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Summary
Arabidopsis suspension cells were employed to identify genes whose expression
is changed during the first 30, 60 and 90 minutes of cold treatment. The expression of
508 genes were differentially expressed and 218 of these continuously increased. The
genes affected belonged to a variety of functional groups including transcription factors,
stress response genes, genes encoding ion and electron transporters and protein kinases
as well as genes involved in metabolism and signal transduction. The potential roles of
many of the genes in the cold response are discussed.
The XERO2 gene, which encodes a dehydrin protein, is strongly activated by cold
and its promoter has previously been studied in this laboratory. However, the role of the
single MYC binding cis-element has not been examined. Mutating this cis-element was
found to significantly reduce the cold-induced expression of the GUS reporter gene
driven by the mutated promoter.
The ERF/AP2 transcription factor DREB2A has previously not been associated
with the cold response, however, strong DREB2A gene expression was rapidly induced
during the first 60 minutes in cold-treated suspension cells and then began to decrease.
Using wild type (WT) and mutated XERO2 promoters driving the GUS reporter gene in a
dreb2a mutant, DREB2A was shown to be required for maximal cold induction of XERO2.
T-DNA insertion mutants of genes encoding transcription factors whose
expression is rapidly induced by cold in suspension cells were obtained. The effect of
disrupting gene function on the cold-induced expression of selected cold-response (COR)
genes was determined. The transcription factors ANAC019, ANC047, WRKY46 and
WRKY53 were each required for maximal cold induction of the C-REPEAT BINDING
FACTOR 3 (CBF3) gene. ANAC019 was also required for the maximal induction of the COR
genes XERO2, RD29A, COR15A and COR47. DREB2A was confirmed as being involved in
XERO2 cold induction.
Yeast One-Hybrid colonies were screened to identify cold-induced transcription
factors binding to a 23bp region of the XERO2 promoter. In the initial experiment
DREB2A was identified but this result could not be repeated. To determine whether
DREB2A bound to the XERO2 promoter in vivo, Chromatin Immunoprecipitation (ChIP)

xi

analysis was carried out. Unfortunately, for reasons discussed, the experiment was not
successful.
The initial cold-induced signals that may be involved in up- or down-regulating the
expression of specific genes are briefly discussed as are the directions of future work.
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1. Introduction
1.1 Low temperature stress
Low temperature, drought and salinity are major dehydrative abiotic stresses
that limit the growth and distribution of land plants (Verslues et al., 2006). Considerable
losses in yield of agricultural crops are a consequence of low temperature and frost
damage. In 2001, losses to frost damage in cereals, oilseeds and pulse crops was
estimated to have cost growers AU$90-100 million. In 2006, crop losses to frost damage
cost Victoria and South Australia more than AU$33 million (GRDC, 2006). Recently, crop
losses caused by frost have cost the national grains industry an estimated AU$360
million each year (Watt, 2013). Climate change predicts more extreme weather events
including cold as well as heat. A better understanding of the mechanisms underlying cold
tolerance in crops is essential for new stress tolerant varieties to be bred (Wang et al.,
2003; Beck et al., 2007; Gu et al., 2008; Korn et al., 2008).
At low temperatures plants experience metabolic stress where proteins/enzymes
involved in various processes such as growth and photosynthesis are affected. Osmotic
and oxidative stress also result from low temperature. The two main types of cold stress
are chilling and freezing stress.
The temperature does not have to drop far below the normal growing
temperature to interfere with plant metabolism. Chilling stress involves temperatures
below "normal" but not low enough to induce freezing (Levitt, 1972). The threshold
temperature for chilling stress is around 10°C. Some species can tolerate extreme cold
whereas chilling stress is experienced by plants from tropical or sub-tropical regions.
Freezing damage at sub-zero temperature is mainly due to ice formation and the effects
on protein function. Cellular dehydration and membrane damage are the major sources
of injury (Thomashow, 1999). Intercellular ice formation causes cytoplasmic water to
move to the intercellular space due to the reduction in water potential leading to
cellular dehydration. As with drought, the water available for metabolic processes is
reduced.
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The rapid movement of water back into the cell following thawing results in expansioninduced lysis, where the reduced area of the cell membrane is inadequate to maintain
the increased cell volume. Membranes are also damaged during freezing.
The majority of temperate plants are chilling tolerant but some are freezing
tolerant and others are freezing sensitive. In some plants, cold acclimation occurs
following a period of exposure to cold (0-5°C for days or weeks) improving freezing
tolerance. The cellular dysfunctions associated with freezing can then be avoided.
Many commercial agricultural crops such as maize, soybean, cotton, tomato and
rice originated from warm or tropical climates are especially sensitive to chilling stress
(Wen et al., 2002; Mahajan and Tuteja, 2005; Chinnusamy et al., 2007). Symptoms
include wilting, chlorosis and necrosis while male sterility can result in plants such as
tomato, wheat and rice (Patterson et al., 1987; Wen et al., 2002; Imin et al., 2004).
Following a cold treatment of 0°C for 72 hours, germination in vitro (pollen tube growth)
of mature Arabidopsis pollen is reduced by 60% (Lee and Lee, 2003).

1.2 Cold acclimation
Like many temperate plants, Arabidopsis thaliana can improve freezing tolerance
after an exposure to a short period of low but non-freezing temperature. A cold
treatment of 4°C for 24 hours decreases the lethal temperature (LT 50) of Arabidopsis
(Landsberg ecotype) from -3°C to -6°C (Gilmour et al., 1988). The acclimatised freezing
tolerance of several native Arabidopsis accessions correlates with the average minimum
temperature recorded through the coldest month of the accession's growing season
(Hannah et al., 2006).
Although chilling sensitive crops such as maize, soybean, rice, tomato and cotton
are unable to tolerate tissue ice formation, the exposure to suboptimal low temperature
can reduce the threshold temperature for chilling damage (Anderson et al., 1994;
Chinnusamy et al., 2007).
Cold acclimation includes many physiological, metabolic and gene transcriptional
changes (Mahajan and Tuteja, 2005). A primary goal of these changes is to stabilise
membranes against damage and alterations include changes in the phospholipid
content. In particular a higher percentage of unsaturated fatty acids helps maintain
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membrane fluidity at lower temperatures (Mahajan and Tuteja, 2005). The
transcriptional upregulation of membrane Fatty Acid Desaturases (FADs) by low
temperature may assist chilling tolerance (Gibson et al., 1994; Berberich et al., 1998;
Matteucci et al., 2011). However, altering the saturation of membrane lipids by blocking
genes encoding fatty acid biosynthesis did not influence cold-induced gene expression
(Knight and Knight, 2012).
Membranes are also affected by a cold-induced increase in reactive oxygen
species (ROS) giving rise to photo-oxidative damage (Prasad et al., 1994). The ROS levels
may increase, for example, due to photoinhibition of photosystem ll caused by chilling in
high light (Allen and Ort, 2001). Chilling and H2O2 (and ROS) stress induces the
transcription of a number of genes in common including HSF, ZAT, WRKY and MYB
transcription factors (Fowler and Thomashow, 2002; Mittler et al., 2004).
Changes in gene expression influence the levels of anti-freeze proteins,
chaperones, detoxification enzymes, enzymes of phosphoinositide metabolism and
protein kinases (Fowler and Thomashow, 2002; Seki et al., 2002). Osmoprotectants such
as proline and small sugars (sucrose and fructose) accumulate in cells during the early
stages of cold acclimation (Xin and Browse, 1998; Wolfe and Bryant, 1999).
Photoperiod can also influence cold acclimation. In cereals, for example, the
short day (SD) sensitive barley (Hordeum vulgare L. cv Dicktoo) exhibits greater freezing
tolerance under an 8 hour SD followed by a 20 hour long day (LD) photoperiod (Fowler
et al., 2001). In some plants ice formation can be prevented by supercooling (Reyes-Díaz
et al., 2006). Supercooling involves cooling cell fluids to a temperature below that of
freezing point. Without immediate freezing cellular contents remain fluid and plants can
continue to assimilate CO2 (Larcher, 2003).

1.3 Perception of the cold signal
In mammals, transient receptor potential (TRP) cation channel family members
function as cold receptors (Karashima et al., 2009). Although cold-sensitive Ca2+ channels
have been found in plants (White, 2009), none have been identified at the molecular
level. Since increases in cytosolic Ca2+ concentration ([Ca2+]cyt) rapidly occurs following
cold treatment in both plants and animals, such channels are likely to be physically and
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temporally close to the primary temperature sensing event (Knight and Knight, 2012). In
higher plants, cold perception may take place upstream of Ca2+ channels.
Membranes act as cellular thermometers in blue-green algae where low
temperature causes rigidification (reduction in membrane fluidity). This rigidification can
activate gene expression, i.e. low temperature is "sensed" (Los and Murata, 2000).
Chemical agents that affect plant cell membrane fluidity subsequently affect cold
sensing. DMSO rigidifies membranes and acts as a "cold-mimic," triggering cold gene
expression and freezing tolerance (Örvar et al., 2000). However, such chemicals most
probably cause additive changes in the cell.
Knight and Knight (2012) point out that it would be difficult for changes in
membrane fluidity to act as a thermometer reporting absolute temperature as "the
biophysical changes are likely to be discrete phase transitions."
Destabilisation of microfilaments can replicate the effect of cold on plant cells,
whereas drugs stabilising them can reduce cold sensitivity (Örvar et al., 2000). The
changes in microfilament structure were shown to precede Ca2+ influx into cells.
However, the kinetics of cold-induced microtubule depolymerisation are unlikely to be
rapid enough to account for the rapid increase in [Ca2+]cyt levels that take place (Knight et
al., 1991; Knight and Knight, 2012).
Chromatin remodelling may also sense temperature. Kumar and Wigge (2010)
found that nucleosomes containing the alternative histone H2A.Z are necessary for
perceiving ambient temperature. In response to temperature changes H2A.Z confers
DNA-unwinding properties on nucleosomes (Kumar and Wigge, 2010). Hence,
thermosensory information is provided by H2A.Z-containing nucleosomes that
coordinates the ambient temperature transcriptome. H2A.Z nucleosome occupancy
decreases with increasing temperature thereby regulating gene expression via effects on
DNA accessibility. Although not specific to cold acclimation, the work suggests histone
remodelling may be involved in gene activation during the cold response.
In Arabidopsis, HOS15 is a histone deacetylase controlling the expression of ColdRegulated (COR) genes. Expression of these genes is increased in hos15 mutants but CBF
(C-REPEAT BINDING FACTOR) transcript levels are unaffected (Zhu et al., 2008). Thus,
HOS15 apparently acts independently or downstream of CBF expression.
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The AGC1 gene (ALTERED COLD-RESPONSIVE GENE 1) is a negative regulator of
COR gene expression (Kim et al., 2004). AGC1 is also known as FVE. AGC1 is involved in
flowering (the autonomous pathway) and is highly homologous with a human
retinoblastoma-associated protein (RbAp) that recruits histone deacetylase complexes
(HDACs) that repress transcription. Hence, HOS15 and AGC1 and related histone
remodelling systems may be involved in low temperature induction of specific gene
expression.

1.4 The calcium response
Although it is not the initial or primary cold response, an increase in [Ca 2+]cyt is
certainly one of the earliest signalling events (Knight and Knight, 2012). Immediately
downstream of Ca2+, temporally and spatially, are the activation of ion channels (Lewis
et al., 1997) and Ca2+-dependent proteins (Monroy et al., 1993). The kinetics of the
[Ca2+]cyt elevation or "Ca2+ signature" probably encodes the information that defines the
response (Knight and Knight, 2012).
The two promoter elements (CRT; CCGAC and ABRE; ACGT) most common to
cold-induced genes appear to respond differentially to specific Ca2+ signatures (Whalley
et al., 2011). How the cell perceives the different Ca2+ signatures to activate a specific
transcription factor gene is unknown.
The activation of anion channels in response to elevation in [Ca2+]cyt by cold has
not been linked to gene expression.
Calmodulins (CaMs) and CaM-like proteins are well characterised Ca2+ sensors
that bind Ca2+ and subsequently bind to other proteins, thereby relaying the Ca 2+ signal.
CaMs contain two helix-loop-helix EF hand Ca2+ binding motifs. When Ca2+ is bound, CaM
undergoes a conformational change exposing hydrophobic pockets that allow binding to
a target (Yamniuk and Vogel, 2005; Gifford et al., 2007; Yamniuk et al., 2009). Genes
encoding CaMs are upregulated by cold (Polisensky and Braam, 1996). Pharmacological
studies suggest CaM activity is required for cold gene expression in Arabidopsis
(Tähtiharju et al., 1997), however, CaM overexpression inhibits expression of COR genes
(Townley and Knight, 2002).
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Ca2+ also activates the expression of cold genes (Knight et al., 1996; Tähtiharju et
al., 1997; Sangwan et al., 2001). Calmodulin-binding transcription activators (CAMTAs)
have been suggested to form a complex with Ca2+-CaM in response to cold-induced
spikes in [Ca2+]cyt (Thomashow, 2010). CAMTA transcription factors bind to a CG-1
promoter element (CCGCGT) which is present in the promoters of the CBF1, CBF2 and
ZAT12, genes upregulated by cold (Section 1.5) (Finkler et al., 2007). Lower levels of the
transcripts of these three genes accumulate in the camta mutants in response to cold,
although the freezing tolerance of the mutant is unchanged. CBF2 expression is
regulated by CAMTA1 and CAMTA3, as the double mutant is unable to achieve full cold
acclimation (Doherty et al., 2009). Overexpression of a trihelix transcription factor
AtGT2L, a cold-induced CaM binding protein, induces expression of cold-induced genes
(Xi et al., 2012).
Finally, the Ca2+ sensor-associated protein kinase (CIPK3) is required for the
induction of cold genes in Arabidopsis (Kim et al., 2003).
Transient cold activation of calcium-permeable channels in cells has been shown
(Carpaneto et al., 2007). However, the genes encoding these channels have not been
identified. Hence, genetic approaches to determine the information encoded solely by
Ca2+ are not yet possible. Indeed, an array of Ca2+ channels may be involved (Knight and
Knight, 2012).

1.5 Plant genes activated by cold
Levels of the plant hormone abscisic acid (ABA) increase in response to stress.
However, an ABA-independent pathway is also present (Shinozaki and YamaguchiShinozaki, 2000). Low temperature induces the transcription of C-REPEAT BINDING
FACTOR 1, 2 and 3 (CBF1, CBF2, CBF3) genes, also called DEHYDRATION RESPONSIVE
ELEMENT BINDING 1 proteins (DREB1B, DREB1C, DREB1A). The CBF/DREB1 transcription
factors bind in turn to C-repeat (CRT)/Dehydration responsive element (DRE) ciselements (core element CCGAC) in the promoters of COLD-REGULATED (COR) genes
(Figure 1.1). The CRT/DRE cis-element is recognised by the AP2/ERF binding domain in
CBF proteins (Ishitani et al., 1997; Thomashow, 2010). The cold or dehydration
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responsive genes possess one or more copies of this element in their promoters
(Yamaguchi-Shinozaki and Shinozaki, 1994; Stockinger et al., 1997).
Some COR genes are activated by both ABA and CBFs. The RD29A gene, for
example, contains both CRT/DRE and ABA-responsive elements.

Figure 1.1. Cross talk among several ABA-independent and ABA-dependent stress responsive pathways.
Different abiotic stresses, such as low temperature or drought, can activate distinct transcription factors.
These pathways may interact at multiple levels, one of which takes place directly at promoters of
downstream target genes. Hence, for example, RD29A can integrate signal inputs from cold as well as
ABA-dependent and ABA-independent pathways owing to the coexistence of elements that are binding
sites for specific transcription factors. Some of the transcription factors of the b-zip class seem to have
specific affinity for the ABRE elements found in ABA-responsive promoters. Certain b-zip proteins may be
phosphorylated (Uno et al., 2000). Modified from Haake et al. (2002) and Shinozaki and YamaguchiShinozaki (2000), from Riera et al. (2005).

1.5.1 The CBF regulon
Large scale genetic changes occur in the plant transcriptome following cold
exposure (Fowler and Thomashow, 2002; Maruyama et al., 2004; Hannah et al., 2005;
Vogel et al., 2005; Oono et al., 2006; Robinson and Parkin, 2008). The CBF/DREB1 cold
response pathway is the best characterised (Yamaguchi-Shinozaki and Shinozaki, 1994;
Gilmour et al., 1998; Liu et al., 1998; Thomashow, 1999). The three CBF/DREB1 proteins
are positioned in tandem on chromosome 4 in Arabidopsis (Liu et al., 1998). The
proteins are all approximately 24kDa in size and 88% identical at the nucleotide level
and 91% similar at the amino acid level (Gilmour et al., 1998).
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CBF transcripts in Arabidopsis are first detected 15 minutes after the
temperature has been lowered (~2.5°C) and peak accumulation is reached after 2 hours
(Gilmour et al., 1998). COR genes such as COR78 (RD29A) are activated and their
transcripts can be detected after 2 hours of cold-treatment (Gilmour et al., 1998; Liu et
al., 1998). Freezing tolerance of plants is increased if the CBF transcription factors are
overexpressed (Jaglo-Ottosen et al., 1998; Liu et al., 1998; Gilmour et al., 2000; Vogel et
al., 2005).
In the cbf2 mutant of Arabidopsis, following cold-treatment CBF1, CBF3 and
genes of the CBF regulon are expressed at higher levels than WT (Novillo et al., 2004).
Both CBF1 and CBF3 genes were induced earlier than CBF2 in cold-treated WT plants.
Novillo et al. (2004) suggested CBF2 functions differently from CBF1 and CBF3, acting as
a repressor of the CBF1 and CBF3 genes, thereby avoiding hyperinduction of the CBF
regulon. Gilmour et al. (2004) overexpressed each of the three CBF genes (CBF1-3) in
Arabidopsis ecotype Wassilewskija (Ws)-2. The plants exhibited stunted growth, delayed
flowering, increased levels of compatible solutes, a double layer of leaf palisade
mesophyll cells and improved acclimated and non-acclimated freezing tolerance
(Gilmour et al., 2004). The different results obtained by Novillo et al. (2004) and Gilmour
et al. (2004) might be attributed to the fact that different ecotypes were used.

1.5.2 ICE1 is an inducer of the CBF regulon
ICE1 is a transcription factor that binds to MYC recognition elements (CANNTG) in
the promoter of CBF3 (Chinnusamy et al., 2003). Overexpression of ICE1 results in
increased expression of CBF3 and CBF2 after cold-treatment, but not at control
temperatures. ICE1 overexpression results in greater acclimated freezing tolerance than
WT. Hence, ICE1 is a positive regulator of the CBF regulon. In the ice1 mutant coldinduced expression of CBF3 is almost abolished as is the expression of the downstream
COR genes RD29A, COR15A and COR47.
After freezing at -10°C for 2 hours, 50% of ice1 seedlings die compared with less
than 20% of WT seedlings. Chinnusamy et al. (2003) found 306 genes induced by threefold following WT cold-treatment and 217 genes were either not induced in the ice1
mutant or their induction was less than 50% of that in WT. Since 32 of these 217 genes
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encoded transcription factors, the results suggest ICE1 may activate cold regulons in
addition to the CBF pathway.
ICE1 is constitutively expressed and is slightly upregulated by cold, ABA and NaCl
but not dehydration (Chinnusamy et al., 2003). Hence, ICE1 must be translationally
regulated (Section 1.7.2 & 1.7.3), otherwise the CBF regulon would be continually active.
CBF3 may be the major ICE1 target as its expression is most affected (almost abolished)
in the ice1 mutant, probably reflecting the prevalence of five putative MYC recognition
sites in the CBF3 promoter, whereas the CBF1 and CBF2 promoters have only two such
binding sites.
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Figure 1.2. Diagram of the cold-responsive network in Arabidopsis.
Plants probably sense low temperatures through membrane rigidification and/or other cellular changes,
which might induce a calcium signature and activate protein kinases necessary for cold acclimation.
Constitutively expressed ICE1 is activated by cold stress through SUMOylation and phosphorylation. Cold
stress induces SUMOylation at K393, which is critical for ICE1-activation of transcription of CBFs and
repression of MYB15. CBFs regulate the expression of COR genes that confer freezing tolerance. The
expression of CBFs is negatively regulated by MYB15 and ZAT12. HOS1 mediates the ubiquitination and
proteasomal degradation of ICE1 and, thus, negatively regulates CBF regulons. CBFs might cross-regulate
each other's transcription. CBFs induce the expression of ZAT10 (STZ), which might downregulate the
expression of COR genes. Cold-upregulated LOS2 represses the transcription of ZAT10. ZAT10 and ZAT12
are two C2H2 zinc finger transcription factors. Broken arrows indicate post-translational regulation; solid
arrows indicate activation, whereas lines ending with a bar show negative regulation; the two stars (**)
indicate unknown cis-elements. Abbreviations: CBF, C-repeat binding factor (an AP2-type transcription
factor); CRT, C-repeat elements; DRE, dehydration-responsive elements; HOS1 high expression of
osmotically responsive genes1 (a RING finger ubiquitin E3 ligase); ICE1, inducer of CBF expression 1 (a
MYC-type bHLH transcription factor); LOS2, low expression of osmotically responsive genes 2 (a
bifunctional enolase with transcriptional repression activity); MYB, myeloblastosis; MYBRS, MYB
transcription factor recognition sequence; SIZ1, SAP and MiZ1 (a SUMO E3 ligase); P, phosphorylation; S,
SUMO (small ubiquitin-related modifier); U, ubiquitin. (Redrawn from Chinnusamy et al., 2007).
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1.5.3 Negative regulators of the CBF regulon

1.5.3.1 HOS1

HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENE1 (HOS1) is a RING finger
E3 ubiquitin ligase located in the cytoplasm of all tissues. During cold stress HOS1
accumulates in the nucleus and polyubiquitinates ICE1 (Figure 1.2) (Lee et al., 2001;
Dong et al., 2006; Miura et al., 2007). Polyubiquitination of ICE1 targets the protein for
proteasomal degradation reducing or inhibiting activity of the CBF regulon (Section
1.5.2) (Ishitani et al., 1998; Lee et al., 2005a).

1.5.3.2 MYB15
MYB15 expression is upregulated by cold stress and the transcription factor binds
MYB recognition sites in each of the CBF promoters (Agarwal et al., 2006).
Overexpression of MYB15 causes reduced expression of the three CBF genes (1-3)
following cold-treatment and a decrease in freezing tolerance.
MYB15 is capable of interacting with ICE1 although the consequences for CBF
regulation are unclear (Walker et al., 1999; Grotewold et al., 2000; Spelt et al., 2000;
Agarwal et al., 2006). MYB15 levels are increased in the ice1 mutants suggesting ICE1
may directly or indirectly suppress MYB15 expression (Agarwal et al., 2006).

1.5.4 CBF-independent pathways
Microarray analyses have found that not all genes regulated by cold stress
contain the CRT/DRE cis-elements in their promoters required to bind the CBF
transcription factors (Fowler and Thomashow, 2002; Seki et al., 2002). Consistent with
this observation is the fact that full cold acclimation of Arabidopsis plants is not achieved
by constitutive expression of CBF genes (Jaglo-Ottosen et al., 1998; Liu et al., 1998;
Kasuga et al., 1999; Haake et al., 2002). A variety of approaches have been employed
including luciferase reporter gene assays in mutants and reporter gene assays identifying
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genes involved in CBF-independent cold responsive pathways (Xin and Browse, 1998;
Fowler and Thomashow, 2002; Zhu et al., 2004; Xin et al., 2007; Zhu et al., 2008).
Employing Arabidopsis aerial tissues from seedlings grown in soil or media, Vogel
et al. (2005) used the Arabidopsis Affymetrix Gene Chip® ATH1 array to compare
transcriptomes treated for various times (1, 24 and 168 hours) at 4°C. Some 514 probe
sets were consistently cold responsive across all experimental conditions and are
defined as the cold standard (COS) set of cold responsive genes. Within this COS set, 93
of the 514 genes could be assigned to the CBF2 regulon (85 cold-upregulated, 8
downregulated). The 85 cold-upregulated genes contributed 84% of the genes induced
more than 15-fold and 56% of genes induced between 5- and 10-fold. The CBF2 regulon
genes made up 50% of cold-induced genes that remained upregulated after 7 days of
treatment.
Vogel et al. (2005) concluded that the CBF regulon (i.e. all three CBF transcription
factors) is responsible for many of the strongest and most sustained gene inductions in
response to cold. Nonetheless, 70% of the COS genes and 95% of the colddownregulated genes, in particular those whose fold change was five-fold or less,
remained unassigned to a specific regulon. These genes have been identified as
participating in CBF-independent pathways.

