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Abstract

Vast tracts of land are available for arable food production but much of this is
located in hot, arid regions. For crops to thrive in these conditions they will need
to show improved drought tolerance and also improved thermotolerance as low
water availability reduces transpiration resulting in increased leaf temperatures.
Identification of traits and genes involved in drought tolerance has been one of the
major areas of plant research over the last decade, but thermotolerance has
received little attention. In this study two approaches were used to identify the
genetic basis for improved thermotolerance in the model plant Arabisopsis thaliana.
In one set of experiments a gain-of-function heat stress screen (44 °C for 3 hours)
was performed on a collection of Activation Tagged lines where individual plants
were engineered to transcriptionally activate random sequences in the
Arabidopsis genome. Preliminary experiments confirmed prior exposure to 37 °C
for 1-3 hours acclimates Arabidopsis so that it survives better a subsequent heat
stress event. A total of ~14,600 lines were screened and three mutants were
isolated; secondary screens confirmed their improved thermotolerance phenotype,
but in subsequent generations one of the lines developed a hypersensitive
phenotype, another reverted to wild type, whilst the third retained its
thermotolererant phenotype. This loss-of-phenotype through generations was
attributed to gene silencing events which are not uncommon in dominant
mutants. Further experiments on these three lines are now required to identify the
loci of the disrupted gene(s) in each of these lines.

In the other set of experiments transgenic lines carrying a construct designed to
constitutively express a MYB transcription factor were characterized. This MYB
has been shown to confer salinity tolerance in Arabidopsis, and transcript
profiling using cDNA microarrays had identified several sequences may be under

the control of this MYB. Quantitative PCR (QRT-PCR) demonstrated that



compared with wild type MYB expression in the transgenic lines was over 500
times greater, and that transcript for a small heat shock protein AtHSP17.6, is 17
times more abundant. These transgenic lines were shown to have an improved
thermotolerance. Treatment of wild type plants with 5 x 104 M ABA increased the
expression of this MYB seven-fold, suggesting this transcription factor forms part
of the ABA-dependent pathway for the activation of abiotic stress responses in

Arabidopsis.
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CHAPTER 1
INTRODUCTION

1.1. Salinity and Heat Stress: A Worldwide Problem in Agriculture

1.1.1. Global Abiotic Stress

The greatest challenge for humanity in the next few decades will be how to
increase and sustain arable production without degrading land. Land degradation
is proceeding rapidly. Therefore many countries will not be able to achieve
sustainable agriculture in the future. The Global Assessment of Land Degradation
(GLASOD) estimated that a total of 1964 million Ha have degraded, 910 million
Ha to at least a moderate degree (with significantly reduced productivity), and 305
million Ha strongly degraded (no longer suitable for agriculture). Based on these
data, water erosion was the most common problem, affecting almost 1,100 million
Ha.

Beside water erosion, the greatest cause of decreasing production in many
agriculture lands, particularly in arid and semi-arid areas, is increasing soil
salinization. Salinization occurs in irrigated areas, usually when inadequate
drainage causes salts to concentrate in the upper soil layers where plants root. It is
a problem mainly in the arid and semi-arid zones, where 10 to 50 percent of the
irrigated area may be affected. Salinization can cause yield decreases of 10 to 25
percent for many crops, and may prevent cropping altogether when it is severe. It
is estimated that 3 percent of the world’s agricultural land is affected. In East Asia,
however, the proportion is 6 percent and in South Asia is 8 percent. For the arid
and semi-arid tropics as a whole, 12 percent of agricultural land may be affected
(FAQ, 2002).

Salinity also occurs through natural processes from the accumulation of salts over
long periods of time in the soil or groundwater. It is caused by two natural
processes: (1) the weathering of parent materials containing soluble salts and (2)

the deposition of oceanic salt carried in wind and rain. Salinization caused by
1



natural or human-induced processes also result in the accumulation of dissolved
salts in the soil water and subsequently inhibits plant growth (Oldeman et al.,
1991).

Beside the salinity problem, agronomist worldwide are also greatly concerned
with the threat of rising temperatures due to global warming which will impact on
achieving maximum output from crop plants. High surface temperatures are a
common problem faced by agriculture especially during periods of drought or in
many arid and semi-arid regions in the world. Normally, plants grow in
environments with sufficient water supply to maintain leaf temperatures at or
below air temperatures through transpiration. However, in arid areas or when the
plants are exposed to drought conditions, plants experience stomata closure and
reduced transpiration. As a consequence of reduced transpiration, leaf
temperatures increase above the temperature of the surrounding air and the
elevated temperatures may limit dry matter accumulation because of increased
respiration, reduced photosynthesis, and cellular damage (Burke, 2001). High
temperatures are frequently experienced in seedlings, which leads to reduction in
the yield (Zhu, 2002; Chakraborty & Tongden, 2005). In a study on kentucky
bluegrass, a combination of heat and drought stress significantly reduced root dry
weigh (Jiang and Huang, 2000). Kernel fresh and dry matter accumulation were
severely disrupted by the long-term heat stress (8 days at 35 °C) and did not
recover when transferred back to 25 °C, resulting in the abortion of 97% of the

kernels (Cheikh and Jones, 1994).

1.1.2. Crop Improvement through Biotechnology

To solve the salinity and other stress-associated problem, an understanding at the
mechanisms by which plants perceive environmental signals and transmit them
into activate adaptive responses is of fundamental importance. In addition, most
salinity problems arise in the arid and semi-arid zones where plants are also faced

with high leaf temperatures. Biotechnology and genetic modification of plants to

2



tolerate multi- environmental stresses would be a valuable development.
Knowledge about stress responses in plant is also vital for the continued
development of rational breeding programs as well as transgenic strategies for
developing improved crops.

Two common biotechnological approaches to understand and improve plant
stress tolerance are marker assisted selection (MAS) and genetic transformation.
These approaches have contributed greatly to better understanding of the genetic
and biochemical bases of plant-stress tolerance and led to the development of
plants with enhanced tolerance to abiotic stress. MAS has emerged as an effective
approach to improve plant stress tolerance (Foolad, 2005). The use of this
approach requires the identification of genetic markers that are correlated with
genes or QTLs affecting whole plant stress tolerance. Other common
biotechnological approaches, such as advanced genetic transformation techniques,
have provided a significantly a better understanding of the genetic and
biochemical bases of plant stress-tolerance. Significant progress has been made in
the identification of genes, proteins or compound that have a remarkable effect on
plant stress tolerance at the cellular or organismal level (Apse and Blumwald,
2002; Bohnert et al., 2006). Manipulation of the expression or production of the
identified genes, proteins, or compounds through transgenic approaches have
resulted in the development of plants with enhanced stress tolerance in different
plant species (Zhang et al., 2001). Progress has been made using analysis of
expressed sequences tags, analysis of global gene expressions, targeted or random
mutagenesis, and gain-of-function or mutant complementation (Cushman and

Bohnert, 2000; Xiong et al., 2001).
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Figure 1.1. Flow Chart of Stress Systems Biology

The chart connects the systems approach to the analysis of plant stress response
pathways with gene mining and the transfer of knowledge from models to crops.

Figure adapted from Bohnert et al. (2006).

The development of advanced biotechnology techniques may improve stress
tolerance in crops. This will result in increased productivity, leading to higher
incomes for producers, lower prices for consumers, reduced environmental impact
(particularly insecticides), new crop varieties for sustainable cultivation in
marginal areas, improved food security, and higher nutritional value (protein
quality, levels of vitamins and micronutrients, etc.; Burke, 2001; FAO, 2002; Wang
et al., 2003).




1.2. Salt Tolerance Mechanism
There are three aspects of salt tolerance in plants: homeostasis, detoxification, and

growth control (Figure 1.2.).
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Figure 1.2. A Simplified View of Abiotic Stress Tolerance Network in Plants

The SOS pathway mediates ionic homeostasis and Na* tolerance. Two primary
stresses, ionic and osmotic, cause damage and often result in secondary stress such
as oxidation. CBFs/DREB transcription factor mediate some of the stress protein
gene expression in response to secondary stresses caused by high salt
concentration, cold, drought, or abscisic acid (ABA). The ionic homeostasis,
osmotic homeostasis, and detoxification pathway are proposed to contribute
actively cell division and expansion regulation to control plant growth.

Figure adapted from Seaman (_).



Homeostasis is broken down into ionic and osmotic homeostasis (Munns

and Tester, 2008).

1. Osmotic homeostasis

The major effect of osmotic stress in plants is a reduction in cell turgor pressure.
This impairs cell expansion in root tips and young leaves, and induces stomatal
closure. Stomatal closure prevents the acquisition of CO: for photosynthesis, the
movement of nutrients ions from the soil to the shoot via the transpiration stream,
and transcriptional cooling. Further, osmotic stress in plants is usually more
apparent when plants enter the reproductive phase of growth (late spring, early

summer) and thus compromises yield (Abebe et al., 2003).

2. Tonic homeostasis

a. Na*Exclusion

Under salt stress, there is ionic imbalance with excess sodium and chloride ions
having a deleterious effect on many cellular systems. By removing Na* from the
transpiration stream, Na* will not accumulate to toxic concentrations in leaves.
However, a failure to exclude Na* from the shoot arises after days or weeks,
depending on the species, premature death of older leaves will occur (Munns and
Tester, 2008).

b. Tissue Tolerance

Tolerance at the tissue level involves partition of Na* and Cl- at the cellular and
intracellular level to avoid toxic concentration within the cytoplasm, especially in
mesophyll cells. Toxicity occurs with time after the concentration of Na* increase

to high concentration in older leaves.



Osmotic Stress Ionic Stress

Process Candidate Gene Osmotic Na*Exclusion Tissue
Involved Tolerance Tolerance
Sensing and 5083, SnRKs Modification of ~ Control of net Control of
signalling in long-distance ion transportto  vacuolar
roots signalling shoot loading
Photosynthesis = ERAI, PP2C, Decrease Avoidance of Delay ion
AAPK, PKS3 stomatal closure ion toxicity in toxicity in
chloroplast chloroplast
Accumulation HKT, SOS1 Increased Reduced long Reduce energy
of Na* in shoots osmotic distance spent on Na*
adjustment transport of Na*  exclusion
Accumulation NHX, AVP Increased Increased Increased
of Na* in osmotic sequestration of  sequestration of
vacuoles adjustment Na* intro root Na* into leaf
vacuoles vacuoles
Accumulation P5CS, OTS, Increased Alteration of Accumulation
of Na*in MTI1D, M6PR, osmotic transport of high
solutes S6PDH, IMT1 adjustment processes to concentration of
reduce Na* compatible
accumulation solutes in
cytoplasm

Table 1.1.Transport Processes that Contribute to Salinity Tolerance in Plants

Source : Munns and Tester (2008).




1.3. Plant Response to Heat Stress

Abiotic stress, such as heat stress, negatively influences survival, biomass
production and accumulation, and the grain yield of most plants. Plants from
different habitats are affected by different levels of heat stress. Importantly, the
level of susceptibility differs from species to species and often affected by the
developmental stage of the plant (Grover et al., 2001). Exposed to high
temperatures, an overall reduction in plant performance occurs. These reductions
can be manifest at three different levels of organization; morpho-anatomical and

phenotypic, physiological, and molecular.

1.3.1. Morpho-anatomical and Phenotypic Responses

1.3.1.1. Morphological symptoms

High temperatures can cause pre- and post-harvest damage. Morphological
damage includes scorching of leaves and twigs, leaf senescence and abscission,
desiccation, failure of seeds to imbibe, loss of turgor, delayed germination and loss
of vigour of seeds, fruit discoloration and damage, and ultimately reduced yield
(Geisler and Vearasilp, 1998; Guilioni et al., 1997; Ismail and Hall, 1999;
Vollenweider and Gunthardt-Georg, 2005). Plant responses to high temperatures
vary with plant species. For example, high temperatures caused significant
reduction in shoot dry mass, relative growth rate, and net assimilation in maize,
pearl millet, and sugarcane (Ashraf and Hafeez, 2004; Wahid, 2007). Reductions
also occurred in starch, protein and oil content of maize kernels (Wilhelm et al.,

1999) and grain quality in other cereals (Maestri et al,. 2002).

1.3.1.2. Anatomical changes

High temperatures considerably affect the anatomy at both the cellular and sub-
cellular level. At the cellular level, high temperatures lead to closure of stomata
and reduced water loss, increased densities of stomata and trichomes, and a

greater density of xylem vessels in both root and shoot (Afon et al., 2004). At the
8



sub-cellular level, major modifications occur in chloroplast structure leading to

significant changes in photosynthesis (Karim et al., 1997; Zhang et al., 2005).

1.3.1.3. Phenotypic symptoms

A change in air temperature is perceived by plants and induce responses that
result in phenotypic changes. The phenotype of plant depends on the severity of
heat stress and differs between genotype and between species (Howarth, 2005).
Thus, for crop production under high temperatures, it is important to know the
developmental stages and plant processes that are most sensitive to heat stress

(high day or high night temperature; Wahid et al., 2007).

1.3.2. Physiological Responses

1.3.2.1. Water balance

Under field conditions, high temperature stress is frequently associated with
reduced water availability. High temperatures appear to cause water loss in plants
more during the daytime than at night. During the daytime, elevated transpiration
due to high temperatures induces water deficiency, causing a decrease in leaf
water potential and perturbations of many physiological processes (Tsukaguchi et

al., 2003; Wahid et al., 2007).

1.3.2.2. Accumulation of compatible solutes

Under stress conditions, different plant species accumulates a variety of
compatible solutes. The accumulation of solutes may provide an increased stress
tolerance of plants. Compatible solutes include sugars, proline, quartenary
ammonium compounds (e.g. glycinebetaine), and tertiary sulphonium

compounds such as choline O-sulphate (Sairam and Tyagi, 2004).



1.3.2.3. Photosynthesis

Photosynthetic processes are a good indicator of plant responses to heat stress
because they often correlate well with other physiological processes, such as
transpiration and respiration which cause alterations in plants growth and
development. Heat stress usually causes a decrease in photosynthetic rates before
respiratory rates. As a result, storage carbohydrate supplies decline and a
reduction in sweetness of fruit and vegetable follows (Taiz and Zeiger, 2002). The
effects of heat stress are dependent on the developmental stage, inhibition of
photosynthesis and respiration rates leading to changes in organs size and shape

(Stone, 2001).

1.3.2.4. Cell membrane thermostability

The integrity and function of biological membranes are sensitive to high
temperatures because heat stress changes membrane function such as alterations
in permeability either by denaturation of proteins or alteration in the fatty acids
composition (Savchenko et al., 2002). Cell membrane thermostability (CMT) is an
indirect measure of heat-stress tolerance in various plants and is often reflected by

increased cell solute leakage (Wahid et al., 2007).

