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SUMMARY

SUMMARY

High temperature, dehydration, salinity, and wounding are major
environmental factors limiting crop growth and vyield worldwide. The
combination of these stresses causes many physiological changes that affect
crop yield and quality. In this study, the function of aldehyde dehydrogenase
(ALDH) genes in response to heat stress alone and in combination with
dehydration, salinity, or wounding stress was investigated using selected
ALDH genes and characterized transgenic A. thaliana ALDH double knock-out
lines. As heat stress often occurs in combination with other stresses, the
purpose of this study was to first investigate the response of selected ALDH
genes to heat and secondly to a combination of heat and other abiotic stresses.
Five selected ALDH genes of the families 3, 7 and 10 have been analyzed in
this work (ALDH3H1, ALDH3I1, ALDH7B4, ALDH10A8, and ALDH10A9). The
ALDH enzymes produce NADPH and NADH in their enzymatic reactions and
also contribute to balancing redox equivalents. Previous studies showed that
the expression of selected ALDH genes was induced in response to various
abiotic stresses, such as dehydration, salinity (NacCl), heavy metals (Cu?* and
Cd?*), oxidative stress (H202) and ABA treatment. Overexpression of ALDH
genes improved stress tolerance and knock-out lines of ALDH genes showed
increased sensitivity to stress treatments in A. thaliana, suggesting important
roles in environmental adaptation. Nevertheless, compared with other stresses,
the role of ALDH genes in high temperature and stress combinations (heat

combined with dehydration, wounding or salinity stress) is unclear.

Expression of selected ALDH genes was analyzed on the transcript and
protein level at different time points of heat stress and in response to basal or

acquired thermotolerance. The experiments were done with seedlings and
1



mature plants. The results showed that ALDH genes, particularly ALDH7B4, is
strongly induced by heat stress, indicating that ALDH genes play a crucial role
in protecting plants from high temperature damages. To investigate the
involvement of ALDH genes in heat stress responses, ALDH mutant lines were
compared with wild-type plants under heat stress regimes. The comparison of
the physiological and biological parameters (survival rates, photosynthesis,
lipid peroxidation and chlorophyll content) in T-DNA double mutants of ALDH
genes and wild-type plants demonstrated that mutant lines are more sensitive
to heat stress. Secondly, to understand how the ALDH genes are regulated
under multiple stresses, expression of selected ALDH genes was analyzed in
wild-type A. thaliana plants under a combination of stress conditions. The
physiology of plants was also analyzed including lipid peroxidation and
chlorophyll content. A combination of heat stress with dehydration resulted in
an increased ALDH7B4 expression more than in the case of a single stress.
Double knock-out lines of ALDH genes accumulate more MDA than wild-type
under heat-dehydration (H/D) and dehydration-heat (D/H) stress. However, a
smaller effect was seen in the chlorophyll content in response to heat
combined with dehydration stress treatment. A higher expression of ALDH7B4
was observed under heat combined with salinity stress than during a single
stress. Higher accumulation of MDA in mutant plants than in wild-type plants
was detected. When wounding and heat stress was applied in combination,
besides ALDH7B4, other ALDH genes were not induced in response to both
heat-wounding (H/W) and wounding-heat (W/H), although the ALDH genes
were highly regulated by wounding alone. More MDA accumulates during
wounding-heat (W/H) stress than during a single stress. These results suggest
that different stress combinations cause different expression patterns of ALDH

genes. Knock-out of ALDH genes results in higher sensitivity to stress



SUMMARY

combinations. ALDH genes may be involved in the antioxidant defense

machinery to eliminate ROS during the heat and combined stress situations.

The study of the ALDH7B4 promoter in A. thaliana showed the functional
significance of two cis-acting elements, ACGT and DRE/CRT, present in the
ALDH7B4 promoter. This was shown by studying six ALDH GUS fusion lines
along with lines carrying promoter deletions and base substitutions. The
results indicated that DRE/CRT and ACGT1 motifs are vital for the response to
heat stress combined with wounding or salt stress. In addition ACGT2 and
ACGT3 promoter elements play a crucial role for ALDH7B4 gene expression
and stress responsiveness. Using a yeast one-hybrid screen, several NAC
genes, were identified to bind to the ALDH7B4 promoter including ATAF1
(ANACO002), which is important in plant adaptation to abiotic stress and
development. Experiments demonstrated that ATAF1 activates ALDH7B4 by
directly binding to a specific promoter region in vivo and in vitro.
Overexpression of ATAF1l in A. thaliana plants results in elevating the
expression of ALDH7B4 in seeds, seedlings, and mature plants, whereas
ATAF1 T-DNA knock-out plants abolished the expression of ALDH7B4 in
different stages of growth (seeds, seedlings, and mature plants). This part of
the study demonstrates that the ATAF1 acts as a DNA-binding transcription
factor that activates ALDH7B4 expression by directly binding to its promoter

region.






INTRODUCTION

1. INTRODUCTION

1.1 Climate changes affect global food security
Societies and ecologies are influenced by the multiple interconnect risks and

uncertainties between climate changes and food security (Wheeler and Braun
2013). FAO (United Nations Food and Agricultural Organization) predicts that
about 2 billion of the global populations of more than 7 billion are food insecure.
According to the '2012 Global Hunger Index’, the most extreme 'alarming’
prevalence of hunger category is in sub-Saharan Africa or South Asia (Fig. 1)
(von Grebmer et al. 2012; Wheeler and Braun 2013). Since the 1850s, the
average global temperature has risen by 0.8°C and by the end of this century,
the global mean temperature could be 1.8°C to 4.0°C warmer than at the end
of the previous century (Solomon and Manning 2007). Fig. 2 displays the
global impacts of climate change on crop productivity (Bierbaum and Zoellick
2009). Warmer temperature will change the rainfall and enhanced frequency of
extreme weather (Trenberth 2005), and increase the risk of drought, reduce
photosynthesis rates and the light interception (Tubiello et al. 2007). As a
result, the frequency of extreme climatic events and severity of climatic events
will have serious consequences for food production and food insecurity
(Deryng et al. 2014; IPCC 2014). Heat stress damage of plants is particularly
severe during the reproductive period including controls of the rate of plant
metabolic processes that ultimately influence the production of biomass, fruits

and grains (Teixeira et al. 2013).
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Fig. 1 Global distribution of hunger as quantified by the 2012 Global Hunger
Index. 120 countries estimate the proportion of people who are undernourished, the
proportion of children under five years old who are under- weight, and the mortality
rate of children younger than age five (von Grebmer et al. 2012).
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Fig. 2 Global impacts of climate change on crop productivity from simulations
published in 2010 (Bierbaum and Zoellick 2009).



INTRODUCTION

1.2 Major effects of high temperature on plants
Temperature above the normal optimum is sensed as heat stress by all living

organisms (Kotak and Larkindale 2007). Heat stress is a major environmental
stress that limits the growth, metabolism, and productivity in global, causing
multifarious, and often adverse effects (Fig. 3) (Hasanuzzaman et al., 2013a),
including elevated respiration, reduced photosynthetic rates, altered timing of
the circadian clock, induction of the protein unfolding, aggregation and
degradation, loss of membrane integrity and acceleration of senescence

(Prasch and Sonnewald 2015).

Heat stress also differentially alters the internal morphology of plants, including
stability of various proteins, membranes, nucleic acids, cytoskeleton structures,
and alters the efficiency of enzymatic reactions in the cell, causing a state of
metabolic imbalance (Ruelland and Zachowski 2010; Mittler et al. 2012;
Hasanuzzaman et al. 2013a). Larkindale et al. revealed that in plants, 5% of
the transcriptome is upregulated more than twofold in response to heat stress
(Larkindale et al. 2005). On the other hand, heat stress also represses
expression of genes involved in cell growth, including histones and DNA
polymerases and deregulation of DNA methylation and transposon activation

(Pecinka et al. 2010).



Inhibition of
seed
germination

Fig. 3 Major effects of high temperature on plants (Hasanuzzaman et al. 2013).

1.2.1 Responses of plants to heat stress
Because plants are sessile organisms, they have to modify their metabolism to

avoid damage caused by heat (Mittler et al. 2012). The ability of plants to
respond and acclimate to severe heat stress is generally known as basal
thermotolerance (Lee and Schéffl 1996; Hong and Vierling 2001). Acquired
thermotolerance induced by pre-exposure to elevated but non-lethal
temperatures that enable organisms to survive a subsequent severe heat
stress that would be lethal in the absence of the preconditioning of the heat
treatment (Landry et al. 1989). Acquired thermotolerance enhances basal
thermotolerance and heat endurance through a transition to “efficient” cellular
performance when reached to acclamatory homeostasis (Bokszczanin and

Fragkostefanakis, 2013).
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The first observations of damages caused by heat stress are sunburns on
leaves, branches and stems, leaf abscission, shoot and root growth inhibition
and fruit damage (Prasad et al. 2006; Wahid 2007). Some research showed
that decreased relative growth rates under heat stress also causing the
reduction in net assimilation rates (Morales et al. 2003). During germination
stage of plants, a high temperature decrease the germination percentage and
loss of vigor were observed in soybean and tobacco plants (Ren et al. 2009;
Dobra et al. 2010). In A. thaliana, heat-treated seeds displayed reduced
germination percentage, plant emergence, abnormal seedlings, and
ultimately results in  poor vigor seedlings (Toh et al. 2008). The major
consequence of heat stress leads to membrane permeability and can generate
excess reactive oxygen species (ROS), which cause oxidative stress (Asada
2006). Oxidative stress negatively affects plant vegetative organs and
development of reproductive (Qi, Wang et al. 2011). Moreover, oxidative
stress caused by heat stress also increased the membrane peroxidation lipids
and accumulation of MDA levels in several crops. In rice and wheat, heat
stress reduced the antioxidant enzyme activities that increased MDA contents
in leaves (Hurkman et al. 2009; Savicka 2010). Similarly, increased membrane
damage and MDA contents were also observed in cotton, sorghum, and
soybean (Rahman et al.,2009; Xu et al., 2011). Heat stress results in ROS
accumulation at the plasma membrane can also cause membrane
depolarization and trigger programmed cell death (Qi et al. 2011). In plants,
physiological processes such as photosynthesis and respiration are more
sensitive to heat stress (Wahid 2007). Heat stress has a negative influence on
chloroplast, carbon metabolism of the stroma and photochemical reactions in
thylakoid lamellae (Cheng et al. 2009a). In addition, the photosystem Il (PSiIlI)
activity and amount of photosynthetic pigments are reduced under heat stress

(Suwa et al. 2010). In soybean, rice, tobacco and oak leaves, heat stress



significantly decreased total chlorophyll content, chlorophyll a content,
chlorophyll a/b ratio, and Fv/Fm ratio. As a consequence, decreased in
sucrose content, sugar content and soluble sugars content were observed
(Hurkman, Vensel et al. 2009, Suwa, Hakata et al. 2010, Djanaguiraman,
Prasad et al. 2011, Tan and Meng et al. 2011). Reproductive tissues of plants
also showed a high sensitivity to heat stress. A significant decrease or abortion
in floral buds and flowers and increase sterility were observed under heat

shock stress (CAO et al. 2008; McClung and Davis 2010).

1.2.2 Adaptation of plants to heat stress
In order to counteract the harmful effects of heat stress on cellular metabolism,

plants respond to heat stress by reprogramming their transcriptome, proteome,
metabolome and lipidome (Bita and Gerats 2013). Such changes are intended
to establish a new balance of metabolic processes that can enable the
organism to function, survive and even reproduce at a higher temperature.
Heat stress can change membrane properties and activate a calcium channel,
which follows the inward flux of calcium thought to activate signal transduction
events and alter in an 'acclimation’ process (Fig. 4) (Mittler et al. 2012). As
shown in Fig. 4, that acclimation pathways act as the primary heat sensing
mechanism of plants (highlight in yellow). In plants, at least four sensors have
been proposed to trigger the heat stress response. Heat-induced changes may
occur in protein stability and exposure of hydrophobic residues of proteins that
may trigger the unfold protein response (UPR) sensors in the cytosol and the
endoplasmic reticulum (ER), histone eviction in the nucleus, accumulation of
ROS and alteration in cellular energy levels, and unfolding of RNA species that
could act as riboswitches or affect spliceosome and miRNAs function (Mittler

et al. 2012).

10
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Fig. 4 A schematic model for temperature sensing in plants. Increase in ambient

temperature affects many different processes (Mittler et al. 2012).

There are two types of plant adaptation to heat stress, avoidance and
tolerance mechanisms (Fig. 5). Avoidance or escape mechanisms involve in
turn away from leaf blades from light and orient the leaves parallel to sun rays,
transpiration cooling, and alteration of membrane lipid compositions
(Hasanuzzaman et al. 2013a). Under heat stress, avoidance mechanisms in
plants involved in early maturation and decreased yield (Borras-hidalgo 2005).
The tolerance mechanisms are defined as the ability of the plant to grow and
produce an economic yield under heat stress (Wahid 2007; Hasanuzzaman et
al. 2013a). Plants have evolved various mechanisms for heat stress, including
signaling cascades and transcriptional control, ion transporters, expression of
stress proteins, antioxidant defense and osmoprotectants (proline, glycine
betaine, and trehalose) (Fig. 5) (Kocsy et al. 2002; Borras-hidalgo 2005). The
accumulation of heat shock proteins (HSPs) under control of heat stress
transcription factors (HSFs) is presumed to play an important role in the heat
stress response in plants (Kotak and Larkindale 2007). HSPs were strongly
induced by heat stress, including HSP100, HSP90, HSP70, HSP60 and small
HSP proteins (sHSPs). These HSPs have important roles in renaturing

11



proteins which denatured by heat stress (Rizhsky et al. 2004; Bokszczanin and
Fragkostefanakis 2013; Ohama et al. 2016). Zhong et al. (2013) suggested
that in A. thaliana, sHSP21 is essential for chloroplasts under heat stress.
Besides HSP protection mechanism, other transcripts encode proteins that are
involved in calcium signaling, protein phosphorylation, phytohormone signaling,
sugar and lipid signaling and metabolism, RNA metabolism, translation,
primary, and secondary metabolisms, transcription regulation and responses

to different stresses (Nover et al. 2001; Mittler et al. 2012).

In plants, heat stress tolerance is closely related to antioxidative capacity.
Former studies reported that heat-acclimated species have lower production of
ROS than non-acclimated plants from heat-induced oxidative stress conditions
(Xu et al. 2006; Hasanuzzaman et al. 2013a). Tolerant plants overcome the
damages of ROS with generating of various enzymatic and non-enzymatic
ROS scavenging and detoxification systems (Apel and Hirt 2004; Sharma et al.
2012). The activities of antioxidant enzymes, such as catalase (CAT),
ascorbate peroxidase (APX), superoxide dismutase (SOD), peroxidase (POX)
and glutathione reductase (GR) are heat stress sensitive (Almeselmani et al.
2006; Chakraborty and Pradhan 2011). Ascorbic acid (AsA), Glutathione
(GSH), tocopherol and carotene, which involved in antioxidant metabolites
also protect plants against oxidative stress (Sairam et al. 2000). GSH levels,
the enzymes involved in GSH synthesis and the ratio of GSH/GSSG also
increased in wheat (Kocsy et al. 2002). Antioxidant enzymes showed
contribute to maintaining the chlorophyll content and reduce membrane
damages index during most of the stages in wheat, rice, and maize
(Almeselmani et al. 2006; Kumar et al. 2012). Taken together, as temperature
increased, so will expression of the antioxidative enzymes. The temperature
increased activities are different in tolerant and susceptible varieties
(Chakraborty and Pradhan 2011).

12
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Recent studies indicating that not only transcription factors are essential during
heat stress, but also epigenetic regulators and small RNAs, has an important
role in adaption to heat stress (Ohama et al. 2016). Methylation of histone H3
lysine 4 (H3K4) is involved in the sustained expression of heat stress-inducible
genes after heat stress (Zhang et al. 2009b). Moreover, small RNAs, including
miR398 and miR156 affect the heat stress response by regulating the activity

of various transcription factors (Guan et al. 2013; Stief et al. 2014).

leaf

Fig. 5 Different adaptation mechanisms of plants to high temperature. A:

Avoidance, T: Tolerance (Hasanuzzaman et al. 2013a)

1.2.3 Heat stress signal transduction
Multiple external and internal signaling pathways are involved in the heat

stress response, which controls activation of heat shock proteins (HSPs) and
regulates various responses. There are multiple signal transduction molecules
involved in stress-responsive gene activation. Some major signal molecules
are the Ca?*- dependent protein kinases (CDPKs), mitogen-activated protein
kinases (MAPK/MPKs), nitric oxide (NO), sugar, which acts as signaling

13



molecule and phytohormones (salicylic acid, abscisic acid, gibberellin,
jasmonic acid, and brassinolide) (Ahmad et al. 2012). These signaling
molecules, HSPs, and transcription factors work together and activate the
expression of heat-induced genes, which are involved in detoxifying pathways
and activate the essential enzymes and structural proteins to maintain cellular

homeostasis (Hasanuzzaman et al. 2013a).

In general, there are four different sensors of cellular responses in plants
response to heat stress, including activation of a plasma membrane (PM)
channel, a histone sensor in the nucleus and two unfolded protein sensors in
the endoplasmic reticulum (ER) and cytosol (Mittler et al. 2012). It was
reported that heat is sensed at the plasma membrane and Ca?* channels are
opened by modulation of membrane fluidity. This would allow a specific inward
flux of extracellular Ca?* ions into the cytoplasm, which can regulate multiple
signaling pathways (Saidi et al. 2009a). There are more than forty putative
Ca?* channels in A. thaliana genome, which probably located in the plasma
membrane and may act as the sensors to heat stress (Ward et al. 2009).
Moreover, it has been reported that the CaLM3 in is essential for heat stress
signaling in A. thaliana (Zhang et al. 2009a). As shown in Fig. 6, heat stress
negatively affects membrane stability and activates a PM Ca?" channel,
leading to an inward flux of Ca?". Ca?* binds the calmodulin CaLM3 and
activates various protein kinases, transcriptional regulators of HSP (HSFs,
MBF1c, WRKY, and DREB) and NADPH/respiratory burst oxidase protein D
(RBOHD), which can trigger multiple mitogen-activated protein kinases
(MAPKSs) (Sangwan et al. 2002). ROS that derived from RBOHD can lead to
membrane depolarization and trigger the ROS/redox signaling, which would
further activate downstream pathways through protein including MBF1c,
certain HSFs, MAPKSs, and SnRKs (Bokszczanin and Fragkostefanakis 2013).
In addition, heat-induced changes in membrane stability also trigger lipid
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signaling via the enzyme phospholipase D (PLD) and a PIPK
(phosphatidylinositol 4, 5-bisphosphate kinase). Molecules involved in lipid
signaling like phosphatidic acid (PA), PIP2 (phosphatidylinositol phosphate
kinase), and IP3 (D-myo-inositol-1, 4, 5-trisphosphate) accumulate under heat
stress (Mishkind et al. 2009). The accumulation of these signaling molecules
could in turn cause opening of channels and the triggering of a Ca?* influx
(Nover et al. 2001). Another sensor of cellular responses in plants to heat
stress is a histone sensor in the nucleus. A research of ARP6 gene in A.
thaliana encodes a subunit of the SWR1 complex, which is involved in

response to heat stress (Kumar and Wigge 2010).

Besides activation of a plasma membrane (PM) channel and a histone sensor
in the nucleus, heat-induced exposure of hydrophobic residues of proteins
may also trigger the unfolded protein response (UPR) in the cytosol and the
endoplasmic reticulum (ER) (Mittler et al. 2012). Plants need to cope with the
negative effects of the accumulation of unfolded proteins after heat stress, the
UPR is a signaling pathway activated in cells in response to stress that triggers
protein instability in the ER (Bernales et al. 2006). Because the UPR activation
required Ca?* signal from the PM, the UPR protective mechanisms are less
sensitive as the Ca?* channel and not the primary sensor to heat stress (Saidi
et al. 2009b; Mittler et al. 2012). Changes stability in the ER cause a further
increase in the level of chaperone transcripts which targeted in the ER and
activate of brassinosteroid pathway (Che et al. 2010). There are two UPR
signaling pathways in plants, proteolytic processing which involved in bZIP and
RNA splicing factor, such as IRE1. Sidrauski et al. (2007), suggested that IRE1
have both serine/threonine protein kinase and endoribonuclease activity.
Under heat stress, bZIP members in A. thaliana AtbZIP17 and AtbZIP28
respond to UPR (Che et al. 2010). The cytosolic UPR activated by unfolded
proteins in the cytosol. In A. thaliana which is likely to be linked to the heat
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shock promoter element and the specific heat shock proteins, especially HsfA2,
which regulated by alternative splicing and nonsense-mediated mRNA decay
(NMD) (Sarkar et al. 2009). Recent studies suggested that HsfAl acts as
'master regulators' involved in the activation of transcriptional networks during
heat stress. HsfAls have been predicted to directly regulate the expression
levels of heat stress-responsive transcription factors, such as DREB2A, HsfA2,
HsfA7a, HsfBs, and MBF1C. Knockout of HsfAl in A. thaliana caused the
decreased expression of many heat stress-responsive genes and reduced
heat stress-sensitive phenotypes (Yoshida et al. 2011; Ohama et al. 2016). In
addition to HSFs, overexpression of transcription factors also showed
improved heat stress tolerance (Gao and Han 2009; Kim et al. 2011). Diaz et
alreported that HOT5 gene, which encoded the type Il alcohol dehydrogenase
5 (ADH5, GSNOR) is required for heat stress acclimation (Diaz et al. 2003).
NAC transcription factors, NAC019 and JUBL1 are involved in the heat stress

response (Wu et al. 2012; Guan et al. 2014).

Changes in metabolic and ROS signaling also contribute to heat stress
responses (HSR). It has been suggested that heat stress can cause the
accumulation of ROS, which could act as signals to trigger the HSR (Rizhsky
et al. 2004). However, under heat stress, the accumulation of ROS is also an
active response, which mediated by ROS-producing enzymes and inhibits of
the ROS- producing enzyme NADPH oxidase (KONIGSHOFER et al. 2008).
As described above, ROS that derived from RBOHD can lead to membrane
depolarization and trigger the ROS/redox signaling. Thus, RBOHD is required
for heat stress signal transduction by direct binding of calcium, which is
regulated by protein kinases (Suzuki et al. 2011). An influx of Ca?* mediated by
calcium channels at the PM could activate RBOHD and lead to the
accumulation of ROS. In addition, ROS accumulation in cells can trigger
programmed cell death (PCD) in plants (Mittler et al. 2012).
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Fig. 6 Signal transduction pathways activated in response to heat stress in
plants (Mittler et al. 2012).

1.3 Combination of stresses

It is the simultaneous occurrence of multiple abiotic stresses, rather than one
particular stress condition, including heat, drought, salinity and pathogen
attack or wounding stress (Mittler 2006; Suzuki et al. 2014). Compared with
individual stress, the combination stresses caused more damage to crops
(Suzuki et al. 2014). Recent studies revealed that the acclimation of plants to a
combination of different environmental stresses is uniqgue and cannot be
directly deduced from studying the response of plants to each of the different
stresses applied individually (Wang et al. 2004; Suzuki et al. 2016). Specific
physiological and molecular responses of plants to stress combinations and
single stresses were identified (Barnabas et al. 2008). Transcriptome analysis
of A. thaliana plants subjected to different abiotic and biotic stresses as single

stresses, or in combination, revealed that almost 60% of the transcripts only
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expressed under stress combinations (Hasanuzzaman et al. 2013b). The
stress requires a new defense or acclimation response. Thus, transgenic
plants with enhanced tolerance to biotic or abiotic stress conditions should be
also tested for their tolerance to a combination of different stresses (Greco et
al. 2012). Fig. 7 summarizes many of the stress combinations that could have
a significant impact on agricultural production (The ‘Stress Matrix’) (Mittler
2006). When heat stress combined with drought, salinity, ozone, pathogen and
UV light, displayed potential negative interactions to plants. Whereas,
combined ozone and drought/pathogen/UV light shown potential positive
interactions. Because several environmental stimuli can affect plant
development in combination, numbers of stress-responsive signal transduction
pathways have to be integrated to adapt resource allocation between defense,
growth, and reproduction (Fig. 8). The protein kinase networks transduced
signals from phytohormone, ROS, Ca?*, lipid, and metabolite to cellular

adaptations (Prasch and Sonnewald 2015).
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Fig. 7 Agriculturally important stress combinations (‘The Stress Matrix’) (Mittler

2006).
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Fig. 8 Crucial events in the signal transduction pathway activated by biotic and

abiotic stress factors (Prasch and Sonnewald 2015).

1.3.1 A combination of heat and dehydration stress

High temperature and dehydration stress represent the two most frequent
abiotic stress combination occurring in natural environments, which affects
plant growth and yield (Savin and Nicolas 1996; Rizhsky et al. 2002a; Rizhsky
et al. 2004). Physiological changes of plants subjected to individual stress and
a combination of heat and dehydration stress found that stress combination
has some unique aspects, including low photosynthesis, closed stomata and
high leaf temperature (Rizhsky et al. 2002a). Recently, Suzuki et al. pointed
out the combined effects of heat and dehydration were generally additive,
suggesting a certain degree of independence between the mechanisms
regulating the responses of plants to dehydration or heat stress (Suzuki et al,
2014).Studies on transcriptome profiling of individual and combination
revealed almost 770 transcripts that only express in stress combination
conditions. Similarly, several unique metabolites accumulate specifically
during stress combination (Rizhsky et al. 2004). Antioxidant mechanisms play
an important role in the response of plants to a combination of dehydration and
heat stress (Suzuki et al. 2014). Koussevitzky et al. reported that cytosolic

ascorbate peroxidase 1 (APX1) protein was shown to accumulate during
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dehydration, heat stress and their combination, and a knock-out mutant of
APX1 was more sensitive to stress combination than wild-type plants

(Koussevitzky et al. 2008).

1.3.2 A combination of heat and salinity stress

The effects of salinity stress could be worse when combined with heat stress
because enhanced transpiration could cause increased uptake of Na* (Keles
and Oncel 2002). A recent study demonstrated that the detrimental effects on
tomato plants caused by salinity stress were partially counteracted by heat
stress when stresses were combined (Rivero et al. 2014). Nevertheless,
Suzuki pointed out A. thaliana plants were more susceptible to the combination
of salt and heat stress than to each of the different stresses applied individually
(Suzuki et al. 2016). Heat stress can cause changes in membrane fluidity that
affect the function of membrane-bound ion transporters. Salinity stress can
cause Na* toxicity that affects K* uptake, and cause the damage of enzymatic
activities and inhibition of metabolic pathways (Keles and Oncel 2002).
According to the RNA-seq results of A. thaliana in response to a combination
of salt and heat stress(Suzuki et al. 2016), the enhanced expression of about
700 genes unique to the stress combination are observed after stress
combination. Moreover, many of the transcripts that specifically associated
with ABA are upregulated. A recent study on a heat and salt combination of
stresses also found responses of heat more dominant than salt stress
(Rasmussen et al., 2013). The ROS-related membrane lipid peroxidation in A.
thaliana plant accumulated under either heat or salt stress (Katsuhara et al.
2005). In addition, chlorophyll content of A. thaliana leaf was significantly
reduced in response to both heat stress and a combination of salinity and heat

stress (Suzuki, 2016).
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1.3.3 A combination of heat and wounding stress

Plants attacked by a vast range of pests and pathogens (wounding stress),
including fungi, bacteria, viruses, nematodes and herbivorous insects.
Wounding stress damages plant tissues also triggers pathways for pathogen
invasion (Cheong et al. 2002). It has been reported that high temperature is
able to influence metabolism and plant defense responses (Mittler and
Blumwald 2010; Mittler et al. 2012). Combined occurrence of abiotic and biotic
stress may result in synergistic or antagonistic interactions (Zhu et al. 2010).
Many abiotic stress conditions are shown to weaken the defense mechanisms
of plants (Mittler and Blumwald 2010; Atkinson and Urwin 2012). In defense
responses against biotic and abiotic stress conditions phytohormones such as
SA, JA, ethylene, and ABA have been described to act synecdochical and
antagonistically, known as signaling crosstalk (Fujita et al. 2006). Under stress
treatment conditions, Ca?* and ROS are produced independently of biotic and
abiotic stress applications and it is assumed that ABA appears to be centrally
positioned between ROS and SA signaling (Kissoudis et al. 2014). The
findings of research on the triple stress of heat, drought, and virus revealed
that heat is the major stress factor and the combination of abiotic stresses
almost abolished the defense response induced by virus treatment.
Virus-treated plants showed increased expression of defense genes. However
when plants additionally subjected to heat and drought stress, the expression

of defense genes were abolished (Prasch and Sonnewald 2013).

1.4 Aldehyde dehydrogenase (ALDH) genes in Arabidopsis thaliana
Aldehyde dehydrogenase (ALDH) genes are a family of enzymes, which

catalyze the oxidation of reactive aldehydes to their corresponding carboxylic

acids. Many kinds of researches on human-ALDH proteins demonstrated their
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function in detoxification pathways of cellular metabolisms (Brocker et al. 2010;
Stagos et al. 2010). ALDHSs are a family of NAD (P) *-dependent enzymes with
an oxidative function (Kirch et al. 2001). The A. thaliana genome encodes 14
genes, classify into nine aldehyde dehydrogenase families (Kirch et al. 2004)
(Fig. 9). In this study, | focused on stress-related family 3 and family 7 ALDH
genes (ALDH3I1, ALDH3H1, ALDH3F1, and ALDH7B4) and two Betaine
aldehyde dehydrogenase (BADH) homologs ALDH10A8 and ALDH10A9. The
A. thaliana family 3 has three ALDH isoforms: ALDH3F1, ALDH3I1, and
ALDH3HL1. These three isoforms share more than 60% amino acid identity with
C. plantagineum family 3. ALDH family 7 proteins are highly conserved among
plants and animals. A comparative analysis of amino acid sequences derived
from animal and plant species shows more than 60% sequence identity (Kirch

et al. 2004).

Protein Locus Localization Putative function or pathway involved Reference

ALDHZB4 At3g48000 Mitochondria Pyruvate dehydrogenase bypass pathway Wei et al. (2009)

ALDHZ2B3 At1g23800  Mitochondria

ALDH2C4 At3g24503  Cytosol Phenyl-prapanoid pathway (ferulic acid and sinapic acid biosynthesis) Nair et al. (2004)

ALDH3F1 At4g36250 Cytosol Variable substrate ALDH, stress-regulated detoxification pathway  This review

ALDH3H1 At1g44170 Cytosol Variable substrate ALDH, stress-regulated detoxification pathway  This review

ALDH3I1 At4g34240 Chloroplasts Variable substrate ALDH, stress-regulated detoxification pathway Sunkar et al. (2003); Kotchoni

et al. (2006)

ALDHS5F1 At1g79440  Mitochondria Succinic semialdehyde dehydrogenase, involved in GABA-shunt 3ouché et al. (2003); Bouche
pathway, stress-regulated detoxification of ROS intermediates, and in and Fromm {2004 ura
the patterning of Arabidopsis leaves along the adaxial-abaxial axis et al. (2011)

ALDHBB2 At2g14170 Mitochondria Putative methylmalonyl semialdehyde dehydrogenase

ALDH7B4 At1g54100  Cytosol Turgor-responsive, stress-regulated detoxification pathway Kotchoni et al. (2006)

ALDH10A8 At1g74920 Leucoplasts Putative stress-regulated AMADH, involved in the oxidation of Missihoun et al. (2011)

ALDH10A9  At3g48170 Peroxisomes  aminoaldehydes derived from polyamine degradation

ALDH11A3  At2g24270 Non-phospharylating GAPDH

ALDH12A1  Atbg62530  Mitochondria A'-Pyrroline-5-carboxylate dehydrogenase, stress-regulated pathway, schle et al. (2001, 2004);
essential for proline degradation, and protection from proline toxicity Miller et al. (2009)

ALDH22A1 At3g66658 Cytosol Plant specific ALDH Kirch et al. (2005), this review

Fig. 9 Localization and putative physiological functions of the Arabidopsis

thaliana ALDH protein superfamily (Stiti et al. 2011).