1.5.4.1 ZAT12
ZAT12 is a member of the C2H2 type zinc finger protein transcription factor
family. ZAT12 expression is induced by cold in Arabidopsis and overexpression studies
(using 35S::ZAT12) found the expression of 24 COS genes was affected with a fold
change of 2.5 or greater (Vogel et al., 2005). Nine of these genes were upregulated and
fifteen downregulated.
Two of the 25 cold-induced genes most strongly induced (>15-fold) by cold are
members of the ZAT12 regulon and 19 belong to the CBF regulon. Under non-acclimated
conditions, 54% of 35S::ZAT12 seedlings survived a cold treatment (-5°C/24 hours) while
all WT plants died (Vogel et al., 2005). The freezing tolerance was not enhanced by a
period of cold acclimation and WT and ZAT12-overexpressing seedlings exhibited similar
freezing tolerance.
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ZAT12 contains an ERF-associated Amphiphilic Repression (EAR) motif located at
the C-terminal region of the protein (Hiratsu et al., 2002). Hence, ZAT12 acts as a
transcriptional repressor. Expression levels of ZAT12 and CBFs peak after 2 hours of cold
treatment and subsequently decrease as COR proteins begin to accumulate (Vogel et al.,
2005). In 35S::ZAT12 lines CBF transcripts accumulated to lower levels following cold
treatment than in WT. Consequently, ZAT12 was hypothesised to negatively regulate
CBF protein accumulation when COR genes have become active (Ohta et al., 2001;
Hiratsu et al., 2002; Vogel et al., 2005).
In addition to cold, ZAT12 expression is also responsive to high light and H2O2
(Asako et al., 2000; Desikan et al., 2001; Rizhsky et al., 2004). The ZAT12 regulon may
protect plants from oxidative damage (Rizhsky et al., 2004; Davletova et al., 2005) as
well as controlling the strength of the CBF response. Both cold and high light are
conducive to the formation of ROS (Wise and Naylor, 1987; Demmig-Adams and Adams,
1992).

1.5.4.2 HOS9
Using a RD29A::LUC (luciferase reporter gene) T-DNA mutagenised library, Zhu et
al. (2004) identified the HOS9 (for HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE
GENE 9) gene that influences the freezing tolerance of Arabidopsis via a cold responsive
pathway independent to the CBF transcription factors. HOS9 is a constitutively
expressed homeodomain transcription factor. In the hos9-1 mutant the non-acclimated
freezing tolerance is reduced by 3-6°C and the cold acclimation ability is affected (Zhu et
al., 2004). The cold-induced expression of the CBF genes was unaffected in the mutant
and the genes of the CBF regulon responded normally. HOS9 may be involved in the non
acclimated/basal freezing tolerance in Arabidopsis and acts independently of the CBF
genes.

1.5.4.3 HOS15
Like HOS9, HOS15 was identified using a T-DNA mutagenised RD29A::LUC
Arabidopsis population (Zhu et al., 2008). HOS15 is a WD40 repeat protein that controls
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gene expression via histone deacetylation in chromatin. Cold-induced CBF expression is
unaffected in the hos15 mutant while levels of the stress responsive genes RD29A,
COR15A and ADH1 transcripts are increased.
In spite of hyper induction of some COR genes and normal CBF induction by cold,
the hos15 mutant is more sensitive to freezing than WT. Approximately 90% of WT
plants and only 20% of hos15 plants survive treatment at -2°C. Hence, histone
acetylation/deacetylation is an additional means by which cold-induced gene expression
can be regulated. The regulatory proteins whose expression is influenced by HOS15 are
not yet known.

1.6 Dehydrins
Expression of genes encoding the late embryogenesis abundant (LEA) proteins
are induced by dehydrative stress (Campbell and Close, 1997; Lee et al., 2005b; Hanin et
al., 2011). The LEA proteins are divided into five subgroups, the second or LEA group ll is
also called the RAB (response to ABA) group of dehydration proteins (Nylander et al.,
2001). The dehydrin proteins are evolutionarily conserved and found in angiosperms,
gymnosperms, ferns, mosses, liverworts, algae and cyanobacteria (Hughes and Galau,
1989; Close and Lammers, 1993; Campbell and Close, 1997; Li et al., 1998). The
dehydrins are high in glycine content, hydrophilic, remain soluble at high temperature
(up to 100°C) and vary in size from 9-200kDa (Ouellet et al., 1993; Close, 1996; Campbell
and Close, 1997; Close, 1997).
Dehydrins are intrinsically unstructured proteins characterised by a lysine rich
region (K-segment) with the consensus amino acid sequence EKKGIKMDKIKEKLPG
present with 1-11 copies in the N-terminus. They may also possess a serine rich region
(4-10 serine residues) called the S-segment, some of which may be phosphorylated and
facilitate the binding of ions such as calcium. Dehydrins also possess one or more Ysegments (V/TDEYGNP) at the N-terminus. The number and structure of these regions
varies between dehydrins and it is only the K-segment that is consistently present
(Campbell and Close, 1997; Hanin et al., 2011).
Dehydrins accumulate in various plant tissues in response to dehydrative stresses
(drought, low temperature, salt), phosphate starvation and exposure to ABA (Campbell
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and Close, 1997; Lee et al., 2005b; Mouillon et al., 2006). Dehydrins can accumulate in
the nucleus, cytoplasm, inner surface of the plasma membrane and in the vacuole
(Danyluk et al., 1998; Puhakainen et al., 2004). They form amphipathic α-helices which
are predicted to facilitate the binding to cellular membranes (Dure, 1993; Danyluk et al.,
1998; Koag et al., 2003).
Dehydrins are predicted to preserve membrane fluidity during periods of
dehydration (Dure, 1993; Rorat, 2006). The maize dehydrin DHN1, a YSK2 dehydrin, has a
random coil structure which gains a degree of an α-helical structure when bound to
membranes (Koag et al., 2003). The K-segment appears to be responsible as its binding
to anionic lipid vesicles is abolished when the two K-segments have been removed.
Removal of the K-segments reduces the cryoprotective ability of LTI29 (ERD10) in vitro
(Reyes et al., 2008).
The Arabidopsis dehydrins COR47, LTI29 (ERD10), XERO2 (LTI30) and RAB18 lack
α-helix or β-sheet secondary structures under physiological conditions (Mouillon et al.,
2006). However, they possess the "non-classic secondary structure poly-Pro (Pll) helix."
This short helical structure (<5aa) is stabilised by bridges of water molecules (Stapley
and Creamer, 1999; Rucker and Creamer, 2002). Following cellular dehydration, the
water molecules are released after which the protein collapses into its secondary
structure (Mouillon et al., 2006). Hence, dehydrins may function as water storing
proteins in the cell as well as stabilising membranes and other proteins (Wolkers et al.,
2001; Goyal et al., 2005; Boudet et al., 2006).

1.6.1 The XERO2/LTI30 protein
An Arabidopsis dehydrin, XERO2 (LTI30) is induced by low temperature, drought
and ABA (Welin et al., 1994; Rouse et al., 1996; Chung and Parish, 2008). A partial DNA
sequence was obtained by Welin et al. (1994) which was completed by Rouse et al.
(1996). Initially XERO1 was isolated (Rouse et al., 1992), also a dehydrin, and XERO2 was
found immediately upstream (627bp) of XERO1. XERO1 is a YSK2 dehydrin with an intron
in the centre of the S-repeat (S-segment) and resembles COR47 in structure (Welin et al.,
1994). XERO1 expression is induced by dehydration, cold and ABA, but is only expressed
in seeds and young seedlings (Rouse, 1994; Rouse et al., 1996).
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XERO2 lacks an intron and the protein contains neither the N-terminal sequence
nor the Y-segments usually present in LEA group ll dehydrins. XERO2 is a K 6 dehydrin, the
regions between the six K-segments are similar in that they are threonine rich and
bordered by histidine residues. Hence, the XERO2 protein consists of a series of
neutral/basic sequence repeats around the basic lysine repeat core of the K-segment
(Figure 1.3).

Figure 1.3. XERO2 amino acid sequence and K-segment spacer region alignment.
A) The XERO2 amino acid sequence with lysine (K) segments highlighted (yellow) and their flanking
Histidine (H) residues (red) and the neutral/basic spacer regions numbered 1 to 5 (dotted underline). B)
Alignment of threonine-rich spacer regions between K-segments of XERO2 amino acid sequence. Adapted
from Wright, Phd Thesis (2012).

1.6.1.1 XERO2 temporal and spatial expression patterns
Although low levels of XERO2 transcript can be detected in the root, stem and
leaves of young and mature unstressed plants, immuno-histochemistry has failed to
detect the protein (Nylander et al., 2001; Puhakainen et al., 2004). In cold-treated
plants, the XERO2 protein has been identified in the vascular tissues roots, stems, leaves
and flowers as well as in pollen sacs (Nylander et al., 2001). In cold-treated leaf tissues,
XERO2 was found associated with intracellular membranes and occasionally the
nucleoplasm.
Rouse et al. (1996) found, using the GUS reporter gene, the XERO2 promoter
drove GUS expression in desiccated pollen grains, trichomes, vascular tissues of leaves
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and stems as well as in all root tissues, with the exception of the root cap and tip. The
same GUS expression pattern was found in ABA-deficient (aba-1) and ABA-insensitive
(aba2-1) mutants as in WT, indicating the basal XERO2 expression is not ABA-mediated.
Expression was wound responsive in all tissues and reducing the promoter length (167bp
upstream of the transcription start site) had no effect on temporal and spatial
expression, only the strength of GUS induction. Constitutive XERO2 expression may
indicate a protective function in response to stress.

1.6.1.2 XERO2 function
Overexpression of XERO2 and LTI29 (ERD10) using the 35S CaMV promoter in
pair wise combination improves the freezing tolerance of Arabidopsis seedlings
(Puhakainen et al., 2004). The LT50 temperature determined using ion leakage from leaf
samples frozen at 2°C per hour were lower in the dehydrin overexpressing plants than in
vector control lines. This response was detected in both acclimated and non-acclimated
plants and was stronger in plants that had acclimated for 7 days rather than 2 days at
4°C. Some 50% of control Arabidopsis seedlings survived an 8 hour treatment at -10°C
(Figure 1.4). However, 94% of plants constitutively overexpressing both XERO2 (LTI30)
and LTI29 survived the freezing treatment.
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Figure 1.4. Frost survival of two week old non-acclimated in vitro grown (a) and three week old soil
grown (b) Dehydrin overproducing plants.
TP9 lines overproduce RAB18 and COR47; TP10 lines overproduce LTI29 and LTI30. (a) Plants were
exposed to -10°C for 8 hr and survival was calculated on the second day after freezing. Error bars
represent the StDev for four experiments. n= 150 plants. (b) Frost survival of 3 week old soil grown plants
exposed to -10°C for 8 hr. Top row shows plants before freezing. In lower row, plants after freezing were
thawed at 4°C overnight and then transferred to growth chamber for 7 days after which survival was
observed. n= 56 plants. From Puhakainen et al. 2004.

Wright (PhD thesis, 2012) found that strong expression of XERO2 alone, using the
35S CaMV promoter, was insufficient to improve the freezing tolerance of seedlings
using the same conditions as Puhakainen et al. (2004). XERO2 is expressed in the
tapetum and microspores of unstressed Arabidopsis anthers and cold-treatment
(chilling) resulted in expression (GUS reporter gene) in all anther tissues (Wright, 2012).
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In a xero2 insertion mutant, pollen development was found to be more cold sensitive
than in WT.
The K-segment of dehydrins is involved in membrane binding and occurs in a pHdependent manner (Koag et al., 2009). The histidine residues flanking the K-segments of
XERO2 (Figure 1.3A, Section 1.6.1) become protonated at low pH, increasing the affinity
of the protein for membrane targets (Eriksson et al., 2011). In addition to pH,
phosphorylation of XERO2 influences the affinity of membrane binding. The nine
phosphorylation sites in XERO2 are targets of protein kinase C and four occur within the
K-segments. Phosphorylation does not completely abolish lipid vesicle aggregation but
seems to reduce the size of aggregates formed (Eriksson et al., 2011).
If XERO2 is involved in membrane stabilisation, Eriksson et al. (2011) suggests
interactions with lipids can be regulated by a pH-dependent histidine on/off switch,
phosphorylation by protein kinase C and proteolytic digestion (leading to reversal of
membrane binding).

Figure 1.5. Model of tunable vesicle binding by XERO2 (LTI30).
1) Protonation of histidine (H) residues flanking the K-segment promotes binding and deprotonation
reverses binding. 2) Phosphorylation of the K-segment modulates the interaction, changes the lipid phase
transition, and leads to smaller and more dispersed vesicle aggregates. From Eriksson et al. (2011).
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1.6.1.3 The XERO2 gene promoter
At least eight cis-elements are involved in regulating expression of XERO2 in
response to cold and/or ABA (Rouse, 1994; Chung and Parish, 2008). These regulatory
elements include three ACGT boxes, three DRE sequences, a GC palindrome and the
15bp AT-rich "ME" sequence. All the elements are located in a region of the promoter
-284bp to -177bp upstream of the ATG start site (Figure 1.6).

Figure 1.6. Sequence of the XERO2 gene promoter.
-336bp upstream of XERO2 ATG translational start site. The three ACGT sequences (red underline), three
dehydration response element (DRE) or C-repeat (CRT) sequences (blue underline), ‘GC’ palindrome
(green line), MYC binding site (yellow), WRKY/W-box element (purple), the ‘ME’ sequence (black
underline) and start codon (ATG) are shown. DRE1 and 3 are on the non-template DNA strand. Modified
from Chung & Parish (2008).

XERO2::GUS constructs in which various mutations were introduced into the
XERO2 promoter were used to determine the roles of these elements. Mutating all three
ACGT elements almost completely abolished (<5%) the cold or ABA induction of the GUS
reporter gene (Table 1.1).
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Table 1.1. Relative levels of GUS expression.
The effect of base-substitution of four key elements in the XERO2 promoter on the level of total GUS
activity induced by ABA or cold treatment in 14-day-old seedlings. Percentages are to the nearest 5%.
From Chung & Parish (2008).

Since the ACGT elements all include/overlap with DRE (cold/dehydration)
elements both responses are affected. Mutating one or two of the ACGT elements
reduced XERO2 induction, but not completely. When the ACGT1 and ACGT2 elements,
but not ACGT3, were mutated ABA induction was reduced to <5%, while cold-induction
remained at 50% of the control promoter. Mutating the ACGT1 site (closest to the ATG
start site) resulted in a stronger induction and increased GUS activity in response to ABA
(1.7-fold) and cold (2.5-fold) (Chung and Parish, 2008). Hence, ACGT1 may bind a
repressor or be involved in a change of chromatin structure that restricts access to the
transcription complex. The GC palindrome is required for maximum cold and ABA
induction of expression (Table 1.1) as is the AT-rich ME sequence.
The spatial arrangement between the cis-elements is critical for their function as
any alterations significantly reduced promoter activity (Chung and Parish, 2008). The
XERO2 promoter is predicted to form an enhanceosome structure (Figure 1.7).
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Figure 1.7. Proposed model of the XERO2 multiprotein transcription complex.
Abscisic acid treatment (red arrows): in the fully active multiprotein complex all five sites (elements) in the
promoter are occupied. The proteins associated with these sites may interact directly with one another or
the multiprotein complex may be stabilised by other proteins (which may be components of the general
transcription machinery). The absence of proteins bound to ACGT2, ACGT3 or to the GC palindrome
reduces the level of ABA induction by approximately 50%; absence of proteins from both ACGT2 and -3 by
85%. If the GC palindrome and any one of ACGT1, -2 or -3 are not occupied, induction is less than 5%. One
or two proteins (a heterodimer) may bind the ACGT1 and GC palindrome sequences when the gene is
activated. The close proximity of the two elements suggests a two-protein model would involve binding to
different DNA strands. Base substitution of both the ME sequence and the palindrome abolishes
induction. Activation probably involves changes at ACGT1 since mutating the sequence simulates
transcription in the absence of ABA.
In the case of cold (blue arrows), loss of any one of the three DRE elements reduces the induction by 3070%. Like ABA induction, loss of both DRE2 and -3 reduces cold induction by 85%. When DRE1 (which
includes the GC palindrome) plus either DRE2 or DRE3 are base-substituted the reduction is more than
95%. Base substitution of both the palindrome and the ME sequence again abolishes induction. Cold
induction also appears to involve changes at ACGT1. However, unlike ABA induction, mutation of both the
DRE1 and ACGT1 sequences does not prevent cold induction, presumably reflecting the different proteins
involved in the two multiprotein complexes. The pre-initiation complex made of general transcription
factors is shown (coloured spheres). From Chung & Parish (2008).

Interactions between proteins within the enhanceosome or the absence of
certain transcription factors from the complex would provide the cell with a means to
fine tune XERO2 expression in response to a given stimulus (Chung and Parish, 2008).
The CBFs appear to participate in the XERO2 enhanceosome because plants
overexpressing CBF1, CBF2 or CBF3 constitutively express XERO2, even in the absence of
ABA or cold treatment (Chung and Parish, 2008). The three DRE sites (CCGAC) in the
XERO2 promoter are presumably involved.
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1.7 The role of post-translational regulation in the cold acclimation
response
Post-translational

modifications

of

proteins

include

phosphorylation,

ubiquitination and SUMOylation (Barrero-Gil and Salinas, 2013). In Arabidopsis
approximately 10% of the genome is dedicated to phosphorylation and ubiquitination
and plants have the largest protein kinase family among eukaryotes (Lehti-Shiu and Shiu,
2012). The rapid increase in cytosolic free calcium in response to low temperature is
transduced by phosphorylation and transcriptional cascades. The changes in the cell
protect it from reactive oxygen species (ROS) and dehydration induced by cold (Figure
1.8) (Janská et al., 2010).

1.7.1 Phosphorylation
Phosphorylation of proteins is usually reversible and depends on the balance
between specific phosphatase and kinase activities. The protein kinase families include
mitogen activated kinases (MAPKs), Ca2+-dependent protein kinases (CDPKs) and
receptor-like kinases (RLKs). The MAPK pathway involves initial activation of MAP kinase
kinase kinases (MAP3Ks) by plasma membrane receptors. MAP3Ks initiate a
phosphorylation cascade with other downstream MAPKs and downstream effector
proteins are consequently phosphorylated (Barrero-Gil and Salinas, 2013).
A MEKK1-MEKK2-MPK4/6 pathway is associated with cold acclimation in
Arabidopsis (Teige et al., 2004). MEKK1 activates MKK2 and overexpression of the MKK2
gene increased freezing tolerance even in the absence of previous cold exposure (Figure
1.8) (Teige et al., 2004). Furthermore, mmk2 mutants are more sensitive to cold than
WT. Low temperature activation of MKK2 results in upregulation of MPK4 and MPK6
activity, although the proteins targeted by these kinases are not known. Putative targets
include ICE1, CBF1, CBF3 and MYB15 (Popescu et al., 2009).
Ethylene has been implicated in cold signalling as it can repress expression of CBF
genes (Shi et al., 2012b). However, phosphorylation by MPK6 of 1-aminocyclopropane 1carboxylate (ACC) synthase increases ethylene biosynthesis (Liu and Zhang, 2004). The
transcription factor ZAT10 is also a substrate for MPK6-mediated phosphorylation
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(Nguyen et al., 2012). ZAT10 expression is induced by cold but the role of
phosphorylation in the activity of the protein is not known. ZAT10 may act as a
transcriptional repressor (Sakamoto et al., 2004), although the expression of several
genes responding to oxidative stress is induced in plants overexpressing ZAT10 (Mittler
et al., 2006). Hence, ZAT10 might repress transcription of a gene encoding a negative
regulator of oxidative-stress responsive genes.
As discussed earlier (Section 1.4), spatio-temporal oscillations in [Ca2+]cyt levels
are rapidly induced by low temperature (Knight et al., 1996). The CDPKs are among the
proteins that sense changes in cytosolic free Ca2+ levels and activate a phosphorylation
cascade after binding Ca2+ (Cheng et al., 2002). CDPKs appear to be involved in plant
responses to abiotic stress (Das and Pandey, 2010). Overexpression of some rice CDPKs
seems to enhance chilling tolerance (Saijo et al., 2000).
In Arabidopsis, CPK4 is induced by cold (Hannah et al., 2005). The bZIP
transcription factor ABF1 is phosphorylated by CPK4 (Zhu et al., 2007) and the ABF1
gene is activated by cold and ABA (Choi et al., 2000). ABF1 may be involved in cold- and
ABA-mediated gene activation associated with cold acclimation.
The plasma membrane RLK Ca2+/CaM-regulated receptor like kinase 1 (CRLK1)
may be involved in cold acclimation as the null mutant shows reduced gene induction by
cold and ability to cold acclimate (Yang et al., 2010b). CRLK1 and MEKK1 interact in the
cell. Low temperature induced increases in MAPK activity are dependent on CRLK1 (Yang
et al., 2010a).
ELONGATED HYPOCOTYL 5 (HY5) is a bZIP transcription factor and
photomorphogenic regulator in Arabidopsis. Low temperature upregulates HY5 levels
transcriptionally via CBF- and ABA-independent pathways (Catalá et al., 2011). HY5 is
stabilised post-translationally via nuclear depletion of COP1 (Oyama et al., 1997; Catalá
et al., 2011). COP1 is an E3 ubiquitin ligase and a repressor of light signalling. HY5
activates the expression of approximately 10% of COR genes through the Z-box
(ATACGTGT, a light responsive element) and other cis-acting elements. Phosphorylation
regulates HY5 protein stability and its binding affinity for target promoters during
photomorphogenesis (Hardtke et al., 2000). The influence of low temperature on HY5
phosphorylation is not known. Light is required for full cold acclimation. Hence, HY5,
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COP1 and the Z-box in Arabidopsis are involved in the mechanism allowing cold and light
signals to integrate, thereby facilitating survival under cold/freezing conditions.
Some dehydrins have been shown to be phosphorylated. ERD14 is an in vitro
substrate for casein kinase ll, which increases its calcium binding activity (Alsheikh et al.,
2003). Phosphorylated peptides of ERD14 were isolated from Arabidopsis and the
polyserine domain was suggested to be the most likely phosphorylation site. ERD14 from
cold-treated tissue is phosphorylated, indicating cold-regulated kinases or phosphatases
may be involved.
XERO2 (LTI30) interacts with both zwitterionic and negatively charged
phospholipids, which lowers the temperature of the main lipid phase transition
consistent with a role for XERO2 in membrane stabilisation during cold stress (Eriksson
et al., 2011). XERO2 phosphorylation by protein kinase C in vitro can regulate the lipid
interaction and ion binding properties.
Dephosphorylation by phosphatases is also a post-translational modification that
regulates protein function. PP2A, a prevalent Ser/Thr phosphatase, is inhibited by cold in
Arabidopsis (Monroy et al., 1998). PP2A regulates the phosphorylation levels of ACS6, a
protein phosphorylated by MPK6, leading to increased stability and increased ACC
synthase activity (Liu and Zhang, 2004; Skottke et al., 2011). However, the role of PP2A
in cold acclimation is not known. PP2CA is a negative regulator of ABA signalling and its
expression is induced by cold treatment (Tähtiharju and Palva, 2001). PP2CA may be a
negative regulator of cold acclimation although its protein targets are not yet known.

1.7.2 Ubiquitination
In Arabidopsis there are more than 1400 genes encoding E3 ubiquitin ligases, the
enzymes that provide a scaffold for the ubiquitination reaction and interacts with the
ubiquitination target. The expression of more than 580 E3-ubiquitin ligase genes are
affected by abiotic stresses (Mazzucotelli et al., 2006).
The RING-finger E3 ubiquitin ligase HOS1 ubiquitinates ICE1 (Figure 1.8) (Dong et
al., 2006). The ability of Arabidopsis to cold acclimate is decreased if HOS1 is
overexpressed. As previously discussed (Section 1.5.2), ICE1 is a transcription factor that
activates CBF3, controlling the expression of approximately 40% of genes that respond
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to cold (Lee et al., 2005a). Hence, HOS1 is involved in a negative feedback loop of the
cold acclimation response in Arabidopsis, causing the degradation of ICE1 after the low
temperature response has commenced.
A second RING-finger E3 ubiquitin ligase (COP1) ubiquitinates HY5 (Section 1.7.1)
and regulates its degradation. COP1 is depleted by an unknown mechanism in the
nucleus under cold conditions and HY5 stability increases (Catalá et al., 2011). Thus
COP1 is a negative regulator of cold acclimation.
The Arabidopsis U-box E3 ubiquitin ligase CHIP (carboxyl terminus of Hsc70interacting protein) ubiquitinates phosphatase PP2A/A subunits (Luo et al., 2006).
Ubiquitination by CHIP increased PP2A activity (rather than degradation) and transgenic
lines overexpressing CHIP have a higher PP2A activity than WT. Since PP2A appears to be
a negative regulator of the cold response by controlling ethylene biosynthesis, CHIP may
negatively modulate the low temperature response via regulation of PP2A activity.