1.3.2.5. Hormonal changes

Plant hormone plays an important role in the response of plants to hostile
environmental conditions either by causing adaptation to or tolerance of specific
stresses. Under stress condition, the biosynthesis and/or degradation of plant
growth regulators can be altered or the abundance or activity of their receptor
proteins resulting in changes in the hormone signalling networks (Wahid et al.,
2007).

Abscisic acid (ABA), ethylene (CzHs), and salicylic acid (SA) are plant hormones

that have been implicated in heat stress tolerance mechanisms in plant either
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during or post-heat exposure (Maestri et al., 2002; Arshad and Frankenberger,
2002).

The effects of gibberellins and cytokinins on high temperature tolerance are
believed to be opposite to those of ABA. For example in barley, application of
gibberellic acid reduced heat tolerance, whereas ABA usually accumulates in heat

stressed plants (Vettakkorumakankav et al., 1999).

1.3.2.6. Secondary metabolites

High temperature conditions induce production of secondary products, such as
phenolic compound including flavonoids, anthocyanin, lignin and
phenylpropanoids  (Chalker-Scott, 2002; Wahid and Ghazanfar, 2006).
Phenylpropanoids are synthesized by the principal enzyme, phenylalanine
ammonia-lyase (PAL), through the phenylpropanoid pathway. Under heat stress
conditions, PAL activity increases and induces the biosynthesis of phenolic
compound. The accumulation of phenolic compound is believed to suppress
oxidation which results from heat stress in high light conditions (Rivero et al.,

2001).

1.3.3. Molecular Responses

1.3.3.1. Oxidative stress and antioxidants

Oxidative stress can be induced by heat stress resulting in further cellular damage.
This stress results from the generation of activated oxygen species (AOS) that
causes the autocatalytic peroxidation of unsaturated membrane lipids and
pigments leading to a modification in membrane permeability (Liu and Huang,
2000; Xu et al., 2006).

However, plants possess a series of both enzymatic and non-enzymatic
detoxification system against AOS and these provide protection (Sairam and
Tyagi, 2004). Further research is required to study the signalling pathways

involved in activating antioxidant mechanisms in heat stressed plant cells.
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1.3.3.2. Stress Proteins

1.3.3.2.1. Heat shock proteins

When plant or seedlings are heated to a critical level, essential proteins in plants
become denatured resulting in the formation of insoluble aggregates which
hamper cell recovery after heat shock. Some endogenous protective systems have
evolved in all organisms that provide thermal tolerance. One of these protection
systems involves an acquired heat resistance mechanism associated with the
synthesis and accumulation of specific protein called ‘heat shock protein’s (HSPs).
Induction of HSPs is a conserved mechanism in prokaryotes and eukaryotes for
thermotolerance. However, each major HSP family has a unique mode of action
which includes chaperone activity, and also interaction of HSPs in other stress-
response mechanisms (Wang et al., 2004) such as the production of compatible
solutes (Diamant et al, 2001) and antioxidants (Panchuk et al., 2002). The
expression of HSPs positively correlates with the acquisitions of thermo tolerance,
and the over expression of HSPs often results in enhanced thermo tolerance (Zhu,

2002; Chakraborty & Tongden, 2005).

1.3.3.2.2.  Other heat induced proteins

Besides HSPs, a number of proteins are also expressed under heat stress
conditions such as ubiquitin (Sun and Callis, 1997), cytosolic Cu/Zn-SOD
(Herouart and Inze, 1994), and Mn-POD (Brown et al., 1993). For example, in
Chenopodium murale under heat stress, Cu/Zn- SOD isolated from the stromal
fraction of chloroplasts was heat tolerant and was suggested to be responsible for

chloroplastic stability under heat stress (Khanna-Chopra and Sabarinath, 2004).

1.4. Regulation of Thermotolerance Mechanisms
Thermotolerance is defined as the ability of an organism to cope with excessively
high temperatures (Vierling, 1991). The acquisition of thermotolerance is an

autonomous cellular phenomenon and normally results from prior exposure to
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sublethal high temperatures that protect cells and tissues from a subsequent lethal
heat stress. This phenomenon is known as heat acclimation (Burke, 2001;
Chakraborty & Tongden, 2005; Loeschcke & Sorensen, 2005; Lim et al., 2006,
Wabhid et al., 2007).

Plants possess several mechanisms to survival at high temperature. These include
mechanisms that support the adaptation and protection of plants at different type
of stress at different of developmental stages, and in specific tissues (Queitsch et
al., 2000). Some significant tolerance mechanisms include ion transporters,
osmoprotectants, free radical scavengers, late embryogenesis abundant proteins,
and factors involved in signalling cascades and the control of transcription (Wang
et al., 2004).

Sung et al. (2003) and Wahid et al. (2007) have reviewed how plants sense
environmental stresses and translate these stimuli into signalling pathways that
control transcription and post-translational events to activate tolerance

mechanisms (Figure 1.3).
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Figure 1.3. Heat Stress Sensing in Plants

Figure adapted from Sung et al. (2003); Wahid et al. (2007).
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Heat stress is sensed at various locations in the cell the plasma membrane, the
cytosol, and organelles. Heat stress causes an initial increase in fluidity of the
plasmalemma that leads to Ca?* influx and cytoskeletal reorganization, effecting in
the upregulation of mitogen activated protein kinase (MAPK) and calcium
dependent protein kinase (CDPK; Sung et al., 2003; Wahid et al., 2007). At the
nuclear level, signalling of these cascade leads to transcription of sequences
involved in the production of antioxidants and compatible osmolytes for cell
water balance, and osmotic adjustment. Generation of ROS in the cytoplasm also
acts as an important signal for the production of antioxidants (Bohnert et al., 2006).
The antioxidant activity is a part of the heat stress adaptation response and
correlates well with the acquisition of thermotolerance (Maestri et al., 2002). The
induction of HSPs is one of the most closely studied mechanisms of
thermotolerance and is comprised at several evolutionarily conserved protein
families. The HSPs/chaperones can play a role in stress signal transduction and
gene activation/expression (Nollen and Morimoto, 2002) as well as in regulating
cellular redox state (Arrigo, 1998), production of compatible solutes (Diamant et

al., 2001) and, antioxidant activity (Panchuk et al., 2002).

1.5. Abiotic Stress Signal Transduction in Plants

The cellular and molecular responses of plants exposed to abiotic stress has been
studied intensively (Tomashow, 1999; Diamant et al., 2001; Kotak et al., 2007).
Signal transduction, which is defined as the process by which plants perceive
environmental signals and transmit them into activating adaptive response is of
fundamental importance to biology. Knowledge about those stress signal
transduction is also essential for continued development of rational breeding and
transgenic strategies for improving stress tolerance in crops (Xiong and Jian, 2001;
Xiong et al., 2002).

Many signal transduction networks have been identified in microbial and animal

systems. In plants, the signal transduction pathways for environmentally induced
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developmental changes, several phytohormones, and responses to the pathogen
are being elucidated. However, the physiological and molecular details of how
plants sense and transduce abiotic stress signals are still limited due to the
complexity of environmental stresses. To overcome this limitation, molecular
genetics approaches, such as reporter gene expression using the promoters of
defence genes, have been explored and appear very promising (Xiong and Jian,
2001).

Generally, a signal transduction pathway begins with signal perception (primary
signal), resulted by generation of second messengers (secondary signal). Second
messengers can regulate intracellular Ca* levels within in turn that initiate a
protein phosphorylation cascade that targets protein directly involved in cellular
protection or transcription factors controlling specific sets of stress-responsive

genes (Figure 1.4.; Xiong et al., 2002).
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Figure 1.4. Generic Pathway for the Transduction of Abiotic Stress Signals in
Plants

Secondary signalling molecules can cause receptor-mediated Ca?* release (indicate
with a feedback arrow). Signalling partners can be regulated by the main
pathway. Signalling can also bypass Ca* or secondary signalling molecules in
early signalling steps. Figure adapted from Xiong et al. (2002).
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Signal transduction involves the appropriate spatial and temporal co-ordination of
all signalling molecules. Therefore, there are certain molecules that participate in
the modification, delivery, or assembly of signalling component but do not
directly relay the signal. Secondary signals can initiate other cascades of signalling
events which can differ from primary signalling in time and in space. Secondary
signals may also differ in specificity from the primary stimuli, may be active in
different stress response pathways, and may cause interaction between the
signalling pathways for different stresses. One primary stress signal may,

therefore, modulate multiple signalling pathways (Xiong et al., 2002).

1.5.1.ABA Dependent and ABA Independent Processes Regulate Stress-
Responsive Genes
ABA is a ubiquitous plant hormone in vascular plants and has been detected in all
major organs and tissues from the root cap to the apical bud. ABA is synthesized
in almost all cells that contain chloroplasts or amyloplasts (Taiz and Zeiger, 2002).
ABA plays a primary regulatory role in the initiation and maintenance of seed and
bud dormancy, and in the plant response to stress. During exposure to stress such
as heat shock, low temperature, and salt stress, ABA has been shown to regulate
the expression of many downstream responsive genes (Rock, 2000). This is

presumed to contribute to induced stress tolerance.
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Figure 1.5. ABA Dependent and Independent Signal Transduction Pathways for
Osmotic Stress in Plant Cells

Figure adapted from Taiz and Zeiger (2002).
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The promoters of these ABA dependent genes contain a six nucleotide sequence
element referred to as the ABA response element (ABRE) which bind transcription
factors that are themselves regulated by ABA. On the other hand, the promoters of
the activated genes can also be activated by osmotic stress in an ABA-independent
manner and these contain an alternative nine-nucleotide regulatory sequence
element, which called dehydration response element (DRE). Therefore, the genes
activated by osmotic stress appear to be regulated through signal transduction
pathways involving the actions of ABA (ABA-dependent genes), or by ABA-
independent pathways.

Both ABA-dependent and —independent osmotic stress signalling modifies the
expression of transcription factors leading to the activation of downstream stress
responsive genes (Jian, 2002). The ABA-dependent pathway involves signalling
through both MYC and MYB transcription factors, and the ABA-independent
pathways involve signalling both MAP kinase cascade and DREB/CBF.

Although the involvement of ABA in environmental stress responses has long
been recognized and the basic mechanisms have been resolved, the extent and the
molecular basis of ABA involvement in stress-responsive gene expression and
stress tolerance are not understood clearly. Studies on the relationship between
ABA and different stress-signalling pathways have been inhibited by the
complexity of signalling mutants. The study of mutations with differential
responses to stress, ABA, or combinations of the stimuli has revealed a complex
signal transduction network and suggest that there are extensive connections
between cold, drought, salinity, and ABA signalling pathways (Ishitani et al., 1997;
Xiong et al., 1999).

1.5.2. Transcription Factors Involved in Stress Signal Transduction
One important factor in the activation of stress responses is transcriptional control.
Numerous studies have shown that transcription factors are important in

regulating plant genes that are responsive to environmental stress (Jalali et al.,
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2006; Yang et al., 2006). Gene expression is controlled through the interaction of
regulatory proteins (transcription factors) and other proteins with binding
domains that interact with specific motifs (elements) in the promoters of the genes
they regulate.

The transcription factors that are known to play a role in modulating defence gene
expression belong to the following families defined by their DNA-binding
domains (Table 1.2.; Maleck et al., 2000; Eulgem, 2005; Guo et al., 2005).
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DNA-binding domain Cis-element Reference

WRKY 60 amino acid containing conserved sequences WRKYGQK W-box sequences varies. Conserved core Eulgem et al. (2000), Twick

and zinc finger motif TGAC et al., (2004)
ERF 58 amino acid AP2 domain forming a-helix and (3-sheet DNA GCC-box. Conserved GCCGCC Allen et al. (1998), Guterson
binding by p-sheet and Reuber (2004)
bZIP 25 amino acid region rich in basic amino acid adjacent to a TGA-box. Conserved sequence TGACGTCA Meshi and Iwabuchi (1995),
leucine-rich domain 2a-helix (core ACGT) Fan and Dong (2002)
ABRE-box. Conserved sequence CACGTG Kang et al. (2002)
MYB 52 amino acid helix-turn-helix domain Sequence varies. Conserved core TAAC Martin and Paz-Ares (1997),

Jin and Martin (1999),
Stracke et al. (2001)

DOF Single zinc finger motif of C2Cz type Sequence varies. Conserved core AAAG Yanagasiwa (2002)
Whirly Tetramic proteins. Conserved domain of 3-sheet and a-helices Conserved sequences GTCAAA(AA) Desveaux et al. (2004)
bind ssDNA
MYC  Basic helix-loop-helix domain Conserved sequences CANNTG Toledo-Ortz et al. (2003)
NAC  Twisted B-sheet surround by few helical elements Conserved sequences AGGGATG Duval et al. (2002), Ernst et
al. (2004)

Table 1.2. Transcription Factor Families Involved in Stress-Responsive Gene Regulation in Plants
Source : Jalali et al. (2006)
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Activation of abiotic stress-responsive genes in plants appears to occur through
several classes of transcriptional factor and possibly, several transcriptional factors
can cooperatively activate the same gene or set of response genes (desiccation or
salinity, for example) some of these are themselves transcription factor that
regulate the expression of other specific transcription factors. Studies on the
promoters of several stress-induced genes have led to the identification of specific
regulatory sequences for genes involved in different stresses (Yamaguchi-

Shinozaki and Shinozaki 1994; Stockinger et al., 1997; Taiz and Zeiger, 2002).

1.6. MYB and HSP Transcription Factors

1.6.1.MYB

1.6.1.1. MYB Family

MYB transcription factors are a family of proteins that contain the conserved MYB
DNA binding domain. ‘Classical’ MYB transcription factors are related to c-MYB
that is involved in the control of the cell cycle in the animals, plants, and other
higher eukaryotes (Stracke et al., 2001). Regulation of the activity of the MYB
protein occurs at two levels, by pre-translational and by subsequent post-
translational modification. Together, these mechanisms direct the activity of MYB
protein to the period around the Gi/S cell cycle transition (Weston, 1998). Pre-
translational control is evident from the many differences in the organ specific and
temporal pattern of RNA accumulation of different plant MYB transcripts in
response to environmental stimuli such as light, salt stress, heat stress, or the
application of plant hormones (eg. gibberelic acid and abscisic acid). Post-
translational control operates by different mechanisms, such as cellular redox
potential, protein phosphorylation, and protein-protein interactions (Martin and

Paz-Ares, 1997).
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1.6.1.2. Classification

In plants, MYB proteins can be categorized into three subfamilies depending on
the number of adjacent repeats in the MYB domain (one, two, or three). Stracke et
al. (2001) refer to MYB-like proteins with one repeat as ‘"MYBIR’ factors, with two
repeats ‘R2R3-type MYB’ factors, and with three repeat as ‘"MYB3R’ factors.

