and transcription factors by
agroinfiltration of tobacco leaves. Plant J 22:543-551.

Yobi A,Wone BWM, Xu W, Alexander DC, Guo L, Ryals JA (2012) comparative metabolic
profiling between desiccation-sensitive and desiccation Tolerantspeciesof Selaginella reveals insights
into the resurrection trait. Plant J 72:983-999.

Yoo SD, Cho YH, Sheen J (2007) Arabidopsis mesophyll protoplasts: a versatile cell system for
transient gene expression analysis. Nat Protoc 2:1565-72.

Yoshiba Y, Kiyosue T, Katagiri T, Ueda H, Mizoguchi T, Yamaguchi-Shinozaki K, Wada K,
Harada Y, Shinozaki K (1995) Correlation between the induction of a gene for pyrroline-5-
carboxylate synthetase and the accumulation of proline in Arabidopsis thaliana under osmotic stress.
Plant J 7:751-760.

Yoshiba Y, Nanjo T, Miura S, Yamaguchi-Shinozaki K, Shinozaki K (1999) Stress-responsive
and developmental regulation of pyrroline-5-carboxylate synthetase 1 (P5CSI) gene expression in
Arabidopsis thaliana. Biochem Bioph Res Co 261:766-772.

154



References

Zhong HH, McClung CR (1996) The circadian clock gates expression of two Arabidopsis catalase
genes to distinct and opposite circadian phases. Mol Gen Genet 251:196-203.

Zhu JK (2002) Salt and drought stress signal transduction in plants. Annu Rev Plant Biol 53:247-273.

Zimmermann P, Hirsch-Hoffmann M, Hennig L, Gruissem W (2004) Genevestigator.
Arabidopsis microarray database and analysis toolbox. Plant Physiol 136:2621-2632.

155



ABBREVIATIONS

4-MUG
ABA
ABRE
ABF
Amp
bp
BSA
bZIP
CaMV
CE
cDNA
Cp
CRT
CTAB
dATP
dCTP
dGTP
DMF
DMSO
DNA
DNase
dNTP
DRE
DREB
DTT
DwW
EDTA
Fw

g

GUS
™
DW
GFP
GUS

HEPES
Kan
Kb

LB
LEA
Ls

Lb

mA
MCS
MDA

min

4 —Methylumbelliferyl glucuronide
Abscisic acid

ABA responsive element
ABRE-binding factor

Ampicillin

Nucleotide base pair

Bovine serum albumin

Basic leucine zipper

Cauliflower mosaic virus
Coupling element
Complementary DNA
Craterostigma plantagineum
C-repeat

Cetyl trimethyl ammonium bromide
Desoxy-adenosin-triphosphate
Desoxy-cytidin-triphosphate
Desoxy-guanosin-triphosphate
N,N-Dimethylformamid
Dimethyl sulfoxide
Deoxyribonucleic acid
Deoxyribonuclease
Deoxyribonucleotide triphosphate
Dehydration responsive element
DRE-binding protein
Dithiothreitol

Dry weight
Ethylenediaminetetraacetate
Fresh weight

gram

B—glucuronidase

Turgor weight

Dry weight

Green Fluorescent Protein

E. Coli B-glucuronidase gene (uidA)
Hour

Hydroxyethyl)-1-piperazinethansulfonic acid

Kanamycin sulfate
Kilobase

Luria and Bertani medium
Late Embryogenesis Abundant
Lindernia subracemosa
Lindernia brevidens
Molar, mole(s) per liter
Milliamperes

Multiple cloning site
Malondialdehyde

Meter

Minute
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ml
mRNA
MS
OD
Oligo
ORF
PCR
PVP
rev

Rif
RNA
RNase
rpm
RT
RT-PCR
SAP
SDS
SSC
ssDNA
TA
TAE
Taq
TBA
TCA
TE
TEMED
™
Tris
Triton X-100
™

U

uv

v

v/v

w/v
WwC
X-Gal
X-Gluc

Milliliter

messenger RNA

Murashige and Skoog (1962)

Optical density

Oligodeoxythymidylic acid

Open reading frame

Polymerase Chain Reaction
Polyvinylpyrrolidone

Reverse

Rifampicin

Ribonucleic acid

Ribonuclease

Rounds per minute

Room temperature

Reverse Transcription-Polymerase Chain Reaction
Shrimp Alkaline Phosphatase

Sodium dodecyl sulfate

Saline sodium citrate buffer
Single-stranded DNA

Annealing temperature
Tris-Acetate-EDTA

Thermophilus aquaticus

Thiobarbituric acid

Trichloroacetic acid

Tris (10mM)-EDTA (1 mM)

N,N,N’ N’-tetramethylethylenediamine
Melting temperature
Tris-(hydroxymethyl)-aminomethane
Poly(ethylenglycolether)n-octylphenol
Turger weight

Unit

Ultraviolet

Volts

Volume/volume

Weight/volume

Water content
5-bromo-4-chloro-3-indolyl-b-Dgalactopyranoside
5-bromo-4-chloro-3-indolyl-B-D-glucuronide
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