Previous studies revealed that ALDH enzymes have different subcellular
localizations, suggesting ALDH enzymes participate in specific biochemical

processes. ALDH3I1 is localized in the chloroplast, while ALDH3F1 and

22



INTRODUCTION

ALDH3H1 are found in the cytosol (Kirch et al. 2004). Transcript accumulation
analyses demonstrated that five of the analyzed ALDH genes (ALDH3H1,
ALDH3I1, ALDH7B4, ALDH10A8, and ALDH10A9) expression in response to
ABA treatment, salt, dehydration, heavy metals and H202, while ALDH3F1 and
ALDH22A1 are constitutively expressed at low level (Kirch et al. 2005; Stiti et
al. 2011). Promoter-GUS analysis indicating that ALDH3I1, ALDH3H1, the
ALDH7B4 promoters are induced in response to abiotic stress conditions. The
ALDH7B4 promoter shows high GUS expression in all tissues in response to
ABA, dehydration, NaCl, and wounding (Stiti et al. 2011; Missihoun Ph.D.
dissertation 2010). Cis- elements of ALDH7B4 promoter involved in stress
responsiveness were also analyzed in our lab. Two conserved
ACGT-containing motifs close to the translation start codon were important for
the responsiveness to osmotic stress in leaves and in seeds (Missihoun et al.
2014). Early studies also found that plants overexpressing ALDH3F1,
ALDH3I1, or ALDH7B4 genes are more tolerant to salt, dehydration and
oxidative stress (Kotchoni et al. 2006). T-DNA single and double insertion
mutants of ALDH, display an increased sensitivity to dehydration and salt
stress, along with accumulating higher MDA levels than wild-type plants
(Sunkar et al. 2003; Kotchoni et al. 2006). These results indicate that ALDH
genes function as aldehyde-detoxifying enzymes, also as ROS scavengers
and lipid peroxidation-inhibiting enzymes (Kirch et al. 2005). So far, the
response of ALDH genes to high temperature (heat) stress and heat stress

combined with other abiotic stresses has not been investigated.

1.5 The NAC transcription factors

It is well known that transcription factors and their targeting cis-acting elements
act as molecular switches for gene expression, regulating temporal and spatial

gene expression (Badis et al. 2009). NAC [No apical meristem (NAM), A.
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thaliana transcription activation factor (ATAF) and cup-shaped cotyledon
(CUCQ)] family proteins are plant-specific transcription factors (Nuruzzaman et
al. 2013). This family represents the largest transcription factors of land plants
of more than a hundred members in plant genomes. There are at least 151
and 117 NAC family members in rice and A. thaliana (Nuruzzaman et al. 2010),
163 in Populus trichocarpa, 163 in Glycine max L., 152 in Nicotiana tabacum
and 48 in Hordeum vulgare L. (Rushton et al. 2008; Hu et al. 2010; Le et al.
2011). NACs also reported being present in the moss Physcomitrella patens

(Shen et al. 2009).

1.5.1 Structure of NAC transcription factors

The NAC transcription factors contain a general structure that consists of a
highly conserved NAC domain at the N-terminus and a variable C-terminal
region. The N-terminal region includes the DNA binding domain, whereas
C-terminal region thought to play an important role in the determination of the
target genes (Jensen et al. 2009). The transcriptional regulatory domain in
C-terminal is highly variable, which may contribute to the functional diversity in
different NAC proteins. The NAC domain has five sub-domains (A, B, C, D and
E). Studies suggested that the sub-domain C and D are responsible for DNA
binding, while sub-domain B and E are more diverse than others (Ernst et al.
2004; Wang et al. 2011). It has been noted that the structure of NAC domain is
unique. Unlike the classical helix-turn-helix motif, the NAC domain contains a

twisted B-sheet surrounded by helical elements (Ernst et al. 2004).

1.5.2 Biological functions of NACs
NAC transcription factors play important roles in multiple biological processes

such as plant development from shoot meristem to auxin signaling (Olsen et al.
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2005; Nakashima et al. 2012), response to stresses and hormone signals.
When genes encoding NAC transcription factors are overexpressed in plants,
robust phenotypes including salt and drought tolerance have been observed
(Tran et al. 2004). Studies indicated that NAC proteins also involved in
response to biotic stress (Wu et al. 2009; Xia et al. 2010). Microarray analysis
overexpressing of ANACO072 (RD26) plants showed up-regulation of
stress-inducible genes and ABA-responsive genes suggesting that RD26 is
involved in regulation of drought-responsive genes in an ABA-dependent
pathway (Tran et al. 2004). Expression of NACs regulated by several
cis-acting elements contained in the promoter region. These cis-elements
including ABREs, DREs, LTREs (Low-temperature responsive elements),
MYB and MYC binding sites, W-Box, jasmonic acid-responsive element and

salicylic acid-responsive element (Nakashima et al. 2012).

The transcript level of ATAFL1 increases in response to wounding, H202, and
ABA. Moreover, Yamamizo et al. (2016) revealed that ATAF1 as a positive
regulator of leaf senescence and drought tolerance and mutants of ATAF1
show hyposensitivity to ABA. There is controversial evidence regarding the
function of ATAF1 in biotic and abiotic (drought) stress. Overexpression of
ATAF1 showed negative regulation of defense responses against necrotrophic
fungal in both Wang and Wu’s research, while the results regarding the
expression of PR1 gene were opposite (Wang et al. 2009; Wu et al. 2009). The
opposite conclusions also occurred regarding ATAF1 in response to drought
stress conditions. One study pointed out that ATAF1 negatively regulates
drought-responsive genes by using atafl mutant lines (Lu et al. 2007; Jensen
et al. 2008). However, Wu et al. reported that ATAF1 positively regulates
drought-responsive genes via overexpression lines of ATAF1 (Wu et al. 2009).
Moreover, ATAF1 also contribute to ABA synthesis by directly regulating the
expression of related enzymes (Jensen et al. 2013).
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The NAC transcription factors regulate of their downstream genes by binding
to a consensus sequence in their promoter regions. NAC proteins can bind
CaMV 35S promoter, CGT (G/A) and CACG as the core-DNA binding motif
was identified in the promoter of drought-inducible ERD1 gene in A. thaliana
(Tran et al. 2004; Nakashima et al. 2007), called NAC binding sites (NACBS).
The NACBS are also present in the promoter of PR genes indicating that it

responsive to biotic stress (Seo et al. 2010).

1.6 Objectives of the study
This study focused on the expression of aldehyde dehydrogenase (ALDH)

genes and physiological changes in Arabidopsis thaliana under high
temperature and a combination of stresses and functional analyses of the

ALDH7B4 promoter. This work was mainly comprised of three sections.

1. Study the response of selected ALDH genes to heat and in

combination with other abiotic stresses.

a. Expression of selected ALDH genes in A. thaliana wild-type seedlings

and mature plants subjected to heat stress

b. Changes in the physiology (including survival rate, photosynthesis,
lipid peroxidation and chlorophyll content) of two T-DNA knockout mutant lines
KO6/62 (knock-out of ALDH7B4 and ALDH3F1) and KOG6/76 (knock-out of
ALDH7B4 and ALDH3I1) in comparison with wild-type plants in response to

heat stress.

c. Phenotypic changes and expression analysis of selected ALDH genes
in A. thaliana wild-type plants during a combination of stresses (heat stress

combined with dehydration, salt or wounding)
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d. Changes in the physiology (including analysis of lipid peroxidation and
chlorophyll content) of two T-DNA knockout mutant lines KO6/62 (knock-out of
ALDH7B4 and ALDH3F1) and KO6/76 (knock-out of ALDH7B4 and ALDH3I1)
in comparison with wild-type plants during a combination of heat stress with

other abiotic stresses.

2. Functional analysis of the importance of putative cis-elements in the

ALDH7B4 promoter.

The aim of this part was to focus on two selected cis-elements (DRE, ACGT1,
ACGT2 and / 3) and other putative cis-elements in the promoter of ALDH7B4

gene in response to heat and stress combinations.

a. The Arabidopsis thaliana lines carrying ALDH7B4 promoter-GUS
fusions constructs were examined under heat and stress combinations to
analyze the importance of promoter elements in response to stress

combinations.

b. Identification of putative transcription factor that regulateALDH7B4

using a yeast one-hybrid screening.
3. Functional analysis of the transcription factor ATAF1

a. Investigation of DNA binding of the ATAF protein using DIG-labeled
electrophoretic mobility shift assays (EMSAS).

b. Transcriptional activation or repression using transient transformation

assays.
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2. MATERIALS AND METHODS

2.1 Materials
2.1.1 Plant materials and growth conditions
2.1.1.1 Plant materials

Arabidopsis thaliana (ecotype Col-0) was used as wild type in this work. All

transgenic plants were established in the A. thaliana ecotype Col-O0.

T-DNA knock-out mutant lines KO6/62 (knockout of ALDH7B4 and ALDH3F1),
KO6/76 (knockout of ALDH7B4 and ALDHS3I1) and A. thaliana lines carrying
ALDH7B4 promoter-GUS fusion constructs (B8, AB, AD, P1, P2, and P3) were
kindly provided by Dr. Tagnon Missihoun (Missihoun 2010; Missihoun et al.
2014).

Seeds of ATAF1 overexpression lines ATAF1-OX1 and ATAF1-OX2 (Wu et al.
2009), and two ATAF1 T-DNA insertion mutant lines SALK_64806 and
SALK_ 057618 were obtained from Dr. Qi Xie (Institute of Genetics and

Developmental Biology, Chinese Academy of Sciences, Beijing, China).

2.1.1.2 Growth conditions
For sterile culturing of seeds, A. thaliana seeds were surface sterilized in 70%

(v/v) ethanol for 2 min then in 7% (v/v) NaOCI (C. Roth; Karlsruhe, Germany) +
0.1% (w/v) SDS for 10 min, rinsed four times with sterile distilled water and
sown on MS-agar plates. Before sowing, the seeds were kept for at least 48 h
for vernalization at 4°C. All plants were grown under 120-150 JE m2 s light at
22°C with a day/night cycle of 8/16 h. For flowering, four- week-old plants were
moved to long-day condition (16/8 h photoperiod) growth chamber. Transgenic

plants were selected on MS agar plates containing 50 mg/l kanamycin.
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2.1.2 Bacteria and growth conditions

2.1.2.1 Bacteria strains
Escherichia coli DH10B

This strain was used as a host for cloning experiments, recombinant plasmids

and subsequent sequencing of the plasmid inserts.

Escherichia coli BL21

This strain was used to express recombinant ATAF1 proteins.

Adgrobacterium tumefaciens GV3101/pmP90RK

This strain was used for transformation of wild-type A. thaliana (ecotype

Col-0).

Saccharomyces cerevisiae YM4271

This yeast strain has been used for yeast one-hybrid screening. Uracil, leucine,

and histidine were used as markers for selection.

2.1.2.2 Growing conditions of bacteria cultures
The different conditions for bacteria cultures are listed in Table 1 Solid agar

plates were incubated with adequate aerobic conditions in the dark. Liquid
cultures were grown on a shaker at 200 rpm. Antibiotics were added to select

the transformed bacteria.
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Table 1 Growing conditions of different bacteria strains.

E. coli E. coli A. tumefaciens | S. cerevisiae
GVv3101

DH10B |BL21 YM4271
Medium LB LB YEB YEPD or SD
Temperature 37°C 37°C 28°C 30°C
Incubation 10-18 h | 14-18 h 48-72 h 3-6 days
Antibiotics Amp, Amp, Kan, | Rif, Kan SD dropout

Kan Carb

2.1.2.3 Glycerol stocks of bacteria strains

For long-term storage, the bacteria strains were stored in 30% (v/v) glycerol at
-80°C fridge. A single bacterial colony with plasmids was grown in 3 ml of liquid
LB-medium containing the antibiotic at 37°C for 10-18 h. 0.5-1 ml of the culture
was mixed vigorously with 1 ml of autoclaved 100% (v/v) glycerol and
immediately frozen in liquid nitrogen. The final glycerol concentration is

25%-30% (v/v). Glycerol stocks were stored at -80°C until further use.

2.1.3 Chemicals, enzymes, and Kkits

2.1.3.1 Chemicals and enzymes

The chemicals, enzymes, associated buffers and markers that were used in

this study were obtained from the following companies: Amersham

(Braunschweig, Germany), AppliChem GmBH (Darmstadt, Germany),

Apolloscientific (Bredsbury, CZ), Bio-budget Techologies GmbH (Krefeld,
Germany), Biomol

(Hamburg, Germany), Bio-Rad (Munich, Germany),

31




Boehringer (Mannheim, Germany), Clontech (Heidelberg, Germany), Difco
(New York, USA), Duchefa Biochemie (Haarlem, Netherlands), Ferak Laborat
GmBH (Berlin West, Germany), Fermentas (St. Leon-Rot, Germany),
Invitrogen  (Karlsruhe, Germany), Labomedic (Bonn, Germany),
Macherey-Nagel (Duren, Germany), Merck (Darmstadt, Germany), New
England Biolabs (NEB, Ipswich, E), Pharmacia (Uppsala, Sweden), Promega
(Mannheim , U.S.), Roth (Karlsruhe, Germany), Sigma-Aldrich (Munich,
Germany), TH. Geyer (Renningen, DE), and Stratagene (Heidelberg,

Germany).

2.1.3.2 Kits
Nucleo Spin Extract Il (Machery-Nagel; Diren, DE)

The DNA fragment was extracted from the agarose gel by dissolving it in the
binding buffer and then added to the silica membrane (SiO2). The membrane
binds to the DNA by adsorption at high concentrations of chaotropic salts. TE

buffer was used for elution.

CloneJET™ PCR Cloning Kit, (Fermentas: St. Leon-Rot, Germany)

The kit is designed for the efficient cloning of PCR fragments into the vector

pJET1.2/blunt.

RevertAid™ H Minus First Strand cDNA Synthesis Kit, (Fermentas: Burlington,
Canada)

The cDNA synthesis for reverse transcription polymerase chain reaction was
performed using the RevertAid™ H Minus First Strand cDNA Synthesis Kit,

(Fermentas; Burlington, Canada).
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DIG Gel shift Kit, 2" generation, (Roche: Roche Diagnostics Deutschland

GmbH, Germany)

DNA-protein interactions were performed by 'gel mobility shift' assays using
this kit. Because free DNA and DNA-protein complexes migrate differently
during gel electrophoresis, they can be separated and detected on native

polyacrylamide or agarose gels.

2.1.4 Media and solutions

All media and related solutions were autoclaved at least 20 min at 121°C and
1.2 bars. Antibiotics were added when media for agar plates were cooled
during continuous stirring to about 60°C. After solidification, the plates were

packaged and stored at 4°C in the dark.

2.1.4.1 Media
MS medium (Murashige and Skooq): 4.6 g/l MS salt, 20 g/l sucrose, 1 ml/l

vitamin stock solution, adjust pH to 5.8 with KOH, 8 g/l agar-select for solid

medium. This medium was used for plant germination and growth.

1/2 MS-medium: 2.15 g/l MS-salt mixture, 20 g/l sucrose; 150 mg/l ascorbic

acid, 100 mg/I citric acid, 2 ml/l vitamin solution (0.5 g/l ascorbic acid, 0.5 g/l
Niacin, 2.5 g/l pyridoxine-HCI, 50 g/I myo-Inositol), adjust pH to 5.8with KOH, 8

g/l agar-select for solid medium.

1/4 MS-medium liquid: 1.1 g/l MS-salt mixture, 20 g/l sucrose, 1 ml/l vitamin

stock solution, 1% (w/v) sucrose, adjust pH to 6.0 with KOH, 0.005% (v/v)
Silwet® L-77 (Crompton Corporation, USA). This medium was used for the

FAST assay (see 2.2.4.6).
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LB medium: 20 g/l Lennox LB powder (10 g Tryptone, 5 g yeast extract, 5 g
NacCl) or 35 g/l Lennox LB Agar powder (10 g Tryptone, 5 g yeast extract, 5 g

NacCl, 15 g agar) for solid medium were used for growing E. coli.

SOC medium: 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, adjust

pH 7.0 with NaOH. After filter steriled, 10 mM MgSOa4 and 10 mM MgCl2 were

added. This medium was used for transformation of E. coli.

YEB medium: 5 g/l sucrose, 5 g/l bacto-peptone, 5 g/l meat extract, 1 g/l

bacto-yeast extract, adjust pH to 7.0 with NaOH, 15 g/l agar-select for solid
medium. 2 mM MgSOa4 were added after autoclaving. This medium was used

for cultivation of A. tumefaciens.

YPD (YEPD) medium: 20 g/l peptone, 10 g/l yeast extract, pH 6.5, 20 g/l

agar-select for solid medium. 50 ml/I of 40% (w/v) glucose were added after

autoclaving. This medium was used for growing S. cerevisiae.

SD medium: 6.7 g/l Yeast Nitrogen base without amino acids (Difco) adjust pH
5.8 with NaOH, 20 g/l agar-select for solid medium. 50 ml/l 40% (w/v) glucose
and 100 ml/l of 10 x Dropout-solution were added after autoclaving. This

medium was used as a minimal medium for selection of S. cerevisiae.

2.1.4.2 Solutions
Ampicillin_stock solution: 100 mg/ml in Milli-Q water, filter sterilized and

aliquoted. Storage at -20°C, final working concentration is 100 pug/ml.

Kanamycin stock solution: 50 mg/ml in Milli-Q water, filter sterilized and

aliquoted. Storage at -20°C, final working concentration is 50 ug/ml.
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Rifampicin_stock solution: 50 mg/ml were dissolved in DMSO by vortexing,

filter sterilized and aliquoted. Storage at -20°C, final working concentration is

100 pg/ml.

Carbenicillin_stock solution: 50 mg/ml in Milli-Q water, filter sterilized and

aliquoted. Storage at -20°C, final working concentration is 50 ug/mil.

Vitamin stock solution: 2 mg/ml glycine, 0.5 mg/ml nicotinic acid, 0.5 mg/ml

pyridoxine HCI, 0.1 mg/ml thiamine-HCI in Milli-Q water, store at 4°C. 1:1000

dilution was used in the medium.

10X Dropout solution: 200 mg/l adenine hemisulfate salt; 200 mg/I arginine

HCI; 200 mg/l histidine HCI monohydrate; 300 mg/l isoleucine; 300 mg/l lysine
HCI; 1,000 mg/l leucine; 200 mg/l methionine; 500 mg/l phenylalanine; 2,000
mg/l threonine; 200 mg/I tryptophan; 300 mg/l tyrosine; 200 mg/I uracil; 1500
mg/l valine. Different amino acid dropout solutions were prepared without
histidine, uracil, and leucine, or a combination of histidine, uracil, and leucine.
The solutions were autoclaved and stored at 4°C. This medium was used with

SD medium for selection of auxotrophic yeast.

3-AT stock solution: 1 M 3-amino-1, 2, 4-triazole in Milli-Q water. Filter

sterilized and stored at 4°C. Using 0 mM to 60 mM of 3-AT in SD dropout
medium to select the HIS3 expression. 3-AT is a competitive inhibitor of HIS3

protein in histidine synthesis.
1x TE buffer: 10 mM Tris-HCI; 1 mM EDTA,; pH 8.0, store at room temperature.

50x TAE buffer: 2 M Tris base; 100 mM EDTA; pH 8.0, adjust pH with glacial

acetic acid.

10x TBE buffer: 890 mM Tris base; 890 mM boric acid; 20 mM EDTA,; adjust

pH to 8.0.
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10x DNA loading buffer (10 ml): 25 mg bromophenol blue; 25 mg Xylencyanol;

0.2 ml 50x TAE; 3 ml glycerol; 6.8 ml sterile distilled water.

Z-buffer: 60 mM Na2HPOs4; 40 mM NaH2P04.2H20; 10 mM KCI; 1 mM
MgS0a4.7H20; adjust pH to 7.0 with 10 N NaOH.

50 mM phosphate buffer (pH 7.0): Mix of 21.1 ml 0.2 M NaH2POg4, 28.9 ml 0.2

M Na2HPO4 and 150 ml H20.

4% (w/v) X-Gal: 40 mg/ml in N, N-dimethylformamide (DMF); protect from light;

store at -20°C.

10% (w/v) X-Gluc: 100 mg/ml in N, N-dimethylformamide (DMF); prepare

freshly or store at -20°C.

GUS staining solution:1 ml 10% (w/v) X-Gluc diluted in 200 ml 50 mM

phosphate buffer; 0.1% (v/v) Triton X-100; 8 mM B- mercaptoethanol freshly
added.

RNase A stock solution: 10 mg/ml RNase A in Milli-Q sterile water; store in

aliquots at -20°C.

IPTG stock solution: 100 mM IPTG in water; filter sterilize and store at -20°C.

2.1.5 Vectors

All the vectors used in this work are kept as plasmids at -20°C or in glycerol
stock at -80°C. The vectors used in this study were listed below (molecular

details of vectors are shown in the Appendix).

pJET1.2/ blunt

This vector designed for blunt-end cloning and it is already linearized with blunt
ends (Thermo Scientific, St. Leon-Rot, Germany). It contains the B-lactamase
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gene, ampr, which confers resistance to ampicillin, the Eco47IR gene, which
allows positive selection of transformants. This gene codes for the Eco47l
restriction enzyme, and when the enzyme is expressed, it is toxic to E. coli.
When the Eco47IR gene is disrupted by the insertion of DNA into the cloning
site, the gene will no longer be expressed and the transformed cells will grow

and divide on selective media.

R4L1pDEST LacZi (Mitsuda et al. 2010)

The plasmid R4L1pDEST LacZi is a derivative of the yeast integration and
pLacZi vector (Clontech). The attR4-ccdB/Cmr-attL1 cassette was inserted
into the MCS in front of the lacZ reporter gene under the control of the
iso-1-cytochrome C promoter of yeast. A Col E1 Ori and a bla gene for
ampicillin resistance allow the reproduction of the vector in E. coli. The ccdB
gene encoded protein is toxic for the E.coli strains. URA3 as a selection

marker for integration of the linearized vector into the yeast genome.

R4L1pDEST_ HISi (Mitsuda et al. 2010)

The plasmid R4L1pDEST_HISi is a derivative of the yeast integration and
pLacZi vector (Clontech). The attR4-ccdB/Cmr-attL1 cassette was inserted
into the MCS in front of the reporter gene HIS3 under the control of a minimal
promoter of HIS3. The ccdB gene encoded protein is toxic for the E.coli strains.
HIS3 or URAS are as a selection marker for integration of the linearized vector

into the yeast genome.

TEpDEST GAD424 (Mitsuda et al. 2010)

This plasmid is a carrier of A. thaliana factors. The library contains 1,498
transcription factors and was used for the yeast one-hybrid screening. cDNAs
of selected transcription factors are carried without the stop codon and are

introduced via a gateway system in the vector pGAD424 (Clontech match
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markers) (Mitsuda et al. 2010). The particular transcription factors are fused to
the activation domain of the yeast transcription activatorGAL4. A pMB1 Ori and
ampicillin resistance (bla) are included in E. coli for propagation. The LEU2
gene is used for selection in yeast. Minimal ADH1 promoter provides a low
expression of the fusion protein and an SV40 T-antigen nuclear localization

sequence is used to target the protein in yeast.

pBT10-GUS (Sprenger - Haussels and Weisshaar 2000)

This vector was used to produce promoter-GUS constructs. It contains the
uidA reporter gene of B-glucuronidase (GUS) and the bla gene of B-lactamase
for ampicillin resistance. Replication of Col E1-jump from E. coli provides a

high copy number.
pGJ280 (Kotchoni et al. 2006)

This vector contains a double CaMV35S promoter followed by a tobacco etch
virus translational enhancer, the Green Fluorescent Protein (GFP) coding
sequence, and the CaMV35S polyadenylation site. A bla gene confers the
ampicillin resistance for selection. This vector was originally constructed by Dr.

G. Jach (Max-Planck-Institute, Cologne, Germany).
pBIN19 (Frisch et al. 1995)

pBIN19 is a binary vector used for the transformation of Agrobacterium
tumefaciens for produce transgenic plants using the floral dip method (Clough
and Bent 1998). The plasmid containing the nptlll gene for selection of

transformed bacteria, as well as a T-DNA region in the MCS.

pET43.1b (Novagen)

This vector is designed for cloning and high-level expression of peptide

sequences fused with the 491 amino acid NuseTag (Novagen, Darmstadt,
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Germany). It carries upstream His-Tag, S-Tag, optional C-terminal HSV-Tag,

thrombin and enterokinase cleavage sites, multiple cloning sites in all reading

frames and compatible with Origami/Origami B, rosetta-gami, /rosetta-gami B

host strains to promote proper folding of expressed proteins.

2.1.6 Primers

The primer sequences (Table 2) were synthesized by Eurofins MWG Operon

(Ebersberg, Germany) and dissolved in TE buffer to give a stock solution of

100 pM, the final concentration is 100 yM. All primers were designed using the

“Oligo 6” and “ApE” software.

Table 2 List of primers

Name

5'-3' sequence

Restriction

site

Expression analysis of A. thaliana ALDH genes

Ath_Actin 2_fwd

GGAATCCACGAGACAACCTATAAC

Ath_Actin2_rev

GAAACATTTTCTGTGAACGATTCCT

ALDH7B4RT-Fwd

GAAGCAATAGCCAAAGACACACGC

ALDH7B4RT-Rev

GATATCTCGATTATCGTAGGCTCC

ATH-ALDHS5 FWD

GAAGCCATGGAAGCTATGAAGGAGAC

ATH-ALDH5 REV

GTCTCTGTCTCTCACTTTCCCCCTT

Ath-ALDH2-sense

ATCGGCGGAAGCGAGTAATTTGGTGT

AT
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Ath-ALDH2-anti

TATGGCGGATACCTGACGGCTGAATC

AraAld_Fwd

CTACTGGATGTGCCTGAAGCATC

AraAld_Rev

CATGAGTCTTTAGAGAACCCAAAG

AY093071-RT-fwd

GATCTTGCATGGTGGTTCCCGA

AY093071-RT-rev

AAGCACAAAGATTTGAACAGACAGC

AF370333-RT-fwd

TGTTCTTTGTGGAGGAGTTCGTC

AF370333-RT-rev

GAAGGGTCTCTTGCTTTATTGGT

RD29B FOR ACCAGAACTATCTCGTCCCAAA
RD29B REV CGGAGAGAGGTAGCTTTGTCAT
HSP70_FOR GGTGGTGGTACTTTTGATG
HSP70_REV TTGTCTTTCAGAAGATCTAT

Yeast one-hybrid screening

pHISi_fwd CGACGGCCAGTGAATTGTA
pHISi_rev GACAGAGCAGAAAGCCCTA
pLacZi_fwd GTCTGTGCTCCTTCCTTCG
pLacZi_rev GTGTGTGTATTTGTGTTTGC
GAL4AD_fwd CTATTCGATGATGAAGATACCCC
GAL4AD_rev CGTTTTAAAACCTAAGAGTCAC

Expression of ATAF1 protein
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ATAF1 Fwd for | ACTGGATCCGATGTCAGAATTATTACA | BamHI

pet43 GTT

ATAF1 Rev for | TAACTCGAGGTAAGGCTTCTGCATGTA | Xhol

pet43

S-tag GAACGCCAGCACATGGAC

Oligos for electrophoretic mobility shift assay

ALDH7B4 promoter | AAGCATAGGACACGTGACACATGTGA

oligo_Fwd TGTGAGTGAAGCC

ALDH7B4 promoter | GGCTTCACTCACATCACATGTGTCACG

oligo_Rev TGTCCTATGCTT

Transactivation assays

ATAF1 Fwd-pGJ280 | CCCCCATGGCAGAATTATTACAGTT Ncol

ATAF1 Rev-pGJ280 | TTCCCTTCTAGTAAGGCTTCTGCAT

p35s-pROK2 CACTGACGTAAGGGATGACGC
pBIN-HindlIl AGCTATGACCATGATTACGCCAAG
pBIN-EcoRI CGATTAAGTTGGGTAACGCCAGG

2.1.7 Database software and online tools

The nucleic acid sequences of plasmids and genes are derived from the NCBI
database (National Centre for Biotechnological Information:

www.ncbi.nim.nih.gov) and TAIR (The Arabidopsis Information Resource:

www.arabidopsis.orqg).
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For editing and analyzing DNA sequences, ApE-A plasmid Editor and
VectorNTIl (Invitrogen, Carslbad, CA) were used in this study. Oligo 6
(Molecular Biology Insights, Inc. DBA Oligo, Inc.) was used for design and

analysis of primers.

For Blasts of nucleic acid and protein sequences the functions BLASTN,
BLASTP and BLASTNP were used by NCBI. Alignments were performed

using the ClustalW function in mega VectorNTI 4.0.

Putative cis-elements of the promoter were searched using PLACE Web
Signal Scan (http://www.dna.affrc.go.jp/PLACE/signalscan.html) and Plant

Care ((http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Sigma plot Version 12.3 and SPSS for windows v.11.0.1 were used for

managing and analysis of statistics data and research.

ImageJ (National Institutes of Health, U.S.) is a Java-basedimage
processing program and is an open source image processing program for
multidimensional image data with a focus on scientific imaging. It was used for

analysis of root elongation of A. thaliana seedlings.

2.1.8 Machines and devices

Spectrophotometer: SmartSpec 3000, Bio-rad, Hercules, Canada. Bio

Spec-nano Spectrophotometer for Life Science,
Japan.Ultrospec 2000 UV/Visible Spectrophotometer,

Germany.

PCR machine: T3-Thermocycler, Biometra, Goéttingen, Germany

pH meter: SCHOTT GLAS, Mainz, Germany

Electroporator: Gene Pulser I, Bio-Rad, Hercules; CA; USA
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Imaging system: Typhoon 9200, Amersham Biosciences, Piscatway; NJ; USA

Chemiluminescence detector: Intelligent Dark Box 1l FUJIFILM, FUJIFILM

Corporation, Tokyo; JPN

Power supply: Electrophoresis power supply, Gibco BRL, Carlsbad, Canada.

Protein blotting cell: Criterion blotter, Bio-rad, Hercules, Canada.

UV illuminator: Intas UV systems series, CONCEPT Intas Pharmaceutical Itd.,

Guijarat, India.
SDS-PAGE: Minigel system, Biometra, Gottingen, Germany.

Sonicator: Ultrasonic Processor UP200S, Hielscher- Ultrasound Technology,

Teltow; Germany.
Fluorometer: VersaFluorTM Fluorometer, Bio-rad, Germany.

Scanner: Image Scanner Ill, GE Healthcare; Piscataway; NJ; USA.

2.1.9 Membrane

Protein transfer (Western blot) was performed on nitrocellulose membrane

Protran BA-85 0.45 um (Whatmann, Maidstone, UK).

2.1.10 Antibodies

For the immune-detection of proteins the following antibodies were used:

Primary antibodies: Monospecific antibody against ALDH7B4, ALDH3F1,
ALDH3H1, and ALDH3I1 were purified from crude serum (BioGenes GmbH,
Berlin; Germany)(Kirch et al. 2001b; Kotchoni et al. 2006).
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Secondary antibodies: Monoclonal anti-biotin-peroxidase antibody produced in
mouse BN-34 (Sigma- Aldrich; St. Louis; MO, USA). Anti-rabbit IgG from
donkey directly coupled to horseradish peroxidase (HRP) (Sigma-Aldrich; St.
Louis; MO, USA).

2.2 Methods

2.2.1 Stress treatment

Arabidopsis thaliana wild-type (ecotype Col-0), two ALDH double knock-out
mutant lines (KO6/62 and KO6/76) (Missihoun, PhD dissertation 2010), six
ALDH7B4 promoter-GUS fusions lines (B8, AB, AD, P1, P2 and P3)
(Missihoun et al. 2014) and ATAF1 overexpression (OX1 and OX2)/ knock-out

(atafl and ataf2) lines (Wu et al. 2009) were used for stress treatments.

2.2.1.1 Heat stress treatment

Heat stress for different time points: Plants at different developmental stages

were subjected to 45°C heat stress for 1 h, 3 h, 6 h, 12 h, 24 h and 72 h.
Ten-day-old seedlings after germination were directly heated in the incubator
and allowed to recovery in the growth chamber. Four-week-old soil-grown
plants were kept in the short-day conditions to grow before applying heat

stress.