The R2R3-type MYB sub-family is the largest MYB gene family in plants (Jin &
Martin, 1999; and Stracke et al., 2001). In addition, three-repeat MYBs have
recently been identified in plants together with a growing number of MYB
proteins with a single MYB domain (Jin and Martin, 1999). The large size of this
gene family was apparent from the work on Arabidopsis thaliana (Romero et al.,
1998) and was also observed in Zea mays (Rabinowicz et al., 1999). More than 80
different A.thaliana genes have been characterized (Romero et al., 1998) and this
number increased to 132 through the combined efforts of a European Community
funded consortium (Stracke et al., 2001).

Stracke et al. (2001) compared the amino acid sequence of R2 and R3 repeats from
all 125 Arabidopsis R2R3 MYB proteins to deduce a consensus sequence and to
determine the frequency of the most prevalent amino acids at each position within
a repeats. The 125 R2R3-type MYB genes found in Arabidopsis have been
categorized into 25 groups on the basis of conserved amino acid sequence motifs
present at the C-terminal end of the MYB domain (Stracke et al., 2001). These
conserve domain might represent activation or suppression domains, and/or
domains for the interaction with other proteins. The binding site preference and
affinity of MYB proteins is likely to be strongly influenced by other protein factors

that interact with them.

1.6.1.3. Function
MYBs can be activators, repressors, or both. All MYB-related proteins have a wide
diversity of function. These are, for example, in primary biological roles such as

binding telomeric sequences, their role as transcription factor, and the biochemical
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function of some of these are related to the rhythmic changes in gene expression
associated with the carcidian clock (Jin & Martin, 1999).

In the R2R3-MYB gene sub-family, the largest of the three in plants, function is
large and diverse. No functional data are available for most of the 125 R2R3-type
AtMYBs. However, some studies on knockout lines have been initiated (Meissner
et al., 1999) and the number of AtMYBs for which functional information has
become available has been grown significantly during the past year. Some
functions of R2R3-type MYBs that have been observed are the regulation of
phenylpropanoid metabolism in A. thaliana. For example, overexpression of
AtMYB75 /PAP1 (Production of Anthocyanin Pigmentl) and AtMYB90/PAP2
results in accumulation of anthocyanins (Borevitz et al., 2000). Another important
function for R2R3-type MYB factor is the control of development and
determination of cell fate and identity. For example, AtMYB0O/GLABROUS 1 (GL
1) and AtMYB66/WEREWOLF (WER) are involved in epidermal cell patterning.
Some evidence suggests that R2R3-type MYB factors often are involved in the
combinatorial interaction of transcription factors for the generation of highly
specific expression patterns. R2R3-type MYB factors also participate in plant
responses to environmental factors and in mediating hormone action (Jin and
Martin, 1999).

Overall, R2R3-type MYB proteins are involved predominantly in controlling “plant
specific’ processes such as the control of secondary metabolism, or response to
secondary metabolites unique to plants or cellular morphogenesis (Martin and
Paz-Ares, 1997; Stracke et al., 2001). So, plants appear to have used R2R3-type MYB

transcription factors selectively to control their specialized physiological functions.

1.6.1.4. AtMYB64
AtMYB64 contains two repeats and so is included in the R2R3 subfamily, the
largest subfamily in Arabidopsis that contains 125 genes (Stracke et al., 2001).

AtMYB64 demonstrates a high sequence homology (57%) to the consensus
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sequence identified by Stracke et al. (2001). AtMYB64 contains three tryptophan
residues in the R3 repeat, which although common in animal and yeast R3 repeats,

are not present in most plants R2R3 MYB proteins.

1.6.2. HSP

1.6.2.1. HSP Family

Heat shock proteins are synthesized by all eukaryotes, including plants and were
identified as proteins that are strongly induced by heat stress. HSPs or highly
homologous proteins are also expressed in some cells either constitutively
synchronized with developmental programmes (Waters et al., 1995). Some HSPs
are also found in normal, unstressed cells and some essential cellular proteins are
homologous to HSPs but do not increase in response to thermal stress (Vierling,
1991).

During heat exposure, HSPs play an important role helping cells withstand heat
stress by acting as molecular chaperons (Taiz and Zeiger, 2002). Due to heat stress,
many cell proteins become unfolded or misfolded and this leads to a loss of proper
enzyme structure and activity. HSPs, as molecular chaperones, aid unfolded or
misfolded proteins (those produced by elevated temperature) in re-folding into an
active form (Alberts et al., 2008).

Some studies have revealed a correlation of HSP expression with cellular tolerance
of high temperatures, and this has led the hypothesis that HSPs increase
thermotolerance (Water et al., 1996; Queitsch et al., 2000; Taiz and Zeiger, 2002).
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1.6.2.2. Classification and Function

Classes Example Intracelullar Localization =~ Major Functions
Members
Hsp 100 Hsp 100 Disaggregation, unfolding
Subfamily :
Class 1 ClpB, ClpA/C,
ClpD Cytosol, mitochondria
Class II ClpM, CIpN, Chloroplast
ClpX, ClpY Chloroplast
Hsp 90 Hsp 90 Facilitating maturation of
signalling molecules,
genetic buffering
At-Hsp90-1 Cytosol
At-Hsp90-5 Chloroplast
At-Hsp90-6 Mithocondria
At-Hsp90-7 Endoplasmic Reticulum
Hsp 70 Preventing aggregation,
assisting refolding,
protein import and
translocation, signal
transduction, and
transcriptional activation
Subfamily :
DnaK Hsp/Hsc70 Cytosol
Hsp 70 Chloroplast, mitochondria
Hsp110/SSE Bip Endoplasmic Reticulum
Hsp91 Cytosol
Hsp 60 Folding and assisting
refolding
Subfamily :
Group I Cpn60 Chloroplast, mitochondria
Group II CCT Cytosol
sHsp Preventing aggregation,
stabilizing non-native
protein
Subfamily :
I Hsp 17.6 Cytosol
II Hsp 17.9 Cytosol
III Hsp 21 Chloroplast
Hsp 26.2
v Hsp 22 Endoplasmic Reticulum
\' Hsp 23 Mitochondria
VI Hsp 22.3 Membrane

Table 1.3. The Major Plant Heat Shock Protein Family

Source : Wang et al. (2004)
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Low-molecular-weight (15 to 30 kDa) or small HSP (smHSPs) are more abundant
in higher plants than in other organism and they show little homology with low
molecular-weight HSPs in animals or microorganism. In addition, five or six
classes of smHSPs have been identified in plants whereas other eukaryotes
possess only one class (Buchanan et al., 2000 in Taiz and Zeiger, 2001; Sun et al.,
2001).

The current model of smHSPs function has been derived from studies of plant and
cyanobacterial smHSP (Kim et al., 1998; Montfort et al., 2001; Kotak et al., 2007).
Most smHSP form large oligomer (of 8 or more monomers) in the native state. The
only available X-ray structure of a eukaryotic oligomeric smHSP is that of the
dodecameric cytosolic from HSP16.9 in wheat (Figure 1.6; Monffort et al., 2001). In
the current model of smHSP function, smHSP oligomer dissociates into dimers
and bind substrate through their non-conserved amino-terminal domain. Under
heat stress, cyanobacterial smHSPs associated with diverse proteins, which might
protect the substrates (Basha et al., 2004). In addition to their chaperone function,

smHSP have also been proposed to modulate membrane fluidity and composition

(Balogi et al., 2005).

28



Figure 1.6. Structure of smHSP16.9 Dodecamer in Wheat

The HSP16.9 dodecamer is arranged as two disks whose overall assembly is ~95 A wide and 55 A
high with a ~25 A-wide central hole. The construction comprises 12 conserved a-crystallin domains
(B-sheet) with 12 C-terminal extension, and six ordered and six disordered N-terminal arms. The
basic building block is a nonsymmetric dimer that allows flanking sequences to form variable
higher-order interaction that weave the assembly together around the 32 symmetry axes. The view
is looking down the crystallographic three-fold axis, which is perpendicular to three
crystallographic two-fold axes. The non-crystallographic dimer interface is located between any
two molecules of the same colour. Dimmers in the top disk are displayed in red, green, and blue;
dimmers in the buttom disk in pink, sage, and turquoise. The dimer-dimer interface that forms an
eclipsed tetramer is located between red-pink, blue-turquoise and green-sage dimmers. Pairs of
ordered N-terminal arms form an interface, resulting in three helical domains located in the centre
of the double disk between red-sage, green-turquoise and blue-pink monomers, thus binding
dimmers from the upper and lower disks form ‘staggered” tetramers. This intermolecular interface
results in an N-terminal arm making an intramolecular interface with its own a-crystallin domain
(Figure 1.7(a)). The C-terminal extensions form equivalent interfaces around crystallographic two-
fold and three-fold axes. The interfaces located around two-fold axes are between disks (between
red-pink, blue-turquoise and green-sage monomers), whereas those located around the three—fold
are within disks (between red-green, green-blue, and blue-red monomers in the top disk and
between pink-turquoise, turquoise-sage, and sage-pink monomers in the bottom disk). Interfaces 3
and 2 are organized about the same crystallographic two-fold as seen in Figure 1.7(c) and Figure
1.6. Figure from Montfort et al. (2001).
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Figure 1.7. Construction and Fold of the smHSP16.9 Wheat Subunits

a) Ribbon diagram of the monomer with the ordered N-terminal arm show in green, and the a-
crystallin domain and C-terminal extension in red. b) The noncrystallographic dimer with the
complete monomer in red and the monomer with the disordered N-terminal arm in pink. N- and
C-termini are labelled, and Glu 100 and Arg 108 are displayed in ball- and -stick representation
using standard atom colours. c) Side view of one of the three tetramers of the dodecamer. Blue and
turquoise dimmers are omitted for clarity. N-terminal arms of the red and sage dimmers form a
loose knot organized about a crystallographic two-fold axis. Pictures from Montfort et al. (2001).
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In many organisms members of high-molecular-weight HSPs such as HSP70,
HSP90, and HSP100 families are most strongly induced by heat, primarily within
0.5-3 hours (Swindell et al., 2007). Some studies also revealed that HSPP90 and
HSP70 are also responsive to other stresses and endogenous signals (Winter and
Sinibaldi, 1991; DeRocher and Vierling, 1995; Yabe et al., 1994; Wang et al., 2004).
These high molecular weight HSPs are also abundant components of most
unstressed cells and their induction represents increased synthesis of one or more

HSP isoforms (Wang et al., 2004).

1.6.2.3. Chaperone Network for Other Environmental Stress Responses

During stress, many enzymes and structural proteins undergo deleterious
conformational changes and removal of non-functional and potentially harmful
polypeptides (denatured or/and aggregated) is particularly important for cell
survival under stress. Thus the different classes of HSPs/chaperons cooperate in
cellular protection and play complementary and sometimes overlapping roles in
the protection of protein from stress (Wang et al., 2004). Other studies suggest that
in plants, various HSPs are also induced by low temperature, dehydration, high
salinity, oxidative stress, high irradiation, wounding, exposure to heavy metals,
and ABA treatment (Vierling, 1991; Taiz and Zeiger, 2001; Swindell et al., 2007).
These studies have identified a role for HSPs in crosstalk or overlap between
cellular responses to different environmental stresses. However, no comparative
analysis has been carried out to determine which particular stress treatments are

the weakest and strongest inducers of HSP expression.

1.7. Functional Analysis by Gene Mutation

1.7.1. Loss-of-Function Mutation

Most genetic mutations are loss-of-function mutations. They alter the gene
sequence resulting in the production of transcripts that are truncated or contain

codon (amino acid) changes, producing proteins with no or altered function. This
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results the inhibition of biochemical activity and/or a decrease in normal protein
production (Hartwell et al., 2008). There are, however, significant limitations with
classical loss-of-function screens to study stress response. Mutants are usually
hypersensitive (the mutant dies while wild type survives the screen) and gene
redundancy, where several separate loci encode the same or similar proteins,

limits the usefulness of this approach (Tani et al., 2004).

1.7.2. Gain-of-Function Mutation

Gain-of-function mutants can be isolated as hypertolerant individuals (the mutant
survives whilst wild type dies). These mutants arise by gene activation or by
knockout of a suppressor transcription factor. The alleles from this mutation can
be differentiated from recessive null alleles by the fact they are dominant
mutations. Another advantage of this approach is that activation of single
dominant allele can reveal the function of a redundant gene. Further, if gene
activation is achieved with transcriptional enhancers, rather than strong
constitutive promoters (Hartwell et al., 2008), problems associated with ectopic
gene expression are minimized (Dr. Peter Dominy, University of Glasgow, per.

comm.)

1.8. Arabidopsis thaliana as a Plant Model

1.8.1. Arabidopsis thaliana

Arabidopsis thaliana is a small plant from the mustard family (Brassicaceae) that has
become the model plant of choice for research in plant biology. Using this simple
angiosperm, significant advances in understanding plant growth and
development have been made by focusing on the molecular genetics. The 180-
megabase genome of Arabidopsis is organized into five chromosomes and
contains an estimated 25,000 genes. The complete genomic sequence of
Arabidopsis has been completed and deposited in GenBank by consortium of

laboratories in Europe, Japan, and the United States (Meinke et al., 1998). Using
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this data, the value of Arabidopsis as a model system has been realized not only

for plant biology but also for analysis of complex organisms in general.

Figure 1.8. Arabidopsis thaliana
Source : Meinke et al. (1998)

1.8.2. Arabidopsis Activation Tagged Lines

Many powerful research tools have been developed in Arabidopsis. One of these
is collections of ~100,000 individuals that carry a randomly inserted activation tag.
These collections provide a population for undertaking gain-of-function genetic
screens in plants. Plant are randomly transformed with a T-DNA vector that
contains four copies of an enhancer element from the promoter of the cauliflower
mosaic virus (CaMV 35S). The tetrameric CaMV 35S enhancers can mediate
transcriptional activation of nearby genes. The pSKI015 vector was developed to
allow large scale application of enhancer ‘activation tagging” in Arabidopsis. This
activation tagging confers resistance to the antibiotic kanamycin or to the
herbicide glufosinate and has been used to generate a collection of > 100,000

randomly transformed plants (Kardailsky et al., 1999; Weigel et al., 2000).
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Figure 1.9. The pSKI015 Vector Used to Transform Arabidopsis Activation
Tagged Lines
Figure from Weigel et al. (2000)

The pSKI015 vector (GenBank accession number AF187951) consists of:

1. BAR gene, this confers resistance to the herbicide glufosinate (Basta) for
selection of transgenic plants grown in soil

2. pUC19 sequences with a bacterial origin of replication and an ampicilin
resistance gene for plasmid rescue in bacteria

3. 4 copies of 355 Couliflower Mosaic Virus (CaMV) promoter enhancers.
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1.8.3. The Advantages of Arabidopsis Activation Tagged

There are three major advantages of Activation Tagged technology over
conventional (knockout) genetic screens. First, unlike conventional (loss-of-
function) screening, with gene activation gain-of-function screens can be
undertaken; surviving plant can be easily identified for further experimentation.
Second, it is difficult to identify a single mutant if there are several loci encoding
the same (redundant gene); however, only one allele of one loci of a redundant
gene needs to be activated to observe gene activation. Finally, the use of the 355
enhancer (as opposed to full, constitutive promoters) reduces the problems that

are normally associated with ectopic expression.