1.7.3 SUMOylation
Like ubiquitin, SUMO (small ubiquitin-like modifier) is a small polypeptide and
covalenty binds lysine in target proteins. Three SUMO ligase enzymes, namely E1, E2 and
E3 are required. The conformational change resulting from SUMOylation (like
ubiquitination) induces a conformational change that affects the interaction with other
proteins, stability and subcellular location (Miura and Hasegawa, 2010). Exposure to low
temperature as well as other abiotic stresses increases SUMO conjugates.
The Arabidopsis E3 SUMO ligase SIZ1 is a positive regulator of freezing tolerance
and cold acclimation (Miura et al., 2007). SIZ1 SUMOylates ICE1 which prevents ICE1
ubiquitination (Figure 1.8). Hence, the balance between SUMOylation and ubiquitination
may determine ICE1 levels.
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1.7.4 Regulation of ICE1 activity
The transcription factor ICE1 is a bHLH protein that binds to MYC elements in the
CBF3 promoter inducing expression (Chinnusamy et al., 2003) (Section 1.5.2). ICE1 is
constitutively transcribed and translated under normal (control) temperature but the
protein does not induce CBF3 expression. Indeed, overexpression of ICE1 under normal
conditions also fails to increase CBF3 expression. SUMOylation and ubiquitination are
thought to decrease ICE1 levels in the cell but not ICE1 activity. Consequently, an
additional post-translational mechanism is postulated to enable ICE1 to activate CBF3
expression. MAPK-mediated phosphorylation is a possibility as ICE1 may interact with
other transcription factors such as MYB15 (Agarwal et al., 2006). Figure 1.8 presents the
various post-translational responses to low temperature.
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Figure 1.8. Post-translation responses to low temperature.
Multiple post-translational mechanisms overlap with transcriptional regulation of gene expression to finetune the development of cold acclimation response. After low temperature perception, cold stress is
signalled by kinase-mediated pathways resulting in the phosphorylation of an array of transcription factors
that are central to the transcriptome re-programming leading to cold acclimation. Further posttranslational modifications, including protein ubiquitination, SUMOylation, N-glycosylation and lipid
modification, converge over these factors creating an intricate network of regulatory mechanisms. The
modulation of ICE1 activity is a paradigmatic example of the complexity with which the function of
transcription factors with important roles in cold acclimation may be post-translationally regulated. Low
temperature elicits a MAPK pathway that culminates with the phosphorylation of ICE1. SUMOylation and
ubiquitination also contribute to adjust ICE1 activity during the development of cold acclimation. In
addition to transcription factors, other signalling components mediating this adaptive response are also
regulated at the post-translational level. Thus, ACS6 is phosphorylated following MAPK activation, which
results in ethylene biosynthesis that contributes to the hormonal regulation of cold acclimation. Solid lines
represent established pathways while dashed lines represent theoretical pathways. Black arrows indicate
transcriptional regulations and blue arrows represent post-translational regulations. Arrowheads denote
positive regulation and endlines represent negative regulation. From Barrero-Gil and Salinas (2013).
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1.8

Project Aims

The major aim of the thesis was to identify genes rapidly up- or down-regulated
by cold treatment of Arabidopsis suspension cells. The role of rapidly upregulated
transcription factors in the cold activation of Cold-Regulated (COR) genes (cold
signalling) was then to be determined.
The specific aims were:
1. Use Arabidopsis suspension cells to identify the genes up- or down-regulated
during the first 90 minutes of cold treatment.
2. Determine whether the MYC cis-element in the XERO2 dehydrin gene promoter
is involved in cold-induced expression of the gene.
3. Ascertain the importance of rapidly cold-induced transcription factors in the
expression of selected COR genes.
4. Identify proteins binding to a sequence in the XERO2 promoter using the Yeast
One-Hybrid system.
Two additional aims were included after the suspension cell data had been obtained.
5. Determine the role of the AP2/ERF transcription factor DREB2A in cold-induction
of XERO2.
6. Use Chromatin Immunoprecipitation (ChIP) to ascertain whether DREB2A binds
to the XERO2 promoter in vivo.
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2. Materials & Methods
2.1 Reagents
Reagents, materials and kits were purchased from the following companies:
GoTaq DNA polymerase, restriction enzymes, T4 DNA ligase, Wizard TM Plus SV
minipreps and DNA purification kits were supplied from Promega (Madison, WI, USA).
SuperScriptTM lll Reverse Transcriptase, RNaseOUT, and DDT for cDNA synthesis,
Hygromycin, TOPO® cloning kits and GFP antibody were from Invitrogen (Carlsbad,
California, USA). UltraCleanTM15 DNA Purification Kit was from MOBIO Laboratories, Inc
(Solana Beach, CA, USA). SensiFASTTM SYBR, Agarose and HyperLadderTM 1kb, 100bp and
25bp were provided by Bioline USA Inc (Randolph, MA, USA).
Arabidopsis Microarray kits were purchased from Affymetrix (Santa Clara, CA,
USA). Yeast One-Hybrid vectors, screening and cDNA library construction kit were
purchased from Clontech (Mountain View, CA, USA) and oligonucleotide containing DNA
target sequence for library screening was provided by Susanna Chung (La Trobe
University, Melbourne).
Custom primers were purchased from GeneWorks Pty Ltd (Adelaide, Australia).
Most analytical and molecular biology grade chemicals were purchased from either
Sigma (St. Louis, USA) or BDH chemicals (Melbourne, Australia).
Arabidopsis T-DNA mutants were obtained from the Arabidopsis Biological
Resource Centre (ABRC) (Alonso et al., 2003) (Ohio, USA). Transgenic seeds transfected
with the DREB2A promoter::GFP:DREB2A construct (Figure 6.1A) were obtained from the
Japan International Research Centre for Agricultural Sciences (JIRCAS) (Sakuma et al.,
2006b).
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2.2 Oligonucleotides
Table 2.1. General and Yeast One-Hybrid screening oligonucleotides

Name
T7

Forward/Reverse
F

Oligo dT

Sequence (5'-3')
TAATACGACTCACTATAGGGC
TTTTTTTTTTTTTTTTTTTT

GUSF1

F

GTTACGTCCTGTAGAAACCC

GUSR1

R

TAGAGCATTACGCTGCGATGGA

GUSR2

R

GGGTTTCTACAGGACGTAAC

LIBSCR_F

F

CTATTCGATGATGAAGATACCCCACCAACCCAAAA

LIBSCR_R

R

AGTGAACTTGCGGGGTTTTTCAGTATCTACGAT

HisF

F

ATGACAGAGCAGAAAGCCCTAGTA

HisR

R

CTACATAAGAACACCTTTGGTGGA

TrpF

F

ATGTCTGTTATTAATTTCACAGGT

TrpR

R

CTATTTCTTAGCATTTTTGACGAA

LeuF

F

ATGTCTGCCCCTAAGAAGATCGTCGT

LeuR

R

TAGGATCATGGCGGCAGAATCAAT

pHIS-FOR

F

TTTCCCAGTCACGACGTTG

pHIS-REV

R

AGTAATACACTATTACGGTCC

Table 2.2. PCR gene and T-DNA screening oligonucleotides

Gene (Locus)

Name

XERO2

X2F1
X2R1
X2-446F

(At3g50970)

Forward
/Reverse
F
R
F

Sequence (5'-3')
ATGAATTCTCACCAGAATCAAACCGGAG
CTAGTGATGACCACCGGGAAGCTTC
CACCAAGCTTTTTTCCTTTCTTTACTAAC
(CACC overhang for topo cloning in bold)

X2-1R

R

TTTTCTTCTTTGAATCG

β Tubulin 8

TUBF2

F

TGCAGATGAGTGTATGGTTC

(At5g23860)
DREB2A

TUBR3

R

GGATTAAATTCACTGCAAGC

DREB2AF1

F

ATGGCAGTTTATGATCAGAGTGGAG

(At5g05410)

DREB2AR1

R

CTCCAGATCCAAGTAACTCAAG

DREB2AF6

F

CGTCAATTGGTGATTCTAGGGT

CML38F1

F

TAATCTTTCTTTCTCGGTCCG

CMLR1

R

AGTCTAAACGCTCCCTTGAGC

CML38
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(At1g76650)

CML38F2

F

TTTCTATGTGTGCCTTGGTTTG

CML38R2

R

GCGCATCATAAGAGCAAACTC

WRKY53

WRKY53F1

F

TCAGGCACGACTTAGAGAAGC

(At4g23810)
ZAT10

WRKY53R1 R

GGGAAAGTTGTGTCAATCTCG

ZAT10F1

F

TATTTTGTAAGGCGGCATCAG

(At1g27730)
WRKY46

ZAT10R1

R

AAGTCAAACCGAGGCTTCTTC

WRKY46F1

F

TCTGTCGATTCCAACAAAACC

(At2g46400)
ATAF1

WRKY46R1 R

AAGCCAATTTTTATCCATCGG

ATAF1F1

F

ACCGATGAAGAGCTTGTCATG

(At1g01720)
ANAC019

ATAF1R1

R

TGAACAGAAATCTAATGGCCG

NAC19F1

F

TCAATGAACTCAAGGGATTGC

(At1g52890)

NAC19R1

R

ATGCGGTTTGGGTTAGAAAAC

NAC19F2

F

CTACGATAGACACGTGGACACG

NAC19R2

R

CGGGTCAGTTTCTTGGATACC

NAC19F3

F

TCGCTCAGACCGGACTTAAC

NAC19R3

R

CGCATTTAGTCGACCCAC

ANAC047

NAC47F1

F

CAAAATTTCGGATTCAATCCC

(At3g04070)

NAC47R1

R

AACCCTTCACCATTTGGTACC

NAC47F2

F

GACATGGGTCTCAGACTT

NAC47R2

R

CAATATCCAGACGCAGCT

Unknown

652F1

F

AAACTGCGTATTAAACGTCGTG

Protein (652)
Unknown
(At4G27652)

652R1

R

ATCGTCAAATGAGCCATCATC

1070F1

F

TTTGGATGTGGACGACG

Protein (1070)
SALK
T-DNA
(At5g11070)

1070R1

R

TCAAATCAACCGTCGCC

LBb1

R

GCGTGGACCGCTTGCTGCAACT

Left Border

LBa1

R

TGGTTCACGTAGTGGGCCATCG

GABI-KAT

pAC161

R

GGGCTACACTGAATTGGTAGCTC

T-DNA Left
border
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Table 2.3. Chromatin Immunoprecipitation PCR oligonucleotides

Gene (Locus)

Name

Sequence (5'-3')

PX2ChF1
PX2ChF2
PX2ChF3
PX2ChR1
PX2ChR2
PX2ChR3
PX2ChR4
HSFa3_F

Forward
/Reverse
F
F
F
R
R
R
R
F

XERO2

(At5g03720)
COR15A

HSFa3_R

R

GTGGAAATGGGTGGGTCAGT

cCOR15F1

F

GTTTTACATTTAGGC

(At2g42540)
RD29A

cCOR15R1

R

CTTAAGAGGGTCGTTCTCAT

cRD29AF1

F

CGTTTGTTATAATAAACAGCCAC

(At5g52310)

cRD29AR1

R

TCAAACTGATGTCGGTATG

cRD29AF2

F

GATATACTACCGACATGAGT

cRD29AR2

R

GTCTCACTAAGTTTATAGAGAG

GFP

GFPR2

R

CTTCAGCTCGATGCGGTTCAC

DREB2A

Dreb2AF6

F

CGTCAATTGGTGATTCTAGGGT

(At3g50970)

AtHSFA3

AGGTGGAAGAAACATACCAAACG
GTGACTCTTAATCAATTACG
CTTTCATATCTAAAGGCCCACA
GGATAGGAATTCATCATCAC
CGTAATTGATTAAGAGTCAC
CGATGAAGATTAATGATCTC
CGGTTTGATTCTGGTGAGA
GCTAAGTGAAGCTGCAAGGA

(At5g05410)

Table 2.4. Quantitative RT-PCR oligonucleotides

Gene (Locus)

Primer name & Sequence

R2

Slope

104

0.969

-3.331

108.5

0.96

-3.134

102.7

0.976

-3.285

Efficiency
(E) %

β Tubulin 8

qBTUBF 5' TGCAGATGAGTGTATGGTTC

(At5g23860)
qBTUBR 5' GGATTAAATTCACTGCAAGC
Ubiquitin 10

qUBQF 5' TCCGGATCAGCAGAGGCTTA

(At4g05320)
qUBQR 5' TCAGAACTCTCCACCTCAAG
XERO2

XERO2_+10F 5' CACCAGAATCAAACCGGAGT

(At3g50970)
XERO2_+178R 5'
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CGGTACCAGTAGCACCATGA
CBF3

qCBF3F 5' ACGATGAGGCGATGTTTGAG

96.1

0.951

-3.42

95.7

0.982

-3.43

100

0.979

-3.21

107.1

0.997

-3.162

99.1

0.909

-3.43

94

0.990

-3.43

109

0.991

-3.123

0.963

-3.227

102.1

0.979

-3.272

95

0.923

-3.448

(At4g25480)
qCBF3R 5' CGCCGTCGACTTCATGATTA
CML38

qCML38F 5' GCTCAAGGGAGCGTTTAGACT

(At1g76650)
qCML38R 5' CATCAGTGGTTCTTGATTCTCC
COR15A

qCOR15aF 5' GGCGTATGTGGAGGAGAAAG

(At2g42540)
qCOR15aR 5' TGTGGCATCCTTAGCCTCTC
COR47

qCOR47F 5' CAGTGTCGGAGAGTGTGGTG

(At1g20440)
qCOR47R 5' ACAGCTGGTGAATCCTCTGC
GH3.3

qGH3F 5' AGTCGGGTTGCGGATAAGTC

(At2g23170)
qGH3R 5' CCTCGGCACCTTGTACTGAT
IAA11

qIAA11F 5' CTACCAGATGGGTCTTCCG

(At4g28640)
qIAA11R 5' ATCCGGAGCCTTCTCACTG
MYB15

qMYB15F 5' CTTGGGCTCCGCTAATAATG

(At3g23250)
qMYB15R 5' CCCGGCTAAGAGATCTTGTTC
RD29A

qRD29AF 5' GAAAGGAGGAGGAGGAATGGTT 104.1

(At5g52310)
qRD29AR 5' CCAGCCAGATGATTTTGGAG
CBL1

qCBL1F 5' GAGGAGTTTCAACTTGCTTTG

(At4g17615)
qCBL1R 5' CCGAAATCGATGACTCCTTT
DREB2A

qDREB2AF 5' GACCTAAATGGCGACGATGT

(At5g05410)
qDREB2AR 5' TCGAGCTGAAACGGAGGTAT
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ATAF1

qATAF1F 5' GATCATGCACGAGTACCGTCT

101.7

0.993

-3.282

95

0.993

-3.449

104.4

0.983

-3.221

106.3

0.976

-3.179

(At1g01720)
qATAF1R 5' TGTAAATCCGGCAGAGAACC
Unknown 1070 q1070F 5'
(At5g11070)

GTGTGAAGTCACGTATCAAGGTTAC
q1070R 5' GATCGTAACTGAAATCTCCAGGAT

Unknown 652

q652F 5' GGCTCTCGCGAAACTAAC

(At4g27652)
q652R 5' AACCACCAATCCGTACAACG
GUS

qGUSF 5' CAGTGTGCATGGCTGGATATGT

(β-Glucuronidase)

qGUSR 5' TGCGGTCGCGAGTGAAGATC

2.3 Agarose gel electrophoresis
TBE (0.5x; 5.4g Tris, 2.75g Boric acid, 0.46g EDTA, ddH2O to 1L) buffered 0.8-2%
agarose (Agarose 1, AMRESCO; Cat# 0710) gels stained with 0.5µg/mL ethidium bromide
were used to separate DNA or RNA according to size. Gels were run at 85-100V for 40-80
min in 0.5x TBE buffer (Bio-RAD PowerPacTM Basic power supply).

Bioline molecular weight markers Hyperladder l, lV or V were used for
quantification and size determination of DNA. Hyperladder l (Cat# BIO-33025) markers
ranged from 200-10,000bp, Hyperladder lV (Cat# BIO-33029) markers ranged from 1001000bp and Hyperladder V (Cat# Bio-33031) markers ranged from 25-500bp. 5µL
Hyperladder was loaded onto a TBE agarose gel.

2.4 DNA purification from agarose gels
DNA was purified from TBE buffered agarose gels using the UltraClean TM15 DNA
Purification Kit (MOBIO; Cat# 12100-300). DNA bands were visualised on a ultraviolet
(UV) light box and excised using a clean scalpel, placed into a sterile 1.5mL tube and
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weighed. Exceptions to the manufacturer's protocol included 7µL of ULTRA BIND was
added to each reaction, pellet allowed to air-dry for 30-60 minutes and re-suspended in
20µL ddH2O. The DNA was eluted by gentle pipetting and incubated at room
temperature for approximately 5 min, then centrifuged at 12,000 rpm for 2 min and the
supernatant transferred to a fresh 1.5mL tube with no silica carry over.

2.5 DNA sequencing (AGRF)
Routine sequencing was performed by Australian Genome Research Facility Ltd
(AGRF) Melbourne, Australia.

2.5.1 Plasmid sequencing

Plasmid DNA was sequenced by adding ~600ng purified plasmid DNA, 1µL of
6.4pmol primer and ddH2O to 12µL. Individual reactions were prepared with forward
and reverse primers when sequencing larger (>500bp) fragments.

2.5.2 PCR product sequencing

Purified PCR products were sequenced by adding 5-10ng of product per 1000bp,
1µL of 6.4pmol primer and ddH2O to 12µL. Individual reactions were prepared with
forward and reverse primers when sequencing larger (>500bp) fragments.

2.5.3 Sequence analysis

Sequence similarities were analysed using BLAST (Altschul et al., 1990) at the
National Centre for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov/). BLAST
searches were also performed on The Arabidopsis Information Resource (TAIR) site;
http://www.arabidopsis.org. Basic sequence alignments and analysis was performed
using VectorNTI® Software (Invitrogen). The analysis of promoter cis-regulatory
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elements was performed using the PLACE database (http://www.dna.affrc.go.jp/PLACE/)
(Higo et al., 1999).

2.6 Cloning
2.6.1 Gateway® cloning
Gateway® entry clones were created using pENTRTM Directional TOPO® Cloning
Kits (Life Technologies, Cat# K2400-20) and LR clonase® (Life Technologies, Cat# 11791100) reactions were performed following the manufacturer's instructions. pGWB533 was
the GUS-binary vector used.

2.6.1.1 Mutagenesis (base substitution) of promoter sequences

The two promoter sequences -354 or -250bp plus 24bp of the coding region of
the XERO2 gene were cloned into the pTZ19U phagemid vector using HindIII and XbaI.
Site-specific mutagenesis was carried out using the Muta-Gene phagemid kit (Bio-Rad)
as described by the manufacturer. The mutated promoters were sequenced and cloned
into the pBI101 binary vector. Promoter elements mutated and the specific base
substitutions are listed in Table 2.5. Promoter specific primers 'X2-446' and 'X2-1R' were
used to clone the mutated promoter fragment into Gateway® vectors.

Table 2.5. XERO2 promoter elements and specific base substitutions.
Underlined sequence indicates base pairs of the wild type promoter element (5' to 3') which were
mutated. Lower case denotes base substitutions in the mutated promoter which was then fused to the
GUS gene.

cis-element

Wild type

Base substitution

ACGT 1

ACGT

tttt

ACGT 2

ACGT

tttt

ACGT 3

ACGT

tttt

Palindrome

TGTCGGCCAACA

TctaattCAACA

MYC

CATGTG

aATaTa
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2.6.2 DNA ligation

The basic ligation reaction involved the addition of 200ng vector DNA, 500ng
insert DNA, 1µL 10x Ligase Buffer, 1µL T4 DNA ligase (Promega; Cat# 1801) and nuclease
free H2O to 10µL. The reaction was mixed by pipetting and incubated overnight at room
temperature.

2.6.3 Transformation of E. coli

A 30µL aliquot of Escherichia coli (E. coli) XL1-Blue competent cells (Strategene;
Cat# 2002249) was taken from -80°C storage and thawed on ice for 5 min. 0.25µL βMercaptoethanol was added to the thawed cells and 2µL of plasmid or ligation reaction
was added to the cells, gently mixed and incubated on ice for 30 min. Heat shock was
performed at 42°C for 30 sec then placed on ice immediately for 2 min prior to the
addition of 150µL of 2YT broth (16g Bactotryptone, 10g BactoYeast extract, 5g NaCl,
pH7, ddH2O to 1L). (For agar plates, 15g/L of agar was added. After autoclaving the
appropriate antibiotics were filter sterilised and added to the media. Plates stored at
4°C.) The cells were incubated at 37°C with shaking for 45 min, after which 20-100µL was
plated onto 2YT agar plates containing the appropriate antibiotic for selection. The
plates were incubated overnight at 37°C.

2.6.4 Plasmid purification

2YT broth with selective antibiotic was inoculated with transformed E. coli
containing the plasmid of interest and incubated at 37°C with shaking for 16-20 hours.
Plasmid DNA was isolated using Wizard

TM

Plus SV Minipreps DNA purification system

(Promega; Cat# A1330) using the manufacturer's protocol.
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2.7 Long term storage of E. coli
Transformed bacterial colonies were inoculated in 10mL 2YT broth containing the
appropriate antibiotic and incubated at 37°C with shaking for 16 to 20 hours. 400µL of
overnight culture and 500µL 30% glycerol was mixed in a 2mL cryovial and snap frozen in
liquid nitrogen prior to storage in -80°C.

2.8 Preparation of electrocompetent Agrobacterium (GV3101) cells
A single colony of Agrobacterium tumefaciens (GV3101) was inoculated into
20mL 2YT broth and incubated at 27°C for two nights with shaking. Cells were pelleted
by centrifugation at 3,000 rpm for 15 min. The supernatant was discarded and the pellet
was resuspended with 1mL of ice-cold 10% glycerol and transferred into 1.5mL tubes.
After spinning the tubes at 13,000 rpm for 7 min at 4°C, the supernatants were
discarded and the pellet was resuspended with a further 1mL of ice-cold 10% glycerol.
Tubes were then spun at 13,000 rpm again for 7 min at 4°C and the pellet was
resuspended with 350μL of 10% ice-cold glycerol. 50μL aliquots of the mixture were
snap frozen in liquid nitrogen and stored at -80°C.

2.9 Transformation of Agrobacterium using electroporation
A 50μL aliquot of GV3101 competent cells were taken from -80°C storage and
thawed on ice for 5 min. 2μL of plasmid was added to the cells and gently mixed by
pipetting. The cells were incubated on ice for 25 min, transferred to electroporation
cuvettes and gently tapped to remove any air bubbles. The cuvettes were placed into
the electroporator (MicroPulserTM, Bio-Rad) and pulsed using the AGL1 setting for
Agrobacterium cells. The cuvettes were placed on ice for 2 min before 150μL of 2YT
broth was added and mixed by pipetting. The suspension was transferred to a sterile
1.5mL tube and incubated at 27°C with shaking for 45 min. 5 to 30μL of the mixture was
plated on 2YT agar plates with appropriate antibiotic selection for the plasmid along
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with 25µg/mL gentamycin and 50µg/mL rifampicin. The plates were then incubated at
27°C for 2 days.