Thermotolerance treatment: Basal thermotolerance (Ba) treatments consisted

of heating the plant material to 45°C, while acquired thermotolerance (Ac)
tests were done by heating the seedlings or plants initially to 38°C for 90 min,
then leaving the plants at room temperature for 120 min, before finally heating
to 45°C for 2 h. All heat treatments were performed in the dark. Recovery was

in a growth chamber at 22°C for 5 days in the light (Larkindale et al. 2005).
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Seed thermotolerance test: A seed thermotolerance test was performed after

seeds were sown on MS-agar medium and incubated at 4°C for 3 days in the
dark to break the dormancy. Seeds were heat-treated at 45°C for 1 h, 3 h, 6
h and 12 h immediately after removal from the cold and then allowed to grow
an additional 2 d, 3 d, 4 d, 7 d and 9 d for germination analysis. Untreated
control samples were placed at 22°C in the same way as the experimental

samples.

Root length assay: plants were grown for 7 days under short day conditions,

then the seedlings were exposed to heat treatment and after that returned for 3

days to the growth chamber and then the root lengths were measured.

2.2.1.2 Dehydration, wounding and salt stress treatments

The performance of soil-grown plants was investigated under stress conditions.
Four-week-old plants were subjected to different stresses. Plants were
wounded by treating the leaf surfaces with abrasive sandpaper and afterward
kept for four hours under short day conditions. Dehydration was imposed by
withdrawing watering for 6—7 d to reach a relative water content of 75% in the
plants. Salt stress treatment was performed by watering soil-grown plants
every two days with water containing 300 mM NaCl for 10-14 days; control

plants were watered with water only.

2.2.1.3 Treatments using a combination of stresses

A combination of dehydration and heat stress was performed either by
subjecting dehydrated plants (typically 6-7 days) to a heat stress treatment
(45°C for 6 h) or by exposing plants first to 45°C for 6 h followed by
dehydration. A combination of wounding and heat stress was applied by

wounding the leaves first followed by 45°C for 6 h and vice versa. A
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combination of salt and heat treatment was performed by first watering the
plants with 300 mM NaCl for 10-14 days followed by exposing plants for 6 h to
45°C and vice versa. All experiments were performed in triplicates and
repeated at least three times. All tissues collected were divided and used in

parallel for molecular and metabolic analyses.

2.2.2 Extraction of nucleic acids

2.2.2.1 Isolation of total RNAs from A. thaliana
Plant tissue was ground to a fine powder with liquid nitrogen using an RNase-

free mortar and pestle. 50-100 mg powder was homogenized in 1.5 ml of
extraction buffer (freshly prepared from stock solutions) and incubated for 10
min at room temperature. After incubation, the mixture was centrifuged for 10
min (10,000 g, RT) and the supernatant was transferred to a fresh tube. 300 pl
of chloroform/isoamyl alcohol (24/1) was added to the supernatant and mixed
thoroughly by vortexing for 10 sec. The suspension was centrifuged for 10 min
(10,000 g, 4°C) and the clear upper aqueous phase was transferred into
another fresh tube. 375 pl of isopropanol and 375 ul of 0.8 M sodium citrate/1
M sodium chloride were added, mixed thoroughly and the sample was allowed
to stand at room temperature for 10 min. Then the sample was centrifuged for
10 min (12,000 g, 4°C) and the pellet was washed with of pre-cooled (-20°C)
70% (v/v) ethanol, air-dried and dissolved in distilled Milli-Q H20.

Extraction buffer: 38% (v/v) buffer-saturated phenol; 0.8 M guanidine

thiocyanate; 0.4 M ammonium thiocyanate; 0.1 M sodium acetate (pH 5.0); 5%

(v/v) glycerol.
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2.2.2.2 Extraction of plasmid DNA from E. coli
An overnight culture (2-5 ml) of a single positive bacterial colony were

collected and centrifuged for 30 sec at a maximum speed 13200 rpm. The
supernatant was removed, the pellet was resuspended in 100 pl of
resuspension buffer GTE and allowed to stand for 5 min at room temperature.
200 microliters of lysis buffer (NaOH/SDS) was added to the resuspended
cells and mixed gently by tapping with fingers. The mixture was incubated on
ice for 5 min. In this step, the solution became viscous and slightly clear. 150 pl
of potassium acetate solution was added to the lysate and mixed gently by
inversion then centrifuged at a maximum speed 13,200 rpm for 3 min at room
temperature. The supernatant was transferred to a fresh 1.5 ml Eppendorf
tube. One volume of phenol/chloroform/isoamyl alcohol (25/24/1) was added
and mixed by vortexing for 10 sec. The mixture was centrifuged for 3 min
(13000 rpm, RT) and the upper phase was carefully transferred to a fresh tube
after a very short centrifugation (at maximum speed, RT), and mixed with two
volumes of 95% (v/v) ethanol. The mixture was centrifuged for 3 min (13000
rpm, RT) and the upper phase was carefully transferred to a fresh tube after a
very short centrifugation (at maximum speed, RT), and mixed with two

volumes of 95% (v/v) ethanol.

Glucose/Tris/EDTA (GTE): 50 mM glucose; 25 mM Tris-HCI, pH 8.0; 10 mM

EDTA. Autoclave and store at 4°C.

NaOH/SDS solution: 0.2 M NaOH; 1% (w/v) SDS. Freshly prepared before

use.

Potassium acetate solution: 29.5 ml glacial acetic acid; add KOH pellets to pH

4.8; bring to 100 ml with H20. Store at room temperature (do not autoclave).
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2.2.2.3 Extraction of plasmid DNA from yeast cells
Yeast cells were collected into a 1.5 ml Eppendorf tube either from liquid

culture or scraped from colonies grown on solid medium and resuspended in
200 pl lysis buffer. Then 200 pl phenol/chloroform (25/24) was added together
with 0.3 g of acid-washed glass beads (425-600 um). The suspension was
vortexed vigorously for 5-10 min to break the cell wall and centrifuged for 5 min
(14000 rpm, RT). The top aqueous phase was transferred to a fresh tube and
mixed with 2.5 volume of 100% (v/v) ethanol and 1/10 volume of 3 M sodium
acetate (pH 5.2). Plasmid DNA was precipitated by centrifuging for 10 min
(14000 rpm, RT) and washed with 70% (v/v) ethanol. The plasmid DNA was

then resuspended in 20 ul TE buffer and 2 ul was used to transform E. coli.

Lysis buffer: 2% (v/v) Triton X-100; 1% (w/v) SDS; 100 mM NacCl; 10 mM
Tris-HCI pH 8.0; 1 mM EDTA.

2.2.2.4 Genomic DNA extraction from A. thaliana
Two to three leaves of A. thaliana (50-100 mg) were frozen in liquid nitrogen.

Plant material was ground to a fine powder in 2 ml Eppendorf tubes using 3 big
(2x5mm) and 2 small (2x3mm) metal beads. The vortex was pre-cooled to
support grinding and 2.0 ml Eppendorf tubes were used. Freshly prepared
mixture of 375 pl 2x lysis buffer and 375 pl 2M urea solution were added to the
plant material and vortexed for a few seconds to homogenize it with plant
material. Then 37.5 pl phenol was added and vortexed briefly. The mixture
was transferred into new 2.0 ml centrifuge tubes and kept on ice till other
samples were undergone the same step. Then 750 ul of phenol: chloroform:
isoamyl alcohol (25: 24: 1) mixture was added and centrifuged for 10 minutes
at 13000 rpm at room temperature (room temperature). Supernatants were
transferred into new tubes and 0.7 volume (500 pl) of isopropanol was mixed

by gently inverting the tubes. Centrifugation was done for 30 minutes at 4°C
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and 13000 rpm. The supernatant was carefully discarded and pellets were
washed with 1 ml 70% (v/v) ethanol (2-3 min centrifugation). The ethanol was
carefully discarded and pellets were air-dried for a few minutes. The pellets
were dissolved in 300 pl Tris + RNase and kept at 37°C for 1-2 hours. At this
step, the pellet was stored at 4°C overnight or addition of equal volume 300yl
phenol: chloroform: isoamyl alcohol (25: 24: 1) followed by mixing gently and
one more centrifugation for 5 minutes at 13000 rpm were done to eliminate the
RNA. The supernatant was transferred to a new 1.5 ml centrifuge tube and the
DNA was precipitated (at least 1 hour at -70°C) with 0.1 volume (30 pl) 3 M
sodium acetate pH 5.2 and 2.5 volume (750 pl) absolute ethanol. Final
centrifugation was performed at 4°C for 20 to 30 minutes with 13000 rpm.
Pellets obtained were washed with 70% (v/v) ethanol, dried and finally

dissolved in 40 ul Tris and RNase buffer.

2x_Lysis Buffer: 0.6 M NaCl, 0.1 M Tris pH 8.0, 40 mM EDTA. 4% (w/v)

sarcosyl, 1% (w/v) SDS.

Tris + RNase (1 pl/ml of Tris): RNase Stock 100 mg/ml dilution (in 10 mM Tris

pH 8.0) 1:1000.

2.2.2.5 Extraction of DNA fragments from agarose gels

DNA fragments of PCR products or from enzymatic digestions of plasmid DNA
constructs were isolated from agarose gels using the NucleoSpin® Extract Il
Kit. The extraction and purification were done after excising the bands from the

agarose gel following the instructions of the kit manufacturer.

49



2.2.2.6 Qualitative and quantitative estimation of DNA and RNA
The DNA and RNA samples were qualitatively monitored by electrophoresis

on a 1% (w/v) agarose gel using the 1 kb ladder as a reference. The
concentration of the nucleic acids was measured with a spectrophotometer at
ODs 260 and 280 nm. A value of OD2s0=1 approximately corresponds to 50
pg/ml for a dsDNA or 40 pg/ml for RNA. The reading at 280 nm determines the
amount of protein in a sample. Pure preparations of DNA and RNA have an
OD260/OD2so ratio of 1.8 and 2.0, respectively. If there is contamination with
proteins or phenol, the OD2s0/OD2so ratio will decrease. Strong absorbance
around 230 nm can indicate that organic compounds or chaotropic salts are
present in the purified nucleic acids. Generally, the lower the ratio of
OD260/OD230 the higher the amount of salt that is present. As a guideline, the

OD260/OD230 ratio should be greater than 1.5.

Agarose gel electrophoresis was used as the standard method for testing the
guality and quantity of DNA and RNA. DNA and RNA samples were separated
on horizontal electrophoresis with a concentration of agarose ranging from 1%
to 2% (w/v) of agarose. The gels were prepared in 1x TAE buffer containing
1:1000 (v/v) ethidium bromide (10 mg/ml). Ethidium bromide intercalates with
double-stranded DNA and can be visualized by excitation through UV-light
(245nm).

2.2.3 Cloning of DNA fragments

2.2.3.1 Polymerase chain reaction (PCR)
The polymerase chain reaction is a standard method in molecular biology used

to amplify DNA fragments. The PCR reaction mixture in a total volume of 20 pl

was prepared as below:
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H20 (sterile double distilled) 15.6 pl
10x PCR-buffer with MgCl2 2.0 pl
10 mM dNTPs 0.4 pl
Forward-primer (10 pmol/pul) 0.4 ul
Reverse-primer (10 pmol/ pl) 0.4 ul
Tag-polymerase (5 U/ul) 0.2 ul
Template 1.0 pl

Reactions were homogenized and the PCR was performed in a TRIO-thermo

block (Biometra, Gottingen, Germany). The optimal number of PCR cycles and

the annealing temperature was determined empirically for each PCR. A

standard PCR program was as followed:

Initial denaturing 94°C 5 min

Denaturing 94°C 30 sec (30-35 times)
Annealing Ta 30 sec(30-35 times)
Elongation 72°C 40 sec (30-35 times)
Final extension 72°C 5 min

Storage 4°C

The annealing temperature (Ta) was set 5°C below the melting temperature of

the used primers (Tm). For primers with different Tm values, the lower value is

considered for the calculation of the Ta.
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2.2.3.2 Restriction endonuclease digestions
DNA digestion was carried out by restriction endonuclease according to the

following criteria: 1 U of restriction enzymes was used per 1 pg of DNA with the
reaction buffer (10x) was 1/10 or 1/5 of the end volume. A double digestion
was performed only when both restriction enzymes are active in the same
buffer; otherwise, the digestions were performed sequentially. In some cases
partial digestion was performed according to the following procedure: using
10x restriction enzyme buffer and sterile distilled H20 to dilute the plasmid or
PCR product to a final volume of 100 ul and the tube was labeled “A”. Aliquots
of 20 pl were removed from the tube “A” to 3 tubes labeled “B”, “C”, “D” and 10
Ml in a tube labeled “E” while 30 pl was left in the tube “A”. All tubes were kept
on the ice. Add 1 pl of restriction enzyme only to the tube labeled “A”. Mix well
and transfer 10 pl from tube “A” to tube “B”. Transfer 10 pl of tube “B” to tube
“C”, then 10 pl of tube “C” to tube “D”, and finally 10 ul of tube “D” to tube “E”
(Fig. 10). Mix well every time and then all tubes were incubated at the
recommended temperature for the restriction enzyme between 15 min to 1h
(different restriction enzymes have different efficiency in digestion), all the

samples were loaded on the gel immediately after incubation.

200

LA

1 pl of enzyme

%, A

A
10pul E \/
_1opl 30 pl left

10ul

fzou\ ’\/)Zﬂ%

Fig. 10 Scheme of partial digestion with restriction endonuclease

52



MATERIALS AND METHODS

2.2.3.3 DNA dephosphorylation
The linearized plasmid vector was dephosphorylated by antarctic phosphatase

(AnP) (New England Biolabs, Beverly, MA; USA) to prevent DNA
recircularization during the ligation step. Phosphatase is an enzyme that
removes the phosphates from both ends of the linear DNA to prevent
self-ligation of the plasmid DNA. The dephosphorylation reaction was
comprised of 1 pl of 10x antarctic phosphatase buffer, 1 pl of antarctic
phosphatase (5 unit) and an adequate amount of plasmid. The mixture was
filled up to 10 pl with sterile water. The reaction was incubated at 37°C for 15
min for 5" extensions and 60 min for 3’ extensions. The restriction enzyme was

inactivated by heating at 70°C for 5 min.

2.2.3.4 Ligation
The final step in the construction of recombinant plasmids is the insertion of

double-stranded DNA into a compatibly digested vector. This reaction is
catalyzed by T4 DNA ligase (Roche, Mannheim; Germany). This enzyme
enhances the formation of covalent phosphodiester linkages, which
permanently join the nucleotides together. The ligation reaction was performed
in a 20 pl final volume comprising 2 pl 10x ligase buffer, 1 pl plasmid DNA
vector, 1 pl T4 DNA ligase and Y pl of insert DNA. The volume was filled up to
20 ul with sterile water and incubated at 16°C for 20 h. The amount of plasmid
DNA in the reaction should be the third of the insert DNA to ensure an efficient

ligation. The ligation product was used for bacterial transformation.
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2.2.4 Transformation

2.2.4.1 Preparation of chemically competent E. coli

A single colony from freshly streaked LB Agar plates with E. coli strain DH10B
was cultured in 5 ml LB for overnight (37°C and 200 rpm). The next day 1 ml
pre-culture of cells was inoculated into 100 ml of LB medium and cultured
under the same conditions as above until an ODsoo of 0.35-0.45. The cells
were collected in two 50 ml Falcon tubes by centrifuging for 10 min (4000 rpm,
4°C) and gently resuspended in 15 ml ice-cold TFB | solution without pipetting
or vortexing. The suspensions were incubated on ice for 10 min and
centrifuged as above. Then the cells were resuspended again in 15 ml ice-cold
TFB | solution and centrifuged as above. After washing two times with TFB |
solution, cells were resuspended in 2 ml ice-cold TFB Il solution and aliquots of

50 ul cell suspension were frozen in liquid nitrogen and stored at -80°C.

TFEB I: 30 mM KAc; 100 mM RbCI; 10 mM CaCl2.2H20; 50 mM MnCl2.4H20; 15%

(v/v) Glycerol. Adjust pH to 5.8 using 0.2 M acetic acid and filter sterilize.

TEB II: 10 mM MOPS; 75 mM CaCl2.2H20; 10 mM RbCI; 15% Glycerol (v/v).
Adjust pH to 6.5 using KOH and filter sterilize.

2.2.4.2 Transformation of chemically competent E. coli
1-2 pl plasmid DNA (5 -50 ng/ pl) or ligated plasmid DNA construct was added

to one aliquot of calcium-competent cells (100 ul) and carefully mixed. The
mixture was incubated on ice for half an hour and then heat shock was given in
a water bath at 42°C for 45 sec and cooled again on ice for 2 min. LB medium
(800 ul) was added to the transformed cells and further incubated (37°C, 250
rom) for 1 h for recovery. Before plating, 1:10 and 1:100 dilutions of the

transformed cells were made with LB medium. Aliquots (100-200 pl) of the
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diluted cells were spread on selective LB agar plates and incubated at 37°C

overnight.

2.2.4.3 Preparation of electrocompetent A. tumefaciens
A single colony of Agrobacterium (GV3101 or LBA4404) was picked from a

freshly streaked plate and pre-cultured in 3 ml YEB+Rif medium and incubated
in a shaker (225 to250 rpm) for 14-16 hours at 28°C. The Agrobacterium
culture from this pre-culture was poured in fresh 50 ml YEB+Rif medium and
incubate similarly for about 8 hours till theODe00=0.5. The bacterial cells were
incubated for 30 min on ice. The agrobacterium cells were then passed
through a series of centrifugations each time 5000 rpm, 10 min, 4°C and then

again resuspended in the subsequent 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. The pellet was finally dissolved in 1 ml 10% (v/v)
glycerol. 40 pl aliquots were made and immediately frozen with the help of

liquid nitrogen and then stored at -80°C.

2.2.4.4 Transformation of A. tumefaciens via electroporation

Competent A. tumefaciens cells were thawed on ice. One microliter plasmid
DNA (approximately 10-50 ng/ul) was added to the electrocompetent cells,
mixed briefly and transferred to a pre-chilled 2 mm Electroporation-cuvette
(Bio-Rad, Germany). The DNA was brought into the cells by electroporation
after a single pulse of 3 to 5 sec with the following parameters: 25 uF Capacity,
2.5 KV power (GenePulser II, Bio-Rad). Cells were immediately diluted in 1 ml

YEB-medium and incubated for 2-3 h at 28°C under agitation (250 rpm).
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100-200 pl aliguots of the cell culture were spread on selective media and

incubated at 28°C for 2-3 days.

2.2.4.5 Transformation of yeast (Gietz and Schiestl 2007)
High-efficiency yeast transformation used the LIAc/SS carrier DNA/PEG

method. 1. Inoculate 2-5 ml of liquid YPAD or 10 ml SC and incubate with
shaking overnight at 30°C. 2. Count o/n culture and inoculate 50 ml of warm
YPAD to a cell density of 5 x 106/ml culture. 3. Incubate the culture at 30°C on
a shaker at 200 rpm until it's equivalent to 2 x 107 cells/ml. This will take 3 to 5
hours. This culture will give sufficient cells for 10 transformations. 4. Harvest
the culture in a sterile 50 ml centrifuge tube at 3000 x g (5000 rpm) for 5 min. 5.
Pour off the medium, resuspend the cells in 25 ml sterile water and centrifuged
again. 6. Pour off the water, resuspend the cells in 1.0 ml 100 mM LiAc and
transfer the suspension to a 1.5 ml tube. 7. Pellet the cells at top speed for 15
sec and remove the LiAc with a micropipette. 8. Resuspend the cells in a final
volume of 500 ml (2 x 109 cells/ml).9. Boil a 1.0 ml sample of SS-DNA for 5
min. and quickly chill in ice water.10. Vortex the cell suspension and pipette 50
pul samples into labeled tubes. Pellet the cells and remove the LiAc with a

micropipette. 11. The basic "transformation mix" consists of:

240 pl 50% (w/v) PEG

36 ul 1.0 M LiAc

50 pl SS-DNA (2.0 mg/ml)

X ul Plasmid DNA (0.1 - 10 pg)
34-X ul Sterile ddH20
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360 ul Total

12. Vortex each tube vigorously until the cell pellet has been completely mixed.
Usually takes about 1 min. 13. Incubate at 30°C for 30 min. 14. Heat shock in a
water bath at 42°C for 30 min.15. Centrifuge at 6-8000 rpm for 15 sec and
remove the transformation mix with a micropipette. 16. Pipette 1.0 ml of sterile
water into each tube and resuspended the pellet by pipetting it up and down
gently. 17. Plate from 2 to 200 ul of the transformation mix onto SD-minus
plates. If plating less than 200 pul deliver into a pool of not more than a final
volume of 200 pl of sterile water on the plate.18. Incubate the SD minus plates

for 2 - 4 days to recover transformants.

2.2.4.6 A. tumefaciens-mediated transient transformation of A. thaliana
seedlings: FAST assay (Li et al. 2009)

Ten to twelve-day-old A. thaliana seedlings were transiently transformed by
the FAST (Fast Agrobacterium-mediated Seedling Transformation) technique
based on the co-cultivation of Agrobacterium cells (GV3101::pMP90)
harboring the transgene in a binary vector with the seedlings in a medium
containing the surfactant Silwet® L-77. One day before co-cultivation, a single
colony of A. tumefaciens was inoculated into 2 ml of YEB medium with
appropriate antibiotics (50 pg/ml kanamycin and 50 pg/ml Rifampicin) and
cultured at 28°C for 18-24 h. On the day of co-cultivation, the saturated
Agrobacterium culture was diluted to ODsoo = 0.3 in 10 ml of fresh YEB
medium without antibiotics. The cells were further grown at 28°C under
vigorous agitation until the ODeoo reading reaches 1.5-2.0. After centrifugation
at 6000 g for 6 min, the cell pellet was resuspended in 10 ml of washing
solution (10 mM MgClz). The cell suspension was again pelleted by
centrifugation at 6000 g for 5 min and resuspended in 1 ml washing solution as

above. About 50 seedlings were carefully transferred from plates into a clean
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100 x 20 mm Petri dish filled with 20 ml of co-cultivation medium (1/4 MS,
0.005% [v/v] Silwet® L-77). Agrobacterium cell suspension was added to the
co-cultivation medium to a final density of ODsoo = 0.5 and mixed well by gentle
shaking. The Petri dish was wrapped with aluminum foil and incubated in the
plant growth chamber for 36-40 h. Plates were kept without aluminum foil.
After the co-cultivation period, the medium was replaced with the surface
sterilization solution (0.05% [w/v] sodium hypochlorite) and incubated for 10
min, washed three times with H20 to remove epiphytic bacteria. Seedlings
were finally incubated in 0.5 X MS, 500 upg/ml carbenicillin to inactivate

remaining Agrobacterium cells prior to applying the stressors.

2.2.5 Screening

2.2.5.1 Screening for transformed bacterial clones

Bacteria colonies that can grow on fresh plates containing appropriate
antibiotics were assigned with different numbers to amplify DNA inserts via
PCR amplification (colony-PCR). PCR products from different bacteria
colonies that showed the correct size were taken as positive clones.
Alternatively, recombinant plasmid DNA from individual colonies was extracted
and digested with restriction enzymes to confirm the presence of the inserted
DNA. All plasmid DNA constructs were confirmed by DNA sequencing before

further analysis.

2.2.5.2 Screening for transformed yeast clones

To screen for positive yeast baits, colonies that were present on selective
plates (SD-His-Ura for Yeast one-hybrid assay) were picked to perform yeast
colony PCR using specific primers to amplify DNA inserts. For a yeast
one-hybrid library screening, big yeast colonies present on selective plates
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SD-His-Ura-Leu + 15 mM 3-AT plates were resuspended in 50 pl sterile water
and then 5 pl were inoculated onto the same fresh plates and as well as onto
media supplemented with higher concentrations of 3-AT (SD-His-Ura-Leu + 30
mM 3-AT). Colonies which grew well on high concentrations of 3-AT plates
and rapidly generated a high amount of the blue compound as compared with

the bait in B-galactosidase assays were taken as positive clones.

2.2.6 Reverse transcriptase (RT)-PCR analysis
2-4 ug of total RNAs were treated with 10 U RNase-free DNase | (Roche;

Mannheim, Germany) in a 10 pl reaction containing 1x DNase | buffer (20 mM
Tris/HCI pH 8.4; 50 mM KCI and 2 mM MgClz) at 37°C for 5 min. Then, 1 pl of
25 mM EDTA was added and the reaction was heated at 65°C for 15 min to
deactivate the DNase I. First-strand cDNA synthesis was performed using the
Totalscript-OLS® Kit (OLS, Hamburg, Germany) or the RevertAid™ H Minus
First Strand cDNA Synthesis Kit, (Fermentas, Burlington, CDA) using the

protocol provided with the Kkit.

2.2.7 Extraction of proteins

2.2.7.1 Protein extraction from plant tissues (Laemmli 1970)

Crude proteins were extracted from 50-100 mg plant tissues ground under
liquid nitrogen and with metal beads by vigorous vortexing. The plant material
was then homogenized with 150-200 pl Laemmli buffer. The plant extract was
transferred into a fresh tube to recuperate the metal beads. The extract was
heated at 95°C for 5 min, cooled down on the ice and centrifuged at room
temperature at 14000 rpm for 5 min. The supernatant containing crude total
proteins was collected in a fresh tube and stored at -20°C. Samples were
heated up at 95°C for 2 min before loading on the gel.
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Laemmli buffer (1X): 62.5 mM Tris-HCI pH 6.8; 10% (v/v) glycerol; 2% (w/v)

SDS; 0.1% (w/v) bromophenol blue and 0.7 M B-ME. Add freshly DTT at 0.1 M

final concentration to the needed volume of the buffer just before use.

2.2.7.2 Quantification of proteins

Protein concentrations were determined using a Bio-Rad protein assay Kit
(Bradford 1976). Sample aliquots (5-10 pl) were mixed with 200 pl Bio-Rad
protein assay kit and brought to 1000 ul with sterile H20. When the Laemmli
buffer was used to extract proteins from the plant tissues, 5 pl of the protein
sample was first diluted in 100 ul of 200 mM potassium phosphate buffer, pH
6.8. The mixture was incubated at room temperature for 10 minutes to
precipitate the SDS salt. The suspension was then centrifuged at high speed
and room temperature for 5 min. The supernatant (about 100 pl) was carefully
transferred to a fresh tube and mixed with 700 pl sterile distilled H20 and 200
pl Bradford reagent (Bio-Rad). The suspensions were incubated at room
temperature for 2-5 min followed by an OD measurement at 595 nm. The
amount of protein was estimated from a standard curve established from

defined concentrations of bovine serum albumin (BSA).

2.2.7.3 Extraction and analysis of recombinant ATAF1 proteins from E.
coli cells

Recombinant proteins were extracted from E. coli BL21 (DE3) clones to check
the induction efficiency and to see whether they were secreted or in “inclusion
bodies”. The recombinant proteins were induced by adding 1 mM IPTG when
the bacteria ODsoo up to ~0.6 and further cultured at 22-26°C for 3 h in the dark.
1 ml-culture sample was collected before and every hour after IPTG added,

then centrifuged for 2 min (14000 rpm, 4°C). The supernatants were discarded
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and the pellets were stored at -20°C. The bacteria pellets were resuspended in
200 pl ice-cold PBS, 5 mM DTT and 1% (v/v) Triton X-100. The suspensions
were sonicated on ice (4X20 sec) for complete lysis and centrifuged for 10 min
(12,000 g, 4°C). Supernatant (soluble proteins) were diluted with one volume
2X sample buffer while the pellets were suspended in one volume 1X sample
buffer. These samples were heated at 95°C for 10 min and analyzed by

SDS-PAGE or stored at -20°C.
PBS: 8 g/l NaCl; 0.2 g/l KCI; 1.44 g/l Na2HPOg4; 0.24 g/l KH2POa.

2X sample buffer: 4% (w/v) SDS; 20% (v/v) glycerol; 120 mM Tris, pH 6.8; 0.01%

(w/v) bromophenol blue, 0.2 M DTT (added freshly before use).

2.2.7.4 Extraction and purification of the recombinant ATAF1 proteins by
His-tag affinity chromatography

Soluble His-tagged recombinant proteins were purified by metal ion
chromatography on His- tag binding columns under native conditions. The
bacterial pellets from 100 ml IPTG-treated culture was resuspended in 5 ml
buffer A plus 1 mg/ml lysozyme, incubated on ice for 30 min and sonicated
until the cell suspension became translucent (6 x 20 sec). The cell suspension
was centrifuged for 30 min (12000 g, 4°C) and the supernatant was filtered
through a 0.45 um membrane. Before loading the supernatant onto the column,
the column was washed with 3-bed volumes ddH20, charged with 5-bed
volumes 50 mM NiSOa, 3-bed volumes of ddH20 to remove the free NiSO4 and
equilibrated with 3-bed volumes of buffer A. The filtered supernatant was then
loaded onto the column and allowed to drain freely by gravity. The column was
washed with 10-bed volumes buffer A and 8-bed volumes buffer B. The protein
was eluted with buffer C in 500 pl fractions. The purity of the protein fractions

was verified using SDS-PAGE analysis and the quantity was estimated using
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the Bradford assay. Aliquots of the non-purified supernatant and of the
flow-through were analyzed along with the protein fractions. The column was
regenerated with strip buffer. All buffers and solutions used for the assay were

prepared with autoclaved H:2O.

Buffer A: 50 mM NaH2POa4, pH 7.4; 300 mM NacCl; 5 mM imidazole; 10% (v/v)
glycerol; 0.1% (v/v) Triton X-100; 1 mM B-ME (add freshly). Adjust to pH 8.0
with NaOH.

Buffer B: 50 mM NaH2POa4, pH 7.4; 300 mM NacCl; 30 mM imidazole; 10% (v/v)
glycerol; 0.1% (v/v) Triton X-100; 1 mM B-mercaptoethanol (add freshly).
Adjust to pH 8.0 with NaOH.

Buffer C: 50 mM NaH2POs4, pH 7.4; 300 mM NaCl; 250 mM imidazole; 10%
(v/v) glycerol; 0.1% (v/v) Triton X-100; 1 mM B-mercaptoethanol (add freshly).
Adjust pH to 8.0 with NaOH.

2.2.7.5 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
The SDS-PAGE is a technigue used for separation of negatively charged

proteins based on their ability to move under an electrical current. SDS is
added as a detergent to remove secondary and tertiary protein structures. It
maintains the proteins as polypeptide chains. The SDS coats the proteins
proportionally to their molecular weight. The gel consists of 4% (w/v)
acrylamide stacking gel and 12% (w/v) acrylamide separating gel as described
in the table below (Table 3). Samples were mixed with Laemmli buffer and
heated at 95°C for 5 min to denature the proteins before loading on the gel.
Electrophoresis was performed using 1x SDS-running buffer. The intensity of
the current is 10 milliamperes for the stacking gel and 20 milliamperes for the

separating gel.
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1X SDS-protein running buffer: 25 mM Tris; 192 mM glycine; 0.1% (w/v) SDS.

No need to adjust pH levels.

Table 3 Composition of SDS-PAGE

Stock solution 4% Stacking gel 12% Separating gel
1 M Tris-HCI pH 6.8 0.38 ml --

1.5 M Tris-HCIpH 8.8 | -- 1.56 ml

10% (w/v) SDS 30 ul 60 pl

10% (w/v) APS 30 60 pl

30% (v/v) Acrylamide | 0.5 ml 2.4 ml

H20 2.16 ml 1.92 ml

TEMED 3 ul 2.4 pl

2.2.7.6 Coomassie blue staining

The SDS-PAGE was stained with coomassie blue G-250 according to Zehr et
al. (1989). After electrophoresis, the gel was submerged in fixation solution for
1-2 hours with gentle shaking. The fixation solution was discarded and the gel
was washed with water (3 times 10 min) and then incubated in the Coomassie

staining solution on a shaker overnight.

Fixing solution: 50% (v/v) methanol; 10% (v/v) acetic acid

Staining stock solution: 100 g/l ammonium sulfate; 1% (v/v) phosphoric acid;

0.1% (w/v) Coomassie blue G-250.