1.9. Isolation and Characterization of Arabidopsis Activation Tagged Salt
Tolerant Mutants
Screening of Arabidopsis Activation Tagged lines has been used to identify
sequences that allow the plant to survive better under high salinity conditions.
Weigel’s Arabidopsis Activation Tagged collection contains ~30,000 independent
mutants and these were screened for salt tolerance. Seven putative salt tolerant
mutants were isolated from pools N23153 N23858 (NASC, European Arabidopsis
Stock Centre). In one mutant (JP1) the Activation Tagged inserted in the promoter
region of a putative SUMO protease (Price, 2005). Subsequence analysis confirmed
a role for this protease in a SUMO-dependent salinity tolerance mechanism (Conti
et al., 2008). Another of the mutants (JP5) demonstrated a strong salt tolerance
phenotype when compared with wild type and subsequent analysis showed a

MYB transcription was activated (Price, 2005).
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Figure 1.10. Identification of Activation Tagged Insertion Site within JP5

(A) The Tagged inserted with left border adjacent to At5g11040, the right border
and enhancer elements adjacent to At5g11050. At5g11040 is an expressed protein
of unknown function and At5g 11050 is a putative MYB transcription factor
(MYB64). The figure represents ~20 Kb of chromosome 5 in JP5; green arrows
represent genes showing their direction of transcription. The purple box
represents the T-DNA insertion (~10 Kb) and the 4 35-S transcriptional enhancers
are shown as black arrows. (B) AtMYB64 gene structure; white box indicates 5" or
3" UTR: black box indicates exons.

Figure adapted from Price (2005).

36



The CaMV 35S promoter enhancers can cause transcriptional activation of nearby
genes. At5g11050 is a MYB transcription factor (AtMYB64) which is a family of
proteins that include the conserved MYB DNA binding domain. In contrast to
animals, plant contain a MYB-protein subfamily that is characterised by the R2R3-
type MYB domain. R2R3-type MYB genes control many aspects of plant secondary
metabolism, as well as the identity and fate of plant cells. There are 132 members
of the MYB family in Arabidopsis, 125 of these are R2R3-type (Stracke et al., 2001)
and AtMYB64 includes in R2R3-type (See Section 1.6.1.4.).

Further experiments with Arabidopsis lines expressing the AtMYB64 gene have
been shown to be salt tolerance. In addition, these are also more thermotolerant
than wild type lines. DNA microarray experiments with the original JP5 mutant
have shown smHSPs to be upregulated. It is intresting, therefore, to speculate that
AtMYB64 regulates the synthesis of these smHSPs, and these in turn confer

tolerance of high salinity and high temperatures.

1.10. The Aims and Objectives of this Study

The purpose of this study was to investigate the mechanism of thermotolerance in
plants. One part of the study involved further characterization of a MYB
transcription factor previously shown to confer salt and thermotolerance on
Arabidopsis thaliana, probably through the action of small Heat Shock Protein
(smHSPs). Part of these investigations involved determining whether this MYB
transcription factor operates through an ABA-dependent or ABA-independent
signalling pathway.

Transcript profiling was undertaken using QRT-PCR on wild type and transgenic
lines expressing the MYB gene under the control of the constitutive 35-S
Cauliflower Mosaic Virus promoter.

In addition, a gain-of-function genetic screen was developed to identify
Arabidopsis  Activation Tagged lines with improved thermotolerance.

Experiments were initially performed on heat acclimated and non-acclimated
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plants to establish the importance of acclimation in the development of
thermotolerance. The screen was performed on non-acclimated plants (~14,800

lines) and several thermotolerant mutants were isolated.
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CHAPTER 2
MATERIALS AND METHODS

2.1. Materials

2.1.1. Plant Material

2.1.1.1. Arabidopsis thaliana Activation Tagged

Weigel's Arabidopsis Tagged Lines were purchased from the Nottingham
Arabidopsis Stock Centre (http://nasc.nott.ac.uk/). The background line of these
collections is Columbia (Col-7). These lines are available in 3 sets. Set 1 (N21995)
contains 86 pools of 100 lines; set 2 (N21991) contains 82 pools of 96 lines and set 3
(N23153) contains 62 pools of 100 lines. Combined these 3 sets provide 22,672 lines
divided into 230 pools. This study used set 1 (N21995) and set 3 (N23153).

2.1.1.2. JP5 and p35S:AtMYB64 Transgenic Lines

JP5 and p355:AtMYB64 transgenic lines were obtained from previous studies. The
JP5 mutant was isolated from a salt tolerance screen of Weigel’s Arabidopsis
Tagged Lines by screening pool N23858 Weigel set N23153.

p355:AtMYB64 lines were produced by insertion of T-DNA containing the MYB64
cDNA fused to the CaMV 35S promotor. The p355:AtMYB64 over expression used
in this experiment was line 141 transgenic lines were obtained using the
GATEway vector pEARLEYgatel00 and line 127 transgenic lines were obtained
using the GATEway vector pB7Wg2.

2.1.2. Chemicals

All chemicals were purchased from Sigma-Aldrich Chemical Co. Ltd., Dorset UK,
and Fisher Scientific Ltd., Loughborough UK. Antibiotic was supplied by Sigma-
Aldrich Chemical Co. Ltd., Dorset UK and were dissolved in appropriate solvent
by filter sterilised before use. DNA-free™ DNase Treatment for RNA extraction

was purchased from Applied Biosystems UK. Enzymes were purchased from
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Promega Ltd., Southampton UK. PCR primers were designed using Primers 3
software (http://www.genome.wi.mit.edu/cgi-bin/primer/primer3.cgi; Rozen and
Skaletsky, 2000) and purchased from MWG Biotech AG, Ebersberg Germany. The
primers were supplied desalted and were resuspended to the appropriate
concentration in sterile water before use. Brilliant SYBR Green Master Mix for
Quantitative PCR was supplied by Stratagene (Agilent Technologies Company
Ltd., Stockport Cheshire UK).

2.1.3. Kits

QRT-PCR tubes and caps were purchased from Stratagene Agilent Technologies
Company Ltd., Stockport Cheshire UK (Cat No. #410022 and #410024). A set of
sterile filter tips and 50 ul sterile Corbett Robotic tips (Cat No.#R1028-5819) were
supplied by STARLAB Blakelands Milton Keynes, UK.

2.2. Methods

2.2.1. Surface Sterilization of Seeds

One Covclor 1000 chlorine tablet (Conventry chemicals Ltd UN 2465) was
dissolved in 35ml dH20. Five ml of this solution was added in 45ml ethanol,
mixed gently by inversion and left at room temperature for 5 min. White
percipitate was removed by centrifugation at 2,000 g for 5 min. Under sterile
conditions, seeds were transferred to 1500ul eppendorf tubes. The seeds were
soaked in 1ml bleach for 7 min, mixing occasionally by gentle inversion. The
bleach was removed and the seed washed twice with 70% ethanol. Once all traces
of ethanol were removed, the seeds were washed 4 times in sterile dH>O. The seed
were then left in the final wash of sterile water for 48 hours at 4° C for stratification

before sowing.
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2.2.2. Germination of Seeds and Heat Treatment for Wild Type and Activation
Tagged Lines of Arabidopsis thaliana

2.2.2.1. Germination of Seeds

After stratification, surface sterilised seeds (Section 2.2.1) were germinated on agar
plates containing 1/10 MS media (Mirashise and Skoog, Sigma M5519, See
Appendix 1), 0.75% (w/v) sucrose, and 0.8% (w/v) Micro Agar (Duchefu
Biochemie, M1002.0500) adjusted to pH 5.8 with 1M KOH. Approximately 1ml of
sterile water was dispensed into an eppendorf tube containing ~150 sterilised
stratified seed, and these were sown on a 90mm petri disk containing growth
media by placing onto the matrix and adding directly on top approximately 5ml of
Top Agar (0.2% (w/v) Micro Agar); the seeds in Top Agar were dispersed across
the plate by hand agitation. Seeds were germinated under continuous white light
(PPFD 150pmols m s?) at 22 °C for 24 hours photoperiod for 7 days before heat

treatment (Figure 2.1.).

Figure 2.1. Germination condition of seven-day-old seedlings for Col-0 WT and
Activation Tagged lines before heat treatment
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2.2.2.2. Screening for Critical ‘Killing” Temperature for Wild Type Arabidopsis
thaliana
Incubators were pre-set to 35.0 + 0.2 °C a day before to stabilize. The plates
containing Col-0 WT germinated on 1/10 MS Media (Section 2.2.2.1) were exposed
by heat for 1 hour. After acclimation treatment at 35.0 + 0.2 °C, plates were
returned to the controlled growth room for 3 days to allow plants to recovery after
heat exposure. After three days, plates were exposed to heat stress at various
temperatures to assess the optimum temperature for a thermotolerance screen.
Non-acclimation plants were included in this experiment. Seven different
temperatures were chosen; 35.0 £ 0.2, 40.0 £ 0.1, 44.0 + 0.2, 48.0 + 0.2, 52.0 + 0.1, 56.0
+ 0.2, and 60.0 + 0.3 °C. Plates were exposed for 3 hours at each temperature. This
heat treatment period was chosen as a mimic of physiological response of the
plant during the hot period in a day, from 12 to 3pm. After 3 hours heat exposure,
plates were returned to the growth room for 7 days. Plates were examined every
day and surviving seedlings counted and compared (by temperature and by pre-

treatment).

2.2.2.3. Screening of Thermotolerance Mutant from Arabidopsis Activation
Tagged Line

Incubator was pre-set to 44.0 £ 0.2 °C a day before to stabilize. The plates
containing Weigel's Arabidopsis Activation Tagged lines (Section 2.1.1.1.)
germinated on 1/10 MS Media (Section 2.2.2.1) were exposed to heat for 3 hours
(Figure 2.1.). After heat shock treatment at 44.0 + 0.2 °C, plates were returned to the
controlled growth room to allow plants to recovery after heat exposure.

After one week recovery, plates were observed for surviving seedlings. The
surviving seedlings were transferred to the soil, grown to maturity and the seeds
harvested (M1). The M2 generation seeds were screened again under the same

condition to confirm thermotolerance (Figure 2.2.). The percentage of seed
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germination and seedlings survival were noted. The false positive lines were

discarded.

Figure 2. 2. Germination condition of seven-day-old seedlings of M2 putative
thermotolerant mutant isolated from Arabidopsis Activation Tagged (A)

compared with Col-0 WT (B) before heat exposure treatment

2.2.3. Germination of Seeds and Heat Treatment for p35S:AtMYB64 Transgenic
Lines
22.3.1. The Plate-Based Phenotypic Thermotolerance  Analysis of
p35S:AtMYB64 Transgenic Lines

2.2.3.1.1. Germination of Seeds

Ten sterilised stratified seeds of p355:AtMYB64 transgenic lines and Col-0 WT as
control (section 2.1.1.2;; 2.2.1.) were sown on 120mm square plate containing 1/10
MS Media (Section 2.2.2.1.) at a density of ~1 cm spacing by placement on 2ul of
top agar (0.2% (w/v) Micro Agar). Seeds were germinated under white light (PPFD
150pumols m2 s) at 22° C for 24 hours photoperiod for 7 days before exposed to

heat acclimation and non-acclimation (Figure 2.3).
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Figure 2. 3. Germination condition of seven-day-old seedlings of p35S:AtMYB64
transgenic lines (B) compared with Col-0 WT (A) before exposed to heat
acclimation

2.2.3.1.2. Heat Exposure Treatment

There are two heat exposure treatments: acclimated and non-acclimated stress. For
the acclimated treatment, the seven-day-old seedlings were incubated at 37.0 £ 0.2
0C for 1 hour and then returned to the growth room for a week recovery before
expose to higher temperature. For the second treatment, non-acclimated, the
seedling did not allowed acclimation but directly exposed to high temperature.
Therefore both of acclimated and non-acclimated seedlings were incubated at 44.0
+ 0.2 °C for 3 hours. After 3 hours heat exposure, plates were returned to the
growth room for 7 days. Plates were examined every day and surviving seedlings

were counted.
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2.2.3.2. Analysis of p35S:AtMYB64 Over Expression Lines by Heat Acclimation
Treatment

2.2.3.2.1. Germination of Seeds

Approximately 25 sterilised stratified seeds (Section 2.2.1.) were sown on 120mm

square plate containing 1/10 MS Media (Section 2.2.2.1.) at a density of ~1 cm

spacing by placement on 2ul of top agar (0.2% (w/v) Micro Agar). Seeds were

germinated under white light (PPFD 150pmols m? st') at 22° C for 9 hours

photoperiod for 14 days before heat acclimation treatment (Figure 2.4).

Figure 2. 4. Germination condition of fourteen-day-old seedlings of
p35S:AtMYB64 transgenic lines before exposed to heat acclimation

2.2.3.2.2. Heat Acclimation Treatment

The stress treatments at 37.0 + 0.2 °C for 3 hours were applied to the plant after
two weeks germination. Plants were harvested after 0 hour, 3 hours, 6 hours, and
12 hours after heat acclimation treatment. Plant without heat acclimation was used

as a control.
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2.2.4. Genotyping Mutant and Transgenic Lines with Selectable Bar Marker
Gene
Approximately 150 surface sterilized seeds (Section 2.2.1.) of mutant and
transgenic lines carrying the p35S:AtMYB64 construct were placed on 1/10-
strength MS Media with or without the herbicide Basta (20 pugml?!); Col-0 WT
plates were included as controls. Plates were placed in the growth room with
continuous white light (PPFD 150pumols m s7) at 22° C for 24 hours photoperiod.
After 14 days germination, Basta resistance was assessed. Sensitive seedlings were
defined as those with cotyledons but no true leaf emergence, whereas resistant

lines were defined as a seedling with both cotyledons and true leaves.

2.2.5. Isolation of Plant Genomic DNA

Total extraction of genomic DNA was performed using Extraction Buffer
containing 200mM TRIS, 250mM NaCl, 25mM EDTA, and 0.5% SDS at pH 7.5.
Approximately 100 mg fresh weight of plant material was ground to a fine
powder in liquid nitrogen using pestle and mortar. The powder was transferred to
a sterile eppendorf and 350ul Extraction Buffer was added. The mixture was
centrifuged at 13,000 g for 5 min at 4 °C. The supernatant was transferred into a
fresh-eppendorf tube, mix with 450ul of isopropanol and allow to stand at room
temperature for 2 minutes before centrifugation at 13,000 g for 5 minutes at 4 °C.
After centrifugation, the supernatant was removed and DNA pellet was washed in
three changes of ice cold 95% ethanol. The DNA pellet was then air dried,
resuspended in 1 x TE buffer pH 8.5 and store at 4 °C.