2.10 Transformation of Arabidopsis
Arabidopsis was grown in punnets containing seed raising mix and vermiculite.
Once plants were ready for transformation any elongated siliques were removed. A
20mL Agrobacterium (GV3101) culture with the appropriate antibiotics for the plasmid
of interest, 25µg/mL gentamycin and 50µg/mL rifampicin, was incubated for 2 nights at
27°C and centrifuged at 3,000 rpm for 15 min to pellet the cells. The pellet was
resuspended in infiltration media (1g sucrose, 6µL Silwet-L77, ddH2O to 20mL). Using a
pipette, drops of the Agrobacterium suspension were placed onto unopened flower
buds. The plants were placed in the dark overnight and returned to normal growth
conditions the following day. The dripping process was repeated weekly until plants
matured and seeds were ready for collection.

2.11 Arabidopsis plant lines
Wild type (WT) Arabidopsis thaliana used in this study was the Columbia (Col-0) ecotype.
1. cml38-2 (At1g76650), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_001571c obtained.
2. anac019-2 (At1g52890), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_096295 obtained.
3. anac047-1 (At3g04070), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_066615 obtained.
4. ataf1-1 (At1g01720), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_067648 obtained.
5. wrky46-1 (At2g46400), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_134310c obtained.
6. wrky53-1 (At4g23810), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_034157c obtained.
40

7. zat10-1 (At1g27730), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_054092c obtained.
8. u652-1 (At4g27652), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_071404 obtained.
9. u1070-1 (At5g11070), T-DNA insertion mutant in Col-0 background from ABRC.
Line SALK_019859 obtained.
10. dreb2a-1 (At5g05410), T-DNA insertion mutant in Col-0 background from GABIKat. Line 379F02 obtained.

2.11.1 T-DNA PCR screening strategy

A PCR based approach was used to identify homozygous T-DNA insertion
mutants (Figure 2.1). A combination of gene specific primers were used in conjunction to
a T-DNA specific primer (LBa1) to identify the position and orientation of a T-DNA
insertion. The PCR product was purified and subsequently sequenced using the LBb1
primer, after which the insertion position was confirmed using VectorNTI® to perform
sequence alignments.

Figure 2.1. T-DNA screening strategy.
A gene specific forward primer (FP) is used with a T-DNA specific left border (LB) primer LBa1. PCR
products are sequenced using LBb1 primer. Lines homozygous for an insertion at a specific loci are PCR
screened using gene specific forward and reverse primers (RP+LP). In this instance RP+LP results in a
500bp PCR product, homozygous T-DNA mutants for a gene are PCR negative. Presence of a band (using
FP+RP) indicates lines heterozygous at that loci . T-DNA; black triangle is not to scale (approximately 4-5 kb
in size). Arrows; PCR primers, ATG; translation start site, Black line 5'UTR; 5' untranslated region, LB; TDNA left border, RB; T-DNA right border, grey box; exon. RP; reverse primer, FP; forward primer. LBb1
primer predicted to be +238bp from T-DNA left border. LBa1 predicted to be +438bp from T-DNA left
border.
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2.12 Arabidopsis seed sterilisation and growth
Mature Arabidopsis seeds were surface sterilised in a 1.5mL tube. Seeds were
allowed to soak in 500µL of 70% ethanol for 2 min after being briefly vortexed and
centrifuged. Most of the ethanol was removed and seeds were briefly vortexed in 500µL
seed sterilisation solution (4% Sodium hypochlorite, ddH2O, 5% SDS; 8:15:1, respectively)
then allowed to soak for 10 min after brief centrifugation. In a sterile laminar flow, seeds
are given 4 serial washes with sterile ddH2O prior to sowing on Growth Media (GM; 10g
sucrose, 0.5g MES, 4.61g Murashige & Skoog, 1mL of 1M KOH, 2g Phytagel, ddH 20 to 1L)
plates. Plates were sealed with micropore tape and then stratified at 4°C for 2 days after
which they were placed in a 22°C growth cabinet with constant light. After
approximately two weeks on GM seedlings were transferred to soil, watered and tubs
sealed with cling wrap containing several small holes. Plants were watered as required
and after 7-14 days the cling wrap was gradually removed.

2.13 GUS staining of Arabidopsis tissue
Arabidopsis tissue was covered with X-Gluc (Thermo Scientific; Cat# R0852)
solution (0.5 mg/mL X-Gluc in dimethylformamide, 50 mM *NaPO4, 0.05% Triton X-100
[*Na2HPO4 & NaH2 PO4]), placed under vacuum for 30 minutes and then incubated at
37°C for 16-18 hours. After incubation, the X-Gluc solution was discarded and replaced
with 70% ethanol and incubated at room temperature overnight to bleach chlorophyll.
Additional incubation with 70% ethanol was occasionally required. Blue GUS staining
was observed under a dissecting microscope.

2.14 Measurement of Arabidopsis Hypocotyl
Seeds were surface sterilised and horizontally aligned on square petri dishes with
GM (GM; 10g sucrose, 0.5g MES, 4.61g Murashige & Skoog, 1mL of 1M KOH, 4g
Phytagel, ddH20 to 1L). Plates were covered in foil and placed in sealed zip-lock bags
(horizontal) and stratified at 4°C for 3 days. Foil was temporarily removed and plates
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were placed in a 22°C illuminated growth cabinet for 3 hours to induce germination.
Subsequently, plates were covered in foil and placed vertically in incubators set to 22°C
or 4°C. Hypocotyls were measured after 17 days for 22°C treatment and after 49 days for
4°C treatment using a digital caliper. Protocol adapted from (Guan et al., 2013).

2.15 Cold treatment of Arabidopsis seedlings
Cold treatment of 14 day old Arabidopsis seedlings on growth media was
performed for 24 hours in a refrigerated incubator (Thermoline, TLM-570) with constant
illumination at 4°C.

2.16 Quantification of GUS activity using MUG assay
2.16.1 Sample preparation

Three or four lines were used for the quantification of GUS activity. Each line
consisted of an independent transformation event. 10 to 12 Arabidopsis seedlings (per
line) were collected in labelled 50mL falcon tubes and snap frozen in liquid nitrogen and
stored at -80°C. Samples were ground to a fine powder in liquid nitrogen, triplicates of
~0.2g of powder was weighed into 1.5mL tubes and kept in liquid nitrogen until required
or stored at -80°C. Ground tissue was resuspended in 1mL GUS extraction buffer (0.1M
K2HPO4/KH2PO4, 1mM DTT, 1mg/mL BSA) and vortexed for 30 sec and placed on ice for 1
min; the process was repeated two more times. Subsequently, samples were kept on ice
for an additional 10-15 min before centrifugation at 4°C for 10 min at 14,500 rpm. The
supernatant was transferred to a new 1.5mL tube and stored at -80°C.

2.16.2 Standard curve

A 100mM stock of 4-Methylumbelliferone (MU) (Sigma; Cat# M-1508) was
prepared in ddH2O. Serial dilutions ranging from 0.005 to 5nmol MU (Table 2.5) were
measured in triplicate using a SpectraMax® M2 (Bio-Strategy) fluorometric microplate
43

reader set to 37°C. 50µL of each dilution was placed into wells containing 150µL 0.2M
NaCO3. For each triplicate set, means were taken and transferred to Microsoft Excel and
the slope was calculated using the formula; [SLOPE= Amount of MU, fluorescence].

Table 2.6. Standard curve dilutions for kinetic MUG assay.

Concentration

Volume

ddH2O (µL)

1 mM
0.1 µM
1 µM
10 µM
25 µM
50 µM
100 µM

10 µL of 100mM stock
100 µL of 1 µM stock
100 µL of 10 µM stock
10 µL of 1 mM stock
25 µL of 1 mM stock
50 µL of 1 mM stock
100 µL of 1 mM stock

990
900
900
990
975
950
900

Concentration
of MU (nmol)
NB. made 1st
0.005
0.05
0.5
1.25
2.5
5

2.16.3 Kinetic MUG assay

Protein extracts were diluted (20µL protein extract + 160µL GUS extraction
buffer) to a total volume of 180µL. In 96 well plates (Greiner bio-one; Cat# 655180), four
technical replicates of diluted protein extracts were loaded into wells containing 20µL of
10mM 4-Methylumbelliferyl-β-D-Glucuronide (MUG) (Inalco; Cat# 1758-1630). Plates
were covered in foil and mixed on a shaker at room temperature for 5 min before being
briefly spun down (<1000 rpm). The glucuronidase activity was quantified using the
fluorometric MUG assay (Jefferson, 1987). The 40 minute kinetic assay was performed
on a SpectraMax® M2 (Bio-Strategy) fluorometric microplate reader set to 37°C with
fluorescence (excite λ355, emit λ460) readings taken every minute (SoftMax® Pro 5.2
software). GUS activity was expressed in nanomoles of product generated per minute
per gram fresh weight.

2.17 Genomic DNA extraction from Arabidopsis
Genomic DNA was extracted from Arabidopsis leaves using minor changes to the
Shorty DNA Extraction method (www.hos.ufl.edu). Leaves excised (~70mm 2) into 1.5mL
tubes are placed in liquid nitrogen until all samples were collected. Tissue was ground to
a fine powder in 1.5mL tubes using plastic pestles. Powder was resuspended and
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vortexed in 500µL Shorty buffer (0.2M Tris-HCl pH 9, 0.4M LiCl, 25mM EDTA, 1% SDS).
Samples were centrifuged at top speed for 8 min at 4°C after which the supernatant was
poured into fresh tubes containing 350µL isopropanol. Tubes were mixed by inversion 4
to 6 times and spun for a further 12 min at top speed at 4°C. Supernatant was discarded
and tubes were dried by inverting on paper towel for 30-60 min. The pellet (usually
invisible) was resuspended by adding 200µL of sterile ddH2O and vortexed for 30 sec.
1µL of the DNA extraction was used in PCR.

2.18 RNA purification and cDNA synthesis
2.18.1 RNA extraction from Arabidopsis

Total RNA was extracted from Arabidopsis seedlings (~0.2g) using Bioline's Isolate
Plant RNA Mini Kit (Cat# BIO-52040) following the manufacturer's instructions.

2.18.2 RNA integrity and quantification

Gel electrophoresis was used to check RNA integrity. Total RNA was quantified
using a NanoDrop ND-1000 spectrophotometer according to the manufacturer's
guidelines (Labtech International, East Sussex, UK). RNA used for Microarray analysis
(Section 2.21) was also quantified using the Agilent 2100 Bioanalyzer (Agilent
technologies & AGRF, Melbourne, Australia).

2.18.3 DNase treatment of RNA

Removal of genomic DNA contamination from 1µg of total RNA was performed
using Deoxyribonuclease l (DNasel) Amplification grade (Invitrogen; Cat# 18068-015)
following the manufacturer's protocol. To test the efficiency of the DNase treatment,
1µL was used in a PCR with Beta Tubulin8 (At5g23860) primers (Section 2.2, Table 2.2),
samples were analysed on an agarose gel. If any genomic DNA contamination was
evident then the DNase treatment would be repeated on a new aliquot of total RNA.
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2.18.4 cDNA synthesis

Reverse transcription of mRNA was achieved using the SuperScript®lll Reverse
Transcriptase kit (Invitrogen; Cat# 18080-044) following the manufacturer's protocol.
The cDNA was diluted with an additional 60µL nuclease-free ddH2O and stored at -20°C.

2.19 Polymerase Chain Reaction (PCR)
2.19.1 PCR mixture

GoTaq DNA polymerase (Promega; Cat# M7122) or KAPA HiFi proof reading DNA
polymerase (KAPABIOSYSTEMS; Cat# KK2102) reactions were set up in thin walled PCR
tubes or PCR strips according to the manufacturer's protocol. In the case of multiple
reactions a master mix was prepared.

2.19.2 Colony PCR

Colony PCR was performed using GoTaq PCR mixture. DNA template is not used,
instead a sterile pipette tip is touched on a colony (E. coli, Agrobacterium or Yeast) and
scraped on the inner wall of a tube directly into a PCR mixture. The PCR amplification
process is altered with an extended initial denaturation step of 5 min at 94°C.

2.19.3 PCR amplification process

The amplification process using GoTaq began with an initial denaturation step of
94°C for 3 min. The amplification cycled (26-36x) through denaturation at 94°C for 30
sec, primer annealing (45-60°C) for 30 sec and then an extension step at 72°C adjusted
for the target product (1 min/1000bp). The amplification process finished with a final
extension step of 72°C for 7 min and was then held at 15°C until removed from the PCR
machine (BioRad).
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The amplification process using KAPA HiFi followed the manufacturer's guidelines
(KAPABIOSYSTEMS; Cat# KK2102).

2.20 Quantitative Reverse Transcription-PCR (qRT-PCR) analysis
2.20.1 qRT-PCR amplification process

Quantitative Reverse Transcription-PCR (qRT-PCR) was performed in 15µL
reactions with 1µL cDNA, 7.5µL SensiFASTTM SYBR & Fluorescein mix (Bioline; Cat# BIO96020), 10pmol forward and reverse primers and nuclease free H2O to 15µL. The qRTPCR was prepared in a 96 well iCycler iQ® PCR plate (BioRad; Cat# 2239441) sealed with
Microseal® 'B' film (BioRad; Cat# MSB1001). The following conditions were used for all
primer sets; initial denaturation 95°C for 2 min; amplification process cycled 40x through
denaturation at 95°C for 5 sec, primer annealing for 10 sec and then an extension at
72°C for 10 sec. Fluorescence emitted was measured during the cycled extension step. A
final extension of 95°C for 1 min was completed. The melt (dissociation) curve began
with a step of 95°C for 1 min followed by 55°C with an increase of 0.5°C, every 10 sec,
until the final temperature of 95°C was reached. qRT-PCR data analysis is presented in
'Supplementary qRT-PCR data' file on the CD provided.

2.20.2 Primer efficiency: standard curve

Serial dilutions (1:2) of cDNA were performed on each of the gene of interest
primer sets. The Cycle threshold (Ct) was plotted against the log10 of gene copies in the
template DNA to produce a standard curve. Primers with a slope between -3.1 and -3.6,
Efficiency (E)

0-

slope

between 90-110% and R2≥0.985 were acceptable. Only a single

peak was acceptable in the melt curve and negative controls were always checked to
ensure no contamination was present. All amplified products were sequenced to
confirm specificity of the primers for the gene of interest.
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2.20.3 Normalised cycle threshold (ΔCt)

To normalise the different concentration between samples all results were
normalised to two house keeping genes β-TUBULIN8 (At5g23860) and UBIQUITIN10
(At4g05320). ΔCt was calculated by subtracting the average Ct of the reference gene
from the average of the gene of interest. All Ct values were obtained from three
biological replicates and three technical replicates. β-TUBULIN and UBIQUITIN were used
in this study as reference/normalisation genes for qRT-PCR on cold treated Arabidopsis
seedlings. Neither genes were detected as having their expression altered by cold in our
microarray of cold treated suspension cells or in the microarray of cold treated (4°C for 1
hr, 24 hr and 168 hr) soil grown Arabidopsis performed by Vogel et al. (2005). β-TUBULIN
and UBIQUITIN10 were unaffected by cold and sufficiently stable to be used as reference
genes for qRT-PCR.

2.20.4 Transcript abundance

The transcript abundance (TA) is the quantity of gene transcript in relation to the
transcript of the reference gene in a sample; T

E-

Ct

.

2.20.5 Fold change

The ΔCt difference between the gene of interest in a treated sample to a control
sample was calculated (ΔΔCt). The ΔΔCt [

was used

with the Efficiency value to calculate the relative fold change (FC) of gene expression
due to a treatment, where C E-

Ct

.

2.20.6 Error bars for Transcript abundance

2

The following equation was used to first calculate standard error:
where n= the number of the sample size (ΔCt) and the standard error (SE): SE

( Ct- Ct)
n
n
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To calculate upper and lower error bars the following equations were used;
Upper

E-

CT-SE

- T , Lower T - E-

CT SE

.

2.20.7 Error bars for Fold change

The standard deviation was based on the ΔΔCt with the equation
( ΔCt- ΔCt)
n

2

and standard error calculated using SE

n

Upper and lower error bars for fold change (FC) were calculated using the following
equations; Upper

E-

ΔCT-SE

- C, Lower

C - E-

ΔCT SE

2.20.8 Analysis of variance (ANOVA)

ANOVA was performed on qRT-PCR data comparing the normalised cycle
threshold (ΔCt) of the treated sample to the control (WT) using Microsoft Excel data
analysis package. Experiments consisted of three biological replicates and three
technical replicates. Calculated p-values are presented in figures where *p<0.05,
**p<0.01, ***p<0.001.

2.21 Microarray analysis
2.21.1 Low temperature treatment of Arabidopsis suspension cells

Arabidopsis suspension cells (Landsberg erecta ecotype) were obtained from the
University of Durham, School of Biological and Biomedical Science. Room temperature
conditions were considered as short day light conditions and 25°C with constant shaking.
Low temperature trials were performed on 3 day old 200mL suspension cell cultures.
Prior to low temperature treatment, cells were removed from the orbital shaker and
cells were allowed to settle for 3-4 min. Room temperature media was removed and
replaced with 200mL of fresh chilled suspension cell media (Murashige & Skoog (1x), 3%
sucrose, 0.5mg/mL NAA, 50µg/L kinetin, pH 5.7 with KOH). The temperature of the
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media was recorded, a T0 sample was collected by vacuum filtration and the culture was
placed in the refrigerated incubator with gentle shaking (Thermoline, TLM-570).
Room temperature controls were prepared as above with two exceptions. One, the
original culture media was decanted and replaced with fresh room temperature
suspension cell media rather than chilled media. Two, the cultures were incubated on an
orbital shaker at room temperature.

2.21.2 Sample collection & preparation

To collect samples from control and treated cell cultures, 5mL aliquots were
collected by gentle vacuum filtration through a side arm flask and Buchner funnel
apparatus. Half of the cells were collected on filter paper, dampened with sterile
suspension cell media, placed into a 1.5mL screw cap tube and snap frozen in liquid
nitrogen, and stored at -80°C. Total RNA was extracted using RNeasy® Plant Mini Kit
(Qiagen; Cat# 74904) following the manufacturer's protocol (Wright, 2012).

2.21.3 Microarray analysis

A time course of 0.5 (8.9°C), 1 (7.8°C), and 1.5 (7°C) hours of cold-treated
suspension cells and non-treated controls were chosen for analysis (Section 3.2.1). Three
biological replicates were used for each time point for the cold-treatment and two
biological replicates were used for non-treated (room temperature) controls.
RNA quality of all samples was analysed (Section 2.18.2) prior to RNA amplification
(aRNA). Amplification, fragmentation and hybridisation of aRNA was performed using
the GeneChip® 3' IVT Expression Kit (Affymetrix®, Cat# 901228). After amplification and
fragmentation samples were analysed using a Agilent 2100 Bioanalyser (AGRF,
Melbourne). Hybridisation, washing and staining of samples to Affymetrix Arabidopsis
ATH1 GeneChip® cartridges (Affymetrix, Cat# 900386) was performed using GeneChip®
Hybridisation, Wash and Stain Kit (Affymetrix, Cat# 900720) following the
manufacturer's instructions. Hybridisation, washing and scanning was performed at
Victorian AgriBiosciences Centre (VABC) (Bundoora, Australia).
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This Microarray was performed in collaboration with Erica Wright (Department of
Botany, La Trobe University, Bundoora).

2.21.4 Data analysis

Microarray data was analysed using GeneSpring® GX9 software, Version 8.0.0.0
(Agilent Technologies). Genes with p-values less than 0.05 and a fold change value
greater than two (p ≤ 0.05, C ≥ 2) were considered significant.

2.22 Yeast One-Hybrid assay

2.22.1 Target (Bait) sequence

A 23bp fragment (-196 to -173) of the XERO2 promoter was repeated 3 times,
generated as a 105bp oligonucleotide (Figure 5.3). The fragment was provided by
Susanna Chung (La Trobe University, Melbourne) in the original Clontech vector pHIS2
which served as template for PCR for cloning to the multiple cloning site upstream of the
minimal HIS3 promoter of pHIS2.1 vector using EcoRl and Sacl.

2.22.2 cDNA library construction
Two cDNA libraries were generated using the Matchmaker TM One-Hybrid Library
Construction & Screening Kit (Clontech; Cat# 630304). The first was generated from
untreated Arabidopsis seedlings (22°C) and the second was generated from RNA
extracted from cold-treated (4°C/24 hours) Arabidopsis seedlings.
First strand cDNA was synthesised using CDSlll (oligo-dT) and the SMART lll oligo
following the manufacturer's instructions. Amplification of cDNA by long distance (LD)
PCR was achieved using the Advantage®2 PCR kit following the recommendations of the
manufacturer (Clontech; Cat# 639207), however an increased number of 27 cycles of LDPCR was required.
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The change to the cDNA library construction protocol was the purification of double
stranded (ds) cDNA was performed using Qiaquick PCR Purification Kit (Qiagen; Cat#
28104).

2.22.3 Yeast Transformation

Yeast strain Y187 (Saccharomyces cerevisiae) were transformed following the
manufacturer's protocol (Clontech; Cat# 630304).

2.22.4 Library screening

Yeast (Y187) cells were co-transformed with SMART-amplified ds cDNA,
pHIS2.1/pX2R3 (bait), linear pGADT7-Rec2 (prey) using the manufacturer's library scale
transformation protocol (Clontech). Transformations were plated on -leu/-trp/-his
Synthetic Dropout (SD) media (SD agar 46.7g, -his/-leu/-trp dropout supplement, 0.1g Lleucine, pH5.8, ddH2O to 900mL) containing 50mM 3-AT. Colonies were expected to
grow after 3 to 5 days. cDNA library inserts were amplified using pGADT7-Rec2 screening
primers (LIBSCR_F/R) via yeast colony PCR (Table 2.1). PCR conditions were as follows:
an initial denaturation step of 94°C for 3 min. The amplification cycled (35x) through
denaturation at 94°C for 30 sec, primer annealing of 62°C for 30 sec and then an
extension step at 72°C for 2 min. The amplification process finished with a final
extension step of 72°C for 7 min.
PCR products were purified and sequenced using the T7 sequencing primer. A BLAST
search (Section 2.5.3) was used to identify the cDNA which was homologously
recombined into the pGADT7-Rec2 vector.

2.22.5 Library plasmid segregation and sequential transformation

Segregation of Library plasmids was achieved by streaking colonies 4 to 8 times
onto SD/-trp and SD/-leu plates, or until growth was observed on SD/-leu plates and not
SD/-trp plates. Once yeast contained only the Library plasmid (pGDAT7-Rec2),
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competent cells were prepared from these and the purified bait plasmid was
transformed to confirm a One-Hybrid interaction.

2.23 Protein analysis
2.23.1 SDS-PAGE gels

SDS-PAGE gels were constructed using the Mini-PROTEAN®3 Cell (BioRad; Cat#
165-3301/165-3302) following manufacturer's instructions. Acrylamide separating gels
(12%) consisted of 2.5mL 1.5M Tris-HCl, 100µL 10% SDS, 3mL 40% acrylamide/bis, 50µL
10% ammonium persulfate, 5µL N,N,N',N'-tetramethylethane-1,2-diamine, 4.4mL
ddH2O. A 4% acrylamide stacking gel consisted of 2.5mL 0.5M Tris-HCl, 100µL 10% SDS,
1mL 40% acrylamide/bis, 50µL 10% ammonium persulfate, 10µL N,N,N',N'tetramethylethane-1,2-diamine, 6.4mL ddH2O.
Loading buffer (2.5mL 0.5M Tris-HCl, 0.4g

0% SDS, 2mL glycerol, 0.2mL β-

mercaptoethanol, 0.1mg bromophenol blue, ddH2O to 10mL) was added to samples to a
total volume of 20µL. Prior to loading, samples were heated at 95°C for 10 min and gels
were ran for 60 min at 200V at 4°C.

2.23.2 Coomassie Blue staining of SDS-PAGE gels

Proteins purified were separated on SDS-PAGE gels and then stained with 0.1%
coomassie blue stain (0.1% coomassie blue R-250, 40% methanol, 10% acetic acid). The
SDS-PAGE gel was placed in a clean square petri dish covered with 10mL of fixing
solution (50% methanol, 10% acetic acid) and incubated at room temperature for 10
minutes with gentle rocking. The fixing solution was aspirated and the gel was covered
in coomassie blue solution, and incubated overnight with gentle rocking. The following
day the coomassie blue solution was aspirated and the gel was covered with destaining
solution (40% methanol, 10% acetic acid) for 2 hours at room temperature with gentle
rocking.
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2.23.3 Western Blot

WESTERNs were constructed following the BIO-RAD Mini Trans-Blot®
Electrophoretic protocol (Cat# 170-3930/170-3935) and ran at 200V for 50-80 min.