Coomassie staining solution: 4 volumes staining stock solution + 1 volume

methanol.
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2.2.7.7 Ponceau red staining
Ponceau red staining was performed to check the transfer of protein from the

gel to the membrane. The membrane was immersed, protein side up, in about
100 ml of the staining solution (0.2% [w/v] Ponceau S in 3% [w/v] TCA) with
gentle shaken for 5-10 min. The staining solution was removed and the
membrane destained with H20. The membrane was scanned and the positions

of the standard proteins were marked with a pencil.

2.2.7.8 Protein blot analysis
Protein blot analysis was performed to detect the protein of interest. Separated

proteins from SDS-PAGE gels were transferred onto a nitrocellulose Protran
BA-85 membrane (Whatman) using a pre-chilled transfer buffer in an
electro-blotting system at 70 V for 1-2 h (Towbin 1979). After staining, the
membrane was blocked for 1 h at room temperature or overnight at 4°C in the
blocking solution. The blocking solution was replaced by fresh blocking
solution with the protein-specific antibody diluted in the range from 1:1000 to
1:5000 (v/v). The membrane was incubated at room temperature for 1 h and
was washed with TBST as follows: 1X rinse, 1X 15 min, and 3X 5 min. The
membrane was then incubated for another 45 min at room temperature with a
5000-fold diluted secondary antibody (anti-rabbit IgG coupled to horseradish
peroxidase) and was washed again with TBST as described above. Binding of
antibodies was revealed using an ECL Plus Western blotting detection kit
(Amersham, Braunschweig, Germany), the chemiluminescence signal was

detected under a CCD camera (Intelligent Dark Box Il, Fujifilm Corporation).

10X TBS, pH 7.5: 200 mM Tris-HCI (24.2 g/l); 1.5 M NacCl (87.6 g/l); add H20

to 1 L after adjusting the pH with 37% HCI.

TBST solution: 1X TBS + 0.1% (v/v) Tween-20
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Protein-blot transfer buffer (PBTB): 25 mM Tris, 192 mM glycerol, 20% (v/v)

methanol. Do not adjust the pH levels.

Blocking solution: 4% (w/v) non-fat dry-milk powder dissolved in TBST

solution.

2.2.8 DIG (digoxigenin) labeled electrophoresis gel mobility shift assay
(EMSA)

DIG-labeled EMSA was conducted using the DIG Gel Shift Kit (2nd Generation,
Roche). The DNA labeling reaction was conducted following the
manufacturer’s instruction: 39 bp DNA fragments of the ALDH7B4 promoter
were annealed and diluted to 10 ng/pl by ddH20, incubated with labeling buffer,
CoClz-solution, DIG-dd UTP solution and terminal transferase at 37°C for 20

min. 0.2 mM EDTA was added to stop the labeling reaction.

Various amounts of purified ATAF1 and DNA fragments were mixed and
incubated at 37°C for 20 min in EMSA binding buffer (pH 7.2, 20 mM Tris, 50
mM NaCl, 10 mM EDTA, 4 mM DTT, 5% (v/v) glycerol, 0.5 mg/ml BSA).
Following the binding reaction, samples were electrophoresed on 6%
non-denaturing polyacrylamide gel in 0.5XTBE buffer. After electrophoresis,
free DNA probes or DNA-protein complexes were transferred to positively
charged nylon membrane by capillary transfer in 10xSSC buffer. The
membrane was incubated with blocking buffer followed by the alkaline
phosphatase-conjugated antibody (anti-digoxigenin-AP). The DIG-labeled 39
bp DNA fragments are visualized by an enzyme immunoassay using
anti-DIG-AP, Fab-fragments, and the chemiluminescent substrate CSPD. The
generated chemiluminescent signals are recorded on the imaging device

(Intelligent Dark Box Il FUJIFILM, FUJIFILM Corporation, Tokyo; JPN).
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2.2.9 Physiological and biochemical assays

2.2.9.1 Lipid peroxidation assay (MDA analysis)

The level of lipid peroxidation products was measured in the plant tissues by
using the thiobarbituric acid (TBA) test, which determines the amount of
malondialdehyde (MDA) as the end product of the lipid peroxidation process
(Hodges et al. 1999). The plant tissues (20-60 mg) were ground in Eppendorf
tubes as described above and homogenized in 1 ml pre-chilled 0.1% (w/v)
trichloroacetic acid (TCA) solution. The homogenates were centrifuged at
13000 rpm for 5 min at 4°C. When using more starting plant material the pellet
was once again re-extracted with 1 ml of the same solvent and the
supernatants were collected in a fresh tube and thoroughly mixed. 500-600 pl
of the supernatant were added to one volume of the Reagent Solution Il (RSII;
RSI + 0.65% [w/v] TBA) in a 15 ml-Falcon tube. The samples were vigorously
mixed and boiled at 95°C in a water bath for 25 min. The reaction was stopped
by placing the tube on ice and the samples were centrifuged at 5000 rpm for 5
min at 4°C. Absorbances were read with a spectrophotometer at 440 nm
(sugar absorbance), 532 nm (maximum absorbance of pinkish-red chromagen,
a product of the reaction of MDA with TBA) and 600 nm (turbidity). 0.1% (w/v)

TCA was used as the reference solution.

The amount of MDA was calculated with the following formula (where FW=

fresh weight):

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

A = (Abs 532rsii - Abs 600rsn)
B = (Abs 440rsi - Abs 600rsi) x0.0571

MDA equivalents (hnmol/g FW) = MDA equivalents (nmol/ml) x total volume of

the extracts (ml) / g FW or number of seedlings.
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Reagent Solution | (RSI): 20% (w/v) TCA and 0.01% (w/v) Butylated

hydroxytoluene (BHT)

2.2.9.2 Determination of chlorophyll content
Total chlorophyll was extracted in 80% (v/v) aqueous acetone based on the

work of MacKinney (1941) and spectrophotometrically quantified according to
Arnon (Arnon 1949). For the extraction, 0.2 g plant material was used and
suspended in 2 ml extraction buffer and incubated in the dark under shaking at
room temperature for 30 min. The suspension was centrifuged (5min, 10000
rpm, RT) and the OD of the supernatants was measured at 663 nm and 645
nm in plastic cuvettes. The chlorophyll content was estimated by the following

formula as described:
C (mg FW™1) = 20.2 x ODeass + 8.02 x ODes3

Where C expresses the total chlorophyll content (chlorophyll A + chlorophyll B)

in mg/l of extraction solution.

2.2.9.3 Gas exchange and chlorophyll fluorescence

Mature leaves of four-week-old plants were used for measuring
photosynthesis with the GFS-3000 gas exchange system (Walz, Effeltrich,
Germany). Measurements were performed at 22°C and a relative humidity of
60%.The light-saturated photosynthetic rate was determined at 0-1800 pumol
m2stwith [CO2] = 350 ppm. To generate a light response curve,
photosynthetic measurements were conducted at PPFD intensities of 1800,
1500, 1000, 500, 400, 300, 200,100 and 0. The following parameters were

assessed:

(1) Assimilation of yield of CO2
67



(2) Effective quantum yield of PSII [AF/Fm’= (Fm’- Fs)/Fm’]
(3) Non-photochemical quenching coefficient [NPQ = (Fm-Fm’)/Fm’]

(4) Maximum quantum yield of photosystem II (PSII) [Fv/FM= (Fm-Fo)/Fm]

2.2.9.4 GUS-assay with X-Gluc as substrate (Jefferson et al. 1987)
To study the expression pattern of a specific gene, the promoter of the gene

was fused to the B-glucuronidase (GUS) reporter gene. The GUS enzyme
hydrolyses the colorless substrate X- Gluc
(5-bromo-4-chloro-3-indolyl-b-D-glucuronide) to an intermediate product that
undergoes a dimerization leading to an insoluble blue dye known as
dichloro-dibromo-indigo (CIBr- indigo). CIBr-indigo can be easily detected in
plant cells and is a very sensitive staining reaction for the detection. Therefore,
the spatial and temporal expression of the gene of interest can be traced by
detecting the GUS activity in different organs and at different developmental
stages of transgenic plants. GUS activity can be either visualized as in situ
staining or determined fluorometrically as a quantitative measurement. For in
situ staining analysis, plant tissues were incubated in the GUS-staining buffer
at 37°C overnight or for a shorter time period. The tissues were destained by
removing chlorophyll in 80% (v/v) ethanol solution at 80°C and then kept at 10%
(v/v) glycerol. Photographs of the tissues were taken by a camera or under a

dissecting microscope (Nikon SMZ-800; Disseldorf, Germany).

GUS-staining buffer: 0.5 mg/ml X-Gluc; 50 mM phosphate buffer, pH 7.0 ; 0.1%

(v/v) Triton X-100; 8 mM B-mercaptoethanol freshly added.
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2.2.9.5 Quantification of GUS activity
The fluorometric assay of the GUS activity was carried out from ground plant

tissues. In this assay, the fluorogenic substrate
4-methylumbelliferyl-glucuronide (4-MUG; Sigma, Steinheim, Germany) is
cleaved by the enzyme to the fluorescent product 4-methylumbelliferone
(4-MU). About 50-100 mg of plant material was ground as described above
with metal beads, homogenized in 100-150 pl extraction buffer (50 mM sodium
phosphate, pH 7, 10 mM EDTA, 0.1% (v/v) TritonX-100, 0.1% (w/v) Na-lauryl
sarcosine) and centrifuged (14000 rpm, 4°C) for 10 min. The protein
concentration of the crude extract was determined from 5 pl of each sample by
the Bradford assay (Bradford 1976) using a kit (Bio-rad). Then, a 10-15 ul
(sample volume) plant extract was mixed with one volume 1 mM 4-MUG and
the reaction was incubated at 37°C. A control reaction was made with one
volume 4-MUG and one volume extraction buffer without plant extract. Five
microlitres (volume per test) were removed periodically from each reaction and
diluted in 2 ml (reaction volume) stop buffer (0.2 M sodium carbonate: Na2COs,
pH 9.5). The fluorescence intensity (FI) of the samples was read in a
fluorometer (Bio-rad) using filters with excitation at 365 nm and emission at
455 nm. Standard solutions of Na2COs, pH 9.5, containing 5, 10, 25, 50 and
100 nM 4-MU were used to generate a standard curve (FI versus pmol 4-MU)
and to calculate the slope x (Fl/pmol 4-MU). Samples 'Fl values was also
plotted versus time (min). The slope y (FI/min) was calculated for each sample
and for the control reaction. Each y-value was corrected by subtracting the
y-value of the control reaction. The specific GUS activity for each sample was

expressed as 4-MU pmol/min/mg protein by the following formula:

GUS activity of extract (pmol 4-MU/min/mg protein) = (corrected y / X) X

[reaction volume (ml) / volume per test (ml)] x [1 / sample volume (ml)] x [1/

extract concentration (mg protein/ml)].
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2.2.9.6 Colony lift assay for B-galactosidase activity
A Whatman filter WH10311897 that fits the Petri dishes was prepared and

placed onto the yeast colonies grew on an SD or YPD plate. The Whatman
filter was lifted from the YPD or SD plate carefully using a forceps to make sure
every yeast colony was transferred onto the Whatman filter. Place the filter
yeast side up in a liquid nitrogen bath for 10 sec. The frozen filter was placed
with the yeast facing upwards onto two layers of Whatman 3 mm Chr paper,
which had been soaked completely in a reaction solution in a new Petri dish.
Air bubbles between the Whatman filter and the Whatman papers were
removed quickly while the Whatman filter thaws. The plate was then incubated
at 37°C. Blue coloring was regularly checked over a maximum period of a 24 h.
Pictures were taken to document the amount of blue compound generated by

each yeast lysate.

Reaction solution (6.11 ml): 6 ml Z-buffer; 100 ul 4% (w/v) X-Gal; 11 pl B-

mercaptoethanol.
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3. RESULTS

3.1 Study of aldehyde dehydrogenase (ALDH) genes under heat
stress

3.1.1 Expression analysis of different aldehyde dehydrogenase (ALDH)
genes from A. thaliana under heat stress

3.1.1.1 Phenotype of A. thaliana wild-type plants subjected to heat stress
To assess the impact of heat stress on phenotypic changes in plants, we first
examined the morphological changes resulting from high temperature stress.
Ten-day-old seedlings and four-week-old plants of A. thaliana wild-type were
analyzed under neutral, high temperature and recovery conditions (Fig. 11). A.
thaliana plants were treated at two growth stages with different heat stress
treatments by keeping plants at 45°C for O h, 1 h, 3 h, 6 h, 12 h, 24h or for
basal (45°C/120 min, 22°C/3 d) and acquired (38°C/90 min, 22°C/120 min,
45°C/120 min, 22°C/3 d) thermotolerance. Basal (Ba) thermotolerance is the
inherent ability to survive exposure to temperatures above the optimal growth
temperature. Acquired (Ac) thermotolerance is induced by a short acclimation
period at moderately high (but survivable) temperatures or by treatment with

other non-lethal stresses prior to heat stress (Larkindale et al., 2005).
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Fig. 11 The phenotype of A. thaliana plants.
(A)A. thaliana wild-type seedlings grown on MS agar plates in the light for 10 days.

(B)A. thaliana wild-type plants grown in soil in 12 cm plastic pots in a growth chamber
with short day light conditions for 4-5 weeks.

All seedlings survived 1 h heat treatment. When the treatment was increased
to 3 h, the survival rate decreased and during the recovery conditions, most of
the seedlings showed morphological changes including brown color and wilting.
The margins of the cotyledons showed dark green and yellowish brown color
after 6 h at 45°C and after 12 h treatment all seedlings turned yellow, bleached
and did not recover (Fig. 12). The seedlings were less affected by the acquired
thermotolerance stress programme than by the basal heat stress treatment.
Similarly, four-week-old A. thaliana wild-type plants were exposed to 45°C
from 1 h to 72 h. No visible stress symptoms were observed up to exposure to
12 h heat stress. Exposure for 24 h resulted in upwards curled leaf margins
and the entire plants were dried up after recovery (Fig. 13). No viable plants

were recovered when they were kept for 36 h or longer at 45°C.
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Oh Oh+5dGrowth 1h 1h+5dRec 49°C

Fig. 12 The phenotype of ten-day-old seedlings subjected to 45°C heat
treatment for different time periods. Wild-type seedlings were treated under 45°C
at0h,1h,3h,6h,12 h, 24h, basal heat stress and acquired thermotolerance after
grown at MS medium for 10 days. Ba: basal heat stress, Ac: acquired
thermotolerance, Rec: recovery.
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Fig. 13 The phenotype of four-week-old seedlings subjected to 45°C heat
treatment for different time periods. Plants were kept at 45°C heat treatment for
different time periods (0—24h, basal heat stress or acquired thermotolerance). Ba:
basal heat stress, Ac: acquired thermotolerance, Rec: recovery.



RESULTS

3.1.1.2 Expression analyses of selected ALDH genes under heat stress
treatment

To test whether high temperature influences the expression of ALDH genes,
six ALDH genes (ALDH7B4, ALDH3I1, ALDH3H1, ALDH3F1, ALDH10A8, and
ALDH10A9) were selected. RD29B and HSP70 were used as negative and
positive controls respectively. RD29B encodes a protein that is induced in
response to water deprivation such as desiccation, cold and high-salt but not
heat stress(Uno et al. 2000). HSP70 encodes heat shock proteins and was
used as the marker to monitor high temperature stress (Sung et al. 2001).
Total RNAs from 6 h and 12 h heat-treated seedlings and 36 h heat-treated
four-week-old plants were degraded (Fig. 14A and 4B). For this reason, we
selected 0 h, 1 h, 3 h, Ba and Ac stress treatment for ten-day-old seedlings
andOh,1h,3h,6h,12h, 24 h, Ba and Ac (details in material and methods)

for four-week-old plants to investigate physiological and biochemical

performances.
5 days after
A Heat treatment growth/recovery
Oh 1h 3h 6h 12h Ba Ac Oh 1h  3h

10-day old |, ' & " B b | S S— —

seedlings | B S = > e
B 5 days after

Heat treatment growth/recovery

Oh 1h 3h 6h 12h 24h 36h 48h 72h Ba Ac Oh 1h 3h 6h 12h
4-week old
il L L1 1 1 == meess

Fig. 14 RNA isolation from ten-day-old seedlings and four-week-old plants
exposed to 45°C for the indicated length of time, Ba, Ac and recovery
conditions.

(A) RNAs of heat treated Ba, Ac, and recovery in seedlings were isolated. Ba: basal
heat stress, Ac: acquired thermotolerance, Rec: recovery.

(B) RNAs of heat treated Ba, Ac, and recovery in leaf tissue of 4-week old plants were
isolated.
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In 3 h heat-stressed seedlings ALDH7B4 is slightly increased (Fig. 15A and B).
ALDH3I1, ALDH3F1, ALDH10A8 and ALDH10A9 transcripts do not change
under heat stress and recovery conditions, while ALDH3H1 transcript
accumulated at a lower level during recovery. The expression of ALDH7B4 and
ALDH10A9 showed no obvious difference under Ba and Ac thermotolerance.
ALDH3I1, ALDH3F1 and ALDH10AS8 transcripts accumulated under Ba stress.
HSP70 increased in response to high temperature and RD29B was hardly
detected in heat stressed samples. Expression analysis of ALDH7B4 in
four-week-old plants showed that the transcripts accumulated in 6 h and 12 h
heat-stressed plants and declined thereafter (Fig. 15 C and D). ALDHS3I1
showed up-regulation after 1 h heat stress, while down-regulation after 12 h
and 24 h heat stress. Accumulation was slightly increased after 1 h under
recovery conditions. ALDH3H1 and ALDH3F1 are expressed at low levels in
response to high temperature stress whereas higher expression was observed
during recovery. Transcripts of ALDH10A8 and ALDH10A9 were constitutively
expressed at a high level during recovery. ALDH7B4, ALDH10A8, and

ALDH10A9 transcripts were higher expressed in Ba than Ac.
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Fig. 15 Gene expression analysis of selected ALDH genes in wild-type plants
under heat stress. Expression of ALDH7B4, ALDH3I1, ALDH3H1, ALDH3F1,
ALDH10A8 and ALDH10A9 in A. thaliana wild-type were analysis by RT-PCR.

(A) Transcript levels of ALDH genes in A. thaliana wild-type ten-day-old seedlings
under different heat stress treatment, basal heat stress, acquired thermotolerance
and recovery conditions, as determined by RT-PCR. RT-PCR specific for ALDH
genes and control genes mRNA was carried out on total RNA (2 pg) extracted
from different time intervals after imposing heat stress. Actin was used as a
reference gene to monitor the cDNA quality.

(B) Quantification of ALDH genes expression relative to actin transcript levels in
ten-day-old seedlings of A. thaliana in response to heat stress.

(C) The expression level of ALDH genes of wild-type 4-week-old plants under different
heat stress times, basal heat stress, acquired thermotolerance and recovery
conditions.

(D) Quantification of ALDH gene expression relative to actin transcript levels in

four-week-old wild-type plants of A. thaliana in response to heat stress.

3.1.1.3 Protein blot analysis of different selected ALDHs under heat
stress conditions

To determine whether changes in transcript accumulation are reflected at the
protein level, ALDH proteins were analyzed using antibodies against ALDH7B4,
ALDH3I1, ALDH3H1 and ALDH3F1 proteins (no antibodies are available
against ALDH10A8 and ALDH10A9). ALDH7B4 was induced after 3 h and Ba
treatment in seedlings (Fig. 16A). Also, ALDH3F1 increased after 3 h of heat
stress but not after Ba and Ac treatment. Heat stress caused only a slight
increase in the expression level of ALDH3I1 protein after 3 h heat treatment,
the same observation was made for ALDH3H1 (Fig. 16A). ALDH protein
accumulation was also analyzed in four-week-old plants in response to high
temperature. (Fig. 16B). ALDH7B4 and ALDH3I1 were upregulated after
exposure to 45°C. A slightly increased expression was observed for ALDH7B4
after 3 h, 6 h and ALDH3I1 after 12 h in recovery conditions. ALDH3H1 and

ALDH3F1 showed nearly constant expression in response to heat stress,
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whereas a low expression was detected of ALDH3F1 during recovery. The
protein blots confirmed the transcript analysis and showed that mainly the

ALDH7B4 gene is expressed in response to high temperature.
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Fig. 16 Protein blot analysis of selected ALDHs under heat stress treatment.

(A) Protein blot analysis of protein extracts from ten-day-old A. thaliana wild-type
seedlings before heat stress at 0 h, during heat stress (45°C for 1 h, 3 h, Ba, and
Ac), and during recovery (5 days after growth/recovery 1 h and 3 h).

(B) Protein blot analysis of protein extracts from four-week-old A. thaliana wild-type
plants before heat stress as 0 h, during heat stress (45°C for 1 h, 3 h, 6 h, 12 h, 24
h, Ba and Ac), and recovery (5 days after growth/recovery 1 h, 3 h, 6 h and 12 h).

3.1.2 Survival rates of two ALDH knock-out lines under heat stress

To investigate whether ALDH genes have an effect on heat stress response

pathways, two ALDH double knock-out mutant lines KO6/62 (knock-out of

79



ALDH7B4 and ALDHS3I1) and KO6/76 (knock-out of ALDH7B4 and ALDH3F1)
were compared with wild-type plants. All of the ALDH mutants identified from
previous screens were sensitive to abiotic stress than wild-type plants
(Kotchoni et al. 2006). Therefore it is hypothesized that double loss-of-function
of ALDH mutants imposes the more severe effect on plants than single
mutants in response to stress. Survival rates were measured after 3 days
recovery of ten-day-old seedlings at different times of heat stress. No
difference of visual phenotype was found between the mutant lines and wild
type under non-stress conditions (Fig. 17). No differences were seen between
the mutant and wild-type after 1 h heat stress and Ac treatment. Wild-type
plants showed better growth than the mutants after 3 h and Ba, especially,
parts of seedlings from KO6/62 and KOG6/76 were more bleached with
chlorosis and stopped growing after 3 h treatment. Wilde type plants have
given 50% and 23% higher values of survival rates than mutant lines after 3 h
stress. The survival rate from mutant lines was also lower than wild-type in Ba
heat-treated (57% and 85%, respectively). These results indicate that loss of
ALDH7B4, ALDH3Fland ALDH3I1 make the plants more sensitive and less

resistant to high temperature stress during early development.
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Fig. 17 Survival rates in ALDH double knock-out mutant plants. A. thaliana
wild-type and double mutant (KO6/62 and KO6/76) seedlings exposed to heat stress.
Percentage of 10-day-old seedlings scored as surviving after 3 days heat stress at
different time points, basal heat stress and acquired thermotolerance, The survival
rate (%) and standard errors were calculated based on results from three independent
experiments; error bars represent SD. Black bars, wild-type; dark-grey bars, KO6/62;
light-grey bars, KO6/76 double mutant.

3.1.3 Analysis of root length of two ALDH knock-out lines under heat
stress

Seedlings were grown on MS-medium for 7 d, then they were subjected to Ba
and Ac heat thermotolerance regimes and subsequently the lengths of the
hypocotyls were measured (Fig. 18A). The roots of the mutant seedlings
(KO6/62 and KOG6/76) were slightly shorter than the roots of wild-type
seedlings under non-stress conditions (Fig. 18B). However, the lengths of
roots in wild-type seedlings were significantly longer than the roots of the
mutant seedlings under Ba and Ac regimes. Seedlings of all genotypes were
better adapted in Ac than in Ba treatment to heat stress. This result shows that
root growth is severely affected in the ALDH mutant seedlings after exposure

to high temperature regimes.
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Fig. 18 The response of KO6/62 and KO6/76 double mutant lines and wild type
plants to basal heat stress and acquired thermotolerance.

(A) Seedling development of KO6/62 and KO6/76 double mutant lines and the wild
type exposed to basal heat stress and acquired thermotolerance. The photographs
were taken 10 days after germination.

(B) Root length of seedlings of KO6/62 and KO6/76 double mutant lines and the wild
type exposed to basal heat stress and acquired thermotolerance. Root length was
calculated as the mean £ SD of 50 seedlings for each line.

3.1.4 Lipid peroxidation assay of two ALDH knock-out lines under heat
stress

Under stress conditions, plant membrane lipids are oxidized, which often leads
to the accumulation of the toxic compound malondialdehyde (MDA). MDA is a
product of lipid peroxidation and accumulates when plants are grown under
adverse conditions. Heat-shock conditions are known to cause membrane
peroxidation (Wahid et al. 2007), and as a consequence, MDA levels could
rise in heat-stressed tissues. Ten-day-old seedlings of wild-type, KO6/76, and
KO6/62 lines were subjected to Ba and Ac treatment. MDA levels increased
upon heat stress, especially under basal heat stress. KO6/76 and KO6/62
accumulated more MDA than wild-type (Fig. 19 Left). MDA levels increased
linearly with the increase of the exposure time to high temperature (45°C) and
four-week-old KO6/76 and KO6/62 plants accumulated more MDA level than
wild-type plants when exposed to heat stress treatments (Fig. 19 Right). A
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sharp increase of MDA is seen in double mutant lines after 6 h heat stress and
MDA continued to accumulate up to 24 h heat treatment. MDA levels are lower
under Ac treatment than Ba stress regime. A significantly higher MDA content
was found in KO6/76 than in KO6/62 after 1 h, 12 h, Ba and Ac indicating a
role for ALDH3I1 in heat stress protection. High levels of MDA seem to be
correlated with decreased tolerance to high temperature. Overall, high levels
of MDA resulted in decreased tolerance to high temperature. The higher
concentration of MDA in ALDH7B4, ALDH3F1 and ALDH3I1 deficient plants
than in wild-type plants under heat stress indicates that ALDH genes might be
involved in cellular mechanisms, retarding the peroxidation of membrane lipids

and improving the ability of resistance and adaptation of plants to heat stress.
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Fig. 19 Lipid peroxidation as measured by MDA levels in wild-type Arabidopsis
and double mutant plants after heat treatment. Lipid peroxidation in ten-day-old
seedlings (Left) and four-week-old (Right) wild-type and KO6/62 and KO6/76 mutant
plants after heat stress at different time points (1 h, 3 h, 6 h, 12 h and 24 h exposure to
45°C), basal heat stress (Ba) and acquired thermotolerance (Ac). Data are the mean
+SD of three independent experiments. Black bars: wild-type; dark-grey bars: KO6/62
mutant; light-grey bars: KO6/76 mutant.
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3.1.5 Chlorophyll content of two ALDH knock-out lines under heat stress
ALDH enzymes play important antioxidant roles by producing NAD(P)H,

directly absorbing UV radiation and scavenging hydroxyl radicals via cysteine
and methionine sulfhydryl groups (Singh et al. 2013). Because antioxidants
were implicated in protecting the photosynthetic apparatus from oxidative
damage, chlorophyll contents were quantified in the ALDH mutant lines. There
is no significant difference in total chlorophyll content between wild-type and
ALDH double knock-out seedlings (Fig. 20). Chlorophyll content gradually
declined with the length of heat stress in all the mutant and wild type
four-week-old leaf discs. Total chlorophyll content was only slightly reduced
inKO6/76 and KO6/62 as compared to wild-type during treatment (Fig. 20). The
results indicate that chlorophyll content of both wild-type and double mutants
were constantly reduced with the increasing duration of heat treatment. More
importantly, data reveal that photosynthetic parameters of ALDH genes
deficient plants were slightly more sensitive than wild type plants when

subjected to high temperatures.
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Fig. 20 Chlorophyll contents of KO6/62 and KO6/76 lines and the wild type
plants under heat stress treatment. Chlorophyll contents of ten-day-old seedlings
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(Left) and leaves of four-week-old (Right) wild-type and KO6/62 and KO6/76 mutant
lines after heat stress treatments at different time points (1 h, 3 h, 6 h, 12 h and 24 h
exposure to 45°C ), basal heat stress (Ba) and acquired thermotolerance (Ac). Data
are the mean £SD of three independent experiments. Black bars, wild-type; dark-grey
bars, KO6/62; light-grey bars, KO6/76 double knock-out mutant.

3.1.6 Analysis of photosynthesis efficiency during heat stress of two
ALDH knock-out lines

Photosynthesis is an important process that is detrimentally affected by
extreme environmental conditions such as high temperature. In order to
investigate further functions of ALDH genes on improved photosynthesis,
photosynthetic efficiency was compared at all light intensities (0-1800 pmol
m2s1) for wild-type, KO6/62 and KO6/76 double mutant under normal and Ba
conditions. CO2 assimilation, the efficient quantum vyield of PSII,
non-photochemical quenching (NPQ), fluorescence and maximum
fluorescence ratio (Fv/Fm,) were determined after exposure of leaves to light

for 3 minutes at different intensities.

CO2 assimilation is the ability that plants assimilate carbon from carbon dioxide
in the atmosphere to form metabolically active compounds. Results showed
that three genotypes under control condition had higher CO2 assimilation level
than under Ba treatment (Fig. 21A). Wild-type plants offered the highest
assimilation ability in comparison with KO6/62 and KO6/76 indicating that the
loss of ALDH genes may affect photosynthetic efficiency. The efficient
quantum yield of PSIl was demonstrated that quantum vyield (qE) of PSII,
known as the light-adapted test. Fig. 21B showed that gE was only slightly
reduced inKO6/62 and KO6/76 as compared to wild type under non-stress
conditions whereas dramatic lower gE were detected in double mutant lines,
and the aldh7b4aldh3ildouble mutant showed the lowest quantum vyield of all

lines analyzed. In addition, non-photochemical quenching (NPQ) consists of
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the rapid dissipation of excess excitation energy as heat. Fig. 21C showed that
NPQ was only slightly affected in all mutants. Under normal conditions, the
mutants exhibited a lower steady state NPQ than did the wild-type plants.
Consistently, a lower NPQ activation in ALDH defecting lines was observed
under Ba heat stress suggesting that the capacity of dissipating excitation
energy as the heat was higher in wild-type with respect to the mutants. The
maximum photochemical efficiency of PSIl (Fv/Fm) stands for plant stress
affects photosystem Il in a dark-adapted state or optimal/maximal quantum
yield of PSII. The significant reduction in Fv/Fm was observed in mutant lines
under heat stress (Fig. 21D). These findings fit with previous studies of
chlorophyll content, which found that ALDH deficient plants were affected
more than wild type when subjected to high temperatures, indicating that
ALDHs may be involved in protecting the photosynthetic apparatus from

oxidative damage.
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Fig. 21 Analysis of photosynthesis apparatus in wild-type, KO6/62 and KO6/76
leaves.

(A) CO- assimilation in wild-type, KO6/62 and KO6/76 leaves subjected to control and
basal heat stress conditions, respectively, under various light intensities.
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(B) Quantum yield of PSII in wild-type, KO6/62 and KO6/76 leaves subjected to control
and basal heat stress conditions.

(C) Total leaves of non-photochemical quenching under control and basal heat stress
treatment.

(D) Leaves excised from 4-week-old wild-type, KO6/62 and KO6/76 were treated
under basal heat stress and the kinetics of the Fv/Fm was measured. Values are
means +SD (n=8).

3.1.7 Evaluation of two ALDH knockout lines for seed thermotolerance
In our previous report, we have shown ALDH3F1-GUS and ALDH7B4-GUS

transgenic plants display a very strong expression in the whole plant and in
germinating seeds (Kirch et al. 2005; Stiti et al. 2011).Therefore, we
investigated if ALDH genes were involved in seed thermotolerance. The seeds
of the ALDH deficient mutants KO6/62 and KO6/76 were placed on MS
medium to test their ability to germinate directly at 45°C for 0 h, 1 h, 3 h, 6 h,
12 h and recover at growth chamber for 2 d, 4 d, 7 d and 9 d afterward (Fig.
22A). The data presented showed that nearly 100% germination was observed
of wild-type, KO6/62, and KO6/76 under normal conditions. The KO6/62 and
KO6/76 mutants all show a lower germination percentage compared with wild
types after 1 h, 3 h, and 6 h. Moreover, none of the double mutant seeds
germinated after 12 h heat treatment. Based on germination results, lipid
peroxidation in the germinating seedlings was analyzed (Fig. 22B). The seeds
of wild-type plants and two double mutant lines were treated as described
above. The seedlings were harvested after 10 days of growing on MS medium,
the MDA level was measured. The results demonstrated that mutant lines after
3 h of treatment can accumulate more MDA than wild-type, especially after 6 h.
The results of this study indicated that lack of ALDH genes affects the ability to

germinate under high temperatures.
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Fig. 22 Germination and seedlings growth of double-mutant (KO6/62 and
KOG6/76) seeds and wild-type exposed to heat stress.