2.2.6. Isolation of Total RNA

Total RNA isolation was performed using TRI reagent (Sigma-Aldrich Chemical
Co. Ltd., Dorset, UK). Approximately 100mg fresh weight plant material was
ground to a fine powder in liquid nitrogen using a pestle and mortar. The powder

was transferred to a sterile eppendorf and Iml TRI reagent added. The mixture

46



was vortexed briefly and incubated at 4 °C for 5 min. Then 200ul chloroform was
added and shaken vigorously for 15 seconds before incubating at 10 °C for 10 min.
The mixture was then centrifuged at 12,000 g for 15 min at 4 °C. The top colourless
phase containing the RNA was transferred to a fresh eppendorf and mixed with
0.5 ml of isopropyl alcohol. The sample was allowed to stand at 4 °C for 10 min.
The solution was then centrifuged at 10,000 g for 10 min at 4 °C and the
supernatant discarded. The pellet was washed once with 1ml ice cold 75% ethanol.
After all traces of ethanol had been removed, the pellet was resuspended in 20ul
DEPC treated water and then incubated at 37 °C for 20 min. RNA were treated
with DNase Inactivation Reagent (Ambion, Cat No.#AM1907 Lot No.#0806013)

following the manufacturer’s instructions.

2.2.7. Quantification and Qualification RNA using Spectrophotometer

The quantity and quality of RNA were measured using spectrophotometer by
measuring absorbance at 260 and 280 nm (Sambrook and Rusell, 2001). The
quantity of RNA was revealed by absorbance at 260nm of 1 which is equivalent to
a RNA concentration of 38ug/ml and a DNA concentration of 50ug/ml. The
quality (purity) of RNA is determined by dividing the absorbance at 260nm by
absorbance at 280nm. An Axops0 ratio of between 1.8 and 2.0 indicates that the

nucleic acid is free from protein contamination.

2.2.8. Denaturing Agarose Gel Electrophoresis of RNA

In addition, the quality of RNA was determined by agarose gel electrophoresis
and the bands checked for degradation. One ug aliquots RNA from fresh leaves
were separated on a 1.5% (w/v) agarose gel containing 10% formaldehyde and 1 x
MOPS buffer, pH 7.0 (20mM MOPS, 5mM sodium acetate, ImM EDTA; Sambrook
and Rusell, 2001). The RNA was mixed with 1% (v/v) formaldehyde, 30% (v/v)
formamide, 1 x MOPS pH 8.0, and 0.1 volume of ethidium bromide. The mixtures

were heated at 65 °C for 10 min; snap cooled on ice and loaded on the gel with 2ul
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loading dye (Promega UK Ltd, Southampton, UK) for each sample. The gel was
run for 2 hours at 100V in 1 x MOPS pH 7.0.

2.2.9. Isolation of PCR Product from Agarose Gel

The DNA fragment from the gene of interest was separated from residual agarose
gel. The fragment was excised from the gel using a clean, sharp, razor blade and
transferred to a sterile eppendorf tube. The DNA fragment was purified using a
QIAquick Gel Extraction Kit (Qiagen, West Sussex, UK) following the

manufacturer’s instructions.

2.2.10. TOPO Cloning of PCR Products

PCR product was cloned into TOPO vector and then transformed into One Shot
TOP10 Chemically Competent E. coli cells following the manufacturer’s
instruction of the TOPO TA Cloning Kit for Sequencing (Invitrogen Ltd., Paisley,
UK). After successful transformation, emerging colonies were confirmed by

colony PCR.

2.2.11. Colony PCR

Emerging colonies were inoculated into sterile LB media containing 50ug/ml
kanamycin. A sterile pipette tip was dabbed onto a bacterial colony then soaked
into 9ul dH2O (Sambrook and Rusell, 2001). This was then mixed with 1 x
ReddyMix (Abgene, Epsom, UK) which contained 1.25 units Thermoprime Plus
DNA polymerase; 75mM Tris-HCI pH 8.8; 20mM (NH4)2SOs4; 1.5mM MgClz; 0.01%
(v/v) Tween 20; 0.2mM each of dATP, dCTP, dGTP, and dTTP; and a precipitant
and red dye for electrophoresis. Primer of 25pmol for each (forward and reverse)
was added into the reaction solution. The PCR programme had an initial
denaturing step at 96 °C for 10 min. This was then followed by 25 cycles of a
denaturing step at 96 °C for 15 sec, an annealing step for 30 sec (temperature based
on primer Tm) and an extension step at 72 °C for 1 min. This was then followed by

final extension step at 72 °C for 5 min.
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2.2.12. Plasmid DNA Isolation

A single colony was used to inoculate 5ml of LB broth supplemented with
50pg/ml kanamycin. The culture was grown overnight at 37 °C constant shaking at
200 rpm. The plasmid DNA was isolated from the overnight culture using the
QIAprep Spin Miniprep Kit (Qiagen, West Sussex, UK) according to the

manufacturer’s instructions.

2.2.13. Semi-Quantitative Reverse Transcript Polymerase Chain Reaction
(SQRT-PCR)
Semi-quantitative reverse transcript polymerase chain reaction (SQRT-PCR) was
performed to investigate transcript levels of genes of interest in JP5 and
p355:AtMYB64 lines. To synthesize cDNA used for SQRT-PCR amplification, the
RNA sample (2.5 pg) from extracted-plant tissue using TRI reagent (Section 2.2.6.)
were mixed with 0.25uM oligodT at 70 °C for 10 min and cooled at 4 °C. Reverse
transcription was carried out in a reaction mixture (25uL) containing AMYV reverse
transcription buffer (Promega UK Ltd, Southampton, UK), 1 mM dNTPs (Promega
UK Ltd, Southampton, UK), 1 U pL - RNase inhibitor (Promega UK Ltd,
Southampton, UK) and 0.4 UuL * AMV reverse transcriptase (Promega UK Ltd,
Southampton, UK). The reaction was performed at 48° C for 45 min and then the
enzyme was denatured at 95 °C for 5 min. SQRT-PCR reactions were performed
using 1uL of each cDNA sample in a reaction mixture (20uL) containing 1 x
ReddyMix (Abgene, Epson, UK) and 0.5uM of each primer. The primer sequences
are showed in Table 2.1. PCR reactions were conducted using 28 cycles: 94 °C for 5
min, 94 °C for 30 sec, 55 °C for 30 sec, 72 °C for 1 min, and a 5 min final extension
step at 72 °C. After amplification, the PCR products were separated on 1% agarose
gel and stained with Syber Safe (Invitrogen, Oregon, USA). Actin was used as a

constitutive control.
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AGI Name F/R Sequence

MO0 | MBS | TG TCTTCCAACAACAATGA
I
A0 | SHSPIZEA | CACCATATCCCICACGCAT
A | SHSTITS | T TGOTTATCGATTACATT
ARG | HSPT0 e GATGOGAATCAACTGGCTG
oo | wnr [ Bt [ CICTCACeaACACAAT
g0 | cummatnr [t NCACACMGCACCTCS

Table 2. 1. The Primers used for Semi-Quantitative Reverse Transcription PCR

Primer were design to coding sequence for each gene using online Primer3
software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi, Rozen and
Skaletsky 2000).
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2.2.14. Quantitative Reverse Transcript Polymerase Chain Reaction (QRT-PCR)

QRT-PCR was performed to investigate transcript levels of heat tolerant genes in
JP5 and p355:AtMYB64 lines. The advantage of real time PCR is a precise
quantification of mRNA level of genes of interest when expression levels are

compared under different condition of treatment.

2.2.14.1. Determination of Reaction Efficiency

All primer sets were tested to determine the reaction efficiency before used in
QRT-PCR analysis. Reaction efficiency was determined using plasmid contain
gene of interest to generate standard curve. Six 10-fold dilutions were made from
100pg plasmid of gene of interest (GOI) stock solution in order to generate a series
reaction solution for standard curve. Each dilution was mixed with 12.5ul SYBR
Green and 0.5ul of each primer and run to QRT-PCR using programs that have
been mentioned in Section 2.2.14.2.

For calculation of reaction efficiency, the log of the RNA concentration was plotted
on the X-axis and Ct (number of cycle) values on the Y-axis. A line of best fit was
generated and reaction efficiencies (RE) were determined using the equation:
RE=[10"(-1/m)]/2*100, where m is the slope of the line. Each data point was tested
in duplicate (instrumental replication). Two control tubes were also run exactly
the same with the sample to generate standard curve except that a plasmid was
not placed into the reaction solution (no template control tube).

All of primers used in QRT-PCR and efficiency reaction for each primer are shown

on Table 2.2.
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Efficiency

AGI Name F/R Sequence %)
o
Forward | CTTGGATGATCCTTATGACGAAG
Ag11050 | AMYB64 Reverse | TTTCTGTCTTCCAACAACAATGA 962
At3g18780 | Actin-2 Forward | ctaagctctcaagatcaaaggctta 89.1
Reverse | aaccgctttcgttttgcgttttagt
o Forward | ATCGCCATTACTGTGGTAAG
At3g62230 | Ubiquitin’d | g orse | CCAGAACGAAAGTTCA e
Forward | AGAGAGGGTAACTTGATTTGG
At3g26650 | GAPDH Reverse | GCTGTTGATGTCTITAGTG 961
F AAACCTTCCTAAATCCAT
At5g12020 | smHSP17.6A | Lorward | CGAAACCTTCC «c 90.9
Reverse | acaccatatccctcacgcat
F d | CCTTCCAAACTCCAAATCCA
At5g12030 | smHSP17.6 | 0 "o 9.1
Reverse | tagttgcttatcgattacatt
Forward | GGGAAAGTTCGAGCTCAGTG
At3g12580 | HSP70 Reverse | AGATGGGAATCAACTGGCTG 1045
Forward | GTGCTTCAGGGGACACAAAT
Atlg74310 | HSP101 Reverse | TGGTGCTACAACGCTTGAAG 711
. Forward | ATCACCACAAAGGAGCTTGG
At3gd3810 | Calmodulin7 | ¢ orse | TTCGTCAAAGTCATGATGGC .

Table 2. 2. Primer Sequences of Six Heat Acclimation Responsive Genes Used

for Quantitative Reverse Transcription PCR

Primers were design to coding sequence for each gene using online Primer3
software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).
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2.2.14.2. Reaction Setup of QRT-PCR

QRT-PCR reactions were set up using an automated liquid handling system (CAS-
3200; Corbett Robotics, Sydney, Australia). One microgram of total RNA was
converted into cDNA and each cDNA was diluted 1:3. PCR reactions were
performed using 5 puL of each cDNA sample in a reaction mixture (20uL)
containing 1 x SYBR Green (Stratagene-The Agilent Technologies Division, UK)
and 0.5 pM of each primer (forward and reverse). All of experiments were
repeated 3 times for cDNA prepared from three batches of plants (biological
replicates) and duplication of each sample (experimental replicates). QRT-PCR
reaction was conducted at four segments; segment 1 was conducted at 95 °C for 10
min, 1 cycle; segment 2: 95 °C for 30 sec, 55 °C for 1 min, 72°C for 1 min, 40 cycles;
segment 3 was at 95 °C for 1 min, 1 cycle; and segment 4 as an dissociation step

was conducted from 55 to 85 °C for 30 sec.

2.2.14.3. The Uses of Corbett Robotic in QRT-PCR Reaction Setup

In order to guarantee the accuracy of amplification reaction, QRT-PCR is critical
controlled by pipetting steps. Preparation sample using the CAS-3200 Corbett
Robotic (Figure 2.5.) eliminates the pipetting errors so less replicates need to be run

and the need to re-run assay is reduced.

53



MASTER MIXES

Multiple master mix
was prepared within a
run or pre-made mixes
can be used. The pre-
made  master mix
contain SYBR Green,
primers, and water
with equivalent
amount to number of

[ To Do Wed-Friday (WT).CAS:

(% File Cortrol Wizards Options  Help

IRTUAL MDDE** - Corbett Roboti

- [Reaction Data]

DILUTION SERIES

A DNA
dilution

setup from a single
known concentration.

standard

series was

These dilution are then
replicate  to
generate a standard
curve on a QRT-PCR

run in

REAGENTS

Primers, Probes, Taq
and dNTPs can all
be loaded into the
reagent block. The
bilk reagent can then
be pipette to form a
master mix.