2.23.4 Colorimetric analysis of a Western membrane using Primary and Secondary
Antibodies

The membrane was covered with 10mL of 2.5% non-fat milk for 1 hour with
gentle rocking at room temperature, and then washed twice for 5 min with TBST buffer
(137mM NaCl, 20mM Tris, 0.1% Tween-20). The TBST was aspirated and replaced with
10mL 2.5% non-fat milk and incubated for 1 hour with diluted (1:1000) GFP-antibody
(Invitrogen; Cat# 33-2600). After two washes with 10mL TBST buffer for 5 min the
membrane was incubated with goat anti-mouse IgG Horseradish Peroxidase (HRP)
conjugate (Invitrogen; Cat# G-21040) diluted 1:10,000 in 2.5% non-fat milk with gentle
rocking for 1 hour at room temperature. The membrane was then washed 3 more times
with 10mL TBST buffer for 5 min after which all excess buffer was removed.

2.23.5 Alkaline Phosphatase colorimetric development

WESTERNs were developed using the Alkaline Phosphatase Conjugate Substrate
Kit (BioRad; Cat# 170-6432) following the manufacturer's protocol. The membrane was
exposed to light for 10-30 min with gentle rocking. Prior to scanning, membranes were
washed in ddH2O to terminate the reaction.
The PageRuler Prestained Protein Ladder (Thermo Scientific; Cat# 26616) was used to
determine the size of proteins.
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2.24 Chromatin Immunoprecipitation (ChIP) assay
The ChIP experiment was performed by using published protocols (Saleh et al.,
2008; Kaufmann et al., 2010) with some minor modifications, which are listed in sections
below.

2.24.1 Sample preparation and cross-linking

Fourteen day old Arabidopsis seedlings transformed with pDREB2A::GFP:DREB2A
(Sakuma et al., 2006b) were grown on GM (Section 2.12). Seedlings were grown under
constant light at 22°C for 13 days and then placed in a refrigerated incubator
(Thermoline, TLM-570) set to 4°C for 24 hours with constant illumination. The untreated
controls (14 day old seedlings) remained in the 22°C incubator until ready for use.
2g seedlings were weighed out and submerged in MC buffer (10mM sodium phosphate
pH7.0, 50mM NaCl, 0.1M sucrose) (Kaufmann et al., 2010) with 1% formaldehyde. Crosslinking was performed on ice under vacuum for 15 min, samples were mixed and when
all tissues were submerged vacuum was applied for another 15 min. Glycine was added
to the tubes and vacuum was reapplied for a further 2 min to stop the fixation. Tissues
were washed three times with sterile ddH2O and then blotted between paper towel and
placed in a pre-chilled mortar and snap frozen in liquid nitrogen.

2.24.2 Chromatin isolation and sonication

Tissues were ground under liquid nitrogen in a pre-chilled mortar and pestle to a
fine powder and then resuspended in 25mL of cold nuclei isolation buffer (0.25M
sucrose, 15mM PIPES pH6.8, 5mM MgCl2, 60mM KCl, 15mM NaCl, 1mM CaCl2, 0.9%
Triton X-100) with Protease inhibitor cocktail (cOmplete ULTRA tablet, Roche; Cat#
05892970001), 1 tablet was used per 10mL of buffer prepared.
The homogenised tissue was filtered through four layers of miracloth and
centrifuged at 11,000g at 4°C for 20 min. Supernatants were discarded and nuclei pellets
were resuspended by pipetting in 2mL of cold nuclei lysis buffer (50mM HEPES pH7.5,
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150mM NaCl, 1mM EDTA, 1% SDS, 0.1% sodium deoxycholate and 1% Triton X-100, and
Protease inhibitor cocktail (cOmplete ULTRA tablet, Roche; Cat# 05892970001), 1 tablet
was used per 10mL of buffer prepared.
A 5µL aliquot (extracted chromatin) of the treated and untreated sample was set aside
before sonication (sonicated chromatin), which was repeated 5 times for 15 sec (Fisher
Scientific, Model 100) with the power setting to 6, tuning setting to 4. To determine the
sonication efficiency, 5µL of each chromatin preparation (extracted and sonicated) was
run on an agarose gel (Section 2.3). A concentration at ~500bp and a smear from 200 to
1,000bp was acceptable.
Immunoprecipitation, reverse cross-linking and DNA precipitation were
performed as described in the protocol by Saleh et al. (2008) without modification.

2.24.3 ChIP analysis using PCR

Primers designed flanking cis-elements in the XERO2, AtHSFA3, COR15A, RD29A
promoters generated products ranging in size from 113 to 324bp. 25µL reactions were
performed using GoTaq® PCR mixture using 1µL of sonicated chromatin samples
(antibody plus, antibody minus). Two positive controls consisted of an input control
(sonicated chromatin) and Arabidopsis genomic DNA.
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3. Genes rapidly induced by cold: Microarray analysis of
cold-treated Arabidopsis suspension cells
3.1 Background
Microarray technology has been used to identify genes whose expression is
changed following cold treatment of Arabidopsis plants or tissues (Seki et al., 2001; Seki
et al., 2002; Lee et al., 2005a; Vogel et al., 2005; Usadel et al., 2008). "Early" coldinduced genes are those whose expression changes within the first 3 to 6 hours of cold
treatment (Lee et al., 2005a). "Late" genes are defined as those genes whose activity is
changed after 24 hours of cold treatment. The CBF transcription factors are responsible
for inducing one group of "late" genes (CBF regulon) including approximately 12% of
cold-responsive genes, including XERO2 (Fowler and Thomashow, 2002; Medina et al.,
2011).
The majority of these studies have been carried out using Arabidopsis seedlings.
A temperature gradient is most likely existent from the outside to the inside of tissues
exposed to cold, although the extent of this gradient at different low temperatures and
time courses has never been determined. The entire cell will not be experiencing
identical temperature changes, at least during the first 1 to 2 hours of cold treatment
and considerable variation between tissues is probable. The stress response has been
shown to vary between cell types and is also affected by growing conditions (Dinneny et
al., 2008). Consequently, Arabidopsis suspension cultures were chosen for microarray
analysis of gene expression after cold treatment. In suspension cultures all cells are
simultaneously exposed to the same temperature conditions. Hence, it is expected a
clearer picture of the time sequence of gene activation/expression following cold
treatment compared to whole plants will be obtained. We had no reason to expect cell
cultures to respond differently from intact tissues. Liquid cultures of Arabidopsis cells
provide an alternate means to investigate the low temperature response.
The initial response to cold is likely to involve changes such as increased cytosolic
Ca2+ rather than gene expression (Section 1.4). Some transcription factors may already
be present and be activated/deactivated post-translationally via modifications such as
phosphorylation, ubiquitination and SUMOylation (Section 1.7).
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The suspension cell experiments might also provide an indication of the
pathways in which rapidly cold-activated genes are involved and identify novel genes
whose cold responsiveness had not yet been described. In particular, transcription
factors in addition to the CBF proteins that might be involved (directly or indirectly) in
the cold induced activation of the XERO2 gene are of interest.

3.2 Results
3.2.1 Sample preparation of Arabidopsis suspension cells for low temperature
treatment

Arabidopsis suspension cells were prepared and treated as described in Section
2.21. An ambient 4°C treatment resulted in an actual culture temperature of
approximately 7°C at 90 minutes (Figure 3.1). Microarray analysis was performed on
three low-temperature treated and two room-temperature (~25°C) treated biological
replicates for the time course of 0.5, 1.0 and 1.5 hours of treatment. The cold
treatments were approximately 9°C, 8°C and 7°C at 30, 60 and 90 minutes, respectively.

Figure 3.1. Temperature of low-temperature treated and room-temperature control Arabidopsis
suspension cells.
Actual temperature was recorded at collection of cells at each time point. Data points are averages of 5
biological replicates ±StDev treated at 4°C (open circle) or room temperature (open square). From Wright,
PhD thesis (2012).
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3.2.2 Microarray analysis
GeneSpring GX9 software (Agilent Technologies) was used to process the
Microarray data (Section 2.21.4). Cells growing at 25°C were used as a control. The cells
were sampled at 0.5, 1.0 and 1.5 hours of cold-treatment. In cold-treated cells over the
90 minutes of treatment, 508 genes were differentially expressed by a factor of two-fold
or greater (p-value ≤0.05) ( ppendix l). (NB. Supplementary Microarray tables -10 are
also provided in an electronic form on the CD included). A progressive increase in the
expression of 218 of these genes occurred over all three time points sampled (Supp.
Microarray data, Table 3). The median fold change after 1.5 hours cold treatment was
3.66-fold. The maximum increase in fold change of 66.89 was identified for the
At5g11070 (u1070) gene which encodes a hypothetical protein with unknown function.
Expression steadily decreased for 96 of the 508 differentially expressed genes
during the 90 minutes of cold-treatment (Supp. Microarray data, Table 5). The median
fold change was -2.98 and the largest change was for GH3.3 (At2g23170), an indole-3acetic acid amido synthetase, downregulated 85.89-fold after 90 minutes.
TAIR (The Arabidopsis Information Resource) was used to classify the 508 genes
into functional groups or biological processes based on information of known or putative
function (Appendix l). A wide range of functional groups are represented including
transcription factors, genes involved in signal transduction, transport, metabolism and
hormone responses (Figure 3.2). Five subclasses of genes (262 genes) within major
functional groups are presented in Figure 3.3.
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Figure 3.2 Functional groups represented by 508 genes differentially expressed in suspension cells in
response to cold-treatment.
Entities sorted based on gene annotations given by The Arabidopsis Information Resource
(www.arabidopsis.org).
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Figure 3.3. Sub-classes of differentially expressed genes within the major functional groups.
Functional groups represented include Stress response (A), Metabolism (B), Signal transduction (C),
Hormone response (D), and Transporters (E). Transcription factors, hypothetical proteins, DNA associated
proteins and "other" were not separated into sub classes but contained 118, 93, 2 and 33 genes
respectively. Entities sorted based on gene annotations given by The Arabidopsis Information Resource
(www.arabidopsis.org).

In cold-treated seedlings, CBF2 and ZAT12 are among the earliest genes induced
that encode transcription factors (Vogel et al., 2005). XERO2 induction occurs later. In
suspension cells, the same sequential induction occurs (Figure 3.4).
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MYB15, for example, is believed to be associated with downregulation of CBF
expression (Section 1.6.3) and increases in MYB15 expression in suspension cells lag
behind that of CBF2 (Figure 3.4).

Figure 3.4. Fold change of gene expression over low-temperature treatment time course of Arabidopsis
suspension cells.
Fold change of genes in suspension cells compared to controls (25°C) collected at the same time point;
0.5, 1 and 1.5 hours.

3.2.3 Microarray data verification
Five genes exhibiting upregulation over the 90 minute cold-treatments were
chosen from the microarray data set for fold change verification using qRT-PCR. The
genes chosen were CBF2, ZAT10, XERO2, AtHB12 and CML38. XERO2 upregulation is
relatively small after the 90 minute cold-treatment, but it was selected because of its
relevance to the major aims of the work. At all three time points, correlation of
microarray and qRT-PCR fold change was positive (Figure 3.5). Pearson's correlation co-
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efficient values (r) ranging from 0.96 to 0.87 (Figure 3.5 and Supplementary Microarray
Data - correlation charts) indicate the strength of association between the two data sets.

Figure 3.5. Correlation graphs showing validation of microarray data by qRT-PCR.
Fold change in expression of XERO2, ZAT10, CML38, CBF2 and AtHB12 in response to cold treatment was
calculated by qRT-PCR and by microarray. Fold changes calculated by both methods correlated with r
values (Pearson's co-efficient) of 0.94 (A), 0.96 (B) and 0.87 (C) at time points of 0.5, 1.0 and 1.5 hr of
treatment, respectively. The positive correlation, indicative of the trend line, has a high Pearson's
coeffecient. From Wright, PhD thesis (2012).
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3.2.4 Arrangement of Microarray data
Based on the time of their induction in response to cold treatment, genes were
organised in a number of tables. The tables also took into account functional
classification. Hence, genes are arranged within functional groups (Appendix l). Genes
that are continuously up- or down-regulated throughout the 90 minute cold treatment
period are also placed in functional groups (Supplementary Microarray Data, Table 1 &
2).
Genes that are upregulated throughout the 1.5 hour cold treatment time course
are listed in order of those with highest expression at the 1.5 hour time point
(Supplementary Microarray Data, Table 3) or highest fold change at 0.5 hours
(Supplementary Microarray Data, Table 4). Genes that are downregulated throughout
the 1.5 hour cold treatment time course are listed in order of those with the highest
downregulation at 1.5 hours (Supplementary Microarray Data, Table 5) or the greatest
downregulation at 0.5 hours (Supplementary Microarray Mata, Table 6).
Genes with the greatest positive fold change at 1.5 hours (Supplementary
Microarray Data, Table 7) or at 0.5 hours (Supplementary Microarray Data, Table 8) are
also listed. Genes exhibiting the greatest downregulation at 1.5 hours (Supplementary
Microarray Data, Table 9) or 0.5 hours (Supplementary Microarray Data, Table 10) are
presented.

3.3 Discussion
Many genes were up- or down-regulated in Arabidopsis suspension cells during
the first 90 minutes of cold treatment. In this discussion, focus will be on the genes
encoding transcription factors and those associated with the pathway responding to
cytoplasmic free calcium. Genes affected by or affecting plant hormones plus genes
encoding proteins (e.g. dehydrins) believed to participate in cell protection are also
discussed. The results from the cell suspension microarray are compared to those
obtained in other laboratories, data usually gathered using Arabidopsis seedlings.
The fold changes and possible functions of selected genes whose transcription is
cold affected are summarised (Table 3.1).
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Table 3.1. Genes of interest identified from cold-treated Arabidopsis suspension cell microarray.
Fold changes indicate genes upregulated, genes downregulated indicated as negative numbers.

Transcription Factors
Locus

Gene name

At3g61890

AtHB12

At3g24520
At4g37610

AT-HSFC1
BT5
(BTB and TAZ domain protein 5)
ATAF1/ ANAC002

8.01/32.78/63.78
6.66/11.84/12.56

At5g13330

RAP2.61
AP2 transcription factor

1.63/3.20/5.25

At5g51990

CBF4/DREB1D

1.51/6.19/9.45

At2g01430
At2g22800

Homeobox leucine zipper protein (HB-17)
HAT9 (homeobox leucine zipper protein

-3.51/-9.79/-7.92
-5.48/-4.05/-3.06

At5g37770

TCH2; calcium ion binding CML24

2.61/4.65/5.48

At1g51090

Heavy-metal associated domain-containing protein

2.38/5.33/10.59

At5g20230

ATBCB (Blue Copper Binding protein) (SAG14)

1.50/5.97/14.09

At5g20150

SPX domain-containing protein

1.50/5.97/14.09

At1g01720

Cold induced fold change
(0.5 /1.0 /1.5hr)
2.40/9.41/18.84

1.48/4.62/6.07

Description
Homeobox protein; response to salt, osmotic stress and water
deprivation
Heat shock transcription factor
Calmodulin binding, histone acetylase activity, transcription cofactor,
zinc-binding
Induced by wounding, drought, ABA, MeJA, salinity. Negatively
regulates ABA signalling pathway
Responsive to stress hormones like JA, SA, ABA, ethylene. Responsive to
salt and drought, and overexpression enhances tolerance to salt,
drought, waterlogging and water loss and membrane leakage reduced
under waterlogging stress, may function through ABI1-mediated ABA
signalling pathway
Upregulated by drought stress but not cold. Overexpression increases
transcript levels of COR15A and COR78/RD29A
Function unknown
Protein acetylation, regulation of transcription

Ion Transport
40% similarity to calmodulin, response to ABA, cold, dark, heat, H2O2,
2+
mechanical stimulation, wounding, chitin, Ca . In all major organs
Response to ABA, cold, dehydration; transport/detoxification
superfamily; defence response to fungus
Al cation transport response to wounding, JA, oxidative stress, fungus.
Anchored to plasma membrane and vacuole
Cellular response to P starvation; P ion transport; negative regulation of
transcription
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At5g42380

CML37

1.78/6.70/13.62

At5g37770

TCH2 (calcium binding)

2.61/4.65/5.48

At1g20823
At1g66400

Zinc finger (C3H4-type RING finger) family protein
Calmodulin-related protein (CML23)

2.00/5.79/11.82
3.25/4.46/5.90

2+

Ca binding; heat acclimation response to ozone, defence response,
cytoplasm, nucleus
2+
Induced by cold, touch, darkness, heat, ABA, IAA, H2O2, a potential Ca
2+
sensor. Heat and cold induction inhibited Ca channel blockers and
chelators
Chloroplast, response to chitin
Regulates nitric oxide levels and transition to flowering (regulates NO
accumulation)

Electron Transport
At4g04610

APR1 (PAPs reductase homologue 19)

-2.02/-9.85/-15.69

At3g48520

CYP94B3 (Cytochrome P450, family 72, subfamily
C)

1.23/4.35/9.64

At4g21990
At4g24570

APR3 (APS reductase 3)
Mitochondrial substrate carrier family protein

-2.58/-6.41/-8.88
1.64/5.63/7.41

Disulphide isomerase-like protein; cell redox homeostasis, IAA
biosynthesis, oxidation-reductor, chloroplast/plastid
Jasmonyl-isoleucine-12-hydrolase, catalyzes formation of 12-OH-JA-lie
from JA-lie, reduces level of active JA, attenuates JA signalling,
wounding-induced
Protein disulphide isomerase-like protein, chloroplast
Mitochondrial dicarboxylate carrier. Mitochondrial inner membrane
dicarboxylic acid transmembrane transporter

Disease Response
At5g45110

NPR3 (NPR1-like proteins)

1.16/2.61/5.95

At5g06320

NHL3 (NDR1/HIN1-lik3) pathogen response

2.62/6.93/14.43

At3g44260

CCR4-ASSOCIATED FACTOR 1A

1.20/3.35/6.50

At3g02840

ARM repeat superfamily protein (immediate-early
fungal elicitor family)

-1.19/4.42/13.17

Negative regulation of defence response against oomycetes/bacteria.
SA receptor
Similar to tobacco hairpin-induced HIN1 and Arabidopsis NCR1/defence
response
Response to wounding, mechanical stimulation. RNA modification (has
mRNA deadenylation activity), ethylene signalling pathway
Negative regulation of PCD; regulator of hypersensitive response,
response to chitin, ozone, ethylene inducing peptide; H2O2-induced;
(NB. Ozone links ROS-activated stress response; NO modulates ozoneinduced cell death)

Carbohydrate Metabolism
At4g30280
At2g41640

AtXTH18 (Xyloglucan endotransglycosylase)
Glycosyltransferase family 61 protein

-1.02/1.79/4.26
2.80/11.01/21.89

Extracellular/apoplast
Unknown function

GDSL-motif ligase

-1.01/3.52/9.80

Lipid metabolism

Hydrolases
At1g56670
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At1g73540
At2g01670

AtNUDT21, NUDIX hydrolase homologue
AtNUDT17

13.75/24.05/20.77
1.65/4.83/6.25

Chloroplast, function unknown
Mitochondria, function unknown

(NB. NUDIX enzymes hydrolase ribo- and deoxyribo-nucleotide triphosphates, nucleotide sugars, coenzymes and dinucleotide polyphosphate. There are 27 NUDIX genes in Arabidopsis)

Metabolism (other)
At4g17090

CT-BMY (β-amylase 8)

3.75/16.20/30.64

At2g22860

ATPSK2 (phytosulfokinase 2 precursor)

1.12/2.74/13.31

At2g17660

Nitrate-responsive NOI (nitrate-induced domain)
protein, putative

1.48/6.32/16.82

At5g41400

Zinc-finger (C3HC4-type RING finger) family protein

3.54/14.72/24.01

At2g05810

Armadillo/β-catenin repeat family protein

1.75/5.22/8.83

At1g61340

F-box family protein

1.80/7.48/12.55

Targeted to chloroplast, RNAi – leaves fail to accumulate maltose during
cold shock
Peptide growth factor, located extracellularly, promotes cell
proliferation, may affect cellular longevity and potential for growth
Function unknown

Proteolysis
Targeted to endomembrane, regulator of plant hypersenstitive
response, regulation of flavonoid biosynthesis
Intracellular signalling and cytoskeletal regulation (cf. ARIA interacts
with ABF2 and modulates its activity) NB. ABF2-ABRE-binding bZIP
transcription factors
Induced by osmotic stress, wounding, salt, ABA, JA

Receptor Activity
At2g05050
At4g36040

1.84/5.27/8.06
16.23/39.93/25.80

At2g30500
At4g33920

Protein phosphatase 2C
DNAJ heat shock N-terminal domain containing
protein
Kinase interacting family protein
Protein phosphatase 2C family protein

At1g61290

SYP124 (Syntaxin 124) SNAP receptor

7.90/9.63/9.81

At5g53890
At4g37250
At4g28490

Leucine-rich repeat transmembrane protein kinase
Leucine-rich repeat family protein
HAESA (receptor-like protein kinase 5)

-1.98/-4.44/-4.84
1.31/2.30/3.62
-1.55/-4.31/-4.66

At2g30040

MAPKKK14

-2.43/-2.06/-1.32

1.45/4.36/7.39
1.93/4.28/6.16

Function unknown
Located in nucleus, chloroplast, plastid; involved in protein folding in
response to stress (chaperone)
KIP1-like
Regulation of hypersensitive response, ER unfolded protein response,
cell membrane protein, mitochondrion
Intracellular protein transport, cellular membrane fusion, SNAPreceptor activity

Kinases
Peptide receptor (PSKR2), chloroplast, plasma membrane
Protein kinase, function unknown
Transmembrane receptor, response to bacteria, stamen development,
stomatal complex development
ABA-mediated signalling pathway, ethylene signalling, intracellular
signalling, response to JA, chitin positive regulation of transcription
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Oligopeptide Transport
At3g55740

PROT2 (proline transporter 2)

-1.28/-6.24/-5.60

Amino acid transport, proline transport, plasma membrane. Affinity for
gly betaine, L- and D-proline and GABA. Proline accumulates in plants
experiencing water limitation, increases cellular osmolarity. Excess
results in toxic growth retardation

Plastid-lipid associated protein PAP/fibrillin family
protein (fibrillin 4)
RHA3B (RING-H2 finger A3B)

1.50/3.85/5.15

Chloroplast, required for plastoglobule development and stress
resistance
Ethylene biosynthesis, heat acclimation, proline transport, response to
chitin, nucleus

At5g46780

VQ motif containing protein

1.25/3.26/6.06

At4g18280
At1g74940
At2g27830

Glycine-rich cell wall protein related
Senescence-associated protein (DUF581)
Similar to pentatricopeptide (PPR) repeatcontaining protein
Glutamine domain PROKAR_LIPOPROTEIN
Male sterility MS5 family protein

2.43/4.76/5.47
2.33/4.53/4.22
2.24/4.12/4.44

Positive regulation of flavonoid biosynthesis, protein targeting to
membrane, regulator of hypersensitive response
Function unknown, cell wall
Mitochondrion
Function unknown

-2.93/-4.58/-5.94
1.10/-5.47/-8.31

Putative membrane lipoprotein
Function unknown

Transporter (other)
At3g23400
At4g35480

1.10/1.73/6.67

Other

At3g28420
At1g04770
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3.3.1 Transcription factors

The expression of 118 genes encoding transcription factors were significantly upor down-regulated in response to cold. The discussion of this data deals individually with
the major transcription factor families involved, namely the NAC, WRKY, ERF/AP2, MYB
and C2H2-type zinc finger families. The BT5 gene is also briefly discussed.

3.3.1.1 ERF/AP2 proteins

Ethylene-response element binding transcription factors /APETALA2 (ERF/AP2) recognise
the C-repeat element (CRT)/dehydration response element (DRE) (CCGAC) in gene
promoters. Thirteen ERF/AP2 genes were upregulated in cold-treated Arabidopsis
suspension cells.