(A) Seeds were treated for different heat time point and germinated on MS agar plate.
The photographs show 9-d-old seedlings. Percentage of seeds germinated was
scored after 2, 3, 4, 7 and 9 days by heating to 45°C forOh, 1 h,3 h, 6 hand 12 h.

(B) MDA level in the germinating seedlings derived from the thermotolerance test of
wild type, KO6/62, and KO6/76. Data are the mean +SD of three independent
experiments.

3.2 Study of aldehyde dehydrogenase (ALDH) genes in A. thaliana
under combination of stresses

3.2.1 Expression analysis of different aldehyde dehydrogenase (ALDH)
genes from Arabidopsis thaliana under combination of stresses

Individual abiotic stresses are well studied recently, but much less is known
about the effect of multiple, co-occurring stress factors, despite the fact that
multiple stresses are probably the rule under natural conditions (Holopainen
and Gershenzon 2010).Therefore we have asked the question how the
different stressors influence each other using ALDH genes as an example.
First, the stress combination treatments were established and the
corresponding physiological changes analyzed. A. thaliana wild-type plants
were subjected to a combination of stress conditions and the performance was

compared with plants subjected to a single stress 5 days after growth at
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non-stress conditions (recovery). The single stress treatments and the stress
combinations are depicted in Fig. 23A. The design of the stress applications
attempts to describe the conditions that occur in the field when a relatively
prolonged period of dehydration (D) or salinity (S) is combined with a short
period of high temperature (H) stress. High temperature stress was also
combined with wounding (W) stress. Fig. 23B shows that plants after
wounding stress (W), dehydration-heat stress (D/H), heat-wounding (H/W)
stress heat-salt (H/S) stress and wounding-heat W/H showed signs of injuries,
some leaves after D/H and H/S treatment turned yellow and dried up. However,
plants subjected to heat-dehydration (H/D) stress showed no severe
symptoms which might be due to the fact that the plants recovered from the

heat stress during seven days of dehydration at non-stress temperature 22°C.

To analyze the effect of stress combinations on target gene expression ALDH
gene expression was monitored at the transcript and protein level. The abiotic
stress-related A. thaliana ALDH genes ALDH7B4, ALDH3H1, ALDH3I1,
ALDH3F1 and two betaine aldehyde dehydrogenases ALDH10A8 and
ALDH10A9 were selected for these studies (Fig. 23C). RT-PCR analysis
indicated that ALDH7B4 transcripts increased under all single stresses applied
and accumulated to even higher levels after D/H, H/D, W/H and H/S treatment.
Expression of ALDH3I1 was strongly induced upon wounding and slightly in
response to salt stress, but transcripts remained low after a combination of
stress treatments. ALDH3H1 accumulated at low levels in all treatments.
Similarly, ALDH3F1 was also not much expressed under all stress conditions.
ALDH10A8 and ALDH10A9 were constitutively expressed and did not change
either in response to single stresses or stress combinations. Protein blots
showed that ALDH7B4 protein was induced by all stress conditions, and
accumulated abundantly under W, D/H and H/S stress treatment (Fig. 23D).
The ALDH3I1 protein was up-regulated in response to W and H treatment and
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accumulated weakly after D/H and W/H. The expression of ALDH3H1 protein

was induced under W, S, and D/H and H/D, also slightly induced by heat and

H/S treatment. The ALDH3FL1 protein was constitutively expressed in response

to individual stress and expression was only detected in response to D/H and

H/S stress combinations (Fig. 23D). Taken transcript and protein expression

together, ALDH7B4 and ALDH3H1 expression levels are increased under D/H

and H/S stress combination.

A

Individual Stress Stress Combinations

:
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Fig. 23 Effect of stress combinations studied in four-week-old A. thaliana
plants.

(A) The experimental design of stress applications. A. thaliana wild-type plants
subjected to different individual (2-5) and combination stresses (6-11).
Dehydration stress is imposed by withdrawing water from plants for 6-7 day (2),
the corresponding relative water content is about 75%. Wounding was imposed by
incubating the plant at short day growth chamber for 4h after pressed the leaves
by sandpaper (3). Heat is imposed by keeping the plants at 45°C for 6 h (4),
salinity stress is watered the plant every two days with water containing 300 mM
NacCl for 10 days (5). A combination of dehydration and heat stress was performed
by dehydration-treated plants followed by a heat stress treatment or heat stress
comes first and followed by dehydration (6 and 7). A combination of wounding and
heat stress was performed by wounding the plants for 4 h followed by heat stress
or heat stress before wounding stress (8 and 9). Similarly treatment orders to heat
and salt combination stress (10 and 11).

(B) Phenotypic analysis of four-week-old A. thaliana plants subjected to a single
stress and stress combinations. C: control, D: dehydration, W: wounding, H: heat,
S: Salt, D/H: dehydration followed by heat stress, H/D: heat stress followed by
dehydration, W/H: wounding stress followed by heat stress, H/W: heat stress
followed by wounding, S/H: salt stress followed by heat stress, H/S: heat stress
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followed by salt stress.

(C) Transcript accumulation analyzed by RT-PCR using gene specific primers to
amplify the transcripts from total RNA (2 pg) extracted after different stress
treatments (details see materials and methods).

(D) Protein blot analysis of protein extracts from four-week-old plants subjected to
different stress treatments(C).

3.2.2 Analysis of lipid peroxidation of two ALDH knock-out lines under a
stress combination

To gain more insights into the potential functions of selected ALDH genes
under a combination of stress, malondialdehyde formation (MDA) in KO6/62
and KO6/76 mutant lines in comparison with wild-type plants were studied
under treatment. From the above studies, the two ALDH double knock-out
mutant lines were more sensitive than wild-type under different heat stress
conditions. Here, a level of oxidative stress caused by a combination of stress
was evaluated by measuring MDA in wild-type and KO6/62 as well as KO6/76
mutant lines. An elevation in MDA levels was observed after a single stress and
stress combinations. In comparison with other stress conditions, D/H and H/S
caused a significant increase in accumulation of MDA content, moreover,
mutant lines had significantly higher MDA levels than stressed wild-type plants
(Fig. 24). The result corroborates the role for ALDH genes in stress protection

by lowering lipid peroxidation.
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Fig. 24 MDA equivalents of four-week-old plants of KO6/62 and KO6/76 double
mutant lines and wild type plants subjected to individual and a combination of
stresses. Data are the mean £SD of three independent experiments. C: control, D:
dehydration, W: wounding, H: heat, D/H: dehydration followed by heat stress, H/D:
heat stress followed by dehydration, W/H: wounding stress followed by heat stress,
H/W: heat stress followed by wounding. Black bars, wild-type: dark-grey bars: KO6/62;
light-grey bars: KO6/76 mutant.

3.2.3 Analysis of chlorophyll content of two ALDH knock-out lines under
a stress combination

Chlorophyll content also tested in these three genotypes under individual and
combination stress conditions. The results showed that leaves from heat, D/H,
W/H, S/H and H/S treatments have less chlorophyll content than other
conditions, but wild-type and knock-out mutants have similarly reduced
chlorophyll levels (Fig. 25). These results corroborate a role for ALDH genes in
stress protection by lowering lipid peroxidation. The leaves from heat, D/H,
W/H, S/H and H/S treatments have less chlorophyll content under other
conditions, but wild-type and knock-out mutants have similarly reduced

chlorophyll levels which were also observed for heat stress condition.
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Fig. 25 Chlorophyll levels in response to single stress and a combination of
stresses. Chlorophyll levels were determined in four-week-old wild-type and KO6/62
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as well as KO6/76 mutant lines. Data are the mean +SD of three independent
experiments. C: control, D: dehydration, W: wounding, H: heat, D/H: dehydration
followed by heat stress, H/D: heat stress followed by dehydration, W/H: wounding
stress followed by heat stress, H/W: heat stress followed by wounding. Black bars,
wild-type: dark-grey bars: KO6/62; light-grey bars: KO6/76 mutant.

3.3 Study of ALDH7B4 promoter in A. thaliana

3.3.1 Functional analysis of the cis-elements within A. thaliana ALDH7B4
promoter in response to stress combinations

3.3.1.1 Information and structures of A. thaliana ALDH7B4 promoter
mutation lines

The research of high temperature and stress combinations on the promoter
activities of ALDH genes is based on the former studies in our lab (Missihoun
et al. 2014).The ALDH7B4 promoters are induced in response to abiotic stress
conditions. High GUS reporter gene expression was found in all tissues in
response to ABA, dehydration, and NaCl. Moreover, the promoter was found
to be responsive to wounding stress, suggesting that ALDH7B4 may also be
involved in response to plant pathogens (Missihoun et al. 2014).To investigate
more details about the responsiveness of the ALDH7B4 promoter fragment to
heat and a combination of stresses, interactions between stress-related
cis-elements present in ALDH7B4 promoter have been studied and five
constructs with six different mutations (AB, AD, P1, P2, and P3) were used in
this work. The promoter-GUS constructs were generated by Dr. Missihoun in
our lab (Fig. 26). A. thaliana transgenic lines A, D, AD and AB contain point
mutations in the promoter sequence while P1, P2 and P3 line were 5’ end
deletion lines.P1 (-11 to -474), P2 (-11 to -335), and P3 (-11 to —219), the
different promoter constructs are depicted in Fig. 26. ACGT2/3 was mutated in
the AB construct, AD construct lacks a DRE and ABRE1 MYC box in

comparison to the full length of the promoter (B8). The P1 construct is lacking
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two MYB boxes and three heat shock sequence elements. An additional DRE
box was missing in the P2 construct. The P3 construct only has MYB,

ACGT2/3 and heat shock elements left.
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Fig. 26 Schematic representation ofALDH7B4 promoter fragments fused to GUS
(Missihoun et al. 2014). B8 (WT) = "full promoter", 646bp fragments as the
promoter-GUS reporter construct for expression studies used. AD and AB = point
mutations in putative cis elements DRE of ATCGAC to ATATTT,; ABRE of ACGT to
ATTT,; the MYC remains recognizable despite the mutation of ACGT1. Promoter
deletion lines P1-P3 were also used as promoter-GUS reporter constructs for
expression studies.

3.3.1.2 Characterization of A. thaliana ALDH7B4 promoter deletion GUS
expression lines in response to different stresses

To address the functional significance of the individual cis-elements present in
ALDH7B4 promoter deletion constructs were analyzed under a combination of
stresses. We also evaluated the individual stress effects of dehydration, heat,
wounding and salt treatment on promoter-GUS expression. Patterns of
accumulation of GUS in promoter deletion lines were firstly investigated under
various abiotic stresses in four-week-old leaves using GUS tissue staining (Fig.
27). Low GUS activity was observed under control conditions in all six

independent lines. A moderate increase in GUS activity was found when plants
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were grown under dehydration stress. Higher accumulation patterns of GUS
expression were obtained for B8, AD and P1 lines than the AB line. GUS
activity decreased drastically in P2 and P3 lines. Incubation of plants after 4 h
wounding stress resulted in a rapid increase in GUS activity whereas the level
of GUS in AB, P2 and P3 was severely reduced and showed weak staining.
Remarkably, an increase of GUS activity in AD and P1 occurs when plants
were kept at 45°C for 6 h. Fluorimetric measurements of GUS activity indicated
that short promoter P2 and P3 lines showed nearly no GUS activity, although
some potential stress elements are predicted in this promoter. High GUS
activity was found in B8 and AD lines under salt treatment. Combined
dehydration/heat and salt/heat showed nearly similar levels of GUS expression
as single stress. While lower GUS activities in wounding/heat combination
stress conditions than individual stress were observed. The strong inductions
were observed for AD and P1 line. Likewise, GUS expression in P2 and P3
was lost upon deletion of the ACGT1 and DRE motifs, but a slight increase in
GUS activity was observed in P3 after D/H and H/D treatment. Taken together,
the results indicate that ABRE/MYC (ACGT2/3) elements, as well as ACGT1
and DRE/CRT in the ALDH7B4 promoter, are necessary to mediate its

expression under individual abiotic stress and stress combinations.
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Fig. 27 Activities of the deleted ALDH7B4 promoters under different stress
conditions.

(A) In situ detection of the GUS activity. Four-week-old wild-type and independent
transgenic A. thaliana plants harboring different the ALDH7B4 promoter fragments
fused to the GUS reporter gene were subjected to different stresses. B8, AB, AD,
P1, P2 and P3 represent different ALDH7B4 deletion GUS expression lines
(details see Fig. 26) C: control, D: dehydration, W: wounding, H: heat, D/H:
dehydration followed by heat stress, H/D: heat stress followed by dehydration,
WI/H: wounding stress followed by heat stress, H/\W: heat stress followed by
wounding.

(B) The activity of the ALDH7B4 promoter deletion constructs measured as enzymatic
activities of the GUS reporter protein under individual and combination stress
conditions. Error bars correspond to the SD of three independent replicates.

100



RESULTS

3.3.2 Identifying transcription factors interacting with A. thaliana
ALDH7B4 promoter

3.3.2.1 Yeast one-hybrid screening system and associated cis-elements
in A. thaliana ALDH7B4 promoter

To focus on possible proteins that bind to putative cis-elements inALDH7B4
promoter, a yeast one-hybrid screening was performed. In this technique, the
interaction between two proteins (bait and prey) is detected via in vivo
reconstitution of a transcriptional activator that turns on expression of a
reporter gene. Detection is based on the interaction of a transcription factor
(prey) with a bait DNA sequence upstream of a reporter gene (HIS3 or LacZ).
To ensure that DNA binding results in reporter gene activation, cDNA
expression libraries are used to produce hybrids between the prey and a
strong trans-activating domain. The advantage of cloning transcription factors
or other DNA-binding proteins via one-hybrid screenings, compared to
biochemical techniques, is that the procedure does not require specific
optimization of in vitro conditions. An improved system with a library of 1,498
transcript factors (TFS) from A. thaliana was used (Mitsuda et al. 2010). The
screening system including the transcription factor library and the vectors used

are described in Table 4.

Table 4 Vectors for the yeast one-hybrid screening

Vector Fragment
TFpDEST_GAD424 Transcript factors library
R4L1pDEST_LacZi Reporter gene lacZ
R4L1pDEST_HISi Reporter gene HIS3
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Transcription factors bind to characteristic recognition sequences cis-elements
which can trigger the transcription (activators) or block (repressors). In this
work, the promoter of ALDH7B4 from A. thaliana was examined. Various
cis-elements of the promoter involved in stresses have been described here
and in former studies (Missihoun 2010). ALDH7B4 showed tolerance to salt
(NaCl and/or KCI), dehydration and oxidative stress. Previous studies have
shown that the expression of the ALDH7B4 gene both by abiotic stress factors
such as drought and salt, as well as aldehydes, wounding stress can be
induced. Sequence analysis of the promoter sequence of ALDH7B4 has been
done using the databases PLACE Web Signal Scan
(www.dna.affrc.go.jp/PLACE/) and RIKEN Arabidopsis Genome Encyclopedia

and (www.rarge.psc.riken.jp/). A diagram with the position of these elements

can be found in Fig. 28. The ALDH7B4 promoter contains "Drought
Responsive Element” (DRE or CBF; RYCGAC) motif and three ACGT motifs
(ACGT1, ACGT2 and ACGT3), four MYC consensus sequences (E-box), four
heat shock sequence elements (AGAAn), two AtMYB1-binding motifs
(WAACCA) and two MYB consensus sequences (CNGTTR). DREs are bound
by "DRE binding proteins” (DREBs) and "C-repeat binding factors" (CBF),
mainly functional in the ABA-independent gene induction by cold and drought
stress. ACGT boxes are at the core of "ABA Responsive Elements” (ABRES).
Both MYCs and MYBs lead to an ABA-inducible gene expression by cold and

drought stress.
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Fig. 28 Full promoter sequence of the ALDH7B4 gene and localization of stress
associated cis-elements. The full promoter of ALDH7B4 with localization of stress
associated cis-elements. The figure was created by Snap Gene Viewer (659 bp), the
nucleic acid sequence of the ALDH7B4 promoter in A. thaliana with color-marked,
identified in silico of cis-element motifs. CGTCAATGAA: JA-motif; AGAAN: heat shock
sequence elements; CACGTG: G-box motif; TGACG: ASF-1 binding site; GAAAAA:
GT-1 motif, GGCGGT: GCC box; RYCGAC/ACGT: DRE motiffACGT; TTGACC: EIRE
motif.

3.3.2.2 Confirmation of yeast-one-hybrid DNA-bait strains and
transformation on a small scale

Two construct strains have been generated and used for the yeast one- hybrid
DNA-baits (Schmidt 2011). The target element of ALDH7B4 promoter
fragment was selected from 606 and 607 bp (Fig. 29). The plasmids
RAL1pDEST_HISi and R4L1pDEST_LacZi containing the promoter fragment
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were retested and amplified using primers pHISi fwd/pHISi_rev and
pLacZi_fwd/pLacZi_rev respectively. The PCR product was transformed into E.
coli DH10B competent cells and reconfirmed by DNA sequencing. The
R4L1pDEST_HISi-ALDH7B4PH and R4L1pDEST_LacZi-ALDH7B4PL
constructs were linearized with the restriction enzymes Xhol and Ncol (Fig.

30).
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Fig. 29 The schematic representation of ALDH7B4 full promoter and promoter

PHIPL (606 bp)

fragments for yeast one-hybrid screening. B8= full promoter; PH / PL = promoter
fragments for HIS3 and lacZ reporter in yeast one-hybrid screening (difference: 3 'end
of PL is 1 bp longer than PH).
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Fig. 30 Two DNA-bait constructs were amplified by PCR and linearized by
different restriction enzymes.

(A) The ALDH7B4 promoter fragment was amplified using primers pHISi_fwd and
pHISI_rev for the plasmid of pHISi-7B4PH (606 bp), pLacZi_fwd and pLacZi_rev
for the plasmid of pLacZi-7B4PL (607 bp).

(B)Lane 1 and 3 are undigested RA4L1pDEST_HISi-7B4Ph  and
R4L1pDEST_LacZi-7B4PL plasmids respectively. Lane 2 is Xhol digested
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R4L1pDEST_HISi-7B4Ph, and lane 4 is Ncol digested
RAL1pDEST_LacZi-7B4PL.

After linearization, the constructs were simultaneously transformed into the
yeast strain YM4271, the pHISi-7B4PH constructs were followed
simultaneously and transformed into the yeast strain YM4271 on a small scale
and screened on SD-His selection medium(Fig. 31). The second
transformation was also performed with pLacZi-7B4PL into YM4271-
pHISi-7B4PH screened on SD-His/-Ura medium. The yeast strain was cultured
on the SD-His-Ura medium and integration of the constructs was tested by
PCR using two pairs of primers pHISi fwd/pHISi rev and
pLacZi_fwd/pLacZi_rev.
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Fig. 31 Transformation of pLaczi-7B4pl and pHis-7B4Ph into yeast YM4271 on a
small scale.

(A) Transformation of pHis-7B4ph into YM4271 on a small scale and screened on
SD-His selected medium.

(B) Positive clones from SD-His selected medium were confirmed by colony PCR
(606 bp).
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(C) Transformation of pLaczi-7B4PL into YM4271: pHis-7B4Ph on a small scale and
screened on SD-His-Ura selected medium.

(D) Colonies from SD-His-Ura selected medium were confirmed by colony PCR using
the primer pHISi_fwd/pHISi_rev (606 bp).

(E) Colonies from SD-His-Ura selected medium were confirmed by colony PCR using
the primer pLacZi_fwd/pLacZi_rev (607 bp).

3.3.2.3 Measurements of autoactivation of yeast one-hybrid DNA-bait
strains

The autoactivation assay is the method that tests the level of expression of
integrated DNA bait-reporters lacking an AD-prey clone. Autoactivation
strength was measured by two different tests, which measure the expression of
two reporter genes (HIS3) and B-galactosidase on colony lift assays (Fig. 32).
HIS3 gene expression was measured by growing yeast strains on selective
media lacking histidine and uracil. The activity of the HIS3 reporter was
quantified by increasing amounts of a competitive inhibitor of HIS3 (3-AT). The
concentration of 3-AT was performed from 0 mM to 60 mM. The integrant with
the lowest auto-activity concentration of 3-AT that inhibited growth was
considered as the activation strength of the gene construct so that transcript
factors -DNA interactions can be retested (Doerks, Copley et al. 2002). Fifteen
positive yeast colonies were selected that contain the full ALDH7B4 promoter
bait. After incubation at 30 °C for 5-7 days, the growth of each
DNA-bait-reporters strain was scored on the different media (Fig. 32A).
The-gal colony lift assays were used to perform the activity test of the LacZ
reporter gene that grew on the SD/-His-Ura medium at 37 °C for O h-48 h
without a competitive inhibitor of HIS3 (Fig. 32B).

According to the activation strength in these two assays for autoactivation, all
fifteen strains showed minimal or growth on 15-60 mM concentration of the

3-AT medium. Only strain No. 11 has a strong signal in the p-Gal assay. The
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integrated strain, which has the lowest autoactivity for both reporters, was
selected to decrease the number of false protein- DNA interactions in the
subsequent assays. By comparison of activation strength in both assays strain
No. 7 was chosen as the optimally integrated strain, also because it grew well
under none competitor conditions and showed no strong signal in the colony lift

assays.

A

Self-activation test ALDH7B4 promoter bait
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15

45 mM 3-AT

60 mM 3-AT

B
B-gal assay

5h

24h

48 h

Fig. 32 Activation strength of yeast one-hybrid DNA-bait-reporters constructs.

(A) Autoactivation assay of the HIS3 reporter gene on SD/-His-Ura media of 3-AT (15
mM-60 mM) after 3 days at 30°C.

(B) Autoactivation assays of the LacZ reporter gene after 1 h, 5 h, 24 h and 48 h
incubation at 37°C.

10

N



3.3.2.4 Prey library transformation on a large scale
For the screening of the vector pGAD424 carrying the transcript factors -only

prey library of A. thaliana transcription factors was used (Mitsuda et al. 2010).
This library was introduced into yeast by transformation on a large scale. After
the transcriptional autoactivation assay, bait constructs were specially adapted
for interaction screens. 'Validated baits No.7' were transformed with 6 pg of the
library. 5,000-10,000 independent yeast colonies were subjected to selection
on the selected medium after incubating at 30 °C for 5-7 days. Five hundred of
the colonies that grew well on SD/-His-Ura-Leu plates were collected and
stored at -80°C. All the five hundred colonies were then picked and transferred
on SD/-His-Ura-Leu+15 mM 3-AT medium and the second round of selection
on SD/-His-Ura-Leu+30 mM 3-AT plates to observe their growth conditions
before proceeding to colony lift B-galactosidase assays. Each individual colony
was identified by a B-Gal colony lift assay and was compared with the results
of increasingHIS3inhibitor concentrations (Fig. 33A). The assay of histidine
resistance and selection for (3-galactosidase activity resulted in 127 positive
colonies. The transcript factors in these “double-positive” colonies were
PCR-amplified using the primers GAL4AD_For /GAL4AD_Rev and sequenced
for identification (Fig. 33B). 68 of these 127 clones were positive with an

average size of 1.5 kb.
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SD-His-Ura-Leu+15 mM 3-AT SD-His-Ura-Leu+30 mM 3-AT

B-galactosidase assay

B Ml 28

3000bp — =

1000 bp — e L

fr1r

P s PP VD Gy = QP p— L —

{!

Fig. 33 Yeast one-hybrid library screening.

(A) The growth of vyeast strains on SD-His-Ura-Leu+1l5 mM 3-AT and

SD-His-Ura-Leu+30 mM media. The 3- Gal assays with these strains after 5 h
incubation at 37 °C.

(B) 127 colonies were confirmed to contain an insert by colony PCR using the primers

GAL4AD_For and GAL4AD_Rev. M= marker. 1, 2, 3...= PCR product from
individual colonies.

3.3.2.5 Identification of DNA-protein interactors and retesting of
interactions by Gap-repair

Based on observations of nutritional selection, the B-galactosidase assays and

the result of PCR amplification, sixteen from sixty-eight PCR-amplified
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colonies were picked and identified by DNA sequencing (Table 5). The
identified transcript factors all belong to NAC superfamily. There were 8
isolates of the NAC domain-containing protein 2 (accession number:
AT1G01720) and 4 isolates of the ATAF-like NAC-domain transcription factor
3 (accession number: AT3G15500). Clones encoding the NAC
domain-containing protein 102, NAC domain-containing protein 25, NAM-like
protein 18 and NAC domain-containing protein 19 were unique isolates. There
are reports showing that transcript levels increase in response to wounding
and abscisic acid in ANAC002; ANAC102 appears to have a role in mediating
response to low oxygen stress (hypoxia) in germinating seedlings and has
functions in sequence-specific DNA binding transcription factor activity;
ANACO025 involved in multicellular organismal development and regulation of
transcription; ANACO018 is homologous to the petunia gene NAM which is
required for the development of the shoot; ANACO019 encodes an NAC
transcription factor whose expression is induced by drought, high salt, and
abscisic acid. It was reported that detailed DNA binding assays of NAC
transcription factors (ANAC019, ANACO055, and ANAC072/RD26) determined
NARS (NAC recognition sequences) ANNNNNCNNNNNNNACACGCATGT,
containing CATGT and harboring CACG as the core DNA-binding site (Tran,
Nakashima et al. 2004). CGTG and GTGC are also reported to be the NAC
protein binding sites. These sequences motifs are in the ALDH7B4 promoter

(Table 6).
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Table 5 Isolated transcription factors binding to the ALDH7B4 promoter.

Isolated TF Times TF family Description
(by locus No.) isolated

Full AtALDH7B4 promoter bait screening

AT1G01720 8 NAC superfamily NAC domain-containing protein 2
(ANAC002, ATAF1)

AT3G15500 4 NAC superfamily ATAF-like NAC-domain transcription
factor 3 (NACO55, NAC3)

AT5G63790 1 NAC superfamily NAC domain-containing protein 102
(NAC102)

AT1G61110 1 NAC superfamily NAC domain containing protein 25
(NAC025)

AT1G52880 1 NAC superfamily NAM-like protein 18 (NAC018)

AT1G52890 1 NAC superfamily NAC domain-containing protein 19
(NACO019)

Table 6 Repetition of recognition sequences of NAC protein binding sites in the

ALDH7B4 promoter.

Putative NAC protein binding sites in the ALDH7B4 promoter

sequence
Binding sites CACG CGTG/A CATGTG
Repetitions 3 3 1

In order to confirm the interaction of these sixteen interactors with the
ALDH7B4 promoter, Gap-repair assays were performed because it is
important to retest each of the interactions identified from the transcript
factors-only library screen. Not all the “double-positive” yeast colonies might
be the result of prey interacting with the DNA-bait strain, but the autoactivators
by bait itself (Walhout and Vidal 2001). The sixteen “double-positive” yeast
clones were transferred from a fresh SD/-Ura-His-Leu plates and incubated
overnight at 30°C. For each positive candidate, a yeast plasmid miniprep

was prepared and transformed into E. coli DH10B. The amplified fragments
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were re-tested using the primers GAL4AAD_For and GAL4AD_Rev (Fig. 34A).
All the plasmids were retransformed into the strain YM4271 carrying the
DNA-bait plasmid No. 7 which has the lowest autoactivity for both reporters
(details in 3.3.2.3). Plasmids were successfully transformed and after 3-5 days
of incubation at 30°C on SD medium containing 30 mM 3AT and lacking
histidine, uracil, and leucine, colonies grew on plate medium. These sixteen
candidates interact with the DNA-bait and were also confirmed by histidine and
the absence of $-galactosidase activity (Fig. 34B). All sixteen interactors grew
well on 30 mM 3-AT selection medium and the colony lift assay indicated that
these sixteen “double-positive” colonies interacted due to the prey protein

binding and interaction did not arise by the bait yeast autoactivation.

A M: v 2 3.4 B ® 7 8 9 40 11 12 13 14- 15 16
1500 bp— o — - —— s — - — — -
1000 bp —

*a. 0
B

No.1-8 [CRIRE R WY 5D/ His-Ura-Leu
+30 mM 3-AT

No.o-16 {8

No.1-8 B-gal assay
No.9-16 Th
No.1-8

. 3h
No.9-16

i 1
& *

No.1-8 R Bk,
No.9-16 -ee L

Fig. 34 Re-tested the yeast one-hybrid candidates by Gap-repair assays.

(A) Yeast plasmid miniprep was prepared of sixteen candidates and transformed into
E. coli DH10B. They were re-tested by amplification using the primers
GAL4AD_For and GAL4AD_Rev. M= marker; No.1-16: individual positive
candidates.
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(B) Confirmed by autoactivation test of HIS3 and LacZ reporter gene. The growth of
sixteen candidates which interact with the DNA-bait strain No. 7 on
SD-His-Ura-Leu media with 30 mM after 3 d at 30°C to test HIS3 reporter gene;
colony lift assays after incubation for 1 h, 3 h, and 24 h at 30°C to test the LacZ
reporter gene.

3.4 Study of the yeast one-hybrid transcription factor candidate
ATAFL1 protein

3.4.1 ATAF1 protein is involved in regulation of ALDH7B4 and its role in
stress tolerance

Based on the results of transcription factors binding assays to the ALDH7B4
promoter, we noticed that the NAC domain-containing protein 2
(ANAC2/ATAF1) was several times identified independently in the yeast
one-hybrid screening. ATAF1 (AT1G01720) is located on chromosome 1 with
3 exons and 2 introns (Fig. 35). It codes for a protein of 289 amino acid
residues and has a predicted molecular weight of 32.92 kDa with an isoelectric
point of 6.52 (Fig. 36). The NAC domain is subdivided into five subdomains.
The overall structure of the NAC domain monomer consists of a very twisted
antiparallel beta-sheet, which packs against an N-terminal alpha-helix on one
side and one shorter helix on the other side surrounded by a few helical
elements. The structure suggests that the NAC domain mediates dimerization
through conserved interactions including a salt bridge, and DNA binding
through the NAC dimer face rich in positive charges (Puranik et al. 2012). The
NAC (NAM/ATAF/CUC) family of proteins is a major group of plant-specific
transcription factors involved in plant development, senescence, secondary
cell wall formation and stress responses (Olsen et al. 2005; Hu et al. 2006;
Nakashima et al. 2012). ATAF1 was one of the first NAC-domain proteins
identified in A. thaliana. It was reported that expression of the ATAF1 gene

was induced by drought and ABA treatments(Wu et al. 2009). The constructed
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ATAF1 also observed using green fluorescent protein (GFP) fusion protein
was localized in the nucleus and the C-terminal domain exhibits transcriptional
activity in yeast (Lu et al. 2007). Recent studies reveal that ATAF1 integrates
ABA- and H202- dependent signaling with senescence through the direct
regulation of key photosynthesis and senescence transcriptional cascades
(Garapati et al. 2015a). In A. thaliana, the predicted functional partners of

ATAF1 protein are shown in Fig. 37.

Chrl:2ea330..260810

|
265K

Frotein Coding Gene Hodels
ATLGOLT20.1 CATAFL  ANACOOZ )

AT1GO17
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Fig. 35 Coding gene models of ATAF1 in A. thaliana chromosomes. ATAF1
(AT1G01720) in A. thaliana viewed in Gbrowse (https://gbrowse.arabidopsis.org). The
ATAF1 is located on chromosome 1 with three exons (highlighted by three
disconnected dark blue bold line) and two introns (two of disconnected thin line).