SAMPLE
MANAGEMENT
SYSTEM

Setup sample format

B IR
IJ‘ k| © M e Y| & % and the management
- : - i : : ; (|8 ety of robotic to mix
M'T'r: (gm:L:[?T :"pg I —— b Tlﬁl?ugl':[?:"?pg - A3.T|p| (?I:L:[es“s"t'“’! ewr e ak T'ﬁ (g[ll:ul_»T:n_nr: Tl Pisste 3u_ of Wiyt Standad + MybMaster bis to 96 wel plate vertica) @:! .
: I]] Pizete Su_ of WT Wi R+ Myb vaster vis to 96 well pate (vetica] @ EA reaction to generate
A G00000000000 A 0GOGCO0DCO0D A DOG00DU00CCO v coooosoo| |[Pieresu of wT i R2+ b vaster visto 56 wel pate (vatics) @ on a QRT-PCR.
B 000000000000 B OO0 GCO00C000 B D0CO00000CCo 3 0000000 |MlPiste 3u_ of T Wk RI+Myb vaster victo % vl pate [vertical @
& 000000000000 : 0000C000CT0D & D0000DO00CCO ¢ 0000900 | [ Poete3u. of WT THRT - Hyb Haster Histo 95wl plate Ivetical
! 000000000000 P 0000CO00Cco0n P OoCoone0occo 2 0000200( |[lPmeteSu_ of wT 0HR2 - Myb Master Micta 36 wiall pate Ivatical) @ C:
] (SmLtiperewMZ(EmLupele‘w E 000000000000 E 0G0GE0O0C00D E DOG005000CCO ¢ 0000000 | [ Pisske u_of WT HR3- Hyb Mster Micta 36 wal it refical] G GRAPHITE TIPS
P 000000000000 P 000000000000 f D0G00D000CC0 f 0000000 s : : :
| Pinete Su_ of WT HRT - Myb Master histo 36 well plate |vatical) @ C:
D @ O 0 & 000000000000 3 000GE000E00D 5 D0C000000CCO ¢ 0000300 m]!jee?un‘ g iy el !ca]@,
b 000600000000 B N 06000000000 1 T Pioete 3u of wT HR2 - Myb Master Micto 96 wl pate Ivetical) @ C;
E@ GO I'iln;m»-a S kT A0 b Mschar hiske Q6 wiall sk I‘M;M‘l]m_r‘:l The table can hold
q »
between 1 and 5 x 96
|© EO |® E@ i B1: Tip (50uL Tecan tip) - B Tip (?luLTetamip) N BR:Tip (wl._l. Tecantip) B4: Tip (200uL Tec_anl £dd Edi Lopy Dalete | Retaget j ﬂ trays of tipS. This tipS
L L - 123 +567 8859101112 133456171 BIWOME 122456 'B3N1'R 1-2/3'4.573 ¢
Sperla.. | Seletdl a2l ﬂ useful when pipetting
A1 (Reagentbiol B2 (Reagent biol A 00C000000000 A 0G0GECO0C00D A Bpedeedeee * 0000000 £ 1
I 000000000000 5 000GCO0DCO0D . sedeee * peoonoo| rom arge reagent
A N ; - Reactin Jzta
M Ko & 000000000000 P Ou0GCO00C00D & ¢ 0000200 e i vessels and ensures
e AD 1 o AT 000000000000 I 0B0GE000C00D » } 0000200| Pleld 2l 2
o0 00 sample 1Ds [23 51 - sZin 2 = 13057 |33 P
" " E 000000000000 & 0GOGC000C00D e ¢ 0000000 il no excess fluid is left
P 000000000000 P 0G0GCO00C00D i + 0000000l [l imeet. | Espor. Ckar
Mo 00D e o 10 00060000060  0000C00 0000 . cedooe o oonoand _I A 4 on the outer surface of
0 a0 I 000000000000 W 0GO0GCO00CO0D YR I I 10000500 WelDisplay Order ¢~ Label 3equerce ' Piaeting Sequerce the tlp
%0 SO KD o o KO wel[Firal St o Jeore [
e L _ T OO YD Wister Ve BaL Gt Wb Glendard & (113
o 00 L o 0 WD rC1: Sample (2mL flat tube, CR)—— | {2 Sample (200uL PCR tube) 1€3: Reaction (200uL PCH tube) (CE Reaction (200uL P
1334561 BIMNE 12iésE BINIR 123455 7| |B 20uLMbMasterlvix: Sl Std. (Mpb Slendard & 0 DNA SAMPLES
e e 000 0 0 D T 20uL obMiaster i B St My Stendard & m
e =0 u() 520 &) w0 reCeCCO00Co0D x[foteodooocao * 0000000 L Myb aster iz, i 21d. [HyD Slendan
o o 0 80 50 0l D 5 RCC000CO0D i [poee ® s ooooooo| [D1 20ulMbMasterbis: Sl Std. (Mpb Slendard & oon Up to 96 samples can
TN Ts) o 13 A0 2 B Wl ) .l 1 : OFEDEREDED B pOO0CO000 £ 000000 F 0L Mub Masterix: Sal 5t Myb Slendard & 0 p p
! eeedcoo0co0n P poeeescoe D COOORO0N e b blsstervh: SISt My Slendard 4 00 be loaded on the table
e e B =0 20 20 20 £ 0GC000CO0D E[pogoeesvoe : 0000200 E g o =l .
60 o o) w0 o) o) ' WGC000CO0D tpboeessooedco v 0000000| |G 20uLMubMasterhis; Bil Samaz A1 @C2 in a standard 96 well
o wo 20 20 =0 =0 20 =0 3 BC0GC000CO0D s [pegenneeedco ¢ 0000500| | 20 MobMaster Vi SiL Sz BT B2 tray
wo WO ¢ 0 wo KD O =0 =) 2} =0 =0 ' #cotcguoccon ! feceoetce OO o b Rl G B Sl o ®
TPV PR AR PP |
4 REACTION PLATE
[ Ak )
‘Eorbetl Fiobatics v4 B.1 QK CASIA0 [simukated) ‘Uquid Lavel TiaSensar | Tip re-ge dizshed fohot

CA53200 (simulated) | Liquid Cobett Fobotics v 3 oK

Figure 2. 5. CAS-3200 Corbett Robotic Software Used in Sample Preparation for QRT-PCR Analysis

54

All QRT-PCR sample
types are catered for
on the deck by setup
the sample format
option in the software.




2.2.14.4. Analysis and Interpretation of QRT-PCR Data

Data were analysed and interpreted using Standard Curve Method (Livak, 1997).
The quantities of the standard were generated using plasmid DNA of Gene of
Interest (GOI) with known concentration. The expressions of amplicons detected
by QRT-PCR were plotted to the standard curve for each GOI and Housekeeping
Gene (HKG), Actin-2, to produce the quantity value of both GOI and HKG in
picogram unit. The quantity value of GOI was then normalized to HKG quantity
value. The results from this analyses method were revealed as the abundance level

of GOI in Arbitrary Unit (A.U.).

2.2.15. Genotyping Arabidopsis Salt Tolerance Mutants using PCR

To identify homozygous and heterozygous plants for each mutant, primers were
designed for the plant gDNA flanking the site of insertion of the pSKI015 vector
(generally product size of ~400bp). If the plant contained a wild type version gene
(heterozygous) then a PCR product was obtained. If the plant was homozygous
for the pSKI015 insertion (did not contain a wild type version of the gene) then no
PCR product would be obtained using these primers as the pSKI015 vector would
increase the distance between the primers by ~80kb. To distinguish between
heterozygous and wild type plants, one plant primer (P1 or P2) was used with
primers that hybridized only to the pSKI015 vector. A product would be obtained

with heterozygous plants but not with wild type plants.

2.2.16. Statistical Analyses

2.2.16.1. Statistic Analysis for Critical ‘Killing" Temperature Screen for Wild
Type Arabidopsis thaliana

Data were analysed by ANOVA using General Linear Model Analysis and was

performed on Arcsin transformed data to observe the significance between

acclimated and non-acclimated treatments.
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2.2.16.2. Statistic Analysis for The Plate-Based Phenotypic Thermotolerance
Analysis of p355:AtMYB64 Transgenic Lines

Data were analysed by ANOVA using General Linear Model Analysis and was

performed on Log transformed data to observe the thermotolerance characteristic

of p355:AtMYB64 T141 and T127 compared with Col-0 WT lines.

2.2.16.3. Statistic Analysis for Analysis of the Expression of Stress Responsive
Genes in p355:AtMYB64 Transgenic Lines

Data were analysed by ANOVA using General Linear Model Analysis and was

performed on Log transformed data to observe the expression level of AtMYB64,

HSPs, and Calmodulin 7 post heat acclimation in p35S:AtMYB64 T127 compared

with Col-0 WT lines.

2.2.16.4. Statistic Analysis for Analysis of ABA Signalling Pathway of AtMYB64
Transcription Factor

Data were analysed by ANOVA using General Linear Model Analysis and

without transformed data to observe the expression of AtMYB64 exposed to the

application of ABA endogenous in time-dependent manner.
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CHAPTER 3
GENETIC SCREEN OF ARABIDOPSIS ACTIVATION TAGGED LINES FOR
THERMOTOLERANCE

3.1. Introduction

All plants sense and adapt to adverse environmental conditions, however crop
plants exhibit less genetic diversity for abiotic stress tolerance than their wild
relatives, indicating a genetic basis exists for improving stress tolerance. Genetic
resources have been developed for model plants that greatly enhance studies for
the identification of abiotic stress-response mechanisms. In this study, a large-scale
gain-of-function screen using the Weigel Arabidopsis Activation Tagged lines
(Weigel et al., 2000) was undertaken to identify sequences that enable plants to

survive heat stress.

3.2. Weigel Arabidopsis Activation Tagged Lines

Only set N21995 and Set N23153 of the Weigel Arabidopsis Activation Tagged
lines (Section 2.1.1.1.), were screened (~14,800 plants).

In previous studies this collection was screened for salinity tolerant mutants and
considerable success was achieved (Dr. Peter Dominy, Pers. Comm). Ten mutants
were isolated that showed a strong salt tolerance phenotype; a further 36 had a
weak phenotype (Price, 2005). Several of these mutant lines have now been
characterized at the genetic, cellular, and physiological level and the role of the
tagged genes in stress responses confirmed. One of these lines showed activation
of a SUMO protease enzyme (Conti et al., 2008). Another, showed elevated levels
of a MYB transcription factor. A third sequences is involved in NO signalling.
Clearly, gene activation technology can be used successfully to identify sequences

involved in plant responses to abiotic stress.
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3.3. Screen of Wild Type Arabidopsis thaliana for Thermotolerance

To identify the critical ‘killing” temperature of heat exposure for screening the
Weigel Arabidopsis Activation Tagged lines, a ‘killing temperature’ curve was
constructed using Arabidopsis thaliana Col-0 WT using five different temperatures.
Two separate experiments were conducted. In one, seedlings were first heat
acclimated at 35.0 + 0.2 °C for 1 hour to induce heat stress protection mechanism
before exposure to higher ‘killing” temperatures. In the second experiment,
seedlings were exposed to high ‘killing’ temperatures directly without acclimation
to a mild-heat stress. Approximately 150 seeds were germinated on agar plate
containing 1/10 strength MS Media (Section 2.2.2.1.) and after one week 90-98%
seeds germinated. One week after germination, plants were heat acclimated (35.0 +
0.2 °C for 1 hour) and allowed a 3 day recovery period before heat exposure to
higher temperatures. Both sets of plants, acclimated and non-acclimated, were
exposed to higher temperature (44 + 0.2 °C) for 3 hours. The number of surviving
seedlings, their size and vigour, were observed every day during the 7 days post
treatment.

Several important criteria were considered in the design of the screen. The first
was the heat balance of the shoot. In the wild it is the shoot, more specifically the
leaves, of plants that experience the highest temperatures. Leaf temperature is
determined by the rate of heating (the level of irradiance and the air temperature if
Tair > Tieat), and the rate of cooling (by the transpiration stream and air temperature
if Tieat > Tair). Leaf temperature, therefore, is rarely the same as air temperature and
can vary from leaf-to-leaf and plant-to-plant. This variability confounds genetic
screens to identify sequences involved in thermotolerance. For this reason heat-
stress was applied in darkness for 3 hours to seedlings grown on moist sealed
plates with a RH of 100%. This approach removed the effects of heating (through
irradiance) and cooling (through transpiration) so that Tt was dependent only on

Tair. The screen was performed in thermostatted incubators that regulated Tair to <
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0.2 °C of the set temperature, and T, therefore, should also have been controlled
to this tolerance.

Figure 3.1 presents the percentage of surviving seedlings from 1 to 7 days after 3
hours exposure to high temperatures. For up to day 3, more than forty percent of
seedlings survived exposure to 48.0 + 0.2 °C. After 3 days a dramatic decline in the
survival of seedlings exposed to temperatures above 40 °C was observed; by day 7,
survival was less than 25%. It is also apparent that heat acclimated plants better
survive a subsequent heat stress. An analysis of variance test showed that for
seedlings exposed to 44.0 + 0.2 °C a significant (p<0.0001) improvement in the
survival of acclimated seedlings was seen from day 4 onwards (See Table 1 in
Appendix 2). These experiments provide clear evidence that Arabidopsis
undergoes an acclimation process that allows better survival of heat stress. These
data are consistent with other reports of heat acclimation on Arabidopsis thaliana
(Burke, 2001), Cicer arietinum L (Chakraborty & Tongden, 2005), and Arabidopsis
thaliana suspension-culture cells (Lim et al., 2006).

These experiments suggest the appropriate temperature for screening the
Activation Tagged lines for thermotolerant mutants are between 44-48 °C for non-
acclimated seedling and between 48-52 °C for acclimated seedlings. Screening of
non-acclimated Activation Tagged lines for thermotolerance was already
underway using an incubation temperature of 44 °C and selection after 7 days. It
was decided to continue screening at this temperature even though 7% of Col-0
WT plants appear to survive after 7 days (Figure 3.1.) and a high number of false

positive lines are expected to be rescued.
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Figure 3. 1. Percentage Survival of Acclimated and Non Acclimated Arabidopsis
Col-0 WT Seedlings Exposed to High Temperatures.

Seeds were sterilized and germinated on plates for 7 days in a controlled
environment growth room (Section 2.2.2.1.). Plates containing seven-day-old
seedlings were placed in the dark in a thermostatically controlled incubator (35,
40, 44, 48, and 52 °C) for 1 hour and returned to the growth room to recover.
Percentage survival with (dashed line) and without (solid line) acclimation was
observed every day after heat exposure. The data shown are averages and
standard errors from 2 replicate plates. Analysis of variance tests were performed
on Arcsin transformed data. Symbols with different Roman characters indicate
significant differences (p<0.05) between temperatures for acclimated (lower case)
and non-acclimated (upper case) seedlings. Significant acclimation-temperature
interactions are indicated by asterices (* p<0.05; ** p< 0.01; *** p<0.001; See Table 1
in Appendix 2).
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3.4. Screen of Non-Acclimated Arabidopsis Activation Tagged Lines for

Thermotolerance

Primary screens were conducted on M1 progeny lines (Weigel’s Arabidopsis
Activation Tagged population). The Activation Tagged seeds were germinated on
agar plates containing 1/10 strength of MS media (Section 2.2.2.1.). Each pool of
the Activation Tagged lines was spread onto four plates, therefore, approximately
150 seeds were germinated per plate. After one week, approximately 90% of the
Activation Tagged seeds germinated and the first true leaves had emerged.

Heat exposure at 44.0 + 0.2 °C for 3 hours was applied to seven-day-old seedlings
in the dark, and these were then incubated at growth room temperatures in the
light to allow recovery after heat exposure (Section 2.2.2.3). Putative heat-tolerant
mutants were identified as plants that survived after 5 days after heat exposure
compared with the wild type (Figure 3.2). The surviving plants were removed to
plates containing fresh-1/10MS media and allowed to recover for 2 weeks. After
two weeks, plants were rescued and transplanted to sterile soil, grown to

maturity, allowed to self and seed collected (M2).
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Figure 3. 2. Primary Screen of Arabidopsis Activation Tagged Lines for Heat
Tolerant Mutants

(A) Five-day-post-heat stress exposure showed about 5% plant survived. (B)
Putative heat-tolerant Activation Tagged mutants were identified as plants with
some green colouration whereas dying seedlings showed a translucent colouring
to the whole plant.
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M2 seeds from surviving individual M1 plants were subjected to two secondary
screens. One to confirm authentic thermotolerance phenotype, and the other to
characterize the genetic basis of the mutation using Bar selectable marker
(BASTA).

The secondary thermotolerance screen was conducted to confirm the
thermotolerance phenotype. Half-plates were set up containing Col-0 WT and
putative mutant (M2) seeds and germinated for 7 days before exposure to 44.0 +

0.2 °C for 3 hours (Section 2.2.2.3).