3.3.1.1.1 CBF genes

In Arabidopsis seedlings, cold acclimation involves simultaneous induction of
CBF1 and CBF3 while CBF2 induction occurs later (Medina et al., 2011). However, in
suspension cells we did not observe any differences in the timing of the induction of
these three genes. (We have no data prior to the 30 minute time point). When CBF2
expression is blocked in a cbf2 null mutant, higher levels of CBF1 and CBF2 transcript
accumulates compared to WT seedlings (Novillo et al., 2004). The authors concluded
CBF2 negatively regulates CBF1 and CBF3 expression. Hence, the optimal expression of
the CBF regulon would be ensured during cold acclimation. The mechanism underlying
such negative regulation is not known. CBF2 expression in suspension cells was
consistently higher than CBF1 and CBF3 (Figure 3.6).
CBF3 expression increased only slightly between 60 and 90 minutes, however,
CBF1 expression increased strongly. The inconsistent results between seedlings and
suspension cells may reflect variations in expression patterns in the different seedling
tissues. However, our data raises questions about a role for CBF2 in downregulating
(indirectly) CBF1 and CBF3 expression.
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A possible explanation might be that CBF expression is gated by the circadian
rhythm (Fowler et al., 2005). CBF2 expression is increased by a low red to far-red-ratio
(R/FR) and the CBF regulon is activated. Although CBF levels are low at warm
temperatures, they oscillate according to circadian regulation (Franklin and Whitelam,
2007), with peak expression occurring eight hours after dawn. Under long day (LD)
conditions, downregulation of the CBF pathway occurs via phytochrome B and two
phytochrome-interacting factors (PIF4 and PIF7). The two factors are less stable during
short days (SDs) and upregulation of the CBF pathways results.

Figure 3.6. Fold change of CBF gene expression over a time course of low-temperature treatment.
Fold change of cold-treated cells at each time point were compared to the 25°C control cells collected at
the same time point.

In our experiment, the suspension cells were grown under a SD light regime
before being moved to the lab for the cold treatment. Nevertheless, the CBF transcript
levels at t= 0.5 were very low, suggesting any photoregulation effect was minimal or
absent.

71

The expression of a fourth CBF gene, CBF4, increased 9.45-fold after 90 minutes
cold-treatment of the suspension cells (Figure 3.6). CBF4 transcript levels have been
reported to increase in response to dehydration and ABA, but not cold (Haake et al.,
2002). However our microarray data clearly shows CBF4 is cold-induced. Overexpression
of CBF4 has been shown to activate the cold inducible genes COR15A and COR78
(RD29A) and increased drought and cold tolerance results (Haake et al., 2002). Variants
in the CBF signalling cascade presumably occur and moderate decreases in temperature
(28°C to 22°C) does activate COR15A expression. CBF1 and CBF4 appear to play a more
significant role in the response than CBF2 or CBF3 (Wang and Hua, 2009).

3.3.1.1.2 DREB2A

DREB2A is a transcription factor that binds the C-repeat (CCGAC) (Sakuma et al.,
2006b). DREB2A expression is activated by osmotic stress (dehydration) and/or heat
stress (Sakuma et al., 2006a; Sakuma et al., 2006b). Cold induction has not previously
been reported. However, in the suspension cells rapid activation of DREB2A expression
occurred in response to cold (9.31/17.31/12.36 fold) (Figure 3.7).

Figure 3.7 Fold change in DREB2A expression over the time course of low-temperature treatment.
Fold change of cold-treated cells at each time point was compared to the 25°C control cells collected at
the same time point. Dashed line indicates predicted DREB2A expression between 0-0.5 hours, no
microarray data is available.
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The rapid increase and subsequent decrease in DREB2A cold-induced expression
may explain why the gene has not previously been identified as cold-induced in
Arabidopsis seedlings.
Overexpression of a constitutively active form of DREB2A that lacks a negative
regulatory domain enhanced tolerance to dehydration, high salinity, high temperature
but only a slight improvement in freezing tolerance (Sakuma et al., 2006a; Sakuma et al.,
2006b). ABA can induce weak expression of DREB2A (Sakuma et al., 2002; Kim et al.,
2011). Nonetheless, ABA-dependent as well as ABA-independent pathways are involved
in DREB2A expression induced by osmotic stress, as the induction is impaired in ABAdeficient and ABA-insensitive mutants (Kim et al., 2011).
WRKY, MYB or bZIP transcription factors have been postulated as potential
candidates in signal mediation of osmotically induced DREB2A expression (Kim et al.,
2011). However, in suspension cells DREB2A is the most strongly cold-induced
transcription factor during the first 30 minutes of treatment. It was found that the
majority of the WRKY genes whose expression was affected by cold were initially downregulated. Four transcription factor genes are also significantly upregulated during the
first 30 minutes of cold-treatment and so could in theory regulate DREB2A expression.
These genes are AT-HSFC1 (up 8.01-fold), ANAC019 (up 4.33-fold) and two AP2 domaincontaining transcription factor genes (up 3.82- and 5.71-fold).
Yeast One-Hybrid and Chromatin immunoprecipitation (ChIP) assays indicated
that the ABRE-binding proteins AREB1, 2 and ABRE BINDING FACTOR 3 (ABF3), all bZIP
transcription factors, bind and activate the DREB2A promoter in an ABA-dependent
manner (Kim et al., 2011). However, these genes were not cold-induced in the
suspension cells.
Cold-induced post translational modifications of transcription factors regulating
DREB2A expression is a more likely explanation for its rapid activation. Proteolysis may
also regulate the level of DREB2A as two DREB2A-interacting proteins, DRIP1 and 2, are
C3H4 RING E3 ligases interacting with DREB2A. The two proteins can ubiquitinate
DREB2A giving rise to 26S proteasome degradation (Qin et al., 2008). Stress-dependent
signals may inhibit this process.
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3.3.1.1.3 DREB2B

DREB2B belongs to the same eight-member DREB subfamily A-2 of the ERF/AP2
transcription factor family as DREB2A. The gene is strongly induced by heat, drought and
salt stress (Liu et al., 1998). In cold-treated suspension cells the gene was upregulated
(1.72/3.08/3.2 fold). The protein also binds the CRT/DRE element and so may play a role
in cold-activation of genes in the CBF regulon.

3.3.1.1.4 DREB26

DREB26 also binds to the CRT/DRE element and is a member of the DREB subfamily of AP2/ERF proteins. DREB26 is expressed during the early and reproductive
stages of plant growth (Krishnaswamy et al., 2011). Drought, NaCl, jasmonic acid (JA)
and ethylene induced slight increases in transcript abundance in 14 day old Arabidopsis
plants. However, freezing (-5°C/4 hours) reduced DREB26 expression. In suspension
cells, cold-treatment results in a rapid induction of DREB26 expression (3.8/10.9/14
fold). Hence, DREB26 is also a candidate for the upregulation of genes (such as XERO2)
with CRT/DRE elements in their promoters.

3.3.1.1.5 RAP2.6L

RAP2.6L is also a member of the AP2 sub-family of AP2/ERF proteins and the
RAP2.6L gene is induced by drought in seedlings but unaffected by freezing
(Krishnaswamy et al., 2011). Nevertheless, cold-treatment of suspension cells did
increase its expression (1.63/3.2/5.25 fold). RAP2.6L binds to the Ethylene Responsive
Element (ERE or GCC box), an element present in the promoters of ethylene inducible
pathogenesis-related genes (Sun et al., 2010). Mutating RAP2.6L enhances the resistance
of Arabidopsis to Pseudomonas syringae. RAP2.6L expression is stimulated by ethylene
and JA (Asahina et al., 2011). Stem incision (wounding) strongly induced RAP2.6L (and
ANAC071) and localised expression to the upper and lower regions of the cut gap,
respectively. In transformants suppressing the function of the two genes, division of pith
cells was inhibited and prevented the tissue repair process.
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RAP2.6L is thought to regulate genes involved in meristem maintenance during
shoot regeneration (Che et al., 2006; Asahina et al., 2011). The expression of shoot
meristem-specific genes is hampered in rap2.6l insertion mutants and the frequency of
shoot development from root explants is reduced. RAP2.6L expression is enhanced by
the application of methyl jasmonate to stems and is downregulated by ethylene
(Asahina et al., 2011).
Hence, it is possible that the induction of RAP2.6L expression in response to cold
helps "prepare" plants to reactivate shoot growth when the temperature becomes more
suitable.

3.3.1.1.6 Other AP2-domain transcription factors

Cold treatment changed the expression of six other AP2-domain containing
transcription factors in suspension cells. The gene with the strongest induction was
At1g22190 (5.71/8.47/6.64 fold), however, no information about its function is available.

3.3.1.2 C2H2-type Zinc finger proteins

Zinc finger proteins are involved in many cellular functions including regulation of
transcription, RNA binding and protein-protein interactions (Ciftci-Yilmaz and Mittler,
2008). The proteins are classified into several types based on the number and order of
His and Cys residues involved in binding Zn2+ in the secondary structure of the finger.
The C2H2-type proteins constitute one of the largest families of transcription factors in
Arabidopsis with 176 members.
The ZAT10 (STZ) and ZAT12 genes possess two C2H2-type zinc finger motifs and
both genes were induced by cold treatment of Arabidopsis suspension cells.

3.3.1.2.1 ZAT10

ZAT10 was strongly induced by cold in the suspension cells (1.07/8.79/37.56
fold). In Arabidopsis seedlings the gene is induced by high light, salt, cold and
dehydration (Sakamoto et al., 2000; Gong et al., 2001; Sakamoto et al., 2004; Rossel et
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al., 2007). Tolerance to salinity and osmotic stress was enhanced by both overexpression
and RNAi knockdown (Mittler et al., 2006). ZAT10 appears capable of functioning as both
a positive and negative regulator since it can activate ROS responses but suppress
responses that enhance tolerance to salinity and osmotic stress (Mittler et al., 2006).
Whether ZAT10 enhances expression of some genes directly or by repressing the
transcription of a repressor of these genes is not known.
ZAT10 expression is rapidly induced by high light (HL) in both exposed and
shaded regions of photosynthetic tissue but not in roots (Rossel et al., 2007). Some 1523% of the genes whose activity is influenced by HL are ZAT10 regulated. In the
promoters of target genes, ZAT10 recognises either AGT and ACT core sequences
separated by 3 or 4bp (A[G/C]T-X3-4-A[G/C]T) (Sakamoto et al., 2004).
An EAR motif is located at the C-terminus of ZAT10, indicating it can play a role as
a repressor (Ohta et al., 2001; Ciftci-Yilmaz and Mittler, 2008). ZAT10 can bind to the
promoter and repress transcription of the RD29A gene in transient expression assays in
Arabidopsis leaves (Lee et al., 2002).
Overexpression of CBF3 (DREB1A) in Arabidopsis leads to increased ZAT10
expression (Maruyama et al., 2004). RD29A expression is regulated by the CBF regulon
and transient expression studies found ZAT10 can suppress the expression of RD29A
(Chinnusamy et al., 2007). Hence, ZAT10 may act downstream of the CBF regulon and be
involved in the regulation of COR genes. However, Vogel et al. (2005) only detected two
COS genes (the "robust set of cold-responsive genes used to decipher the low
temperature regulatory network in Arabidopsis"), namely At4g22470 and At4g12490
whose expression was affected in plants overexpressing ZAT10. The two genes are
possibly involved in lipid transport and their expression was not cold-affected in
suspension cells.

3.3.1.2.2 ZAT12
In cold-treated suspension cells, ZAT12 expression was rapidly induced
(3.51/9.49/11.19 fold). ZAT12 expression is not affected by CBF overexpression (Fowler
and Thomashow, 2002) and the transcription factor was suggested to function in
pathways parallel to those regulated by the CBFs.
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The ZAT12 regulon consists of nine COS genes that are upregulated by ZAT12
overexpression and fifteen COS genes that are downregulated in response to low
temperature in seedlings (Vogel et al., 2005). However, none of these 24 genes were
affected in suspension cells. The activation/repression of these genes presumably occurs
later (beyond the 90 minute treatment time). However, the nine COS genes did not
include the XERO2 gene or any of the other cold and dehydrative response genes whose
expression increased during the 90 minute cold-treatment of suspension cells.
Many of the genes activated in plants overexpressing ZAT12 were also activated
following H2O2 treatment and the majority were chloroplast genes although their fold
increases were low (1.2- to 2.9-fold) (Davletova et al., 2005). ZAT12 does appear to be
involved in the oxidative stress response in Arabidopsis (Rizhsky et al., 2004; Vogel et al.,
2005). ZAT12 is necessary for the expression of two important oxidative stress response
proteins, namely ZAT7 and WRKY25 in Arabidopsis during oxidative stress (Rizhsky et al.,
2004).
Arabidopsis plants constitutively overexpressing ZAT12 are more tolerant to HL
and osmotic and oxidative stresses while the zat12 mutants are more sensitive (Iida et
al., 2000; Rizhsky et al., 2004). The expression of 42 genes involved in response to HL
and osmotic stress was stimulated in plants overexpressing ZAT12. There was extensive
overlap between these genes and those subjected to H2O2 stress. Vogel et al. (2005)
found 302 upregulated genes and 212 genes downregulated in cold-treated Arabidopsis
plants. They assigned most of the genes highly regulated by low-temperature to the CBF
and ZAT12 regulons.
ZAT12 also has an EAR motif at the C-terminus and has been suggested to
suppress expression of CBF1, 2 and 3 (Vogel et al., 2005). Overexpression of ZAT12
results in the repression of several genes. However, direct evidence for the repressive
function of ZAT12 in the cold response has not yet been reported.
In the suspension cells the cold induction of ZAT10 or ZAT12 expression did not
appear to be influenced by CBF1, 2 or 3 activity or vice versa as the ZAT10 and ZAT12
transcript levels increased strongly in the presence of high CBF expression levels. In
addition, there was no evidence that ZAT10 or ZAT12 repressed the COS gene XERO2 as
its expression had increased 16.6-fold at 90 minutes and continued to increase strongly
(Figure 3.8).
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Figure 3.8. qRT-PCR indicating fold change of XERO2 expression in Arabidopsis suspension cells during
the first three hours of 7°C, 14°C and 19°C treatments.
Fold change of XERO2 expression is indicated by data labels and was calculated relative to values of room
temperature controls collected at the same time points. Data was normalised against the expression of
the reference genes β-TUBULIN and UBIQUITIN10. Error bars represent the mean standard error for each
data point. Data points are calculated from two biological replicates for 22°C and 14°C samples and three
biological replicates for 7°C and 19°C samples. From Wright, PhD thesis (2012).

ZAT12, ZAT10, CZF1, CZF2, RAV1 and MYB73 were all coordinately regulated with
CBF2 (i.e. within 1 hour of transferring plants to low temperature) and like CBF2, their
transcripts increased following agitation or cycloheximide treatment (Vogel et al., 2005).
(N.B. Not all cold-induced genes encoding transcription factors are induced in the first
hour; some, such as RAP2.1, RAP2.7 and CZF3 and HPPBF-2A (At3g47500) are induced
after two hours of cold treatment). However, no COS genes could confidently be
assigned to regulons for RAV1, MYB73, ZAT10 or CZF2. MYB73 expression was not
detected in the suspension cells and RAV1 was only weakly induced (1.75/2.45/2.8 fold).

3.3.1.3 NAC proteins
NAC transcription factors are involved in biotic and abiotic stress responses and
also in plant development (Nakashima et al., 2012; Puranik et al., 2012). The 117 NAC
proteins in Arabidopsis are classified into six major groups and one of these (SNAC
group) is stress responsive.
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The MYC-like sequence (CATGTG) of the EARLY RESPONSIVE DEHYDRATION 1
(ERD1) gene is bound by ANAC019, ANAC055 and ANAC072. NACRS, the core recognition
sequence of NAC transcription factors, is CAGC. In the activation of ERD1 expression, the
NAC proteins can function alone or in combination with zinc finger homeodomain (ZFH)
proteins (Tran et al., 2004). Co-overexpression of ZFHD1 and a NAC protein (ANAC019,
ANAC072, ANAC55) enhanced the expression of ERD1 and enhanced drought tolerance
(Tran et al., 2007).
ANAC072/RD26 is drought inducible. Overexpressing lines are hypersensitive to
ABA and many ABA- and abiotic-stress response genes are found to be upregulated
(Fujita et al., 2004). However, if ANAC072 was suppressed the expression of ABAresponsive genes was subsequently repressed. Hence, ANAC072 is involved in stressresponsive signalling in a novel ABA-dependent signalling pathway.
In suspension cells the expression levels of seven NAC genes changed during the
first 90 minutes of cold-treatment (Figure 3.9).
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Figure 3.9. Fold change of NAC gene expression over a time course of low-temperature treatment.
Fold change of cold-treated cells at each time point were compared to 25°C control cells collected at the
same time point.

ANAC071 and ANAC076 were slightly downregulated while ANAC046 and
ANAC074 were slightly upregulated. Strong upregulation of ANAC019 occurred
(4.33/17.38/20.47 fold). The expression of ANAC019 is induced by drought, high salinity
and ABA in three week old Arabidopsis plants (Tran et al., 2004). In plants
overexpressing ANAC019 (35S CaMV::ANAC019) 16 genes are upregulated. However,
none of these genes were upregulated in our suspension cells during the 90 minute coldtreatment, although they may have subsequently responded. The ectopic expression of
ANAC019 resulted in ABA hypersensitivity and expression of three stress responsive
marker genes, namely COR47 (cold-responsive), RD29A (desiccation-responsive) and
ERD1 (early responsive to dehydration).
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Cold treatment of suspension cells also induced expression of ATAF1 (ANAC002)
(1.48/4.62/6.07 fold). Wu et al. (2009) found ATAF1 overexpression enhanced
Arabidopsis drought tolerance and the plants were hypersensitive to ABA, high salinity,
oxidative stress and infection by necrotic pathogens (Wu et al., 2009). The authors
suggest reactive oxygen intermediates may be involved in ATAF1-mediated signalling
associated with pathogen and abiotic stress. However, the expression of the stressresponsive marker genes COR47, ERD10, KIN1, RD22 and RD29A was increased in ataf1
mutants following drought stress and as a result resistance to drought stress increased
(Lu et al., 2007). This implies that ATAF1 negatively regulates stress response genes
when plants are exposed to drought. The reasons for the contradictory results between
Lu et al. (2007) and Wu et al. (2009) are unknown. Whether the increased levels of
ATAF1 transcript in cold-treated suspension cells are directly or indirectly related to
subsequent activation or repression of genes is yet to be determined.
Under dehydration stress the anac096 mutant shows impaired ABA-induced
stomatal closure, is hypersensitive to ABA and water loss is increased (Xu et al., 2013).
ANAC096 directly bound the ABRE binding factor/ABRE binding (bZIP) proteins ABF2 and
ABF4 in vitro and in vivo (Xu et al., 2013). ANAC096 and ABF2 synergistically activated
RD29A transcription. ANAC096 and a subset of ABFs are proposed to work synergistically
in the transcriptional activation of ABA-inducible genes in response to osmotic stresses
and dehydration. This raises the possibility that increased levels of ANAC096 in response
to cold may also interact with other transcription factors to activate cold-inducible
genes. However, the three bZIP proteins identified in the microarray are of unknown
function and their cold-induction was only between 2- to 3-fold during the 90 minute
treatment. No change in ANAC096 expression was detected in the suspension cells
during the 90 minute cold-treatment.

3.3.1.4 WRKY proteins

The WRKY domain at the N-terminus of plant WRKY transcription factors is
approximately 60 amino acids in length (Rushton et al., 2012). An atypical zinc finger is
located at the C-terminus. WRKY proteins bind to the W-box (TTGACC/T) in gene
promoters and binding preference can be determined by adjacent bases. WRKY proteins
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can be transcriptional repressors or activators and some possess both functions. They
have a broad variety of roles including regulating abiotic stress, cell development, seed
dormancy and germination, senescence and the plant immune response.
Overexpression of the Arabidopsis genes WRKY25 and WRKY33 increases salt
tolerance (Jiang and Deyholos, 2009) and WRKY25 also plays a role in heat stress (Li et
al., 2009). WRKY34 is the only Arabidopsis WRKY protein so far found to influence cold
tolerance. Cold treatment stimulates WRKY34 expression specifically in pollen (Zou et
al., 2010). Cold tolerance was enhanced in pollen from wrky34 mutants suggesting it acts
as a negative regulator of cold-induced gene expression in mutant pollen. However, the
cold-induced expression of CBF1 and CBF3 increased 2.0- and 5.3-fold respectively, in
wrky34 pollen but not in WT pollen. This result implies WRKY34 represses the cold
induction of the two genes and the promoters of CBF1 and CBF3 possess four and five
W-boxes, respectively. XERO2 expression increased 2.8-fold more during cold treatment
in the mutant than in the WT, consistent with increased CBF activity. No change in
WRKY34 expression was detected during the 90 minute cold-treatment of suspension
cells, consistent with the tissue (pollen) specificity of expression.
In the suspension cells, cold treatment resulted in the rapid induction of WRKY33
(-5.96/+1.09/+10.28 fold), WRKY40 (1.76/8.27/30.98 fold), WRKY46 (1.69/4.93/10.85
fold) and WRKY53 (-10.70/+2.16/+26.85 fold) (Figure 3.10). Decreases in expression
during the initial exposure to cold also occurred for WRKY2 (-1.64/-2.27/-1.62 fold),
WRKY6 (-6.15/-4.71/-1.45 fold), WRKY15 (-6.98/-7.05/-1.92 fold) and WRKY7 (-2.28/4.43/-3.40 fold). In all cases some partial restoration of activity had occurred at 90
minutes.

82

Figure 3.10. Fold change of WRKY gene expression over a time course of low-temperature treatment.
Fold change of cold-treated cells at each time point were compared to 25°C control cells collected at the
same time point. Only WRKY gene fold changes with a strong response to cold are shown.

3.3.1.4.1 WRKY40
Along with WRKY18 and WRKY60, WRKY40 belongs to the group lla of WRKY
proteins in Arabidopsis, proteins which can form homo- and hetero-dimer complexes.
The three transcription factors are believed to directly target the promoters of a large
number of ABA-responsive genes in the absence of ABA and repress their expression
(Rushton et al., 2012). These repressed genes include CBF3, DREB2A, MYB2, RAB18,
MYB4, ABI1, ABF2, ABI4, ABI5, the latter three genes encode bZIP proteins (Shang et al.,
2010). Repression occurs when ABA binds to its receptor on the chloroplast envelope
(Rushton et al., 2012). WRKY18, WRKY40 and WRKY60 are recruited from the nucleus to
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the cytoplasm where they also bind ABAR, an ABA Receptor. ABA perception by the
PRY/PYL/RCAR receptor also results in recruitment of WRKY40 out of the nucleus.
WRKY40 binds the cytosolic tail of the receptor and relieves repression of ABA signalling
(Shang et al., 2010). The ABI5 gene is de-repressed and the ABI5 protein activated by
phosphorylation. The phosphorylated ABI5 then activates WRKY63 transcription and
WRKY63 activates downstream targets including RD29A, ABF2 and COR47.
In cold-treated suspension cells, the strong increase in the level of WRKY40
transcripts, in the absence of ABA, might be expected to downregulate cold-induced
genes such as COR47. However, induction of cold-induced genes such as XERO2
commences when WRKY40 levels are high.
WRKY40 may be regulating stress-responsive nuclear genes encoding
mitochondrial and chloroplast proteins. A set of nuclear genes encoding mitochondrial
proteins responds strongly to a variety of stresses (Van Aken et al., 2013). A variety of
signals are known to activate these genes including redox triggers such as H 2O2 and
abiotic stress signals like ABA. Most of the nuclear genes encoding mitochondrial
proteins contain the core binding site (TTGAC) for WRKY transcription factor binding.
WRKY40 and WRKY63 regulate genes responding to chloroplast and mitochondrial
dysfunction (Van Aken et al., 2013).
Nuclear genes encoding mitochondrial proteins that respond strongly to a wide
range of stresses include alternative respiration pathway components such as
ALTERNATIVE OXIDATIVE 1a (AOX1a) and NADH DEOXYGENASE B2 (NDB2). WRKY40
binds to the promoter of the AOX1a gene and represses expression. WRKY40 is a
repressor of antimycin A-induced mitochondrial retrograde expression and HL signalling
(Van Aken et al., 2013). Hence, WRKY40 appears to limit AOX1a expression in its induced
state, keeping AOX1a levels of induction under tight control during stress conditions.
Consequently, the rapid increase in WRKY40 expression in suspension cells in
response to cold may represent the adaptation of mitochondria and chloroplasts to the
changes in environmental conditions and coordinate the expression of stress responsive
genes that encode chloroplast and mitochondrial proteins. WRKY63 is involved as a gene
activator in regulating stress responsive genes encoding mitochondrial and chloroplast
proteins. It was not activated or repressed in the cold-treated suspension cells.