1 MSELLQLPPG FRFHPTDEEL VMHYLCRKCA SQSIAVPIIA EIDLYKYDPW
51 ELPGLALYGE KEWYFFSPRD RKYPNGSRPN RSAGSGYWKA TGADKPIGLP
101 KPVGIKKALY FYAGKAPKGE KTNWIMHEYR LADVDRSVRK KKNSLRLDDW
151 VLCRIYNKKG ATERRGPPPP VVYGDEIMEE KPKVTEMVMP PPPQQTSEFA
201 YFDTSDSVPK LHTTDSSCSE QVVSPEFTSE VQSEPKWKDW SAVSNDNNNT
251 LDFGFNYIDA TVDNAFGGGG SSNQMFPLQD MFMYMQKPY

1 50 1m0 150 200 250 289

2
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Specific hits
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Fig. 36 The protein sequence of ATAF1. ATAF1 has 289 amino acids (top) and a
predicted NAM domains (bottom)(accession: PF02365, from +8 to +131) using NCBI
protein blast software (https://blast.ncbi.nim.nih.qov/Blast.cqi).
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Fig. 37 Predicted functional partners of the ATAF1 protein. The network comes
from the string (http://string-db.org), a database of known and predicted protein

interactions. Predicted partners are shown (left): NAC domain containing protein 32;
AC domain containing protein 102; Dehydrin ERD14 putative protein phosphatase 2C
49; DRE-binding protein 2A; Basic helix-loop-helix domain-containing protein;
Glutathione S-transferase tau 7; RESPONSIVE TO HIGH LIGHT 41; Glycosyl
hydrolase family 17protein; Farnesyltransferase A. In the triangle-matrices at the right
side, the intensity of color indicates the level of confidence that two proteins are
functionally associated, given the overall expression data in the organism.

3.4.2 Purification of the recombinant protein ATAF1 to investigate its
DNA binding ability

3.4.2.1 ATAF1 protein expression and purification

To further verify the ATAF1 and ALDH7B4 promoter interactions directly, we
used in vitro electrophoretic mobility shift assays (EMSA). Fig. 38 illustrates
the flowchart of recombinant protein expressed in E. coli BL21 cells. Due to the
coding sequence of ATAF1 has 3 of exons and 2 of introns (Fig. 35), the
sequence of the opening reading frame (ORF) (+142 to +1185 bp, 289 aa) of
ATAF1 was amplified from the cDNA of A. thaliana wild-type plants with the
primers ATAF1 Fwd (BamHL1) for pET43 and ATAF1_Rev for pET43 (Xhol).

The amplified ORF sequence with restriction enzyme sites was first cloned into
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the pJET1.2 cloning vector, retested by colony PCR (Fig. 39). The results
showed that the sequence of the pJET1.2 -ATAFL1 is in corresponds to the

ATAF1 ORF sequence.

Extract RNA form A.thaliana wide type plants

l

cDNA Synthesis

l

Amplify the ATAF1 coding sequence with restriction enzyme sites

l

Transform the PCR product into pJET1.2

i

Digest with the restriction enzyme and transform into pET-43.1b

|

Induction of the E. coli culture expressing the recombinant protein ATAF1

Fig. 38 Flowchart of recombinant protein expressed in E. coli BL21 cells.

A M ATAF1 B ™M 1 2 3 4 5 6 7 8

1000 bp— .

Fig. 39 Amplified the full length of ATAF1 ORF sequence and re-tested by
colony PCR.

(A) The ATAF1 ORF sequence was amplified from cDNA sequence and transform to
pJET 1.2 vector.

(B) The 870 bp PCR product was retested by colony PCR using primers ATAF1_Fwd
for pet43 and ATAF1_Rev for pet43. M= marker; lane 1 to lane 8=individual clone
of pJET1.2-ATAF1 was picked after transformation.
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The pJET1.2-ATAF1 was digested with BamH1 and Xhol and subcloned into
the pET43.1b expression vector, which has an N-terminal Nus-Tag fusion
partner, and upstream a His-Tag fusion tags with the same restriction enzyme
sites to induce the recombinant protein. After restriction enzyme digestion and
ligation with an expression vector, pET43.1b- ATAF1 plasmid was confirmed
by colony PCR using the primers Colin-DOWN/S-tag and sequencing (Fig. 40),
then introduced into E. coli strain BL21 for expression. Synthesis of the
recombinants ATAF1 protein was induced in LB medium using a final
concentration of 1 mM IPTG. The fusion protein was purified by His-tag affinity
column under native conditions with 20 mM imidazole. The bacteria were
collected by centrifugation and lysed, and then the supernatants and pellets
were collected and subjected to SDS-PAGE. The recombinant ATAF1 protein
was successfully induced and purified (Fig. 41). The molecular weight of the
expression product is 95.7 kDa (ATAF1 protein plus Nus-His Tag), which
matches the predicted size. Purified ATAF1 protein was desalted using a
PD-10 column and through dialyzed against 14% Glycerin; 15 mM HEPES; 8
mM Tris-HCI, pH 7.5; 120 mM KCI; 0.14 mM EDTA; 7 mM mercaptoethanol
and 0.1 mM PMSF.

B
A M 1 2 3 4 5 6 M 12 3 4567 8 9
i 5 J _ - -
! | e —
1000 bp — ———— — — — — —— €
1000 bp— e -

Fig. 40 The pET43.1b and pJET1.2-ATAF1 plasmids digested with restriction
enzymes.

(A) Lane 1 and 4 are undigested pET43.1b and pJET1.2-ATAF1 plasmids. Lane 2
and 3 are pET43.1b plasmids (7275 bp), which digested withBamHZ1/Xhol. Lane 5 and
6 are pJET1.2-ATAF1 plasmids, which digested withBamHZ1/Xhol. The band indicated
by a black arrow at the bottom is ATAF1 ORF sequences (870 bp).
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(B) The 870 bp digested product was ligated into the digested pET43.1b plasmid and
finally transformed into the E. coli strain BL21. Re-tested by colony PCR using
primers Colin-DOWN and S-tag. Lane 1 to lane 9=individual clones, clone “pET43.1b
-ATAF1” was picked after transformation. Black arrow: positive clones.
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Fig. 41 SDS-PAGE analysis of protein extracts after induction and purification
of the ATAF1 recombinant protein.

(A) Induction the recombinant protein with IPTG for O h, 1 h, and 3 h. M: Protein
molecular weight marker.

(B) The purified ATAF1 recombinant protein. FO: Total soluble fraction; Ft:
Flow-through fraction; F1-F6: Eluted fractions. 15 microliters from each fraction
were analyzed by SDS-PAGE. Black arrow: purified product (95.7 kDa).

3.4.2.2 Detecting ATAF1 protein—ALDH7B4 promoter sequence
interactions by electrophoretic mobility shift assay (EMSA)

EMSA experiments were performed to determine whether ATAF1 protein
could specifically interact with the putative NAC motifs in the sequence of the
ALDH7B4 promoter in vitro. In the electrophoretic mobility shift assay,
solutions of proteins and nucleic acids are combined and the resulting mixtures
are subjected to electrophoresis under native conditions through

polyacrylamide or agarose gels. After electrophoresis, distribution of species
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containing nucleic acid is determined, usually by autoradiography of
32p-labeled (digoxigenin -11-ddUTP labeled in this study) nucleic acid. In
general, protein—nucleic acid complexes migrate more slowly than the
corresponding free nucleic acid. Annealed pairs of oligonucleotides designed
from the putative NAC protein binding sites (see 3.3.2.5) from ALDH7B4
promoter were used as probes or competitors in EMSAs. A labeled 39 bp
double-stranded oligonucleotide
(5’ AAGCATAGGACACGTGACACATGTGATGTGAGTGAAGCC-3)

containing the consensus CACG, GTGC, and CATGTG motifs are shown in

Fig. 42.
MYC
5 DRE/CRT D D 1L X
ALDH7B4
romoter
. 5 CGTG CATGTG 11
% CGTA
CGTG

AAGCATAGGACACGTGACACATGTGATGTGAGTGAAGCC

Fig. 42 Oligonucleotides from the ALDH7B4 promoter for EMSAs. The full length
of the ALDH7B4 promoter has three of CACG maoitifs, two of CGTG motifs and one of
CATGTG motif. A 39 bp of oligonucleotides was used as double-stranded DNA.

The chemiluminescent detection is presented in Fig. 43, Specific binding
without competition was observed for ATAF1 and the labeled oligonucleotides
(lane 2). Cross-competition experiments were carried out using a 50-fold
excess of unlabeled oligonucleotides, resulting in weakening of the shifted
bands (lane 3). No band was observed in the absence of either protein or
oligonucleotides (lane 1). PET43.1b empty vector was used as a negative

control (lane 4-6). The result of the EMSAs indicates that the ATAF1
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transcription factor can interact with a fragment of the ALDH7B4 promoter

directly.
ATAF1 PET43.1b empty vector
Protein B g ¥ B + +
Labeled oligo + + + + + +
Unlabeled oligo - _ + - - +
1 2 3 4 5 6

Bound : H .4

- WU

Fig. 43 EMSA analysis of the putative NAC motifs in the ALDH7B4 promoter.
Gel-shift assays were performed using DIG-11-ddUTP-labelled double-stranded
probes as described in the materials and methods. Competition experiments were
performed with a 50-fold molar excess of unlabeled double-stranded oligonucleotides
(lane 3 and lane 6).

3.4.3 ATAF1 functions as a transcriptional activator that regulates the
expression of ALDH7B4

A previous study had shown that the ATAF1 can specifically bind to 39 bp of
oligonucleotides of the ALDH7B4 promoter containing CACG, CGTG, and
CATGTG motif, and therefore | aimed to determine whether the ATAF1 protein
is able to mediate ALDH7B4 gene expression in vivo. Transactivation assays
(FAST assay) were performed using ten-day-old of A. thaliana wild-type
seedlings. The control reporter construct contains the ALDH7B4
promoter-GUS cassette in the binary vector pBIN19 and a GUS reporter gene.

The effector plasmid consisted of double 35S promoter of Cauliflower mosaic
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virus (CaMV) fused to cDNA fragments encoding ATAF1. Seedlings were
cotransfected with “control reporter” and also “effector/ reporter” that contained
the GUS reporter gene, the full-length of the ALDH7B4 promoter sequence
(control reporter) and a“35S_ATAF1” effector plasmid (Fig. 44).

Control Reporter

—|  ALDH7B4 promoter | GUS —

Effector: 355_ATAF1

Double 355
promoter

Effector/Reporter

Double 358 ATAF1 $ ALDH7B4 promoter  |— GUS —
promoter

Fig. 44 Schematic illustration of the constructs for the FAST assay. The

sequence of the ALDH7B4 promoter with GUS reporter gene as control reporter.
cDNA fragments encoding ATAF1 with double 35S promoter (Effector) were cloned
into the plant expression vector pBIN19with the reporter gene plasmids
(Effector/Reporter).

The full sequence of ATAF1 ORF (882 bp) construct was first amplified using
primers ATAF1 Fwd-pGJ280 and ATAF1 Rev-pGJ280 with the restriction
enzymes sites Xbal and Ncol from the cDNA of A. thaliana plants into the
pJET1.2 cloning vector and re-tested by colony PCR (Fig. 45AB). The
pJET1.2-ATAF1 was partially digested with Xbal/Ncol (pJET1.2 has one Xbal
restriction site), the fragment of 882 bp band was separated on a 1.5%
agarose gel extracted and purified (Fig. 45CD). The ATAF1 fragment with
Xbal/Ncol sites was then cloned into the pGJ280 that was digested with the
same restriction enzyme, which contains the double CaMV 35S promoter. The
CaMV 35S _ATAF1_teminator cassette was subsequently isolated from the
pGJ280 vector digested with Hindlll site and cloned into the binary vector
pBIN19 (35S_ ATAF1) and confirmed by colony PCR (Fig. 45EF). Finally, the

121



ALDH7B4-promoter cassette was isolated from the pBT10-GUS vector

digested with BamHI/Bglll and cloned into BamHI digested
pBIN19-35S_ATAF1 plasmid.
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Fig. 45 Generating the constructs for FAST transient expression assays.
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(A) Amplified cDNA fragment encoding ATAF1 (lane 1: 882 bp).

(B) The 882 bp PCR product transformed into pJET1.2 was retest by colony PCR
using primers ATAF1 Fwd-pGJ280 and ATAF1 Rev-pGJ280. Lane 1 to lane 6: the
individual clone of pJET1.2-ATAFL1.

(C) Double digest the vector pGJ280 and partial digested the pJET1.2-ATAF1 with
Xbal/Ncol. Lane 1 and lane 4 are undigested pGJ280 and pJET1.2-ATAF1, lane2
and lane3 are double digested pGJ280 (the upper band are extractions from the
gel and purified for ligation), lanes 5-9 are partially digested with Xbal/Ncol. The
882 bp fragment was separated by different concentration of enzymes using
partial digestion method (described in material and method 2.2.3.2).

(D) Partially digested 882 bp was cloned into double digested pGJ280 vector and
confrmed by colony PCR wusing primers p35S-pROK2-SA and ATAF1
Rev-pGJ280, Lane 1 to lane 8: individual clones of pGJ280-ATAF1. The size of
the PCR product is 1110 bp.

(E) Digest the binary vector pBIN19 and pGJ280-ATAF1 construct with Hindlll. Lane
1 and lane 4 are undigested pBIN19 and pGJ280-ATAF1, lane 2 and lane 3 are
digested pBIN19, lane 5 and lane 6 are digested pGJ280-ATAF1 (the upper band
are extraction from the gel and purified for ligation).

(F) Digested pGJ280-ATAF1 with double 35S promoter-ATAF1 cloned into pBIN19,
retested by colony PCR using the primers pBIN19 EcoRI and pBIN19 Hindlll.
Lane 1 to lane 17: the individual clone of pGJ280-ATAF1. Lane 1 and lane 12 are
positive clones. The size of the PCR product is 2154 bp.

(G) Construct pBIN19-35S-ATAF1 was digested with BamHI (lane 2-5) and the
pBT10-GUS-7B4 promoter construct was digested with BamHI and Bglll (lane
7-10, upper band was isolated from the gel and purified). Lane 1 and lane 6 are
undigested pBIN19-35S-ATAF1 and pBT10-GUS-7B4 promoter.

(H) Colony PCR was performed using the primers pBIN19_EcoRI and pBIN19_ Hindlll.
Lane 1 to lane 8: individual clones after transformation. The size of the PCR
product is 4845 bp.

Expression of each of the “Control reporter” or “Effector/Reporter” constructs in
seedlings significantly transactivated the expression of the GUS reporter gene

(Fig. 46A). When seedlings were cotransfected with a GUS reporter gene
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fused to a full length of the ALDH7B4 promoter sequence and the ATAF1
effector plasmid, the degree of induction of the GUS reporter gene was
significantly higher. Lower GUS activity in “Control reporter” transgenic
seedlings was observed and further quantified by measured as GUS
enzymatic activities (Fig. 46B). These results demonstrate that ATAF1 indeed

functions as transcriptional activator involved in the expression of ALDH7B4 in

Arabidopsis.
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Fig. 46 Transactivation potential of selected ATAF1 transcription factors.
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(A) GUS reporter protein expression from “control reporter” construct and
“effector/reporter” construct in transformed A. thaliana seedling observed by
GUS-staining assay, wild-type seedlings as the negative control.

(B) GUS protein accumulation from “control reporter” and “effector/reporter’
constructs measured as enzymatic activities of the GUS reporter protein.

To further investigate whether ATAF1 can up-regulate the expression of
ALDH7B4, transgenic A. thaliana plants overexpressing ATAF1 (ATAF1-OX1
and ATAF1-OX2) and T-DNA knock-out mutant lines of ATAF1 were used for
RT-PCR and protein blot of ALDH7B4 expression analysis (atafl-1:
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SALK_64806 and atafl-2: SALK_ 057618 were obtained from Dr. Xie Qi (Wu et
al. 2009). To confirm the overexpression and T-DNA mutant lines of ATAF1,
the seeds of transgenic lines were germinated on selection medium for further
analysis (Fig. 47AB). Basta-resistant (overexpression lines) and
kanamycin-resistant (T-DNA mutant lines) seedlings were transferred to soll
pots after two weeks and further screened by PCR for the presence of the
transgene. Two T-DNA insertion lines showed a weak band using LP and RP
primer, which areATAF1 gene specific primers (Fig. 47C). Transgenic plants
were further analyzed by RT-PCR using ATAF1 specific primers to
discriminate the expression in wild-type and transgenic plants. Moreover,
transcript accumulation of endogenous ALDH7B4 was compared between
wild-type and ATAF1-overexpression and T-DNA insertion mutant plants (Fig.
47D). Overexpression of ATAF1 caused a statistical increase of the transcript
accumulation of the endogenous ALDH7B4 when compared with wild-type and
ATAF1 knock-out plants (Fig. 48A). In addition, our previous studies revealed
that the ALDH7B4 gene is abundantly expressed in embryos of seeds (Kirch et
al. 2005; Stiti et al. 2011). Therefore we also investigated whether ATAF1 is
involved in up-regulation of ALDH7B4 during early embryos stages (in seeds
and seedlings) using protein blot analysis. Consistent with the regulation
pattern of mature plants, the protein level of ALDH7B4 was higher in
ATAF1-OX and lower in atafl than in wild-type plants (Fig. 48B). These results
suggest that the ALDH7B4 promoter is activated by ATAF1.
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Fig. 47 Confirmation of transgenic lines carrying overexpression constructs of
ATAF1 or deletions of ATAF1 and expression of ALDH7BA4.

(A) Photograph of wild-type, ATAF1T-OX1 and ATAF1-OX2 lines grown in a growth
chamber with short day light conditions on MS medium containing 8 mg/l Basta.
Selection of putative ATAF1 over- expressors as circled in red. Pictures were taken
14 days after germination.

(B) Photograph of wild-type, T- DNA insertion line atafl-1 and atafl1-2 MS medium
with 50 mg/l kanamycin. Selection of putative ATAF1 T-DNA insertion mutants as
circled in red. Pictures were taken 14 days after germination.

(C) Genotyping of T- DNA insertion line ataf1-1 and ataf1-2. Genomic DNA isolated
from both wild-type (Col-0) and independent mutants. The complete coding sequence
of ATAF1 was amplified using gene specific primers ATAF1_fwd (LP) and ATAF1_rev
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(RP); gene/T-DNA junction was amplified using T-DNA primer LBa3 and gene specific
primer ATAF1 rev (RP).

A ATAF1 OX atafl
WT OoX1 0Xx2 1-1 1-2
- S R S ——) ATAF1
- . e Se— . ALDH7B4
B
ATAF1 OX ataf1

OoX1 ox2 1-1 1-2

- e &

T WY S W 01784 (seedlings)

ALDH7B4 (Seeds)

Fig. 48 Endogenous ALDH7B4 expression in wild-type (WT) and independent
ATAF1-overexpression (OX1 and OX2) and atafl (1-1 and 1-2) A. thaliana plants.

(A) Endogenous ALDH7B4 gene expression in four-week-old wild-type, independent
ATAF1 overexpression, and atafl A. thaliana plants. Reverse transcription PCR
analysis was performed with 25 cycles for actin2, ATAF1l, and ALDH7B4
amplification.

(B) Endogenous ALDH7B4 protein expression in seeds and two-week-old seedlings
in wild-type, independent ATAF1-overexpression, and atafl A. thaliana lines.
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4. DISCUSSION

4.1 Expression profiles of the A. thaliana ALDH genes in response
to heat stress

In this study, we analyzed the function of selected ALDH genes in A. thaliana
plants subjected to heat stress either alone or in combination with dehydration,
salinity, and wounding stresses. By disrupting the stability of various proteins,
membranes, and cytoskeleton, heat negatively affects several processes in
plants including germination, growth, development, and reproduction (Bita and
Gerats 2013; Weis and Berry 1988). Our analysis of the expression of selected
ALDH genes in response to heat stress indicated that ALDH genes play a
crucial role in protecting plants from high temperature damage. The ALDH
genes were shown to be involved in the aldehyde-detoxification and
ROS-elimination processes. Previous studies showed that the expression of
selected ALDH genes was induced in response to various abiotic stresses,
such as dehydration, salinity (NaCl), heavy metals (Cu?* and Cd?*), oxidative
stress (H202) and ABA treatment (Kirch et al. 2001). Overexpression of ALDH
genes improved stress tolerance and knock-out of ALDH lines showed
increased sensitivity to stress treatment in A. thaliana (Sunkar et al. 2003;
Kotchoni et al. 2006). In this study, we found that the expression of ALDH
genes, particularly ALDH7B4, was strongly induced by heat stress at two
different growth stages (Fig. 15). The ALDH3I1 expression was weakly
induced by high temperature in mature plants. Although the expression of
ALDH3H1 and ALDH3F1 were weak during heat treatment, their transcripts
accumulated during recovery. In Antarctic microalga, an increase in total
ALDH activity occurred following heat exposure. They suggest that the ALDH 5
and ALDH 6 isozymes have important roles in heat tolerance (Choi and Lee

2012). Hibino et al. (2001) showed the high stability of the mangrove BADHs
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(betaine aldehyde dehydrogenase) at high temperature(Hibino et al. 2001). In
our study, two potential BADH-encoding genes in A. thaliana, ALDH10A8 and
ALDH10A9 are constitutively expressed and accumulated at a high level
during recovery (Fig. 15) suggesting they also may function as protectants in
response to heat stress, although naturally, A. thaliana do not synthesize
glycine betaine under stress conditions (Quan et al. 2004; Wahid and Close
2007; Missihoun et al. 2015). The increased expression of ALDH genes during
heat stress and during recovery suggest that these genes may play important

roles in heat stress response in plants.

4.2 Knock-out mutants of ALDH3 and ALDH7 are heat sensitive

Heat stress often decreases root growth, the number of roots and root
diameter (Khurana et al. 2013). In potato, heat stress causes a dramatic
change in assimilating allocation between shoot and roots, reduced starch
content and reduced dormancy (Hancock et al. 2014). Tian et al. (2009)
reported that in heat-adapted thermal Agrostis scabra, the architecture
changes and hypocotyls and petioles elongate resembling the morphological
responses of high temperature (Tian et al. 2009).To evaluate the importance of
ALDH genes in the plant tolerance to heat, two mutants of aldehyde
dehydrogenase (KO6/62 and KOG6/76) seedlings were examined for their
survival rate and root growth under heat stress. Similarly to the observation by
Tian et al. (2009), the two ALDH mutants showed heat-defective phenotypes,
lower survival rates, and slightly shorter root length were observed under
different heat stress treatment (Fig. 17 and 18). These findings suggest that
ALDH3I1, ALDH3H1, and ALDH7B4 are involved in protecting the plants
during the early growth period from heat damage. Like other abiotic stresses,
heat stress results in the production of ROS and triggers oxidative stress

responses (Potters et al. 2007). ROS causes damage to a wide range of
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cellular components such as the photosynthetic apparatus or mitochondrial
and chloroplast electron transport chains (Xu et al. 2006). The heat stress
increases leaf temperature, reduces the antioxidant enzyme activities, and
ultimately increases MDA contents in leaves of rice and wheat plants (Rahman
et al. 2009; Savicka 2010). Hence, membrane lipid saturation is considered as
an important element in high temperature tolerance. Bouche et al. (2003)
revealed T-DNA mutants of SSADH1 (ALDH5F1) in A. thaliana are dwarf
plants and display an enhanced sensitivity to heat stress which is corrected
with a rapid increase in the levels of hydrogen peroxide, suggesting that this
gene restricts levels of ROS intermediates in plant defense against
environmental stress. In our study, a significantly higher MDA level was found
in the ALDH mutants than in wild-type plants under heat stress in both
seedlings and adult plants (Fig. 19). This result on the lipid peroxidation
reveals that ALDH3I1, ALDH3H1, and ALDH7B4 contribute to the
detoxification of ROS during heat-induced oxidative stress. This is in
agreement with the previous observations on the ALDH3I1 and the ALDH7B4
single knock-out mutants subjected to salinity and dehydration stresses

(Kotchoni et al. 2006).

Photosynthesis is one of the most heat sensitive physiological processes in
plants. Photosystem Il (PSII) activity is greatly reduced and even stops under
heat stress (Morales et al. 2003), and the ability of the plant to maintain leaf gas
exchange and CO:2 assimilation rates under heat stress directly correlates with
heat tolerance (Yang et al. 2006). Heat-treated leaves of ALDH mutant lines
exhibit lower CO2 assimilation, reduced efficient quantum vyield, lower NPQ
activation and a significant reduction in Fv/Fm when compared to A. thaliana
wild-type plants(Fig. 21). Similar observations were made in soybean, rice,
tobacco and oak leaves, where heat stress significantly decreased total
chlorophyll content, chlorophyll a content, chlorophyll a/b ratio, and Fv/Fm ratio
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(Hurkman et al. 2009; Suwa et al. 2010; Djanaguiraman et al. 2011; Tan et al.
2011). This indicated that the protective role of ALDH3I1, ALDH3H1 and
ALDH7B4 is required to maintain membrane fluidity and to support leaf gas
exchanges and photosynthesis. The ALDHs may function by reducing lipid
peroxidation of chloroplasts and thylakoid membranes under high temperature

conditions.

Germination is the plant growth stage mostly affected by heat. In A. thaliana
seed, reduced germination and plant emergence, abnormal seedlings, poor
seedling vigor, reduced radicle and plumule growth of germinated seedlings
are major impacts caused by heat stress (Toh et al. 2008). In wheat and
tomato, the rate of germination and seedling establishment were strictly
prohibited under heat stress (Cheng et al. 2009b). We found that seeds of the
ALDH mutants exposed to high temperatures had lower germination rate than
the wild-type seeds. In parallel, higher amounts of MDA accumulated in both
mutant lines than in the wild-type plants (Fig. 22). Altogether, the results of this
study demonstrated that ALDH genes contribute to the survival of plants at

high temperature.

4.3 Basal versus Acquired Thermotolerance
All the organisms have an inherent ability to survive exposure to temperatures

above the optimal growth temperature (basal thermotolerance). Acquired
thermotolerance is induced by a short acclimation period at moderately high
(but survivable) temperatures to heat stress (Hong and Vierling 2000).In this
study, A. thaliana wild-type plants showed a less defective phenotype in the
acquired (Ac) treatment than in the basal thermotolerance (Ba) treatment when
assayed as ten-day-old seedlings (Fig. 12) but not at later growth stages (Fig.

13).These results are consistent with observations from Massie et al. (2003)
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and Larkindale et al. (2005) indicating pretreatment with moderate
temperatures allows plants to acquire thermotolerance to withstand
supra-optimal temperatures. Expression analysis of ALDH genes displayed
increased levels in response to both Ba and Ac in wild-type plants. The
expression of ALDH genes was lower after Ac than in Ba (Fig. 15). Analysis of
survival rates, root length and chlorophyll content in ALDH double mutants
showed a stronger decrease in response to Ba than to Ac (Fig. 17, 18 and 20).
Higher MDA levels after Ba than Ac was also observed (Fig. 22). These results
suggested that the ALDH mutants are more impaired in Ba than in Ac. Previous
studies suggested that different pathways could be involved in Ba and Ac
(Larkindale and Knight 2002; Larkindale et al. 2005).Larkindale et al. (2005)
indicated that oxidative damage is a major component in heat damage under
Ba conditions. Analysis of mutants with defects in genes relating to antioxidant
metabolism (vtcl, vtc2, npgl, and cad2) showed more sensitivity after Ba than
after Ac in seven-day-old seedlings, whereas genes related to ABA signaling
appears to be more critical for Ac treatment. Previous studies from our lab have
indicated that ALDH genes play a crucial role in antioxidant systems of plants
exposed to abiotic stress conditions (Kotchoni et al. 2006). Therefore, ALDHs
act as the antioxidant is more likely to be critical in Ba, indicating that ALDH

mutants are defective in some pathways that are essential in Ba.

4.4 ALDH7B4 contribute to a combination of dehydration, salt
and/or heat stress tolerance

In the field, plants are often exposed to more than one stress parameters. For
this reason, there is a need to understand the nature of responses to multiple
stresses (Suzuki et al. 2014). The response of plants to a combination of
different stresses is difficult to predict the response of plants to each of the

different stresses applied individually (Mittler 2006). Photosynthesis was
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shown to be sensitive to drought or heat stress (Chaves et al. 2009).
Carmo-Silva et al. (2012) and Demirevska et al. (2010) revealed that in cotton
and tobacco plants, the photosynthetic rate increased under heat stress and a
combination of drought and heat stress, with a more severe impact on the
combined stress condition. In our study, we analyzed ALDH genes in response
to multiple stress situations including heat stress combined with drought,
salinity or wounding in A. thaliana plants. Heat stress alone had a detrimental
effect on A. thaliana plants (Fig. 12 and 13), but as shown in Fig. 23B, a
combination of stress treatments showed a more severe growth defects
including yellowed and dried-up of leaf margin than did an individual stress. In
A. thaliana, during heat stress, plants increase their stomatal conductance in
order to cool their leaves by transpiration (Vile et al. 2012). However, if the
heat stress occurred simultaneously with drought, plants would not be able to
open their stomata and their leaf temperature would increase by 2-5°C
(Rizhsky et al. 2002b; Rizhsky et al. 2004). This may explain the effects of the

multiple stresses on the growth of the ALDH mutants.

To better understand how the ALDH genes are regulated under multiple
stresses, we have analyzed their expression patterns. We found that heat
combined with dehydration resulted in an increased ALDH7B4 expression
more than in the case of a single stress (Fig. 23 C and D). Consistently,
transcriptome analysis of A. thaliana plants subjected to a combination of heat
and drought found the transcript of ALDH7B4 elevated more than fourfold
(Rizhsky et al. 2004). Our observation about the expression of the ALDH7B4
gene was therefore supported by the conclusion that the combined effects of
heat and drought were generally additive (Suzuki et al. 2014). In parallel with
the gene expression data, we found that the double knock-out mutants
accumulate more MDA than wild-type plants under H/D and D/H (Fig. 24).

However, no significant effect was seen on the chlorophyll content in A.
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thaliana plants under H/D and D/H compared with individual stresses (Fig. 25).
In fact, the antioxidant enzymes play an important role in the response of plants
to a combination of drought and heat stress. A null mutant of cytosolic
ascorbate peroxidase 1 (APX1) was more sensitive to this stress combination
than wild-type plants (Koussevitzky et al. 2008). We noted that the order in
which the stresses were applied also matters. We observed that the expression
of ALDH genes was higher after D/H than H/D, and consistently, the plants had
more severe symptoms in the D/H assay than in the H/D assay (Fig. 23B). This
suggests that dehydration alone may cause more damage to the plant than
may do heat and that the ALDH regulon in the dehydration response overlap

but supersedes that of the heat response.

Suzuki et al, (2016) pointed out A. thaliana plants were more susceptible to the
combination of salt and heat stress than to each of the different stresses
applied individually. Based on our transcript and protein analysis, ALDH7BA4,
ALDH3I1, and ALDH3H1 can be induced by either heat or salinity stress. An
increased expression of ALDH7B4 was observed under H/S stress than single
stress (Fig. 23C and D). Moreover, H/S can accumulate more ALDH7B4 than
S/H. a significant elevation of MDA was detected during H/S. Higher
accumulation of MDA in mutant plants than wild-type plants (Fig. 24 and 25).
My results are consistent with those by Suzuki (2016). In contrast to drought,
salinity and heat, wounding stress imposes a mechanical damage to the plant
by enabling thereby a pathogen invasion. We found that the phenotype caused
by a combination of heat and wounding stress A. thaliana plants was more
severe than that observed for either individual stress treatment (Fig. 23B).
Abiotic stressors were shown to weaken the defense mechanisms of plants
(Mittler and Blumwald 2010; Atkinson and Urwin 2012), which suggests that the
regulation of ALDH genes by heat stress may overlap with that of drought,
salinity, wounding, and pathogens. Indeed, the analysis of the ALDH7B4
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promoter activation indicated that ALDH7B4 could be induced by pathogen and
herbivore attacks as well as by drought and high salinity (Missihoun et al. 2014).
ALDHY7 found induced by the fungus in rice (Wu et al. 2007). When wounding
and heat stress was applied in combination, besides ALDH7B4, other ALDHs
were not induced in response to both H/W and W/H, although they were highly
regulated by wounding alone. Moreover, the ALDH7B4 during W/H shown
higher expression than H/W or H but lower than W at the protein level. The
ALDH3I1 also showed higher expression after W/H than H/W (Fig. 23D).
Similarly, Prasch and Sonnewald (2013) showed that virus-treated plants
displayed enhanced expression of defense genes, which was abolished in
plants additionally subjected to heat and drought stress. Suzuki et al. (2014)
suggested that after stress treatment Ca?* and ROS are produced,
independently of biotic and abiotic stress applications and ABA seems to be
centrally positioned between ROS and SA signaling. However, most of the
interactions between ROS, ABA and SA are antagonistic. Wounded leaves of A.
thaliana produce reactive oxygen species (ROS) within minutes
(Beneloujaephajri et al. 2013). In our study, we found that the plants
accumulated more MDA contents during W/H than single stress. The mutants
have higher MDA levels than wild-type plants (Fig. 24). Therefore, we
proposed that ALDH7B4 may also function as peroxidation-inhibiting enzymes

during a combination of heat and wounding stress.