Figure 3. 3. Secondary Screen of Putative Thermotolerant Arabidopsis
Activation Tagged Mutants

The activation lines isolated from the Primary Screen (left side of plate) were
compared with Col-0 WT (right side of plate). Five-day-post-heat stress exposure
showed 10% of the putative heat tolerant plants survived and Col-0 WT growth
was totally prevented after heat stress exposure at 44.0 + 0.2 °C for 3 hours.
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Figure 3.3 shows the survival of non-acclimated Col-0 WT and putative mutant
(M2) seedlings after exposure to a 3 hours 44.0 = 0.2 °C heat shock. Table 3.1
summarizes the results from the primary and secondary thermotolerance screens
of the original 18 putative mutants identified from the primary screen. Only 3 lines

were confirmed as thermotolerant.

Weigel Set Name of Pool Primary Screen Secondary Screen
N21995 4 Pools : 7 Individuals: 0 Individual
N21321 1 0
N21346 3 0
N21374 1 0
N21391 2 0
N23153 9 Pools : 11 Individuals: 13 Individuals
N23814 1 1
N23816 2 8
N23822 1 4
N23824 1 0
N23826 1 0
N23840 2 0
N23843 1 0
N23847 1 0
N23873 1 0

Table 3. 1. Primary and Secondary Screen of Activation Tagged Lines for
Thermotolerance.

A total of 18 individual putative thermotolerant mutants were selected by primary
screening. Seeds was harvested from these plants and screened under similar condition
(secondary screen) to confirm heat tolerance and 13 putative heat tolerant mutants were
rescued, grown to maturity self and seed collected (M2).
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In the BASTA screen, putative mutants (M2) seeds were spread on 1/10 MS plates
containing the herbicide 20ug/ml glufosinate (BASTA); the activation tag T-DNA
carries the dominant Bar (BASTA) resistance gene as a selectable marker (Section
2.2.4.). Segregation analysis of this M2 population can provide evidence for the
number of independent T-DNA insertions and identify homozygous and
heterozygous lines. The most thermotolerant line from each of the donor pools
was selected for BASTA segregation analysis (Table 3.2.). After 14 days
germination, sensitive seedlings were defined as those with cotyledons but no true
leaf emergence, whereas resistant lines were defined as a seedling with both

cotyledons and true leaves.

=BR:BS 15:1 =BR:BS 3:1=BRBS 1:3=BRB° 1:15=BRBS 0:16 = BR:BS

Lines N23816A N23814A - N23822A - -

p 0.975 0.895 0.651

Table 3. 2. Chi-Square Test of BASTA Segregation Analysis of the Most

Tolerant Lines Identified from The Secondary Screen.

The calculation of the Chi-Square test was performed using the Chi-test function
for the observed and expect ratio. The highest probability value (P) revealed the
most likely ratio between resistant and sensitive alleles from the observed plants.

Using the Chi-Square test, the most probable ratio of segregation in the 3 mutants
isolated by the secondary screen were 16:0 = B®:BS, 15:1 = B®:BS, and 1:3 = B:BS. A
ratio of 3:1 (BX:BS) would indicate a heterozygous line with a single insertion.
Ratios higher than this suggest multiple insertions most probably at a different
loci. A ratio of 16:0 (B®:B®) could indicate a homozygous line with a single insertion
at one or more loci. Ratio of less than 3:1 (BX:BS) suggest the fitness of the line has
been compromised by the T-DNA insertion. Line N23822A appears to have

reduced fitness as fewer individuals survive than expected from a heterozygous
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line. Line N23814A appears to contain multiple independent heterozygous
insertions. Line N23816A could be homozygous with a single insertion but further
experiments (backcrossing) will be required to confirm that it does not contain

additional insertions.

3.5. Characterization of Thermotolerance in Lines N23814A, N23816A, and
N23822A

Screen of non-acclimated Arabidopsis Activation Tagged lines for thermotolerance

(Section 3.4) has found three putative mutants: N23814A, N23816A, and N23822A.

To characterize the thermotolerance phenotype of those lines in more detail, M3

generation seedlings of each mutant were exposed to a range of temperatures

from 40 to 45 °C.
Temperature Putative Thermotole:ant Ml.ltant Activation Tagged Wild Type
Yo Survival
0 N23814 A N23816 A N23822 A
O RI | RII |RII
RI RII | RIII R1I RII | RIII RI RII | RIII
40 95.0 | 97.14 | 95.12 | 97.36 | 95.12 | 97.56 | 97.36 | 97.78 | 93.73 | 97.65 | 97.59 | 96.86
41 9428 | 9428 | 975 | 9444 | 97.36 | 925 | 97.61 | 9743 | 97.72 | 9521 | 96.83 | 95.12
42 61.76 | 48,57 | 56.75 | 4.76 | 18.42 | 28.57 |75.00 | 64.28 | 80.00 | 79.76 | 36.12 | 79.60
43 750 | 12.82 | 20.51 | 2.56 0 2.63 0 2.63 25 1.68 0 2.63
44 0 0 0 0 0 0 0 0 0 0 0 0
45 0 0 0 0 0 0 0 0 0 0 0 0

Table 3. 3. Percentage Survival of Thermotolerant Mutants N23814A, N23816A,

and N23822A.
Abbrv. R: Replication Plate

Seeds of M3 mutants isolated from the secondary screen were germinated on one-
half of the plates for 7 days in a controlled growth room; Col-0 WT was
germinated on the other half as a control. Plates containing seven-day-old
seedlings were placed in thermostatically controlled incubators for 3 hours in the
dark and then returned to growth room to recover. Percentage survival was
estimated after five days recovery (See Section 2.2.2.3 for full details).
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Figure 3. 4. Percentage Survival of Col-0 WT and M3 Putative Thermotolerant
Mutants.

These data were obtained from seedling after five-day-post heat exposure.
Sterilised stratified seeds of each mutant were sown on one half of 90mm petri
dishes and Col-0 WT as control on another half (Section 2.2.2.3.). Each data point is
the average of 3 replicates; error bar indicates standard error from three biological
replications.

Based on Table 3.3 and Figure 3.4, there was a similar pattern of survival for the
M3 mutants and Col-0 WT plants with increasing temperature. The M3 progeny of
the N23814A line appears to be significantly more thermotolerant than Col-0 WT
at 43.0 £ 0.2 °C (p<0.05) although no difference was observed below this
temperature. In contrast, line M2 N23816A was significantly more thermosensitive
(p<0.001; See Table 2 in Appendix 2) compared with Col-0 WT, and N23822A was
equally sensitive. Based on the results from this experiment, it appears that 43.0 +
0.2 °C is a more appropriate ‘killing temperature’ than the 44.0 + 0.2 °C used. From

these results it is recommended that in future all thermotolerance screens on non-
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acclimated Arabidopsis seedlings should be performed at 43.0 + 0.2 °C in the dark

for 3 hours.

3.6. Discussion

Thermotolerance is defined as the ability of plants to cope with the high
temperature by recruiting complex multigenetic processes that may differ with the
developmental stage of growth. To understand the genetic basis for
thermotolerance, resources in the model plant Arabidopsis thaliana such as
Activation Tagged lines, can be used to identify the sequences involved in plant
responses to high temperatures. The experiments reported in this Chapter have
used these Activation Tagged collections to screen for thermotolerant mutants.
The results presented in this Chapter show that Arabidopsis undergoes thermal
acclimation by exposure to high, non-lethal temperatures (37 °C for 1 hour). Non-
acclimated Col-0 WT plants do not survive temperatures over 48 °C, whereas after
thermal acclimation approximately 10% survive. These findings are consistent
with many studies (Burke, 2001; Lim et al., 2006). Given the time constraints of this
project, it was only possible to screen one complete set of the Weigel Arabidopsis
Activation Tagged collection although part of a second set was also screened
(14,800 lines in total). These screens were performed on non-acclimated plants
only. It is recommended that acclimated plants should also be screened.

Three mutants with improved thermotolerance in the M2 generation were
identified from this screen and preliminary analysis of these plants confirmed they
were more thermotolerant than Col-0 WT. Two of the progeny (M3) from these
lines showed altered phenotypes from their parents; one had reverted to wild
type, the other was hypersensitive. The secondary screen to confirm the
thermotolerance phenotype was robust; mutant lines were screened on the same
plates as Col-0 WT, and the same stock of wild type seeds was used throughout. It
is likely, therefore, that the observed change in the M3 phenotype was genuine

and not attributable to poorly controlled experimental conditions. Loss of
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phenotype of dominant mutants isolated from Activation Tagged population is
not unusual; a more detail explanation is provided in Chapter 5.

It is recommended that all secondary and confirmatory thermal screens are
performed on ‘half-plates” with Col-0 WT included as an internal control. This
approach is robust and provides confidence in the observed phenotypes. Also, to
ensure leaf temperature is controlled precisely, thermostatted incubators with
temperature tolerances of + 0.2 °C should be used, and plates sealed with Nescofilm
(not Parafilm) or similar heat resistant products.

Despite the partial loss of phenotypes in the M3 generations it is recommended
that the three identified mutants are characterized further. First, homozygous lines
containing a T-DNA insertion at a single locus should be isolated; this can be
achieved by segregation analysis of Basta resistance or from genomic Southern
Blot analysis using probes that hybridize to the T-DNA. Second, the site of T-DNA
insertion should be identified using TAIL-PCR or similar methods. Following
these studies appropriate knockout lines and transgenic lines can be acquired to
confirm the tagged genomic sequences are genuinely involved in activating

thermotolerance mechanisms.
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CHAPTER 4
ANALYSIS OF THERMOTOLERANCE IN p35S:AtMYB64
TRANSGENIC LINES

4.1. Introduction

The Arabidopsis transcription factor, AtMYB64, has been shown from previous
investigations to activate salt tolerance mechanisms. In these experiments a gain-
of-function salinity tolerance screen was performed on a collection of Arabidopsis
Activation Tagged lines. The tolerant line JP5 was isolated and subsequently
shown to be homozygous for a single T-DNA insertion in the promoter region of a
gene AtMYB64 (At5g11050) encoding a MYB transcription factor. Line JP5 was
analyzed using DNA microarrays (University of Arizona,
http://www.ag.arizona.edu/microarray/) to profile the transcriptome. The list of
differentially abundant sequences was analysed by Rank Product analysis
(Breitling et al., 2004; Price, 2005) and several heat shock proteins (HSPs) were
shown to be “upregulated’, and a calcium binding protein, Calmodulin 7 (CaM 7),
was ‘downregulated’.

From these findings of elevated levels of HSPs, further studies were conducted on
the thermotolerance of the JP5 mutant and on transgenic Arabidopsis lines
expressing the AtMYB64 cDNA under the control of the CaMV 35S promoter
(p35S:AtMYB64). Results showed that compared with Col-0 WT, the JP5 line was
as heat sensitive but the p355:AtMYB64 lines were thermotolerant. These results
suggest the hyper accumulation of AtMYB64 that occurs in the p355:AtMYB64
lines leads to thermotolerance, but the lower levels that accumulate in the JP5 line,
although effective at recruiting salinity tolerance mechanisms, are not sufficient to
activate thermotolerance. Preliminary experiments also suggested that AtMYB64
is activated by ABA although this observation requires further confirmation.

The major objectives of the experiments reported in this Chapter are to investigate

extensively the role of AtMYB64 in controlling downstream stress responsive
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genes. This was achieved by exposing Col-0 WT and p35S:AtMYB64 transgenic
lines to heat stress and monitoring the expression of HSPs and CaM?7 over time. In
addition, experiments were undertaken to determine whether this MYB
transcription factor operates through an ABA-dependent or ABA-independent
signalling pathway. This was investigated using QRT-PCR to analyse the
expression level of AtMYB64 on Col-0 WT plants treated with exogenous ABA.

4.2. Quantitative Reverse Transcription PCR (QRT-PCR)

4.2.1. Definition of QRT-PCR

QRT-PCR is the technique of quantifying mRNA abundance by collecting data
during the PCR process, thus combining amplification and detection into a single
step (Wong and Medrano, 2005). The abundance in a sample is determined from
the amplification cycle where the target sequence is first detected. The detection is
based on the incorporation of fluorescent probes into the PCR product so that
fluorescence intensity increases with each cycle of amplification.

The advantage of using QRT-PCR over other methods is that quantitative data can
be generated over a large dynamic range of target sequences concentrations. This

type of PCR is also more sensitive than the other RNA quantification methods.

4.2.2. General Method of QRT-PCR

One of the first points to consider in the experimental design is which quantitative
PCR chemistry to use in the QRT-PCR experiment. Three general chemistries for
quantitative detection are DNA-binding agents, hydrolysis probes, and

hybridization probes.

1. DNA-binding agents
DNA-binding agents are chromophores that increase their fluorescence yield
when bound to double stranded DNA. The more double-stranded DNA that is

present, the more binding sites there are for the dye, so fluorescence increases
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proportionately with DNA concentration. As the target sequence is amplified by
the PCR, the increasing concentration of double stranded DNA in the solution can
be directly measured by the increase in fluorescence signal (Figure 4.1.). Double-
stranded DNA-binding agents include SYBR Green, ROX, CY5, and HEX. One
limitation of this assay is the inherent non-specificity of this method because the
dye can bind to any double stranded DNA. A non-specific signal cannot always be
eliminated, but its presence can be easily and reliably detected by performing

melting curve analysis on the PCR product from every run (Figure 4.2.).

............................................................................

Fluorescence (dR)

Figure 4. 1. Principle of QRT-PCR Detection

mRNA is isolated from a sample and cDNA synthesized by reverse transcription.
This cDNA is then used as template in the QRT-PCR reaction. Fluorescence
detection, and therefore QRT-PCR target concentration, is measured at the
threshold cycle (Ct). The Ct is inversely proportional to the initial target sequence
copy number. Only when the DNA concentration has reached the fluorescence
detection threshold can it be reliably inferred from the fluorescence intensity. A
higher initial copy number will correlate to a lower threshold cycle (Ct).

Figure adapted from Stratagene, Methods and Application Guide (2004).
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Figure 4. 2. Melt Curve Analysis of QRT-PCR Products

Fluorescence signal of product plotted as a function of increasing

temperature. After completion of the QRT-PCR the sample is heated until all
duplex sequence has melted. The upper traces show rapid melt of product
between 82 °C and 84 °C. The Non Template Control (NTC) sample shows a
different melt temperature of around 72 °C. The presence of different melt
temperatures indicates non-specific amplification. (B) The first derivative of raw
fluorescence plotted against an increase in temperature. The single melt peak at

86.5 °C indicates a single PCR product is being amplified in these samples.
Figure adapted from Stratagene, Methods and Application Guide (2004).
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2. Linear probes

Linear Probes or Hydrolysis or TagMan probes are used widely as detection
chemistries for QRT-PCR applications. During amplification with PCR primers,
this chemistry includes a third oligonucleotide as the probe that anneals to one
strand of the target sequence just slightly downstream of one of the primers. As
the polymerase extends the primer, it will encounter the 5" end of the probe. Tag
DNA polymerase has 5-3' nuclease activity, so when Tag DNA polymerase
encounters the probe it degrades the 5" end, releasing free reporter dye in solution.
The separation of reporter dye and quencher result in increasing of fluorescence

from the reporter dye (Figure 4.3.).