84

WRKY18 and WRKY40 expression is rapidly induced by ABA in Arabidopsis plants
and the products may directly activate WRKY60, possibly via a heterodimer complex
(Chen et al., 2010). The authors suggest the two proteins have a positive effect on ABA
responses and also enhance sensitivity to osmotic stress and salt.

3.3.1.4.2 WRKY18 and WRKY40 homo- and hetero-dimer complexes

If the ABAR model (Rushton et al., 2012) is correct, why is the expression of the
repressor proteins WRKY18 and WRKY40 induced by ABA? ABA-induced WRKY18 and
WRKY40 proteins can form homo- and hetero-dimer complexes and the heterocomplex
is necessary for WRKY60 induction (Chen et al., 2010). Subsequently, the WRKY60homocomplex regulates the expression of ABA-induced genes. On the other hand, the
WRKY40-homocomplex negatively regulates the ABA response. WRKY40 and WRKY18
may be acting together via a negative feedback loop to suppress WRKY18 expression.
No increase in WRKY60 expression was detected in suspension cells during the
first 90 minutes of cold-treatment. WRKY18 expression had increased 3.14-fold after 90
minutes and WRKY40 expression increased 30.98-fold. In theory, some WRKY18WRKY40 complexes could be formed but the absence of an increase in WRKY60
expression suggests these complexes do not form during the first 90 minutes of cold
treatment. Alternatively, differences in ABA and cold-signalling pathways could be
responsible. WRKY40 may form different interacting partners during ABA treatment and
pathogen infection (Chen et al., 2010). Thus, cold-induced WRKY40 protein levels may
give rise to other partner family complexes. Whether WRKY40 is then involved in specific
gene repression remains to be seen.

3.3.1.4.3 WRKY53

Cold-treatment of suspension cells results in initial downregulation and then
rapid upregulation of WRKY53 expression (-10.70/+2.16/+26.65 fold). During the
reprogramming of the Arabidopsis transcriptome that occurs during senescence, 12-16%
of all genes are up- or down-regulated and WRKY transcription factors play an important
role (Zentgraf et al., 2010). WRKY53, for example, is a positive regulator of senescence
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(Miao et al., 2004). The GATA4 transcription factor binds to the WRKY53 promoter and is
suggested to be responsible for WRKY53 induction during senescence (Zentgraf et al.,
2010). No increased GATA4 expression was detected in the cold-treated suspension
cells.
The WRKY53 promoter is bound in vitro and in vivo by the mitogen-activated
protein kinase kinase (MEKK1) (Miao et al., 2007). Moreover, MEKK1 can phosphorylate
WRKY53 and increases its DNA binding activity. MEKK1 may be a node of convergence
between senescence and stress responses as the protein participates in the signal
transduction pathways induced by cold and salt stress (Zentgraf et al., 2010). WRKY53 is
induced by H2O2 (Zentgraf et al., 2010) and ROS increases during cold stress may be
involved in its induction.

3.3.1.4.4 WRKY2, WRKY6, WRKY15 and WRKY17
Downregulation in expression of WRKY2 (-1.64/-2.27/-1.62 fold), WRKY6 (-6.15/4.71/-1.45 fold), WRKY15 (-6.88/-7.06/-1.92 fold) and WRKY17 (-7.19/-10.55/-3.55 fold)
occurs during the first 30 minutes of cold treatment and their activity increases
significantly during the 60 to 90 minute treatment time. However, the initial activity is
not quite achieved.
Cellular redox homeostasis is affected by most types of abiotic stress and an
enhanced accumulation of ROS results (Mittler et al., 2004). Stress-induced ROS acts as a
typical signal for plants to adjust to changing conditions and ROS levels are constantly
adjusted. There are substantial similarities in gene responses between ROS signals and
abiotic stress.
WRKY15 expression is induced by oxidative and salt stresses (Eulgem et al.,
2000). WRKY15 is mainly expressed in young, growing and vascular tissues
(Vanderauwera et al., 2012). Abiotic stress can cause disorder to the functioning of
organelles which activates feedback mechanisms to modify nuclear gene expression so
that organellar functions are activated or restored. The organelle to nucleus signalling is
designated retrograde regulation. Genes of the Mitochondrial Dysfunction Regulon
(MDR) may be part of the mitochondria-to-nucleus retrograde signalling pathway (MRR).
Overexpression of WRKY15 inhibits MDR gene expression that would otherwise occur
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during salt stress (Vanderauwera et al., 2012). Hence, WRKY15 may be a repressor of
MDR. MDR gene expression may be repressed by WRKY15 in the absence of stress.
WRKY15 may actually repress the basal expression of MDR genes and constitutively
occupy the W-boxes in the promoters. Salt stress might then result in modification of
WRKY15 to activate or repress MDR gene expression.
An alternative is that WRKY15 expression is rapidly downregulated in response to
stress to ensure WRKY15 levels are not increased or, if existing WRKY15 is rapidly
inactivated (degraded) during salt stress, to avoid immediate replacement. WRKY15
expression levels returned almost to the original (-1.92 fold) after the 90 minute cold
treatment of suspension cells, so perhaps repression of MDR genes is then required.
Promoters of pathogen-defence genes are constitutively occupied by WRKY
transcription factors even in the absence of pathogen infection (Turck et al., 2004).
Allosteric interactions in response to specific stimuli might release WRKY proteins from
their W-box elements where they could be replaced by other WRKY proteins. Thus,
WRKY proteins may act as a network of naturally competing partners. One means of
changing the competitive ability between WRKY proteins would be to reduce the
expression of some but not others.
Depending on the rates of degradation, the ratios between WRKY proteins could
change relatively quickly. This might explain the rapid downregulation of genes such as
WRKY6, WRKY15 and WRKY17 in suspension cells in response to cold. An initial decrease
in expression occurred in nine of the eleven WRKY genes detected in the microarray.
Post-translational changes or heterodimerisation will affect the ability of WRKY proteins
to bind to their target gene promoters.
The mechanism responsible for the rapid downregulation is not known, although
changes in free [Ca2+]cyt in response to cold may play a role.

3.3.1.5 The BT5 gene
Cold treatment significantly activates the BT5 gene in suspension cells
(6.66/11.84/12.86 fold). The five BT genes in Arabidopsis are members of a subfamily of
BTB and TAZ (BT) domain scaffold proteins and all respond to cold, H2O2, auxin and
salicylic acid (Du and Poovaiah, 2004). BT proteins possess an N-terminal BTB domain, a
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Transcriptional Adaptor Zinc finger (TAZ) domain or C-terminal calmodulin-binding
(CaMB) domain. They bind calmodulin in a calcium-dependent manner. BT proteins are
either nuclear and cytoplasmic or only cytoplasmic. BT5 is a cytosolic protein expressed
in many tissues (Robert et al., 2009).
Substantial redundancy exists between the BT proteins and BT2 and BT3 are
involved in male and female gametophyte development. They may function redundantly
with BT1, 2 or 3 during later stages of plant growth (gametophyte and vegetative). BT
proteins may be multifunctional scaffolds that participate in and possibly interconnect
multiple cellular pathways (Robert et al., 2009). In Yeast, BTB proteins act as scaffolds
that interact with CUL3-containing E3 ubiquitin ligases and select targets for
ubiquitination through their second protein-protein interaction domain (Moon et al.,
2004). Such interactions of BT1 could not be identified in plants (Robert et al., 2009). The
function of increased BT5 expression in the cold response is not known.

3.3.2 The calcium cold-sensing pathway
The rapid and transient increase in the [Ca2+]cyt levels following cold exposure in
Arabidopsis can be linked to cold-regulated gene expression (Knight et al., 1991; Knight
et al., 1996; Henriksson and Trewavas, 2003). However, the calcium channels involved
have not yet been identified. The CG-1 promoter element binds the six calmodulinbinding transcription activator (CAMTA) proteins in Arabidopsis and is located in a 27bp
region of the CBF2 promoter required for cold-induced expression (Finkler et al., 2007).
Thus, calcium-calmodulin (or calmodulin-like proteins)-CAMTA complexes may form in
response to the increased cytoplasmic free Ca2+ levels induced by low temperature
(Thomashow, 2010). In camta3 mutants cold induction of CBF1, CBF2 and ZAT12 was
reduced by 50% (Doherty et al., 2009). Although CAMTA3 (At2g22300) is a positive
regulator of these three genes, it was not upregulated in the suspension cells during the
first 90 minutes of cold-treatment. No CAMTA genes were up- or down-regulated in the
microarray.
Rapid and strong induction of the gene encoding a calmodulin-like gene CML38
(6.84/17.43/31.25 fold) occurs during cold treatment of suspension cells. CML38 has
been suggested to be a homolog of rgsCaM, an endogenous suppressor of antiviral
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silencing in tobacco (Anandalakshmi et al., 2000). rgsCaM attacks viral RNA silencing
suppressors (RSS) and sequesters them from inhibiting RNAi by binding to their dsRNAbinding domains (Nakahara et al., 2012). Perhaps CML38 in Arabidopsis has a similar
function as a secondary defence against viral attack by binding and directing the
degradation of RNA silencing suppressors. Whether the capacity to bind dsRNA underlies
the function of CML38 in the cell's response to cold is yet to be determined.
The CML37 gene was cold induced (1.78/6.70/13.62 fold), a closely related
calmodulin-like protein to CML38 and CML39. CML39 is predicted to be a Ca 2+ sensor
and Ca2+ binding causes a conformational change in CML39 resulting in exposed surface
hydrophobicity (Vanderbeld and Snedden, 2007; Bender et al., 2013). Studies on the
cml39 mutant suggest CML39 is involved in the transduction of light signals that
promote seedling establishment. How such a function may be related to the low
temperature response is not clear.
Expression of an additional calmodulin-related protein (CML23: At1g66400) also
increased 5.90-fold in suspension cells after 90 minutes of cold-treatment. However,
CML23, along with CML24, plays a role in the response to biotic and abiotic stress as well
as regulation in flowering transition (Delk et al., 2005; Tsai et al., 2007; Ma et al., 2008).
CML24 (TCH2) is expressed in all major plant organs and responds to a variety of
stimuli including cold, heat, touch, darkness, H2O2, ABA and IAA (Delk et al., 2005). In
suspension cells, CML24 expression was increased by cold (2.61/4.65/5.48 fold). Ca2+
channel blockers inhibit the induction of CML24 by heat and cold (Polisensky and Braam,
1996). Reduced CML24 expression gives rise to altered ion and ABA sensitivity and
changes the timing of transition to flowering (Delk et al., 2005). CML24 binds ATG4b, a
cysteine protease involved in autophagy progression (Tsai et al., 2013) and CML24 also
plays a role in autophagy progression. Increased CML24 expression may facilitate
changes in autophagy regulation required to acclimatise to changes in environmental
conditions such as low temperature.
Expression of genes encoding CAMTA proteins was not affected in the coldtreated suspension cells. However, existing CAMTA proteins would be activated by
increased [Ca2+]cyt levels and presumably be present in sufficient concentration to
facilitate the cold response.
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The promoter elements found to be regulated by [Ca2+]cyt in Arabidopsis are
CRT/DRE (CCGAC), ABRE (CACGTGT), CAM-box (ACGCGT) and site ll (GGCCCA). Genes
were upregulated by cold treatment if their promoters contained CRT or CAM-box
elements, but not when the elements ABRE or site ll were present (Whalley et al., 2011).
None of the genes encoding transcription factors binding the CRT/DRE element were
transcriptionally regulated by calcium. The one exception was TCP13 which was
upregulated 1.78-fold (Whalley et al., 2011). The transcription factors might be activated
by Ca2+ post-transcriptionally.
As previously described (Section 1.4), CaM can regulate CAMTAs. The bZIP
transcription factor ABF4 interacts with a calcium-dependent kinase CPK (Choi et al.,
2005) as well as ANAC096 (Xu et al., 2013).
In the suspension cells, cold activated two TCP genes (At2g45680 and
At5g08330) 2.11- and 3.41-fold, respectively, after 90 minutes. No calcium-dependent
protein kinase genes were affected. As previously discussed (Section 1.4), cold treatment
of Arabidopsis seedlings causes increases in [Ca2+]cyt levels. Whalley et al. (2011)
introduced Ca2+ oscillation, a transient Ca2+ spike or prolonged Ca2+ increase in seedlings.
The genes up- or down-regulated under these treatments and also responding to cold
(within 90 minutes) in suspension cells are shown in Table 3.2. The COR gene XERO2 was
induced by both Ca2+ oscillations and a Ca2+ spike. The prolonged Ca2+ increase did not
up- or down-regulate any of the genes whose activity changed during the 90 minute cold
treatment of suspension cells (Table 3.2).
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2+

Table 3.2. Genes responsive to both Ca and cold.
2+
2+
Genes up- or down-regulated by Ca oscillations or a transient Ca spike in Arabidopsis seedlings (from
Whalley et al., (2011)) that are also upregulated in the suspension cell microarray. The number of genes
2+
responsive to prolonged Ca treatment is also included.

Ca2+ oscillations
Upregulated (256 genes)
Also upregulated in suspension cell microarray:
At1g11960
Early-responsive to dehydration protein-related
At2g22860
PSK2
At1g02400
Gibberellin 2-oxidase
At3g50970
XERO2
At4g37770
1-amino-cyclopropane-1-carboxylate synthase 8
At1g66160
U-box domain-containing protein
At2g27080
Hairpin-induced protein related (HIN1-related)
Stress-induced (but not during the first 90min in suspension cell microarray):
At3g25760
ERD12
At3g50980
Dehydrin, XERO1
At5g15970
KIN2
At4g14360
Dehydration response protein
At4g19120
ERD3
At1g20450
ERD10
Down-regulated (97 genes)
Also downregulated in suspension cell microarray:
At3g25890
AP2 domain-containing transcription factor (-2.75-fold at 90 min)

Transient Ca2+ spike
Upregulated (104 genes)
Also upregulated in suspension cell microarray:
At1g02400
Gibberellin 2-oxidase
At1g11960
Early-responsive to dehydration protein-related
At2g22860
PSK2
At3g50970
XERO2
At5g08350
GRAM-containing protein/ABA-responsive-protein-related
At1g30360
ERD4
Stress-induced (but not during the first 90 min in suspension cell microarray)
At1g20450
ERD10

Prolonged Ca2+ increase
Upregulated (10)*
Downregulated (17)
*None of these genes encoded stress-induced proteins and none were detected in the suspension
cell microarray

3.3.3 Post-translational modification
As described in Chapter 1 (Section 1.7.4) the ICE1 transcription factor induces
CBF3 expression (Miura et al., 2007). The RING finger E3 ligase, HOS1, is induced by cold
and relocates from the cytoplasm to the nucleus where it is responsible for the
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ubiquitination and degradation of ICE1. CBF3 transcript levels reach a maximum after
two to three hours and the subsequent decrease may reflect HOS1 activity. Such post
translational changes will not be detected in the microarray, however, two zinc finger
(C3HC4-type RING finger) genes are rapidly activated by cold in suspension cells (2.5and 3.5-fold, respectively after 30 minutes) and a third (At5g41400) is strongly induced
(3.54/14.72/24.01 fold). The latter gene is expressed in many tissues and TAIR annotates
the gene to be involved in "positive regulation of flavonoid biosynthetic process, protein
targeting to membranes, regulation of plant-type hypersensitive response." However,
the precise function of the protein is not known.
Protein activation/inactivation by phosphorylation/dephosphorylation occurs
during the plant cold response (Section 1.7). In the suspension cells 11 protein kinases
were upregulated and 20 downregulated in response to cold. The strongest upregulation
and downregulation after the 90 minute treatment were 3.62-fold and 4.84-fold,
respectively. (A kinase family protein was 7.4-fold upregulated). Four genes encoding
protein phosphatase 2C (PP2C) family proteins were upregulated (2-, 4-, 6-, 7-fold) after
the 90 minute cold treatment. The increases are not large but suggest there may be
changes in protein phosphorylation patterns during the early stages of the low
temperature response.
Mitogen-activated protein kinase kinase 2 (MKK2) is activated by cold and salt
stress and phosphorylates MPK4 and MPK6 (Teige et al., 2004). In protoplasts
overexpressing MKK2, MPK4 and MPK6 are phosphorylated (activated) and constitutive
upregulation of stress-induced marker genes occur. These include ten transcription
factors, five of which are induced by cold in suspension cells (RAV1, CBF2, ZAT10, ZAT12,
WRKY18). MKK2 overexpressing plants exhibit increased freezing and salt tolerance.
MEKK1 may activate MKK2. MKK1 appears to be activated by binding CRLK1, a
calcium/CaM-regulated receptor-like kinase (Yang et al., 2010a). CRLK1 increases in coldtreated cells and the protein positively regulates the response, presumably through the
MEKK1/MEKK2 pathway. However, no increase in expression of the CRLK1 gene was
observed in the suspension cells. Changes in the expression of only two protein kinase
kinase cascade genes occurred in cold-treated suspension cells. These genes were
AtMKK7 (1.38/1.49/2.23 fold) and MAPKKK14 (-2.43/.2.06/-1.32 fold). The significance
of these relatively small changes is unknown.
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3.3.4 Hormones
The level of endogenous auxin drops in plants exposed to low temperature (Lee
et al., 2005a). The expression of genes involved in auxin conjugation and in activation,
synthesis, transport and signalling are affected. In Arabidopsis seedlings grown at 0°C for
up to 24 hours, sixteen auxin-related genes were downregulated and five upregulated.
Six of the upregulated genes are members of the SMALL AUXIN UPREGULATED RNA
(SAUR) gene family. Cold-induced increases in the expression of three SAUR-like auxin
response family genes in suspension cells, namely At5g53590 (1.24/2.44/2.46 fold),
At1g72430 (1.81/3.71/4.35 fold) and At3g50690 (2.17/3.31/2.98 fold).
GH3.3 was rapidly and strongly downregulated in cold-treated suspension cells (8.25/-47.02/-85.89 fold). GH3.3 encodes an IAA amido synthase which lowers the levels
of free auxin in cells by conjugating the hormone with amino acids. The gene is
expressed in most tissues, but not in roots. Two other IAA-amido synthase genes were
also downregulated by low temperature, namely YDK1 (-34.42/-20.80/-4.68 fold) and
GH3.6 (-1.60/-3.61/-4.88 fold). A decrease in auxin levels follows cold treatment and the
donwregulation of genes encoding IAA-amido synthetase may occur to prevent further
reductions in the level of free auxin. These genes do not respond to transient increases
in [Ca2+]cyt (Whalley et al., 2011) and the signals involved in their cold-induced
downregulation are not known.
Downregulation of the transcription factor genes IAA1 (-2.90/-1.71/-1.36 fold),
IAA2 (-2.05/-1.40/-1.17 fold), IAA5 (-3.59/-10.72/-11.48 fold), IAA11 (-3.59/-10.72/-14.73
fold), IAA13 (-1.61/-2.91/-3.21 fold), IAA19 (-1.70/-4.05/-6.40 fold), IAA29 (-1.63/-2.49/3.59 fold) and IAA30 (-8.06/-14.40/-8.62 fold) occurs in cold-treated suspension cells. All
these genes are activated by auxin and a decrease in auxin level is presumably
responsible for their downregulation. The downregulation of auxin-responsive genes
and those involved in auxin synthesis may contribute to the cold-induced reduction in
plant growth (Lee et al., 2005a).
Cytokinin levels might increase in response to cold as the two genes CKX3 and
CKX6, which encode cytokinin oxidases, were downregulated 5.62- and 3.44-fold,
respectively. The cytokinin response involves Arabidopsis response regulator (ARR)
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genes. ARR7 and ARR9 were slightly downregulated in the cold-treated suspension cells
and ARR5 was upregulated.
Two genes participating in ethylene synthesis, ACS2 and ACS8, were
dowregulated 11.23- and 6.23-fold respectively after 90 minutes of cold-treatment.
Hence, ethylene synthesis may decrease in response to cold.
GA2-oxidase is positively regulated by gibberellic acid (GA) while GA20-oxidases
are downregulated. Lee et al. (2005) proposed that cold increases GA accumulation as
one GA2-oxidase was upregulated in cold treated seedlings while two GA20 oxidases
were downregulated. The same GA2-oxidase was first down- and then upregulated (1.75/-2.09/+1.28 fold) in cold-treated suspension cells, while GA4, encoding a
GIBERELLIN 3-BETA-DIOXYGENASE, was downregulated (-2.03/-2.16/-1.87 fold).
However, these are relatively minor changes in expression. Cold stress triggers a
reduction in GA in Arabidopsis seedlings (Achard et al., 2008). DREB1/CBF transcription
factors can upregulate specific GA2ox genes which presumably contribute to the
reduction in bioactive GA (Achard et al., 2008; Magome et al., 2008). However, if such
changes occur in suspension cells they would take place after the induction of CBF
genes.

3.3.5 Cold and dehydration induced genes
Vogel et al. (2005) identified the genes induced after 1 hour and 24 hours cold
treatment in Arabidopsis seedlings grown on plates or on soil. Twelve of these
transcription factors were also induced in suspension cells. The cold/dehydration genes
XERO2, ERD4, ERD7 were induced by cold in plate and soil grown seedlings as well as in
suspension cells. ERD3, ERD4, ERD7, COR47, COR15A, COR15B and COR78 were induced
by cold in the seedlings (generally less than 2-fold after one hour cold treatment) but not
within the first 90 minutes of cold-treatment of suspension cells. These genes may have
been activated following a longer period of cold treatment.
CBF2 and CBF3 expression was significant after one hour in both seedlings and
suspension cells. Unexpectedly, cold-induction of the genes RD29B, DREB2A, COR47,
DREB2B, COR35 and ERD10 occurred in soil but not plate grown plants (Vogel et al.,
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2005). The reasons are unclear but the result implies unidentified environmental factors
also play a role in cold-induction of gene expression.
So to what extent are the cell suspension cultures "typical" as far as plant cold
responses are concerned? The rapid induction of the CBF genes and many other genes
associated with the cold response suggests this system is an appropriate one to
investigate the initial pathways involved. Some of these genes are also induced by
different stresses such as HL and mechanical stress/wounding (Section 3.3.6). In
suspension cell cultures the light was regulated and both control and cold-treated
cultures exposed to the same light levels. Any mechanical stress (shaking of the cultures)
would have been the same in both control and treated cultures.

3.3.6 Mechanical stress
When approximately 20% of an Arabidopsis leaf was mechanically wounded with
a hemostatic clamp, 162 genes (whose expression levels changed 2-fold or more) were
upregulated and 44 genes downregulated (Walley et al., 2007). Many of the genes
known to be affected by environmental stress were among the genes up- or downregulated. The promoter element CGCGTT (RSRE; Rapid Stress Response Element) was
over-represented in the promoters of those Rapid Wound Response (RWR) genes. The
transcription factors recognising the RSRE are not yet known.
Ten of the 162 genes rapidly upregulated by mechanical stress (Walley et al.,
2007) were also cold-upregulated in the suspension cells (Table 3.3). Seven of these ten
genes are transcription factors and include the three CBF genes, ZAT10, ZAT12, BAP1
and WRKY40. CML38 was strongly induced in both systems.
Exogenous jasmonate (JA) enhances cold tolerance of Arabidopsis in both the
absence of cold acclimation whereas blocking endogenous JA synthesis results in plants
being hypersensitive to freezing stress (Hu et al., 2013). Cold stress induced JA
biosynthesis and exogenous JA upregulated the CBF/DREB1 signalling pathway. Several
JA ZIM-domain (JAZ) proteins were shown to interact with ICE1 and ICE2. JAZ1 and JAZ4
repress transcriptional function of ICE1 and inhibit the CBF/DREB1 regulon. Hence, JA is
an upstream signal of the ICE-CBF/DREB1 pathway.
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JA is wound hormone (Koo and Howe, 2009) and is presumably responsible for
the increase in CBF1, 2 and 3 expression following mechanical stress (Table 3.3). JA has
recently been found to be an upstream signal of the ICE-CBF/DREB1 pathways (Hu et al.,
2013). The rapid induction of ZAT12, CML38 and WRKY40 by wounding increases the
possibility that they are also upregulated by JA although not via the CBF pathway. ZAT12
expression for example, is not affected by CBF overexpression (Fowler and Thomashow,
2002).
Table 3.3. Genes upregulated by wounding and low temperature.
Genes upregulated after 5 minutes of wounding Arabidopsis leaves and 90 minutes of cold-treatment of
suspension cell cultures.