Taken together, these results suggest that different stress combinations cause
different expression patterns of ALDHs. ALDH7B4 is strongly induced by D/H,
H/S and slightly in W/H, suggesting that different signaling pathways are
triggered in plants during these combinations. Knock-out of ALDH genes
resulting in more MDA contents during the combination of these stresses.
These results indicate that ALDHs may involve an antioxidant defense
machinery to eliminate ROS during stress combinations, which is the key
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pathway of plants to tolerate to stress combinations(Demirevska et al. 2010;

Ahmed et al. 2013).

45 The ALDH7B4 promoter activities in response to heat and
combined stress conditions

ALDH family 7 members are highly conserved among animals and plants,
indicating an essential role within the cell. ALDH7B4 belongs to the family 7 of
plant ALDH proteins, which were given the name “antiquitin” to reflect their
antique nature (Pauline Lee 1994). Functional studies of ALDH7B4 using
knock-out and over-expressing lines indicated that the protein is involved in the
detoxification of lipid peroxidation-derived aldehydes including MDA (Kotchoni
et al. 2006). Induction of ALDH7B4 in A. thaliana ABA-deficient and
ABA-insensitive mutants was impaired after dehydration, but the expression
was nearly unaltered upon NaCl treatment, indicating different signaling
pathways (Kirch et al. 2005). Based on previous studies, Missihoun et al, (2014)
proposed that the ALDH7B4 gene would offer the unique advantage to
studyALDH gene regulation in both ABA-dependent and -independent
conditions (Missihoun 2010; Missihoun et al. 2014).

It is generally known that stress signaling is regulated by both ABA-dependent
and ABA-independent pathways. ABA-responsive elements (ABREsS;
PYACGTGGC), G-box elements (CACGTGGC) and DRE/CRT (A/IGCCGAC)
motifs were found to mediate the ABA-dependent and the ABA-independent
gene expression, respectively (Kim et al. 2011).Therefore, the transgenic A.
thaliana plants harboring ALDH7B4 promoter-GUS lines (mutation of ABREs
and DRE/CRT motifs) were generated by Missihoun to study the regulation of
ALDH genes under heat stress and stress combinations. Missihoun et al. (2014)
reported that the ALDH7B4 promoter was found to be responsive to various

individual stresses, including wounding, salt, and dehydration. Cis-acting
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elements involved in stress responsiveness were analyzed and two conserved
ACGT-containing motifs proximal to the translation start codon were found to
be essential for the responsiveness to osmotic stress in leaves and in seeds.
An upstream ACGT motif and a DRE/CRT element were found to be necessary
for ALDH7B4 expression in seeds and induction by salt, dehydration and ABA
in leaves (Missihoun et al. 2014). Measurement of the GUS activities from
mutated ALDH7B4 promoter plants under single stress treatment indicated that
an increase of the GUS activity upon dehydration, wounding or salt treatments
are in agreement with previously reported observations (Kotchoni et al. 2006).
In this study, | found that besides osmotic and wounding stress, heat stress is
another main trigger forALDH7B4 induction in leaves. A strong decrease of
GUS activities was observed for the AB line (mutation of ACGT2 and ACGT3)
under both single and all combined stress conditions (D/H, H/D, W/H, H/W, S/H
and H/S), while AD line shown was less affected by all stress treatment,
including dehydration, wounding, heat, salinity, D/H, H/D, W/H, H/W, S/H and
H/S stress. These results were indicating that besides response to dehydration
and salinity, cis-acting elements ACGT2 and ACGT3 also plays a crucial role in
response to wounding, heat and combined stress conditions (Fig. 27). The
ACGT1 motif and the DRE/CRT element also found to be important in
response to heat and combined stress in leaves. Previous studies revealed that
both DRE/CRT and ACGT1 are functioning together with ACGT2 and ACGT3
for induction by salt and dehydration (Missihoun et al. 2014). In this study,
analysis of P1, P2 and P3 promoter deletion lines demonstrated that the
ACGT1 and the DRE/CRT elements might be vital forALDH7B4 induction
during heat stress combined with wounding or salt stress, as a lower
responsiveness to W/H, H/W, S/H and H/S compared with each individual

stress was observed in AD lines (Fig. 27).

138



DISCUSSION

4.6 ATAF1 acts as transcriptional activator and regulates the
expression of ALDH7B4

NAC proteins are plant-specific transcription factors, which contain a highly
conserved N-terminal DNA-binding domain (DBD), known as the NAC domain,
which is also responsible for the oligomerization into dimeric proteins (Olsen et
al. 2005). The C- terminal region of NAC members is more diverse, intrinsically
disordered, and functions as a transcription regulatory domain (Jensen et al.
2009). Kleinow et al. (2009) pointed out that the NAC domain consists of five
DNA binding sub-domains A-E and suggested sub-domain A plays a major
role in dimerization of NAC proteins. The DNA binding domain (DBD) is
contained within the sub-domains C and D. The core NAC binding sequences
(CGT[G/A]), some NAC genes had NAC binding sequenced in their own
promoters, implying an NAC regulatory network through auto-regulatory and
cross-regulatory mechanisms (Kim et al. 2014). ATAF1 (ANAC002) belongs to
the ATAF sub-family (ATAF1, ATAF2, ANAC032 and ANAC102), and was
predicted to be a DNA binding protein with an NAC domain, which is an
N-terminal module of 7 -131 amino acids. Transcription regulation of stress
responsive NAC (SNAC) transcript factors has been revealed by the presence
of several stress-responsive cis-acting elements in the promoter regions. DNA
binding ability of ATAF1 was tested in vitro via an EMSA assay in this study
(Fig. 43). The results were confirmed that ATAF1 can directly bind to the
core-DNA binding motif in the ALDH7B4 promoter.

To further characterize the ATAF1 act as transcription activator or repressor to
regulate ALDH7B4 expression, the ATAF1 binding ability was measured using
transactivation assays in vivo. When the ALDH7B4::GUS reporter gene
containing the ALDH7B4 promoter was expressed together with the effector
ATAF1, the ALDH7B4::GUS expression increased (Fig. 46). ALDH7B4

transcript abundance was higher in ATAF1 overexpression lines but lower in
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atafl knockout mutants compared with the wild-type in seeds, seedlings and
mature plants (Fig. 48). Thus, | conclude that ATAF1 positively regulates
ALDH7B4 expression by directly binding to its promoter region. The majority of
reports of NAC transcription factors have indicated that NACs play a role in the
transcriptional reprogramming associated with plant immune response
(Nuruzzaman et al. 2013). In addition, results from global transcriptome
profiing, NAC genes showed enhanced expression during natural leaf
senescence in A. thaliana, which including ATAF1, NACO055, NACO018,
NACO019 and NAC102 (Breeze et al. 2011). More recent studies revealed that
ANACO092/ORE1 was activated by ATAF1, which also induced ABA-mediated
senescence with the direct regulation of ABA-related genes, such as NCED3
and ABCG40, repressed the expression of chloroplast maintenance transcript
factors GLK1 by direct binding to the promoters of both genes (Jensen et al.
2013; Garapati et al. 2015). Transcript analysis revealed that RD29-regulated
genes are involved in the detoxification of ROS (e.g.
glutathione-S-transferases and glutathione redoxins), defense, and
senescence (Fujita et al. 2004; Balazadeh et al. 2011). Similarly to RD26
signaling pathways, the expression of ATAF1 is induced by drought,
high-salinity, mechanical wounding, ABA, JA, SA and H202 (Wu et al. 2009).
Previous findings showed that ALDH7B4 function as aldehyde-detoxification
enzyme and also as efficient ROS scavengers (Kotchoni et al. 2006). As
ATAF1 positively regulates ALDH7B4 expression by directly binding to its
promoter region, this is the first evidence that detoxification of ROS may be
closely related to ATAF1- mediated stress responses. We also found that
overexpression or knockout of ATAF1 at the seeds or seedling stage strongly
affected ALDH7B4, indicating that ATAF1 is also required for ALDH7B4 gene

expression in young tissues.
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4.7 Conclusions
This study attempted to identify the role of Arabidopsis thaliana aldehyde

dehydrogenase (ALDH) genes in response to high temperature and stress
combinations (heat combined with dehydration, wounding or salinity). The data
presented here provide information on the ALDH genes expression profiles
under heat stress and combined stress that mimic field conditions. ALDH3H1,
ALDH3I1, ALDH7B4 and two BADH-encoding genes ALDH10A8 and
ALDH10A9 have been analyzed in this work. The results show that ALDH
genes, particularly ALDH7B4, is strongly induced by heat stress in seedlings
as well as adult plants. High level of ALDH10A8 and ALDH10A9 was found
during recovery, suggesting that these genes function in the plant through the
biosynthesis of the osmoprotectant glycine betaine. An increased expression
of ALDH7B4 was observed under heat combined with dehydration, salinity or
wounding stress. Measurements of changes in physiological parameters such
as survival rates, photosynthesis, lipid peroxidation and chlorophyll content of
T-DNA double mutants of ALDH genes and wild-type plants demonstrated that
mutant lines are more sensitive to heat stress and combined stress conditions.
These results indicate that ALDH genes not only play a crucial role in
protecting plants from high temperature damage but are also involved in the
antioxidant defense machinery to eliminate ROS during the heat and

combined stress conditions.

Another point addressed in this work is functional analyses of the ALDH7B4
promoter in response to heat and stress combinations. First, the functional
significance was analyzed of the cis-acting elements, ACGT and DRE/CRT,
using six GUS fusion lines along with the deletion and base-substitution lines.
The results show that besides in response to dehydration and salinity, the
cis-acting elements ACGT2 and ACGTS3 also play a key role in response to

wounding, heat and combined stress conditions. The upstream ACGT1 motif
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and DRE/CRT element were found to be necessary for ALDH7B4 under heat
and combined stress in leaves. Analysis of P1, P2 and P3 promoter deletion
lines demonstrated that ACGT1 and DRE/CRT are vital for heat combined with
wounding and salt stress, as a lower responsiveness to W/H, H/W, S/H and
H/S compared with each individual stress was observed in AD lines. Putative
transcription factors binds to the ALDH7B4 promoter was identified using a
yeast one-hybrid screening. Several NAC transcription factors, including
ATAF1 (ANACO002), were isolated. These transcription factors play a critical
role in plant adaptation to abiotic stress and development. Experiments
utilizing molecular techniques demonstrated that ATAF1 activates ALDH7B4
by directly binding to a specific promoter region in vivo and in vitro.
Overexpression of ATAF1 in A. thaliana results in elevated expression of
ALDH7B4 in seeds, seedlings, and mature plants, whereas ATAF1 T-DNA
knock-out plants abolished the expression of ALDH7B4 at different growth
stages. This study demonstrated ATAF1 as a DNA-binding transcription factor
that activates ALDH7B4 expression by directly binding to its promoter,
indicating that detoxification of ROS may be closely linked to ATAF1- mediated

stress responses.
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5. APPENDIX

ALDH7B4 gene promoter sequence:

Red: MYB recognition site (WAACCA; W=A/T) Pink: MYC recognition site

(CANNTG; N=A/T/GIC) Green: putative ASF-1 binding site Turquoise-shaded:

Putative DRE (RYCGAC,; R=A/G; Y=C/T) Gray: Elicitor Responsive Element

(Core of W1 and W2 boxes) Yellow: ACGT-Box (Missihoun 2010).

EcoRl

T

GRATTCTATC

RACACRATCR

CTTARGATAG TTG

GRTCATGCGA

CTAGTACGCT

CARTGRACTR &

GTTRCTTGAT |

ARCCRGRAATT
TEETCTTTAR

GTTGGTARTC
CARCCRTTAG

71 GITTAGTGGA

CRAATCACCT

CHERGATTGAR
GCTCTRACTT

TCARRGGTTE
RGTTTCCARG

AAGTGGTART
TTCACCATTA

L4l  ARRGATCGGT
TTTCTAGCCA

RGCGTCGCAT
TCGCAGCGTA

CCTAATCGGG
GEATTAGCCC

TGACCC TAGTT
RACTEFEGCC TATCAA

Mmoo

TCGARAGARR
AGCTTTCTTT

GATTCGTTTT
CTARGCARAR

AGTGGCGGTA
TCRACCGCCAT

ARRCCCOGGTT
TTTGGGCCAR

TGATGAACAR
ACTACTTGTT

ATATTAATGG
TATARTTARCC

GCCTGGOCCA
CGGRCCGGGT

TACGAGGATG
ATGCTCCTAC

ATCGTGGCRAA
TAGCACCGTT

ARCRACRACT
TTGTTGETTGA

CCTCTATTCG
GGRGATARGC

GGTTTATGTT
CCARATARCAR

GACCCGGRAR
CTGGLCCTTT

ACGARAGCAT
TGCTTTCGTA

RGGRCRCGTG
TCCTGTGCAC

TGTGAGTERA
ACACTCACTT

GCCARRAATA
CGEGTTTTTAT

ATAATATTG:
TATTATAARCC

GARRGGATGA
CTTTCCTACT

ACRCRAGCAGC

IGTETCGETCG

AGTCGAARRGC

421 ATCCRATA
TAGGTTAT

RARRRATCAG

TTTTTTAGTC

CRA T
GTT]

Hindlll

TTGTTTTTRA
RACRRRRATT

GCTTTITTTA

CRARRGRCGT
CGRARARART

491 CTCTCTCACT C

GRGAGAGTGA

ICTITAR
AGRARTT

sC TCATTTCTTIC

3 RGTRARGRAG

GATACGATCA

CTATGCTAGT

ACCRTTARGGT
TGGTAATCCA

CTRARRARAG

AGRCTAGRRG

CTCAARGACTA

TTTTCTCTGE
RRARRGRGACC

CTTTGTITAIC

GRRACARTARG

GATRATTTCT

CTATTRRAGR

CTGEATTTTC

GACCTRARAG

3 Mel Gly Ser Ala Asn Asn Glu Tyr Glu Phe Leu Ser Glu e Gly

63l TITCTGRGGT GRATTTTTGC KAGRGATGG GTTCOGCG CRRCGAGTAC GAGTTTCTGR GTGRAGRTTGE

BRAGRCCCCR CTTRARRRCG COTCTCTACT CARGO FTTGCTCATG CTCRARGACT CACTCTRACC
ALDHTB4 prom 1" 95.5%

3 Ghleu Thr Ser Hes Asn Leu Gly Ser Tyr Wal Ala Gl Lys Trp Gin Ala Asn Gly Pro Leu Val Ser Thw

T01 GCTGACTTCT CACRACTTGG GRTCTTACGT TGCTGGCARAR TGGCRAGCCA RCGGACCTCT TOTTTCARCT

COACTGRAGAR OTOTTGARCC CTAGRATGCR RCGRCCGTTIT ACCGTTICGGT TOGCCTGGAGA ACRAAGTTGA

+3 Leu Asn Pro Ala Asn Asn Gin

CTCRATCCTE CTRACARATCR GGT
GRGTTAGGAC GATTGTTAGT CCA
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NAC domain view of six isolated transcript factors by yeast one-hybrid:
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R4L1pDEST-lacZi:
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pDEST-GAD424:

Sph1 10) ADH1 Promoter

J
f

HindllI (410)
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MCs

EcoRI 8%4)
BamHI (844)
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pBIN19:
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pPET43.1b:
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S 1arnerprlmar ST
%& Sma | __Pshal _Ssgl BamH|FcoR| BerGl _ Ascl
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Ser Pro Glu L=u Yal Asp Pro Asn Ser ¥al Gin Ao Arg
nE'ICLuAm_u_uAuuuTOCEMAALAuAACluu\_u\_ul_l_ pET-43 1o(+)
ar Pro Ser Ser Trp e Ara lle Leu Tyr Arg Arg A
5888387 | Esgl
__Pstl  sail  Kpnl Hind Il __ Mot Pmil HSV-Tag _xhal His«Tag
GCTGLN:EILGIOGADGG['A.CLRTLGATIOGLG!"I\:EMGCTTEGGECLGCN:AGLNTITM:A.CETGCAAGLC!ECLJ\GML'l\‘_'GC'J’(_"L'DGMEMLCAGAGGATL'DCERECILCA.OCMLMCILCAA":!‘M pET-43.15(+)
Fro Ala Gy Arg Arg Arg Tyt Fis Arg lyr Ala Phe 3 Cys Gly Arg The Al val Tyr The Cys Lys Pro Ao brg Thr &rg Ser £

'r'mcm:snr_c.-rr_aAmETAGCMLG;TALGLGHCEMGCTNOGGCLmacm-mr.m:Ax:E-n:r_uacr_anacnmLmscmnmﬁnﬁLmnmmmsmcar_c.mc.r.cr_m:r_m_c.r.cru-: RET-43.1b{+)
Asp Val As hr [la Asp The Arg Ser L au B Al Ao Gin wr Thr Arg Ma Ser Gir Aka Pro Giu Asp Pro Gh o La Hs His His Hs His End

Tscacas.ms'ltnm_cas CATCGRTACGUGTTCGARGCT xu_uun_n_m_m_nm_xumun_m_mm_.w:mﬁ GCTCCTGRAGACCCAGAGGAT LGAGC.mcm:LnL CACCACTAATG pET-43.1c(+)

Cys Arg Thr Ser Tnr Vol Pro Ser [le fog Vol Arg Ser Leu Arg Pro His Ser Cys lle Hs Val Gin Ao 3 Ser Leu Leu Lys Thr Gin Arg lle Ser Ser Trr The The Thr Thr The Asn

ColiDOWN primer
Pacl Avrll HT0845-3
TGTTART TAAGT TGGEOGTTCCTAGGCTGATARAAC AGARTTT GCC THGCGGCAGT AGCGCGETGETCCCACC TEACCCCAT GECGARC TCAGRAGTGAARCGCCG TAGOGCCGATGETAGTGTGEGETCTOC  pET-43.1a(+)

GTTAATTAAGT TGGGCGTTCCTAGGETGATARRA  PET-43.1b(+)

TT?LT}‘A.SGTTGGEEGT‘I\:ETAMCTE&TME PET-43. 1c(#)|
val dasn En

pET-43.1a(+) cloning/expression regions

148



FIGURES AND TABLES

6. FIGURES AND TABLES

List of figures Pages

Fig. 1 Global distribution of hunger as quantified by the 2012 5
Global Hunger Index.

Fig. 2 Global impacts of climate change on crop productivity from 5
simulations published in 2010.

Fig. 3 Major effects of high temperature on plants. 7
Fig. 4 A schematic model for temperature sensing in plants. 10
Fig. 5 Different adaptation mechanisms of plants to high 12
temperature.

Fig. 6 Signal transduction pathways activated in response to heat 16

stress in plants.

Fig. 7 Agriculturally important stress combinations (‘The Stress 18
Matrix’).
Fig. 8 Crucial events in the signal transduction pathway activated 18

by biotic and abiotic stress factors.

Fig. 9 Localization and putative physiological functions of the 22
Arabidopsis thaliana ALDH protein superfamily

Fig. 10 Scheme of partial digestion with restriction endonuclease. 51
Fig. 11 The phenotype of A. thaliana plants. 71
Fig. 12 The phenotype of ten-day-old seedlings subjected to 45°C 72

heat treatment for different time periods.

Fig. 13 The phenotype of four-week-old seedlings subjected to 73
45°C heat treatment for different time periods.

Fig. 14 RNA isolation from ten-day-old seedlings and 74
four-week-old plants exposed to 45°C for the indicated length of

149



time, Ba, Ac and recovery conditions.

Fig. 15 Gene expression analysis of selected ALDH genes in
wild-type under heat stress.

Fig. 16 Protein blot analysis of selected ALDHs under heat stress
treatment.

Fig. 17 Survival rates in ALDH double knock-out mutant plants.

Fig. 18 The response of KO6/62 and KO6/76 double mutant lines
and the wild type plants to basal heat stress and acquired
thermotolerance.

Fig. 19 Lipid peroxidation as measured by MDA levels in wild-type
Arabidopsis and double mutant plants after heat treatment.

Fig. 20 Chlorophyll contents of KO6/62 and KO6/76 lines and the
wild-type plants under heat stress treatment.

Fig. 21 Analysis of photosynthesis apparatus in wild-type, KO6/62
and KOG6/76 leaves.

Fig. 22 Germination and seedlings growth of double-mutant
(KO6/62 and KO6/76) and wild-type exposed to heat stress.

Fig. 23 Effect of stress combinations studied in four-week-old A.
thaliana plants.

Fig. 24 MDA equivalents of four-week-old plants of KO6/62 and
KO6/76 double mutant lines and wild type plants subjected to
individual and a combination of stresses.

Fig. 25 Chlorophyll levels in response to single stresses and a
combination of stresses.

Fig. 26 Schematic representation of ALDH7B4 promoter
fragments that fused to GUS.

Fig. 27 Activities of the deleted ALDH7B4 promoters under
different stress conditions.

Fig. 28 The full promoter of the ALDH7B4 gene localization of

150

75

78

80

82

83

84

86

89

92

94

95

97

98

102



FIGURES AND TABLES

stress associated cis-elements.

Fig. 29 The schematic representation of ALDH7B4 full promoter
and promoter fragments for yeast one-hybrid screening.

Fig. 30 Two DNA-bait constructs were amplified by PCR and
linearized by different restriction enzymes.

Fig. 31 Transformation of pLaczi-7B4pl and pHis-7B4Ph into
yeast YM4271 on a small scale

Fig. 32 Activation strength in yeast one-hybrid DNA-bait-reporters.

Fig. 33 Yeast one-hybrid library screening.

Fig. 34 Re-tested the yeast one-hybrid candidates by Gap-repair
assays.

Fig. 35 Coding gene models of ATAF1 in A. thaliana
chromosomes.

Fig. 36 The protein sequence of ATAFL.
Fig. 37 Predicted functional partners of the ATAF1 protein.

Fig. 38 Flowchart of recombinant protein expressed in E. coli
BL21 cells.

Fig. 39 Amplified the full length of ATAF1 ORF sequence and
re-tested by colony PCR.

Fig. 40 The pET43.1b and pJET1.2-ATAF1 plasmids digested
with restriction enzymes.

Fig. 41 SDS-PAGE analysis of induction and purification of the
ATAF1 recombinant protein.

Fig. 42 Oligonucleotides from theALDH7B4 promoter for EMSA.

Fig. 43 EMSA analysis of the putative NAC motifs in the
ALDH7B4promoter.

Fig. 44 Schematic illustration of the constructs for FAST assay.

103

103

104

106

108

111

113

113

114

115

115

116

117

118

119

120

151



Fig. 45 Generating the constructs for FAST transient expression 121
assay.

Fig. 46 Transactivation potential of selected ATAF1 transcription 123
factors.
Fig. 47 Confirmation of transgenic lines carrying overexpression 125

constructs of ATAF1 or deletions of ATAF1 and expression of
ALDH7BA.

Fig. 48 Endogenous ALDH7B4 expression in wild-type (WT) and 126
independent ATAF1-overexpression (OX1 and OX2) and atafl
(1-1 and 1-2) A. thaliana plants.

List of tables Pages
Table 1 Growing conditions of different bacteria strains. 30
Table 2 List of primers 38
Table 3 The composition of SDS-PAGE. 62
Table 4 Vectors for the yeast one-hybrid screening. 100
Table 5 Isolated transcription factors binding to theALDH7B4 110
promoter.

Table 6 Repetition of recognition sequences of NAC protein 110

binding sites in the ALDH7B4 promoter.

152



REFERENCES

7. REFERENCES

Ahmad P, Bhardwaj R, Tuteja N (2012) Plant Signaling Under Abiotic Stress
Environment BT - Environmental Adaptations and Stress Tolerance of
Plants in the Era of Climate Change. In: Ahmad P, Prasad MN V (eds).
Springer New York, New York, NY, pp 297-323

Ahmed IM, Dai H, Zheng W, et al (2013) Genotypic differences in physiological
characteristics in the tolerance to drought and salinity combined stress
between Tibetan wild and cultivated barley. Plant Physiol Biochem
63:49-60. doi: 10.1016/j.plaphy.2012.11.004

Almeselmani M, Deshmukh PS, Sairam RK, et al (2006) Protective role of
antioxidant enzymes under high temperature stress. Plant Sci
171:382-388. doi: http://dx.doi.org/10.1016/].plantsci.2006.04.009

Apel K, Hirt H (2004) R EACTIVE O XYGEN S PECIES : Metabolism ,
Oxidative Stress , and Signal Transduction. doi:
10.1146/annurev.arplant.55.031903.141701

Arnon DI (1949) Copper Enzymes in Isolated Chloroplasts. Polyphenoloxidase
in Beta Vulgaris. Plant Physiol 24:1-15. doi: 10.1104/pp.24.1.1

Asada K (2006) Production and scavenging of reactive oxygen species in
chloroplasts and their functions. Plant Physiol 141:391-396. doi:
10.1104/pp.106.082040

Atkinson NJ, Urwin PE (2012) The interaction of plant biotic and abiotic
stresses: from In Posidonia oceanica cadmium induces changes in DNA
genes to the field. J Exp Bot 63:695-709. doi: 10.1093/jxb/err313

Badis G, Berger MF, Philippakis AA, et al (2009) Diversity and complexity in
DNA recognition by transcription factors. Science (80- ) 324:1720-1723.

Balazadeh S, Kwasniewski M, Caldana C, et al (2011) ORS1, an
H202-responsive NAC transcription factor, controls senescence in
arabidopsis thaliana. Mol Plant 4:346—-360. doi: 10.1093/mp/ssq080

Barnabas B, Jager K, Fehér A (2008) The effect of drought and heat stress on
reproductive processes in cereals. Plant Cell Environ 31:11-38.

Beneloujaephajri E, Costa A, L’'Haridon F, et al (2013) Production of reactive
oxygen species and wound-induced resistance in Arabidopsis thaliana
against Botrytis cinerea are preceded and depend on a burst of calcium.
BMC Plant Biol 13:1-10. doi: 10.1186/1471-2229-13-160

153



Bernales S, Papa FR, Walter P (2006) Intracellular signaling by the unfolded
protein response. Annu Rev Cell Dev Biol 22:487-508.

Bierbaum RM, Zoellick RB (2009) Development and Climate Change.

Bita CE, Gerats T (2013) Plant tolerance to high temperature in a changing
environment: scientific fundamentals and production of heat
stress-tolerant crops. Front Plant Sci 4:273. doi: 10.3389/fpls.2013.00273

Bokszczanin KL, Fragkostefanakis S (2013) Perspectives on deciphering
mechanisms underlying plant heat stress response and thermotolerance.
Front Plant Sci 4:315. doi: 10.3389/fpls.2013.00315

Borras-hidalgo O (2005) Molecular aspects of abiotic stress in plants.

Breeze E, Harrison E, McHattie S, et al (2011) High-resolution temporal
profiling of transcripts during Arabidopsis leaf senescence reveals a
distinct chronology of processes and regulation. Plant Cell 23:873-94. doi:
10.1105/tpc.111.083345

Brocker C, Lassen N, Estey T, et al (2010) Aldehyde dehydrogenase 7A1
(ALDH7A1) is a novel enzyme involved in cellular defense against
hyperosmotic stress. J Biol Chem 285:18452-18463.

CAO Y-Y, DUAN H, YANG L-N, et al (2008) Effect of Heat Stress During
Meiosis on Grain Yield of Rice Cultivars Differing in Heat Tolerance and
Its Physiological Mechanism. Acta Agron Sin 34:2134-2142. doi:
http://dx.doi.org/10.1016/S1875-2780(09)60022-5

Chakraborty U, Pradhan D (2011) High temperature-induced oxidative stress
in Lens culinaris, role of antioxidants and amelioration of stress by
chemical pre-treatments. J Plant Interact 6:43-52.

Chaves MM, Flexas J, Pinheiro C (2009) Photosynthesis under drought and
salt stress : regulation mechanisms from whole plant to cell. 551-560. doi:
10.1093/aob/mcn125

Che P, Bussell JD, Zhou W, et al (2010) Signaling from the endoplasmic
reticulum activates brassinosteroid signaling and promotes acclimation to
stress in Arabidopsis. Sci Signal 3:ra69-ra69.

Cheng L, Zou Y, Ding S, et al (2009a) Polyamine Accumulation in Transgenic
Tomato Enhances the Tolerance to High Temperature Stress. doi:
10.1111/5.1744-7909.2009.00816.x

154



REFERENCES

Cheng L, Zou Y, Ding S, et al (2009b) Polyamine Accumulation in Transgenic
Tomato Enhances the Tolerance to High Temperature Stress. J Integr
Plant Biol 51:489-499. doi: 10.1111/j.1744-7909.2009.00816.x

Cheong YH, Chang H-S, Gupta R, et al (2002) Transcriptional profiling reveals
novel interactions between wounding, pathogen, abiotic stress, and
hormonal responses in Arabidopsis. Plant Physiol 129:661-677. doi:
10.1104/pp.002857.1

Choi KM, Lee MY (2012) Differential protein expression associated with heat
stress in Antarctic microalga. BioChip J 6:271-279. doi:
10.1007/s13206-012-6310-5

Clough SJ, Bent AF (1998) Floral dip: a simplified method forAgrobacterium -
mediated transformation ofArabidopsis thaliana. plant J 16:735-743.

Demirevska K, Simova-Stoilova L, Fedina I, et al (2010) Response of
oryzacystatin | transformed tobacco plants to drought, heat and light
stress. J Agron Crop Sci 196:90-99. doi:
10.1111/j.1439-037X.2009.00396.x

Deryng D, Conway D, Ramankutty N, et al (2014) Global crop yield response
to extreme heat stress under multiple climate change futures. Environ Res
Lett Environ Res Lett 9:34011-13. doi: 10.1088/1748-9326/9/3/034011

Diaz M, Achkor H, Titarenko E, Martinez MC (2003) The gene encoding
glutathione - dependent formaldehyde dehydrogenase/GSNO reductase
is responsive to wounding, jasmonic acid and salicylic acid. FEBS Lett
543:136-139.

Djanaguiraman M, Prasad PV V, Al-Khatib K (2011) Ethylene perception
inhibitor 1-MCP decreases oxidative damage of leaves through enhanced
antioxidant defense mechanisms in soybean plants grown under high
temperature stress. Environ Exp Bot 71:215-223. doi:
http://dx.doi.org/10.1016/j.envexpbot.2010.12.006

Dobra J, Motyka V, Dobrev P, et al (2010) Comparison of hormonal responses
to heat, drought and combined stress in tobacco plants with elevated
proline content. J Plant Physiol 167:1360-1370. doi:
10.1016/j.jplph.2010.05.013

Ernst HA, Olsen AN, Larsen S, Lo Leggio L (2004) Structure of the conserved
domain of ANAC, a member of the NAC family of transcription factors.
EMBO Rep. doi: 10.1038/sj.embor.7400093

155



Frisch DA, Harris-Haller LW, Yokubaitis NT, et al (1995) Complete sequence
of the binary vector Bin 19. Plant Mol Biol 27:405-4009.

Fujita M, Fujita Y, Maruyama K, et al (2004) A dehydration-induced NAC
protein, RD26, is involved in a novel ABA-dependent stress-signaling
pathway. Plant J. doi: 10.1111/j.1365-313X.2004.02171.x

Fujita M, Fujita Y, Noutoshi Y, et al (2006) Crosstalk between abiotic and biotic
stress responses: a current view from the points of convergence in the
stress signaling networks. Curr Opin Plant Biol 9:436—442. doi:
10.1016/j.pbi.2006.05.014

Gao C, Han B (2009) Evolutionary and expression study of the aldehyde
dehydrogenase (ALDH) gene superfamily in rice (Oryza sativa). Gene
431:86-94. doi: 10.1016/j.gene.2008.11.010

Garapati P, Feil R, Lunn JE, et al (2015a) Transcription Factor Arabidopsis
Activating Factorl Integrates Carbon Starvation Responses with
Trehalose Metabolism. Plant Physiol 169:379-90. doi:
10.1104/pp.15.00917

Garapati P, Xue G-P, Munné-Bosch S, Balazadeh S (2015b) Transcription
Factor ATAF1 in Arabidopsis Promotes Senescence by Direct Regulation
of Key Chloroplast Maintenance and Senescence Transcriptional
Cascades. Plant Physiol 168:1122—-1139. doi: 10.1104/pp.15.00567

Gietz RD, Schiestl RH (2007) High-efficiency yeast transformation using the
LiAc/SS carrier DNA/PEG method. Nat Protoc 2:31-34.