Fluorophore Quencher

PCR Primer quf\gcm
Q robe 9
- —

PCR Primer

Amplification Assay
Polymerization ( } ?
— e ® ® w =

‘uﬂbﬂ@ﬂnﬁsﬁ

Probe Displacement

and Cleavage
il s ==_=,.m\_?

W{m-wwwtﬂwq—a
Result

Fluorescence

Fluorescence
] ‘
-
— - - 9
L)

PCR Products Cleavage Products

Figure 4. 3. TagMan Probe Chemistry Mechanism

These probes rely on the 5-3" nuclease activity of Tag DNA polymerase to cleave a
dual-labeled probe during hybridization to the complementary target sequence.
Figure adapted from Stratagene, Methods and Application Guide (2004).



3. Hybridization probes (Light Cycler).

Light cycler is a combination between thermal cycler and fluorimeter method
which allows PCR product detection and identification with a variety of
fluorescence chemistries. This system provides rapid analyses because of very fast
temperature transition rates and online analysis of the data, with a reduced risk of
contamination (Steven et al., 2001). The signal from hybridization probes depends
directly on hybridization, not on exonuclease activity and probe hydrolysis. Each
probe is covalently labeled with only one dye, so they are inherently simpler to
synthesize than double-labeled probes. One probe is labeled on the 3'-end. The
other probe is labeled on the 5'-end and its 3'-end blocked to prevent extension.
When both probes are hybridized in tandem, fluorescence emission occurs.
Maximum fluorescence occurs with a one base separation between probes

(Stratagene, Methods and Application Guide, 2004).

4.2.3. Experimental Design

There are two basic quantification methods and each is suitable for different
applications: Absolute Quantification and Relative Quantification.

1. Absolute Quantification

The most direct and precise approach for analyzing quantitative data is to use a
standard curve that is prepared from a dilution series of target gene template (eg.
plasmid containing a clone of the gene of interest (GOI), genomic DNA, cDNA,
synthetic oligos, in vitro transcripts, or total RNA) of known concentration.
Following amplification of the standard dilution series, the standard curve is
generated by plotting the log of the known initial template copy number against
the Ct generated for each dilution. The accuracy of aliquoting the standard series
and stability of the amplification reaction over the range of template
concentrations should generate a straight line, the standard curve. Comparing the
Ct values of the unknown samples to this standard curve allows the direct

quantification of initial copy number.
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2. Relative Quantification

The majority of scientific questions regarding gene expression can be accurately
and reproducibly answered by measuring the relative concentration of the gene of
interest (GOI) in a sample compared to a ‘calibrator’, or control sequence. Using
this method, differences in Ct value between a GOI sequence and calibrator
sequence are expressed as fold-change (i.e. up or down regulated) relative to the

calibrator.

4.3. Genotyping p355:AtMYB64 Lines using Selectable Bar Marker Genes
Several transgenic Arabidopsis lines carrying a p35S:AtMYB64 construct had been
generated by others before this investigation began. These lines had not been
genotyped, however, to identify homozygous lines. The acquisition of
homozygous transgenic lines will simplify the analysis of future experiments and
is considered desirable. Two transgenic lines expressing p355:AtMYB64, T141 and
T127, were genotyped to identify homozygous individuals using segregation
analysis of the selectable Bar marker gene that provides resistance to the herbicide
Basta. All vectors used in this study carried the Bar gene.

Approximately 150 seeds of each line were germinated on plates containing 1/10
MS media and + 20 ug/ml herbicide (Basta). Col-0 WT plates were included as
controls. Plates were placed in the growth room and Basta resistance assessed after 2
weeks (See Section 2.2.4.). Germination efficiency was scored for each line on the
Basta plates, and the number of seedlings producing true first leaves scored as
resistant (BX) on the medium containing Basta after 14 days. Seedlings that
germinated but failed to develop first true leaves were scored as Basta sensitive
(B®). From these data, Chi-Square tests were applied to establish the genetic basis
of the inheritance of Basta resistance.

The Bar (Basta resistance) gene carried on the pEARLEYgate1l00 and pB7Wg2
GATEWAY vectors used is a dominant allele and therefore progeny of the B® T141
and T127 lines would be expected to segregate at a ratio of 3:1 (BX:B®) if the parent
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was heterozygous at one insertion site, rising to all B if the line was homozygous
at one or more insertion sites. Ratios between 3:1 and 4:0 would indicate
heterozygous insertions at more than one site (i.e. several independent insertional
events).

Ten T141 lines and 18 T127 lines were assessed for Basta resistance and the data
are presented in Appendix 3. Segregation analysis and Chi-square tests showed
for the M3 generation of T141, 1 line showed a 16:0 (B*:B¥) segregation, and 8 lines
a (15:1) segregation. For T127, 1 line showed a 16:0 and 4 a 15:1 segregation. These
data suggest that in both T141 and T127, homozygous lines may be present (16:0),
although the high proportion of lines with 15:1 segregation suggests multiple
insertions are probably present. Further work will be required to isolate

homozygous individuals with insertions at a single locus.

4.4. The Plate-Based Phenotypic Thermotolerance Analysis of p35S:AtMYB64
Transgenic Lines
Thermotolerance of p355:AtMYB64 transgenic lines was assessed using two heat
treatments to analyze the thermotolerant mechanism. The first experiment
assessed heat acclimation by transferring seven day-old plants grown in 22 °C to
37.0 + 0.2 °C for 1 hour to acclimate before returning to the growth room (22 °C) for
a week to recover before exposure to heat stress. In the second experiment, 14-day-
old seedlings were transferred from 22 °C and exposed to heat stress without a
period of heat acclimation. The germination level of p355:AtMYB64 T141
transgenic lines were lower than those of the T127 lines. Note that T141 lines had a
germination rate of about 80%; however, root length was generally shorter than
both Col-0 WT and T127 lines. In contrast, the T127 lines had a germination rate of
near 100% and there were no obvious differences in leaf area and root length

compared with Col-0 WT.
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Before Heat Stress 5 Days Post Heat Stress
Col-0 WT T141 Col-0 WT T141

Acclimated

Non-Acclimated

78



Before Heat Stress 5 Days Post Heat Stress
Col-0 WT T127 Col-0 WT T127

Acclimated

Non-Acclimated

Figure 4. 4. The Effect of Heat Stress on Heat Acclimated and Non-Acclimated
p355:AtMYB64 Transgenic and Col-0 WT Arabidopsis Lines.

Ten Col-0 WT (left half) and 10 transgenic lines (right half) sterilized seeds were placed on
plates and germinated for 7 days at 22 °C (Section 2.2.3.1.1.). Heat acclimation was
achieved by transferring seven-day-old seedlings to 37.0 £ 0.2 °C for 1 hour before
returning to the growth room (22 °C) for a week to recover. Both acclimated and non-
acclimated 14 day-old seedlings were transferred from 22 °C to 44 * 0.2 °C for 3 hours
(heat stress) and returned to the growth room at 22 °C for 5 days. The images presented
are typical examples selected from 3 replicate plates. Thermotolerance was estimated as
the number of surviving (green) seedlings.
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% Surviving Plant Average
Transgenic Line/

Heat Treatment  After Heat Stress  Surviving Plant

% Germination + SE

R1 R2 R3 (% = SE)
141 Transgenic Line Acclimated 30 20 90 46.67 +21.86
83.33 £3.33 Non-Acclimated 10 10 30 16.67 + 6.67
127 Transgenic Line Acclimated 10 20 10 13.33 £3.33
100 £ 0.00 Non-Acclimated 10 0 0 3.33+3.33
Col-0 WT Acclimated 0 0 0 0.00 +0.00
100 +0.00 Non-Acclimated 0 0 0 0.00+£0.00

Table 4. 1. Percentage Surviving Seedlings of p355:AtMYB64 Transgenic and
Col-0 WT Lines 5-Day-Post Heat Stress.

Abbrv: R : Replication
These data were calculated from the experiment described in Figure 4.4 (3
replicates per treatment).

Figure 4.4 shows the phenotype of acclimated and non-acclimated lines of Col-0
WT, T141, and T127 after exposure to heat stress. Major differences were observed
in the leaves of seedlings before and after heat exposure. After heat treatment,
leaves appeared crinkled and were translucent-white compared with non-stressed
controls.

The results shown in Figure 4.4 and Table 4.1, suggest that acclimated transgenic
plants showed more tolerance to heat stress than non-acclimated plants. It appears
that preliminary treatment of plants with a moderately elevated or non-lethal
temperature can transform plants to be more resistant to subsequent potentially
lethal temperatures. Line T141 demonstrated a greater thermotolerance than line
T127 but both were more thermotolerant than Col-0 WT. A large variance in
survival was observed between the replicates, particularly for acclimated T141
plants (Table 4.1). However, it is clear that acclimation improves survival, that
T141 is more thermotolerant than T127, and both transgenic lines are more
thermotolerant than Col-0 WT.
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4.5. Analysis of the Expression of Stress Responsive Genes in Heat Acclimated
p35S:AtMYB64 Transgenic and Col-0 WT Arabidopsis Lines.

4.5.1. Introduction

To assess the expression of stress responsive genes in heat acclimated
p355:AtMYB64 transgenic lines, 25 seeds were germinated on 1/10 MS media as
mentioned in Section 2.2.3.2.1. After two weeks growth, plants were heat
acclimated at 37.0 + 0.2 °C for 3 hours and then returned to the growth room.
During this procedure, samples were taken at various time points (0, 3, 6, and 12
hours) from the start of acclimation and RNA extracted for the synthesis of cDNA.
cDNA was generated by reverse transcription PCR and the abundance of the
cDNA for the following heat shock proteins was assessed (smHSP 17.6, smHSP
17.6A, HSP70, and HSP101). In addition, the abundance of Calmodulin 7 (CaM?)
was also measured. Previous transcript profiling experiments using DNA
microarrays had indicated these genes were differentially abundant in the JP5
mutant compared with Col-0 WT. This suggested that AtMYB64 controlled the
expression of these heat shock proteins and CaM 7 and that these are involved in
stress responses. The cDNAs prepared from heat acclimated plants were used to

confirm a role for these stress response genes in thermotolerance.

4.5.2. Semi Quantitative Reverse Transcription Polymerase Chain Reaction
(SQRT-PCR) Analysis
The expression of heat-stress responsive genes was analyzed using SQRT-PCR.
Actin-2 was chosen as an internal control for the expression of genes in the
samples. An ideal internal control should be uniformly expressed in all
experimental treatments, however, as shown in Figure 4.5., the variation of Actin-2
expression between experimental treatments was very variable even though
comparable levels of RNA were used to generate the cDNA. Careful adjustment in
the concentration of template cDNA to achieve the same expression of Actin 2

between samples proved to be useless as erratic patterns of target gene
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expressions were routinely generated. This was due in part to the large dynamic

range of target sequence abundance in the samples.

141 p35S:AtMYB64 127 p35S:AtMYB64 Wild Type
Control 0hr 3hr 6hr Control 0Ohr 3hr 6hr ControlOhr 3hr 6hr

Figure 4. 5. SQRT-PCR Assessment of Actin-2 Abundance in p35S:AtMYB64
Transgenic and Col-0 WT Arabidopsis Lines After Heat Acclimation

RNA samples were obtained from 14-day-old seedlings heat-acclimated plants (37
C for 3 hours); non-acclimated plants were used as controls; 0 hour (0H), 3 hour
(BH), and 6 hour (6H) after heat acclimation. cDNA was then synthesized from
those RNA and the abundance of Actin-2 in each cDNA sample was assessed by
SQRT-PCR (See Section 2.2.13.).

Actin-2 abundance changed with heat acclimation showing a decrease 3 hours
after acclimation, and levels were very variable between replicates.

Strenuous attempts were made to standardize Actin-2 expression in heat
acclimated samples, but expression was too variable to be of use. Therefore, due to
the limitations of SQRT-PCR to investigate heat-stress responsive gene expression,

Quantitative RT-PCR (QRT-PCR) was used to overcome this problem.

4.5.3. Quantitative Reverse Transcription Polymerase Chain Reaction (QRT-
PCR) Analysis.
4.5.3.1. Selection of Internal Standard Sequences to Normalize Gene
Expression.
Genuine differences in the abundance of a specific transcript is masked by
differences arising from variations in the amount of starting material of each
sample. This is especially important for samples that have been obtained from
different individuals and can result in misinterpretation of the expression level of

the gene(s) of interest. The common method for minimizing the error and
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correcting for sample-to-sample variations in total RNA abundance is to amplify a
cellular RNA (cDNA) that operates as an internal reference against which the
concentration of other cDNAs can be normalized (Karge et al., 1998). Ideal internal
standards should be expressed at a constant level among different tissues of an
organism, at all stages of development, and should be unaffected by experimental
treatment. The three sequences that are most commonly used to normalize are
actin, GAPDH, and ribosomal RNAs (Bustin, 2000). It is very important to decide
on the appropriate standard as this constitutes an important aspect of

experimental design.

Actin

Actin mRNA is expressed at moderately abundant levels in most cell types and
encodes a ubiquitous cytoskeleton protein. It was one of the first RNAs to be used
as an internal standard, and it is still recommended as a quantitative reference for
QRT-PCR assays (Kreuzer et al., 1999). However, there is some evidence to suggest
that its transcription can vary widely in response to experimental conditions
(Schmittgen et al., 2000; Thellin et al., 1999) in Arabidopsis (Sun et al., 2001, Volkov
et al., 2003), human breast epithelial cells (Spanakis, 1993), blastomeres (Krussel et
al., 1998), porcine tissues (Foss et al., 1998), and canine myocardium (Carlyle et al.,
1996). The varying expression levels of (3-Actin have also been studied by Ruan
and Lai (2007) who assessed mRNA levels using Northern Blots, QRT-PCR,
Competitive RT-PCR, TagMan PCR, and cDNA microarrays. Based on these
studies, it is clear that Actin transcript levels depend on many factors, such as

stage of development, and exposure to environmental stress.

GAPDH
The RNA encoding GAPDH (Glyceraldehyde 3-Phosphate dehydrogenase) is a
ubiquitously expressed, moderately abundant message. GAPDH converts G3-P

into 1,3 Bisp