Greco M, Chiappetta A, Bruno L, Bitonti MB (2012) The interaction of plant
biotic and abiotic stresses: from In Posidonia oceanica cadmium induces
changes in DNA genes to the field. J Exp Bot 63:695-709. doi:
10.1093/jxb/err313

Guan Q, Lu X, Zeng H, et al (2013) Heat stress induction of miR398 triggers a
regulatory loop that is critical for thermotolerance in Arabidopsis. Plant J
74:840-851. doi: 10.1111/tpj.12169

Guan Q, Yue X, Zeng H, Zhu J (2014) The protein phosphatase RCF2 and its
interacting partner NACO019 are critical for heat stress-responsive gene
regulation and thermotolerance in Arabidopsis. Plant Cell 26:438-53. doi:
10.1105/tpc.113.118927

Hancock RD, Morris WL, Ducreux LJM, et al (2014) Physiological, biochemical
and molecular responses of the potato (Solanum tuberosum L.) plant to

156



REFERENCES

moderately elevated temperature. Plant Cell Environ 37:439-50. doi:
10.1111/pce.12168

Hasanuzzaman M, Nahar K, Alam MM, et al (2013a) Physiological,
biochemical, and molecular mechanisms of heat stress tolerance in plants.
Int J Mol Sci 14:9643-9684. doi: 10.3390/ijms14059643

Hasanuzzaman M, Nahar K, Fujita M (2013b) Extreme temperature responses,
oxidative stress and antioxidant defense in plants. Plants, Abiotic Stress -
Plant Responses Appl Agric 169—-205. doi: 10.5772/54833

Hibino T, Meng YL, Kawamitsu Y, et al (2001) Molecular cloning and functional
characterization of two kinds of betaine-aldehyde dehydrogenase in
betaine-accumulating mangrove Avicennia marina (Forsk.) Vierh. Plant
Mol Biol 45:353-363. doi: 10.1023/A:1006497113323

Hodges DM, DelLong JM, Forney CF, Prange RK (1999) Improving the
thiobarbituric acid-reactive-substances assay for estimating lipid
peroxidation in plant tissues containing anthocyanin and other interfering
compounds. Planta 207:604—611. doi: 10.1007/s004250050524

Holopainen JK, Gershenzon J (2010) Multiple stress factors and the emission
of plant VOCs. Trends Plant Sci 15:176-184. doi:
10.1016/j.tplants.2010.01.006

Hong S, Vierling E (2001) Hsp101 is necessary for heat tolerance but
dispensable for development and germination in the absence of stress.
Plant J 27:25-35.

Hong S, Vierling E (2000) Mutants of Arabidopsis thaliana defective in the
acquisition of tolerance to high temperature stress. ... Natl Acad Sci
97:4392-4397.

Hu H, Dai M, Yao J, et al (2006) Overexpressing a NAM, ATAF, and CUC
(NAC) transcription factor enhances drought resistance and salt tolerance
in rice. Proc Natl Acad Sci USA. doi: 10.1073/pnas.0604882103

Hu R, Qi G, Kong Y, et al (2010) Comprehensive Analysis of NAC Domain
Transcription Factor Gene Family in Populus trichocarpa. BMC Plant Biol
10:1-23. doi: 10.1186/1471-2229-10-145

Hurkman WJ, Vensel WH, Tanaka CK, et al (2009) Effect of high temperature
on albumin and globulin accumulation in the endosperm proteome of the
developing wheat grain. J Cereal Sci 49:12-23. doi:
http://dx.doi.org/10.1016/j.jcs.2008.06.014

157



IPCC (2014) Climate Change 2014 Synthesis Report Summary Chapter for
Policymakers. Ipcc 31. doi: 10.1017/CB09781107415324

Jensen M, Lindemose S, Masi F (2013) ATAF1 transcription factor directly
regulates abscisic acid biosynthetic gene NCED3 in Arabidopsis thaliana.
FEBS Open Bio 3:321-327. doi: 10.1016/j.fob.2013.07.006

Jensen MK, Hagedorn PH, de Torres-Zabala M, et al (2008) Transcriptional
regulation by an NAC (NAM-ATAF1,2-CUC?2) transcription factor
attenuates ABA signalling for efficient basal defence towards Blumeria
graminis f. sp. hordei in Arabidopsis. Plant J. doi:
10.1111/j.1365-313X.2008.03646.x

Jensen MK, Kjaersgaard T, Nielsen MM, et al (2009) The Arabidopsis thaliana
NAC transcription factor family: structure-function relationships and
determinants of ANACO019 stress signaling BT - Biochem J.

Katsuhara M, Otsuka T, Ezaki B (2005) Salt stress-induced lipid peroxidation
is reduced by glutathione S-transferase, but this reduction of lipid
peroxides is not enough for a recovery of root growth in Arabidopsis. Plant
Sci 169:369-373. doi: http://dx.doi.org/10.1016/j.plantsci.2005.03.030

Keles Y, Oncel | (2002) Response of antioxidative defence system to
temperature and water stress combinations in wheat seedlings. Plant Sci
163:783-790. doi: 10.1016/S0168-9452(02)00213-3

Khurana N, Chauhan H, Khurana P (2013) Wheat Chloroplast Targeted
sHSP26 Promoter Confers Heat and Abiotic Stress Inducible Expression
in Transgenic Arabidopsis Plants. PLoS One. doi:
10.1371/journal.pone.0054418

Kim HJ, Hong SH, Kim YW, et al (2014) Gene regulatory cascade of
senescence-associated NAC transcription factors activated by
ETHYLENE-INSENSITIVE2-mediated leaf senescence signalling in
Arabidopsis. J Exp Bot 65:4023—-4036. doi: 10.1093/jxb/erul12

Kim JS, Mizoi J, Yoshida T, et al (2011) An ABRE promoter sequence is
involved in osmotic stress-responsive expression of the DREB2A gene,
which encodes a transcription factor regulating drought-inducible genes in
Arabidopsis. Plant Cell Physiol 52:2136—-2146. doi: 10.1093/pcp/pcrl43

Kirch H, Nair A, Bartels D (2001a) Novel ABA - and dehydration - inducible
aldehyde dehydrogenase genes isolated from the resurrection plant
Craterostigma plantagineum and Arabidopsis thaliana. Plant J
28:555-567. doi: 10.1046/j.1365-313X.2001.01176.x

158



REFERENCES

Kirch HH, Bartels D, Wei Y, et al (2004) The ALDH gene superfamily of
Arabidopsis. Trends Plant Sci 9:371-377. doi:
10.1016/j.tplants.2004.06.004

Kirch HH, Nair a., Bartels D (2001b) Novel ABA- and dehydration-inducible
aldehyde dehydrogenase genes isolated from the resurrection plant
Craterostigma plantagineum and Arabidopsis thaliana. Plant J
28:555-567. doi: 10.1046/j.1365-313X.2001.01176.x

Kirch H-H, Schlingensiepen S, Kotchoni S, et al (2005) Detailed expression
analysis of selected genes of the aldehyde dehydrogenase (ALDH) gene
superfamily in Arabidopsis thaliana. Plant Mol Biol 57:315-32. doi:
10.1007/s11103-004-7796-6

Kissoudis C, van de Wiel C, Visser RGF, van der Linden G (2014) Enhancing
crop resilience to combined abiotic and biotic stress through the
dissection of physiological and molecular crosstalk. Front Plant Sci 5:207.

Kocsy G, Szalai G, Galiba G (2002) Effect of heat stress on glutathione
biosynthesis in wheat. Acta Biol Szeged 46:71-72.

KONIGSHOFER H, TROMBALLA H, LOPPERT H (2008) Early events in
signalling high - temperature stress in tobacco BY2 cells involve
alterations in membrane fluidity and enhanced hydrogen peroxide
production. Plant Cell Environ 31:1771-1780.

Kotak S, Larkindale J (2007) Complexity of the heat stress response in plants.
Curr Opin plant ... 10:310-316. doi: 10.1016/j.pbi.2007.04.011

Kotchoni SO, Kuhns C, Ditzer A, et al (2006) Over-expression of different
aldehyde dehydrogenase genes in Arabidopsis thaliana confers tolerance
to abiotic stress and protects plants against lipid peroxidation and
oxidative stress. Plant, Cell Environ 29:1033-1048. doi:
10.1111/j.1365-3040.2005.01458.x

Koussevitzky S, Suzuki N, Huntington S, et al (2008) Ascorbate peroxidase 1
plays a key role in the response of Arabidopsis thaliana to stress
combination. J Biol Chem 283:34197-34203. doi:
10.1074/jbc.M806337200

Kumar S, Gupta D, Nayyar H (2012) Comparative response of maize and rice
genotypes to heat stress: status of oxidative stress and antioxidants. Acta
Physiol Plant 34:75-86.

159



Kumar SV, Wigge PA (2010) H2A.Z-Containing Nucleosomes Mediate the
Thermosensory Response in Arabidopsis. Cell 140:136-147. doi:
http://dx.doi.org/10.1016/j.cell.2009.11.006

Laemmli UK (1970): (1970) Cleavage of Structural Proteins during Assembly
of Head of Bacteriophage - T4. Nature. doi: 10.1038/227680a0

Landry J, Chrétien P, Lambert H, et al (1989) Heat shock resistance conferred
by expression of the human HSP27 gene in rodent cells. J Cell Biol
109:7-15.

Larkindale J, Hall J, Knight M, Vierling E (2005) Heat stress phenotypes of
Arabidopsis mutants implicate multiple signaling pathways in the
acquisition of thermotolerance. Plant Physiol 138:882—-897. doi:
10.1104/pp.105.062257.882

Larkindale J, Knight M (2002) Protection against heat stress-induced oxidative
damage in Arabidopsis involves calcium, abscisic acid, ethylene, and
salicylic acid. Plant Physiol 128:682—695. doi: 10.1104/pp.010320.682

Le DUNGTIEN, Nishiyama RIE, Watanabe YA, et al (2011) Genome-Wide
Survey and Expression Analysis of the Plant-Specific NAC Transcription
Factor Family in Soybean During Development and Dehydration Stress.
1-14.

Lee JH, Schoffl F (1996) AnHsp70 antisense gene affects the expression of
HSP70/HSC70, the regulation of HSF, and the acquisition of
thermotolerance in transgenicArabidopsis thaliana. Mol Gen Genet MGG
252:11-19.

Li J, Park E, von Arnim AG, Nebenfuihr 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 5:6. doi: 10.1186/1746-4811-5-6

Lu PL, Chen NZ, An R, et al (2007) A novel drought-inducible gene, ATAF1,
encodes a NAC family protein that negatively regulates the expression of
stress-responsive genes in Arabidopsis. Plant Mol Biol 63:289-305. doi:
10.1007/s11103-006-9089-8

McClung CR, Davis SJ (2010) Ambient Thermometers in Plants: From
Physiological Outputs towards Mechanisms of Thermal Sensing. Curr Biol
20:R1086—R1092. doi: http://dx.doi.org/10.1016/j.cub.2010.10.035

160



REFERENCES

Mishkind M, Vermeer JEM, Darwish E, Munnik T (2009) Heat stress activates
phospholipase D and triggers PIP2 accumulation at the plasma
membrane and nucleus. Plant J 60:10-21.

Missihoun TD (2010) Characterisation of selected Arabidopsis aldehyde
dehydrogenase genes: role in plant stress physiology and regulation of
gene expression.

Missihoun TD, Hou Q, Mertens D, Bartels D (2014) Sequence and functional
analyses of the aldehyde dehydrogenase 7B4 gene promoter in
Arabidopsis thaliana and selected Brassicaceae: Regulation patterns in
response to wounding and osmotic stress. Planta 239:1281-1298. doi:
10.1007/s00425-014-2051-0

Missihoun TD, Willée E, Guegan J-P, et al (2015) Overexpression of
ALDH10A8 and ALDH10A9 Genes Provides Insight into Their Role in
Glycine Betaine Synthesis and Affects Primary Metabolism in Arabidopsis
thaliana. Plant Cell Physiol 56:1798-1807.

Mitsuda N, lkeda M, Takada S, et al (2010) Effi cient Yeast One- / Two-Hybrid
Screening Using a Library Composed Only of Transcription Factors in
Arabidopsis thaliana. 51:2145-2151. doi: 10.1093/pcp/pcql6l

Mittler R (2006) Abiotic stress, the field environment and stress combination.
Trends Plant Sci 11:15-19. doi: 10.1016/j.tplants.2005.11.002

Mittler R, Blumwald E (2010) Genetic engineering for modern agriculture:
challenges and perspectives. Annu Rev Plant Biol 61:443-462. doi:
10.1146/annurev-arplant-042809-112116

Mittler R, Finka A, Goloubinoff P (2012) How do plants feel the heat? Trends
Biochem Sci 37:118-125. doi: 10.1016/j.tibs.2011.11.007

Morales D, Rodriguez P, Dell’Amico J, et al (2003) High-Temperature
Preconditioning and Thermal Shock Imposition Affects Water Relations,
Gas Exchange and Root Hydraulic Conductivity in Tomato. Biol Plant
47:203-208. doi: 10.1023/B:BIOP.0000022252.70836.fc

Nakashima K, Takasaki H, Mizoi J, et al (2012) NAC transcription factors in
plant abiotic stress responses. Biochim Biophys Acta - Gene Regul Mech
1819:97-103. doi: 10.1016/j.bbagrm.2011.10.005

Nakashima K, Tran LS, Van Nguyen D, et al (2007) Functional analysis of a
NAC-type transcription factor OsNACG6 involved in abiotic and biotic
stress-responsive gene expression in rice. Plant J. doi:
10.1111/.1365-313X.2007.03168.x

161



Nover N, Bharti K, D&#xf6;ring P, et al (2001) Arabidopsis and the Heat Stress
Transcription Factor World: How Many Heat Stress Transcription Factors
Do We Need? Cell Stress Chaperones 6:177-189.

Nuruzzaman M, Manimekalai R, Sharoni AM, et al (2010) Genome-wide
analysis of NAC transcription factor family in rice. Gene 465:30-44. doi:
http://dx.doi.org/10.1016/j.gene.2010.06.008

Nuruzzaman M, Sharoni AM, Kikuchi S (2013) Roles of NAC transcription
factors in the regulation of biotic and abiotic stress responses in plants.
4:1-16. doi: 10.3389/fmicb.2013.00248

Ohama N, Sato H, Shinozaki K, Yamaguchi-Shinozaki K (2016)
Transcriptional Regulatory Network of Plant Heat Stress Response.
Trends Plant Sci 22:53-65. doi: 10.1016/j.tplants.2016.08.015

Olsen AN, Ernst HA, Leggio L Lo, Skriver K (2005) NAC transcription factors:
structurally distinct, functionally diverse. Trends Plant Sci 10:79-87. doi:
http://dx.doi.org/10.1016/j.tplants.2004.12.010

Pauline Lee WK (1994) Homology between a human protein and a protein of
the green garden pea. 371-378.

Pecinka A, Dinh HQ, Baubec T, et al (2010) Epigenetic Regulation of
Repetitive Elements Is Attenuated by Prolonged Heat Stress in
Arabidopsis. 22:3118-3129. doi: 10.1105/tpc.110.078493

Potters G, Pasternak TP, Guisez Y, et al (2007) Stress-induced morphogenic
responses: growing out of trouble? Trends Plant Sci 12:98-105. doi:
http://dx.doi.org/10.1016/j.tplants.2007.01.004

Prasad PVV, Boote KJ, Allen Jr LH (2006) Adverse high temperature effects
on pollen viability, seed-set, seed yield and harvest index of
grain-sorghum [Sorghum bicolor (L.) Moench] are more severe at
elevated carbon dioxide due to higher tissue temperatures. Agric For
Meteorol 139:237-251. doi:
http://dx.doi.org/10.1016/j.agrformet.2006.07.003

Prasch CM, Sonnewald U (2015) Signaling events in plants: Stress factors in
combination change the picture. Environ Exp Bot 114:4-14. doi:
10.1016/j.envexpbot.2014.06.020

Prasch CM, Sonnewald U (2013) Simultaneous application of heat, drought,
and virus to Arabidopsis plants reveals significant shifts in signaling
networks. Plant Physiol 162:1849—-66. doi: 10.1104/pp.113.221044

162



REFERENCES

Puranik S, Sahu PP, Srivastava PS, Prasad M (2012) NAC proteins: regulation
and role in stress tolerance. Trends Plant Sci 17:369-81. doi:
10.1016/j.tplants.2012.02.004

Qi Y, Wang H, Zou Y, et al (2011) Over-expression of mitochondrial heat
shock protein 70 suppresses programmed cell death in rice. FEBS Lett
585:231-239. doi: 10.1016/j.febslet.2010.11.051

Quan R, Shang M, Zhang H, et al (2004) Engineering of enhanced glycine
betaine synthesis improves drought tolerance in maize. Plant Biotechnol J
2:477-486. doi: 10.1111/}.1467-7652.2004.00093.x

Rahman MA, Chikushi J, Yoshida S, Karim A Growth and yield components of
wheat genotypes exposed to high temperature stress under control
environment.

Ren C, Bilyeu KD, Beuselinck PR (2009) Composition, vigor, and proteome of
mature soybean seeds developed under high temperature. Crop Sci
49:1010-1022.

Rivero RM, Mestre TC, Mittler R, et al (2014) The combined effect of salinity
and heat reveals a specific physiological, biochemical and molecular
response in tomato plants. Plant Cell Environ 37:1059-73. doi:
10.1111/pce.12199

Rizhsky L, Liang H, Mittler R (2002a) The combined effect of drought stress
and heat shock on gene expression in tobacco. Plant Physiol
130:1143-1151. doi: 10.1104/pp.006858.then

Rizhsky L, Liang H, Mittler R (2002b) The combined effect of drought stress
and heat shock on gene expression in tobacco. Plant Phisiology
130:1143-1151. doi: 10.1104/pp.006858.then

Rizhsky L, Liang H, Shuman J, et al (2004) When Defense Pathways Collide.
The Response of Arabidopsis to a Combination of Drought and Heat
Stress. Plant Physiol 134:1683-1696. doi: 10.1104/pp.103.033431.1

Ruelland E, Zachowski A (2010) How plants sense temperature. Environ Exp
Bot 69:225-232. doi: 10.1016/].envexpbot.2010.05.011

Rushton PJ, Bokowiec MT, Han S, et al (2008) Tobacco Transcription Factors::
Novel Insights into Transcriptional Regulation in the Solanaceae 1
[CIIW][OA]. 147:280-295. doi: 10.1104/pp.107.114041

Saidi Y, Finka A, Muriset M, et al (2009a) The heat shock response in moss
plants is regulated by specific calcium-permeable channels in the plasma

membrane. Plant Cell 21:2829-2843.
163



Saidi Y, Finka A, Muriset M, et al (2009b) The Heat Shock Response in Moss
Plants Is Regulated by Specific Calcium-Permeable Channels in the
Plasma Membrane. 21:2829-2843. doi: 10.1105/tpc.108.065318

Sairam RK, Srivastava GC, Saxena DC (2000) Increased Antioxidant Activity
under Elevated Temperatures: A Mechanism of Heat Stress Tolerance in
Wheat Genotypes. Biol Plant 43:245-251. doi:
10.1023/A:1002756311146

Sangwan V, Orvar BL, Beyerly J, et al (2002) Opposite changes in membrane
fluidity mimic cold and heat stress activation of distinct plant MAP kinase
pathways. Plant J 31:629-638.

Sarkar NK, Kim Y-K, Grover A (2009) Rice sHsp genes: genomic organization
and expression profiling under stress and development. BMC Genomics
10:1-18. doi: 10.1186/1471-2164-10-393

Savicka M (2010) Eff ects of high temperature on malondialdehyde content ,
superoxide production and growth changes in wheat seedlings ( Triticum
aestivum L .). 56:26—33. doi: 10.2478/v10055-010-0004-x

Savin R, Nicolas ME (1996) Effects of Short Periods of Drought and High
Temperature on Grain Growth and Starch Accumulation of Two Malting
Barley Cultivars. Funct Plant Biol 23:201-210.

Seo PJ, Kim MJ, Park J, et al (2010) Cold activation of a plasma membrane -
tethered NAC transcription factor induces a pathogen resistance response
in Arabidopsis. Plant J 61:661-671.

Sharma P, Jha AB, Dubey RS, Pessarakli M (2012) Reactive oxygen species,
oxidative damage, and antioxidative defense mechanism in plants under
stressful conditions.

Shen H, Yin YB, Chen F, et al (2009) A Bioinformatic Analysis of NAC Genes
for Plant Cell Wall Development in Relation to Lignocellulosic Bioenergy
Production. Bioenerg Res. doi: 10.1007/s12155-009-9047-9

Singh S, Brocker C, Koppaka V, et al (2013) Aldehyde dehydrogenases in
cellular responses to oxidative/electrophilic stress. Free Radic Biol Med
56:89-101. doi: 10.1016/j.freeradbiomed.2012.11.010

Solomon S, Manning M (2007) Climate Change 2007 :

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

164



REFERENCES

Stagos D, Chen Y, Brocker C, et al (2010) Aldehyde dehydrogenase 1B1:
molecular cloning and characterization of a novel mitochondrial
acetaldehyde-metabolizing enzyme. Drug Metab Dispos 38:1679-1687.

Stief A, Altmann S, Hoffmann K, et al (2014) Arabidopsis miR156 Regulates
Tolerance to Recurring Environmental Stress through SPL Transcription
Factors. Plant Cell 26:1792-1807. doi: 10.1105/tpc.114.123851

Stiti N, Missihoun TD, Kotchoni SO, et al (2011) Aldehyde Dehydrogenases in
Arabidopsis thaliana: Biochemical Requirements, Metabolic Pathways,
and Functional Analysis. Front Plant Sci. doi: 10.3389/fpls.2011.00065

Sung DY, Vierling E, Guy CL (2001) Comprehensive expression profile
analysis of the Arabidopsis Hsp70 gene family. Plant Physiol
126:789-800. doi: 10.1104/pp.126.2.789

Sunkar R, Bartels D, Kirch H-H (2003) Overexpression of a stress-inducible
aldehyde dehydrogenase gene from Arabidopsis thaliana in transgenic
plants improves stress tolerance. Plant J 35:452-464. doi:
10.1046/j.1365-313X.2003.01819.x

Suwa R, Hakata H, Hara H, et al (2010) High temperature effects on
photosynthate partitioning and sugar metabolism during ear expansion in
maize (Zea mays L.) genotypes. Plant Physiol Biochem 48:124-130. doi:
http://dx.doi.org/10.1016/j.plaphy.2009.12.010

Suzuki N, Basil E, Hamilton JS, et al (2016) ABA is required for plant
acclimation to a combination of salt and heat stress. PLoS One Accepted.
doi: 10.1371/journal.pone.0147625

Suzuki N, Miller G, Morales J, et al (2011) Respiratory burst oxidases: the
engines of ROS signaling. Curr Opin Plant Biol 14:691-699. doi:
http://dx.doi.org/10.1016/j.pbi.2011.07.014

Suzuki N, Rivero RM, Shulaev V, et al (2014) Tansley review Abiotic and biotic
stress combinations.

Tan W, Meng Q wei, Brestic M, et al (2011) Photosynthesis is improved by
exogenous calcium in heat-stressed tobacco plants. J Plant Physiol
168:2063-2071. doi: http://dx.doi.org/10.1016/j.jplph.2011.06.009

Teixeira El, Fischer G, Van Velthuizen H, et al (2013) Global hot-spots of heat
stress on agricultural crops due to climate change. Agric For Meteorol
170:206-215. doi: 10.1016/j.agrformet.2011.09.002

165



Tian J, Belanger FC, Huang B (2009) Identification of heat stress-responsive
genes in heat-adapted thermal Agrostis scabra by suppression
subtractive hybridization. doi: 10.1016/}.jplph.2008.09.003

Toh S, Imamura A, Watanabe A, et al (2008) High Temperature-Induced
Abscisic Acid Biosynthesis and Its Role in the Inhibition of Gibberellin
Action in Arabidopsis Seeds. Plant Physiol 146:1368-1385. doi:
10.1104/pp.107.113738

Tran LS, Nakashima K, Sakuma Y, et al (2004) Isolation and functional
analysis of Arabidopsis stress-inducible NAC transcription factors that
bind to a drought-responsive cis-element in the early responsive to
dehydration stress 1 promoter. Plant Cell. doi: 10.1105/tpc.104.022699

Trenberth KE (2005) The Impact of Climate Change and Variability on Heavy
Precipitation, Floods, and Droughts. Encycl Hydrol Sci 1-11. doi:
10.1002/0470848944.hsa211

Tubiello FN, Chhetri N, Dunlop M, et al (2007) Adapting agriculture to climate
change.

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

Vile D, Pervent M, Belluau M, et al (2012) Arabidopsis growth under prolonged
high temperature and water deficit: Independent or interactive effects?
Plant, Cell Environ 35:702—718. doi: 10.1111/j.1365-3040.2011.02445.x

von Grebmer K, von Grebmer K, Ringler C, et al (2012) 2012 Global hunger
index: the challenge of hunger: Ensuring sustainable food security under
land, water, and energy stresses. Intl Food Policy Res Inst

Wahid A (2007) Physiological implications of metabolite biosynthesis for net
assimilation and heat-stress tolerance of sugarcane ( Saccharum
officinarum) sprouts. J Plant Res 120:219-228. doi:
10.1007/s10265-006-0040-5

Wahid a, Gelani S, Ashraf M, Foolad M (2007) Heat tolerance in plants: an
overview. Environ Exp ... 61:199-223. doi:
10.1016/j.envexpbot.2007.05.011

Wahid A, Close TJ (2007) Expression of dehydrins under heat stress and their
relationship with water relations of sugarcane leaves. Biol Plant
51:104-109. doi: 10.1007/s10535-007-0021-0

166



REFERENCES

Wang H, Zhao Q, Chen F, et al (2011) NAC domain function and
transcriptional control of a secondary cell wall master switch. 1104-1114.
doi: 10.1111/j.1365-313X.2011.04764.x

Wang W, Vinocur B, Shoseyov O, Altman A (2004) Role of plant heat-shock
proteins and molecular chaperones in the abiotic stress response. Trends
Plant Sci 9:244-52. doi: 10.1016/j.tplants.2004.03.006

Wang X, Basnayake BMVS, Zhang H, et al (2009) The Arabidopsis ATAF1, a
NAC transcription factor, is a negative regulator of defense responses
against necrotrophic fungal and bacterial pathogens. Mol Plant Microbe
Interact 22:1227-1238. doi: 10.1094/MPMI-22-10-1227

Ward JM, Maser P, Schroeder JI (2009) Plant ion channels: gene families,
physiology, and functional genomics analyses. Annu Rev Physiol 71:59.

Weis E, Berry JA (1988) Plants and high temperature stress. Symp Soc Exp
Biol 42:329-346.

Wheeler T, Braun J Von (2013) Climate changes impacts on Global Food
Security. 288:285-288.

Wu a., Allu a. D, Garapati P, et al (2012) JUNGBRUNNEN1, a Reactive
Oxygen Species-Responsive NAC Transcription Factor, Regulates
Longevity in Arabidopsis. Plant Cell Online 24:482-506. doi:
10.1105/tpc.111.090894

Wu C, Su S, Peng Y (2007) Molecular cloning and differential expression of an
aldehyde dehydrogenase gene in rice leaves in response to infection by
blast fungus. Biologia (Bratisl) 62:523-528. doi:
10.2478/s11756-007-0103-7

Wu 'Y, Deng Z, Lai J, et al (2009) Dual function of Arabidopsis ATAFL1 in abiotic
and biotic stress responses. Cell Res 19:1279-90. doi:
10.1038/cr.2009.108

Xia N, Zhang G, Liu X-Y, et al (2010) Characterization of a novel wheat NAC
transcription factor gene involved in defense response against stripe rust
pathogen infection and abiotic stresses. Mol Biol Rep 37:3703-3712.

XuH, LuY, Tong S, Song F (2011) Lipid peroxidation , antioxidant enzyme
activity and osmotic adjustment changes in husk leaves of maize in black
soils region of Northeast China. 6:3098-3102. doi: 10.5897/AJAR11.237

Xu S, Li J, Zhang X, et al (2006) Effects of heat acclimation pretreatment on
changes of membrane lipid peroxidation, antioxidant metabolites, and
ultrastructure of chloroplasts in two cool-season turfgrass species under

167



heat stress. Environ Exp Bot 56:274-285. doi:
http://dx.doi.org/10.1016/j.envexpbot.2005.03.002

Yang X, Chen X, Ge Q, et al (2006) Tolerance of photosynthesis to
photoinhibition, high temperature and drought stress in flag leaves of
wheat: A comparison between a hybridization line and its parents grown
under field conditions. Plant Sci 171:389-397. doi:
http://dx.doi.org/10.1016/j.plantsci.2006.04.010

Yoshida T, Ohama N, Nakajima J, et al (2011) Arabidopsis HsfA1 transcription
factors function as the main positive regulators in heat shock-responsive
gene expression. Mol Genet Genomics 286:321-332. doi:
10.1007/s00438-011-0647-7

Zhang W, Zhou R-G, Gao Y-J, et al (2009a) Molecular and genetic evidence
for the key role of AtCaM3 in heat-shock signal transduction in
Arabidopsis. Plant Physiol 149:1773-1784.

Zhang X, Bernatavichute Y V, Cokus S, et al (2009b) Genome-wide analysis of
mono-, di- and trimethylation of histone H3 lysine 4 in Arabidopsis thaliana.
Genome Biol 10:R62. doi: 10.1186/gb-2009-10-6-r62

Zhong L, Zhou W, Wang H, et al (2013) Chloroplast small heat shock protein
HSP21 interacts with plastid nucleoid protein pTAC5 and is essential for
chloroplast development in Arabidopsis under heat stress. Plant Cell
25:2925-43. doi: 10.1105/tpc.113.111229

Zhu Y, Qian W, Hua J (2010) Temperature modulates plant defense
responses through NB-LRR proteins. PLoS Pathog 6:€1000844. doi:
10.1371/journal.ppat.1000844

168



ACKNOWLEDGEMENTS

8. ACKNOWLEDGEMENTS

This thesis could not have been finished without the help and support from
professors, colleagues, and my family. It is my great pleasure to acknowledge
people who have given me guidance, help, and encouragement. | am grateful

to China Scholarship Council (CSC) for giving me the Ph.D. scholarship.

Foremost, | would like to express my sincere gratitude to my advisor Professor
Dorothea Bartels for giving me the opportunity to carry out this work in her
laboratory. Her patience, motivation, enthusiasm, and immense knowledge

and guidance helped me in all the time of research and writing of this thesis.

Special thanks go to my secondary supervisor Dr. Dinakar Challabathula,
suggestions and remarks in this research program and for his time and efforts.
| am also grateful to the members of my dissertation committee, who have

generously given their time and expertise to better my work.

| would like to express my sincere appreciation to Dr. Tagnon Deégbédji
Missihoun who gave me enormous valuable discussions, technical support,
and hands-on help in many aspects of this research program and kindly

revised the manuscript.

| appreciate Christine Marikar for her assistance in solving many issues for me.

| am grateful to Christiana Buchholz for technical support and plant cultivation.

My sincere thanks go out to all the fellow lab mates in IMBIO, llona, Jayne,
Rizwan, and Tauhid in lab 1, Tobias, Aishwarya and Niklas in lab 2, Valentino,
Selvakuma, Verena, Barbara, Guido, and Aziz in lab 3, for the stimulating
discussions and for all the fun we have had in the past few years. Especially

thanks go to Hou, Qingwei, Xiaomin, Peilei and Xun, we exchange ideas and

169



helped each other. Those made my years at Bonn the most memorable period

in my life.

Finally, I would express my gratitude to my parents Di Yang and Zhao Xuming,
whose support and constant encouragement helped me through the hard
times during past years. My deepest appreciation is expressed to them for
their love, understanding, and inspiration. Without their encouragement, |

would not have been able to finish this work.

170



171