At4g25470
At1g27730
At5g59820
At3g44260
At3g61190
At4g25480
At4g25490
At2g27080
At1g80840
At1g76650

CBF2
ZAT10
ZAT12
CCR4-ASSOCIATED FACTOR 1A
BAP1
(BON-associated protein 1)
CBF3
CBF1
HIN1-related
(hairpin-induced protein-related)
WRKY40
CML38

Fold increase
Wounding
Cell cultures
8.9
66.47
8.3
37.51
8.1
11.19
7.0
18.6
7.0
8.6
4.3
2.5
2.1

22.54
45.14
6.43

21.2
8.13

30.98
31.25

Mechanical agitation (or cycloheximide treatment) of plants achieved by tapping
plates on a bench top for 15 minutes induced transcription levels of ZAT10, ZAT12, CBF2,
MYB73, CZF1 and CZF2 (Vogel et al., 2005). However, increases in RAV1, CZF1 and
MYB73 were not reported by Walley et al. (2007). Suspension cells (controls and coldtreated) were orbitally shaken during the 90 minute period after being gently
resuspended. Hence, mechanical stress is unlikely to have played a role and, if so, was
experienced by control as well as cold-treated cells.
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3.3.7 Suspension cells and whole plants: A comparison
A number of laboratories have studied the genes responding to cold treatment in
Arabidopsis. The data varies considerably, in particular as far as the early responses to
cold are concerned. In two week old seedlings Lee et al. (2005) identified 91
transcription factors transiently upregulated during the 3 to 6 hour treatment at 0°C and
26 transcription factors continuously upregulated. No downregulation of transcription
factor genes were reported. After 24 hours of cold treatment, 68 transcription factors
were upregulated and 19 downregulated. Only 14 transcription factors of those
upregulated (early and late) were upregulated during the 90 minute cold-treatment of
suspension cells. These 14 genes were RAV1, CBF1, CBF2, CBF3, HSFC1 (At3g24520), a
MYB transcription factor (At1g25550), WRKY genes 6, 18, 38, 40 and 46, ZAT10, ZAT12
and a zinc-finger (CCCH-type) family protein and six bZIP genes. Of the six bZIP
transcription factors that were upregulated in seedlings, five were upregulated at the 24
hour time point but not at 3 to 6 hours (Jakoby et al., 2002; Lee et al., 2005a). bZIP
proteins induced by abiotic stress and ABA are considered to be late-induced and the
three bZIP proteins identified in the suspension cell microarray were only upregulated
by approximately 2-fold at 90 minutes. Their function is not known.
Although 673 genes were upregulated and 627 genes downregulated in 10-12
day old seedlings grown on plates, the figures for soil grown seedlings were 557 (up) and
382 (down) after 24 hours cold treatment (Vogel et al., 2005). Moreover, only 302
upregulated and 212 downregulated genes were common to both soil and plate grown
plants. Forty transcription factor genes were upregulated under both conditions,
however, only eleven of these were upregulated in the suspension cells (90 minutes).
Nine of the genes downregulated after 24 hour cold treatment on plate or soil were
affected in the suspension cells. These results add strength to the argument that
suspension cells are more suitable for detecting the earliest changes in cold-induced
gene expression. In seedlings the low temperature would initially be sensed by only the
outer layer cells.
The CBF3 gene is strongly cold-induced in the suspension cells (5.21/19.41/22.54
fold), however, the CBF3 regulon has not been fully activated as none of the 12 genes of
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that regulon (Seki et al., 2002) were upregulated in suspension cells at 90 minutes. The
CBF3 target genes include RD29A (COR78), COR15A, KIN1, COR47 and ERD10.
It has been suggested that genes encoding plant core environmental stress
response (PCESR) proteins are initially activated in response to all environmental
stresses and stress-specific gene expression commences 1 to 3 hours after the onset of
stress (Kilian et al., 2007). If common signalling events do occur for stresses such as
drought, cold, heat and UV light, they could involve increased free cytosolic Ca 2+ and
ROS generation (Kilian et al., 2007). ZAT10, ZAT12 and AF2 are C2H2-type zinc finger
transcription factors that are rapidly induced by cold, light and drought. Kilian et al.
(2007) suggest they may act as transcriptional repressors of carbohydrate metabolism
and photosynthesis. However, in suspension cells, cold-induced CBF1, 2, and 3
expression is more rapid than ZAT10 or ZAT12, at least as far as transcript levels are
concerned.
Fowler and Thomashow (2002) identify an initial "wave" of gene expression
occurring within one hour of the transfer of Arabidopsis seedlings to low temperature.
ZAT12, CBF2, and RAV1 are induced in parallel to each other. In suspension cells, cold
treatment induced ZAT12, AtHB12, CBF1, CBF2 and CBF3 all in parallel. RAV1 was weakly
induced (1.75/2.45/2.80 fold). Fowler and Thomashow (2002) also reported the genes
induced following the initial "wave" of expression included MYB73, AtHB12, RAP2.1,
RAP2.7, ERD10 and XERO2. In suspension cells XERO2, AtHB12, and MYB73 expression
commenced to increase between 60 and 90 minutes of cold-treatment, whereas
induction of RAP2.1, RAP2.7 and ERD10 was not detected (Table 3.4).
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Table 3.4. Transcription factors upregulated by cold in soil and plate grown Arabidopsis and suspension
cells.
Genes encoding transcription factors upregulated in response to low-temperature in 10 to 12 day old
Arabidopsis seedlings in both plate and soil experiments (4°C, 1 hr and 24 hr) (Vogel et al., 2005) which
were also found upregulated in suspension cell cultures (7°C, 90 min). Fold increases are shown. Modified
from Wright, PhD thesis (2012).

Plates and soil

At1g13260
At4g31800
At1g80840
At2g38470
At3g55980
At4g25470
At4g25480
At4g37260
At5g61600
At1g27730
At5g59820

RAV1
WRKY18
WRKY40
WRKY33
Zinc finger (CCCH type) protein family
CBF2
CBF3
MYB73
Ethylene responsive element binding
protein family
ZAT10/STZ
ZAT12 (plate)
ZAT12 (soil)

Suspension cells

1 hr
4.5
3.1
7.5
4.3
7.2
22.1
16.4
3.0
5.5

24 hr
4.2
0.7
0.0
-1.4
-0.3
9.2
10.3
2.2
-1.7

90 min
2.8
3.14
30.98
10.28
5.78
66.47
22.54
3.50
2.97

12.5
*
10.6-66.5

2.1
*
3.3-3.0

37.56
11.19
11.19

* No microarray data provided but the literature states the gene is upregulated.

3.3.8 Genes upregulated by high light and cold

ZAT10, ZAT12, WRKY18 and DREB2A expression is activated by high light (HL)
(Rossel et al., 2007), and all four genes are activated by cold in the suspension cells. HL
also upregulated ERD10, COR15A and COR47 genes but none of these genes were
activated during the 90 minute cold-treatment of suspension cells. HL and cold signalling
must involve, in part, different pathways as HL does not influence CBF gene expression.

3.3.9 Transcription factors downregulated by cold

Cold-treatment of suspension cells results in the downregulation of a large
number of genes (Supp. Microarray Data, Table 10). As discussed earlier (Section 3.3.4),
the most strongly downregulated transcription factor genes are those involved in the
auxin response and regulation. The mechanism underlying this downregulation is not
known, although the C2H2 zinc finger proteins AZF1 and AZF2, whose genes are induced
by ABA and osmotic stress, negatively regulate ABA-repressors and auxin-inducible
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genes (Kodaira et al., 2011). AZF2 is upregulated in suspension cells (-1.36/+2.55/+5.51
fold) and might participate in the downregulation of the auxin regulation/response
genes, such as GH3.3, IAA11, IAA5 and ACS5. Since ZAT10 and ZAT12 can act as
transcriptional repressors they may also be involved. The presence of a CATTG binding
site in the promoter of GH3.3 suggests it may be regulated by ZAT10 and/or ZAT12.
The homeodomain-leucine zipper transcription factor ATHB-17 (At2g01430) is
downregulated by cold in suspension cells (-3.51/-9.79/-7.92 fold). ATHB-17
overexpression conferred ABA-hypersensitivity and drought tolerance while the
insertion mutant is ABA-insensitive and drought-sensitive (Park et al., 2013). If ATHB-17
is involved in ABA and water-stress responses, what might be the role of the strong
downregulation in response to cold?

3.3.10 Other genes

The expression levels of a variety of genes are significantly changed following
cold-treatment of suspension cells. Some of these genes and their functions (when
known) are listed in Table 3.1. ATHB-17 has been discussed (Section 3.3.9) but BMY8 and
HSFC1 deserve additional comment.
The strong cold-induction of BETA-AMYLASE 8 (BMY8) (3.75/16.20/30.64 fold) in
suspension cells is replicated in seedlings where the earliest induction occurs after two
hours cold-exposure (Seki et al., 2001). BMY8 is a chloroplast-located enzyme that
produces maltose from the hydrolysis of α-1,4 glycosidic linkages of starch polyglucan
chains. Following export of maltose from the chloroplast to the cytoplasm it is
metabolised to glucose and maltodextrine by disproportionating glucosyltransferases
(Kaplan and Guy, 2005). Due to its compatible-solute properties, maltose assists in the
protection of the photosynthetic electron transport apparatus and proteins during
temperature shock (Kaplan and Guy, 2004; Kaplan and Guy, 2005). There are nine betaamylases in Arabidopsis and BMY8 is the only one induced by cold. Following a coldtreatment for six hours at 4°C in downregulated-BMY8 RNAi lines, there is a dramatic
increase in maltose levels and decreased glucose, fructose and sucrose content (Kaplan
and Guy, 2005).
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Usadel et al. (2008) reported that cold induces transcription of genes involved in
cell wall synthesis and suggested inhibition of cell expansion and induced water
conductivity is the consequence. EXPANSINS A1 and A6 genes are repressed and three
EXPANSIN-like genes (EXLA1, 2 and 3) are upregulated by cold (Lee et al., 2005a). The
authors suggest the reduction in plant growth at low temperatures may reflect the
changes in EXPANSIN gene expression along with downregulation of auxin responsive
genes. In suspension cells cold-induced downregulation of EXPANSINS A4 (-1.66/-3.26/3.90 fold) and A10 (-1.50/-2.94/-7.50 fold) occurred while EXPANSIN-LIKE genes A3
(1.51/4.77/10.61 fold) and A1 (1.47/4.49/8.03 fold) were upregulated. The
consequences of the upregulation of EXPANSIN-LIKE genes and downregulation of
EXPANSIN genes by cold on cell wall synthesis is not known.
AtHB12 encodes a homeodomain leucine-zipper (HD-zip) transcription factor
upregulated by cold in suspension cells (2.40/9.41/18.84 fold). AtHB12 is also
upregulated by water deficit and the activation is dependent on ABA and the Ser/Thr
phosphatases ABI1 and ABI2 (Olsson et al., 2004). AtHB12 appears to negatively regulate
the expression of the GA20-oxidase genes in inflorescence stems (Son et al., 2010). GA2oxidase 1 is a key enzyme in gibberellin synthesis. In cold-treated suspension cells, the
increase in AtHB12 expression may be involved in lowering GA levels. GA2OX6 is slightly
downregulated initially by cold (-1.75/-2.09/+1.28 fold) and GA4, also a GA biosynthetic
enzyme (gibberellin 3-beta-dioxygenase; GA3OX1), responds similarly (-2.03/-2.16/-1.87
fold).
The heat shock transcription factor gene AT-HSFC1 is one of the most strongly
induced genes in suspension cells (8.01/32.78/63.78 fold). AT-HSFC1 is the only member
of the C-class of heat shock transcription factors in Arabidopsis (Miller and Mittler,
2006). The gene is active (basal steady state transcript level) in all major organs and is
most strongly induced by cold. The heat shock factors (HSFs) are believed to constitute a
redundant and flexible network controlling the response to abiotic and biotic stresses.
They bind the nGAAnnTCCn sequence in the promoters of many plant defence genes, a
sequence that can also occur in the promoters of HSF genes, suggesting self-regulation.
HSFA4A in Arabidopsis may be involved in H2O2 signalling and may function upstream of
ZAT12 and the H2O2-scavenging enzyme, ASCORBATE PEROXIDASE 1 (APX1) (Schramm et
al., 2006). The specific function of AT-HSFC1 is not known.
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The DNAJ heatshock N-terminal domain-containing protein (At4g36040) is also
rapidly and strongly activated by cold in the suspension cells (16.23/39.93/25.80 fold).
Again, the signal involved in the upregulation is not known. Chaperone DNAJ domain
superfamily proteins are involved in protein folding in the chloroplast, nucleus and
plastids and can protect, for example, against oxidative damage (Wang et al., 2004).
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4. T-DNA insertional mutagenesis and cold-responsive
gene expression ........
4.1 Introduction
The Microarray experiment identified a number of transcription factors along
with the three CBF genes whose expression is rapidly induced following cold-treatment
of Arabidopsis suspension cells. These transcription factors included NAC proteins
(ANAC019, ANAC047 and ATAF1/ANAC002), WRKY proteins (WRKY46 and WRKY53), the
C2H2-type Zinc finger protein (ZAT10), the ERF/AP2 protein DREB2A and two proteins
with unknown function (U1070 and U652) (Table 4.1). A WRKY40 (1.76/8.27/30.98 fold)
insertion mutant would also have been of interest but none was available. The work
discussed in this chapter was aimed at assessing the role of these transcription factors in
the cold response.

Table 4.1. T-DNA mutants selected from genes rapidly upregulated in cold-treated Arabidopsis
suspension cells.
T-DNA insertion mutants were obtained for further study. Fold changes are indicated; the -10.7 of
WRKY53 indicates initial downregulation of 10.7-fold.
Locus

Gene

At5g05410

DREB2A

Fold Change
(0.5/1.0/1.5 hr)
9.31/17.31/12.36

At1g52890

ANAC019

4.33/17.38/20.47

At3g04070
At1g01720

2.1/9.1/8.23
1.48/4.62/6.1

At1g76650

ANAC047
ATAF1
(ANAC002)
CML38

At1g27730

ZAT10

1.1/8.8/37.6

At4g23810

WRKY53

-10.7/2.2/26.65

At2g46400

WRKY46

1.7/4.9/10.8

At5g11070
At4g27652

U1070
U652

14.3/56.8/66.8
14.5/29.14/41.2

6.84/17.43/31.25

Description
ERF/AP2 transcription factor. DNA binding. Induced by
osmotic and high temperature stress
NAC transcription factor. DNA binding. Induced by drought,
salt, ABA
NAC transcription factor. DNA binding. Induced by salt stress
NAC transcription factor. DNA binding. Induced by
wounding, drought and ABA
Calmodulin-like 38. Calcium ion binding. Induced by
wounding. Defence related
Zinc finger transcriptional repressor. Positive and negative
regulator of plant defence responses. Salt and cold
responsive
WRKY transcription factor (Group lll). Positive regulator of
leaf senescence. Pathogen responsive
WRKY transcription factor (Group lll). Repressor of malate
secretion and Aluminium tolerance
Unknown protein
Unknown protein
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In order to achieve this aim we chose the XERO2 gene were the promoter has
been studied in some detail (Section 1.6.1.3, Chung and Parish, 2008). Three CRT/DRE
(CCGAC) sequences, an AT-rich (ME) sequence and a 'GC' palindrome are involved in the
cold response. The XERO2 promoter also contains a MYC (CATGTG) binding element but
its role was not determined by Chung and Parish (2008). In addition, the XERO2
promoter possesses a WRKY binding (W-box: TGAC) cis-element (Figure 1.6 and Figure
4.12). Detailed promoter analysis is presented in Appendix V.

The aims of the experiments were:
1. To determine whether the MYC binding cis-element in the XERO2 promoter plays
a role in the cold induction of the gene.
2. To determine whether DREB2A is involved in XERO2 induction by cold. DREB2A
binds the 'CCGAC' (DRE) element in vitro but has previously been considered to
participate in the response to drought and high salinity but not cold (Sakuma et
al., 2006b). However, the rapid cold induction of the DREB2A gene in suspension
cells suggests otherwise (Table 4.1).
3. To determine the role of selected transcription factors in the cold induction of
selected genes (Table 4.1). The genes chosen for study were CBF3, XERO2,
COR47, RD29A and COR15A. Although the latter four genes all belong to the CBF3
regulon, studies on the XERO2 promoter, for example, indicate that a
combination of transcription factors/cis-elements is required for cold-induction.
4. To determine whether the CML38 protein is involved in cold-induced XERO2
expression. Since both Ca2+ oscillations and a transient Ca2+ spike induce XERO2
expression (Whalley et al., 2011), the strong cold-induction of CML38
(6.84/17.43/31.25 fold) was of interest. Hence, the effects of inhibiting CML38
expression on cold-induced XERO2 expression was assessed.
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4.2 Results
4.2.1 The MYC binding element in the XERO2 promoter is required for maximal coldinduced expression

The MYC binding sequence (CATGTG) in the XERO2 promoter was mutated from
"5' - CATGTG" to "5' - aATaTa" and the mutated 446bp promoter fused to the GUS
reporter gene. In a second construct both the MYC binding sequence and the 'GC'
palindrome were mutated ("5'- TGTCGGCCAACA" to "5'- TctaattCAACA") (Section
2.6.1.1, Table 2.5). WT Arabidopsis plants were transformed with the constructs and the
affects of cold on GUS activity in lines with two mutated promoters and a control
promoter was determined. Details are provided in the Figure 4.1 legend.

Figure 4.1. The effect of base substituting MYC and palindrome elements in the XERO2 promoter on GUS
activity.
The promoter was fused to the GUS gene and stably transformed into Arabidopsis plants. The GUS activity
in 14 day old seedlings was measured (Section 2.16) at normal growth conditions (open bars), cold treated
4°C/24 hours (grey bars), cold treated 4°C/24 hours with recovery period of 22°C/6 hours (black bars) and
6 hour treatment with ABA (blue bars). Control, unchanged promoter; m-MYC, mutated MYC element; mMYC/PAL, both MYC and palindrome elements mutated. Bars are means ±SE (n = at least four lines, each
line consisting of 10 to 12 plants).
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As previously described, plants treated at 4°C for 24 hours had to be
subsequently incubated at 22°C for 6 hours for the cold-induced GUS mRNA to be
translated (Chung and Parish, 2008). The level of GUS activity detected following cold
treatment was significantly reduced in lines transfected with the MYC-mutated (m-MYC)
promoter (Figure 4.1). The induction by abscisic acid (ABA) was not significantly
changed. When both the MYC and palindrome sequences were mutated, ABA- and coldinduced GUS activity was greatly reduced and both the uninduced GUS activity and ABA
induction barely detectable.
Chung and Parish (2008) found mutating the palindrome sequence alone caused
an 80% reduction in ABA-induced GUS expression. Mutating the palindrome (mpal)
sequence has a severe effect on cold-induced GUS expression (Figure 4.2).

4.2.2 DREB2A expression is required for maximal cold induction of XERO2
A DREB2A insertion mutant was obtained and, along with WT plants,
transformed with the GUS gene driven by XERO2 promoters (446 or 336 base pairs) in
which various elements had been mutated (Section 2.6.1.1, Table 2.5). The XERO2
promoters used were WT (control), acgt1 (ACGT1 site mutated), mpal (GC-palindrome
mutated) and acgt2,3 (ACGT2 and ACGT3 mutated) (Section 1.6.1.3, Figure 1.6). The
ACGT2 and 3 partially overlap with DRE2 and 3 elements, respectively. The length of the
mpal promoter was 336 base pairs, others mentioned above were 446 base pairs.
Transformed lines were cold treated at 4°C for 24 hours and controls were grown at
22°C.
At 22°C low levels of GUS transcript were detected in both WT and dreb2a plants
(Figure 4.2A) and no significant difference between the two lines was observed.
However, at 4°C (24 hours) the increased GUS transcript levels in the dreb2a mutant
were less than 30% of the WT (Figure 4.2B). In the acgt1 lines GUS expression was higher
than WT controls, consistent with the data of Chung and Parish (2008). In the dreb2a
mutant an increase also occurred, but was less than in the WT/acgt1 line. Similarly, the
cold-induced increase in dreb2a/acgt1 was significantly less than in the WT/acgt1 line.
Mutating the palindrome completely inhibited cold-induction of GUS expression in both
WT/mpal and dreb2a/mpal transformed plants (Figure 4.2B). Mutating both the ACGT2
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and ACGT3 elements in the XERO2 promoter reduced ABA- and cold-induction of GUS
expression by 35% and 50%, respectively (Chung and Parish, 2008). We found a similar
reduction in cold induction in the acgt1 plants while in the dreb2a-1 mutant no
significant cold induction occurred (Figure 4.2B). The results show that DREB2A is
required for optimal cold activation of the XERO2 gene.

Figure 4.2. qRT-PCR analysis of GUS transcript in wild type and dreb2a mutant.
Fourteen day old seedlings were cold-treated at 4°C for 24 hours, untreated plants were grown at 22°C.
Mutations to the XERO2 promoter (Section 2.6.1.1) were fused to the GUS gene and stably transformed
into WT and a dreb2a mutant. A) GUS expression in untreated lines, B) GUS expression in treated lines.
Ctrl, control (unchanged promoter); acgt1, mutated ACGT1 site; mpal, mutated palindrome; acgt2,3,
mutated ACGT2 & ACGT3 sites. Expression in wild type (WT) (white bars), expression in dreb2a (black
bars). Error bars depict ±SE in relation to transcript abundance (Section 2.20.6) from three biological
replicates, 3 lines for each replicate consisting of 10-12 plants and three technical replicates.
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4.2.3 The role of rapidly cold-induced transcription factors on the cold-induction of
XERO2, CBF3, COR47, RD29A and COR15A
Insertion mutants of the ATAF1, ANAC019, ANAC047, ZAT10, WRKY46, U1070
and U652 genes were isolated. The latter two genes encode "hypothetical proteins" with
unknown function. However, their cold induction is so rapid and strong during the cold
treatment of suspension cells (Table 4.1) we were interested to see if they were
indirectly associated with cold-induction of the five genes selected.
Details of the insertion mutants obtained are shown in Table 4.2 and Figure 4.3.
The insertion mutants were confirmed as discussed in Section 2.11.1 and genotyping of
the T-DNA mutants is presented in Appendix ll.

Table 4.2. The T-DNA insertion mutants used.
Insertion position indicates T-DNA insertion position in relation to the ATG translational start site, either
upstream (-) or downstream (+). Total lines screened are individual plants (n) of the same T-DNA mutant.

Gene

Locus

T-DNA

Source

DREB2A
CML38
ANAC019
ANAC047
ATAF1
WRKY46
WRKY53
ZAT10
U652
U1070

At5g05410
At1g76650
At1g52890
At3g04070
At1g01720
At2g46400
At4g23810
At1g27730
At4g27652
At5g11070

379F02
SALK_001571c
SALK_096295
SALK_066615
SALK_067648
SALK_134310c
SALK_034157c
SALK_054092c
SALK_071404
SALK_019859

GABI-KAT
ABRC
ABRC
ABRC
ABRC
ABRC
ABRC
ABRC
ABRC
ABRC

Insertion Position
(bp)
Exon, +30
Exon, +18
2nd Exon, +491, +502
5'UTR, -74
3rd Exon, +737
3rd Exon, +730
2nd Exon, +686, +713
Exon, +275
Exon, +49
5'UTR, -95

Total lines
screened (n)
60
11
6
8
8
16
16
16
24
24
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Figure 4.3. Schematic representation of T-DNA insertion mutants used in this study.
T-DNA lines were screened using a PCR-based method (Section 2.11.1). The gene in which the T-DNA was
identified is listed to the left of the schematic diagrams. A T-DNA left border-specific primer, LBa1, was
used with either a gene specific Forward (F1) or Reverse (R1) primer to confirm the presence of a T-DNA.
In order to identify homozygous lines gene-specific forward and reverse primers spanning the T-DNA were
used (Section 2.2, Table 2.2). T-DNA insertion position is relative to the ATG (translation) start site. T-DNA
(black triangle); not to scale, primers (arrows); not to scale, Exons (Grey box), UTR/intron (solid line). Scale
bar as per indicated on each T-DNA insertion line.
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Cold induction of XERO2 was significantly reduced in the dreb2a, anac019 and
zat10 mutants (Figure 4.4). The XERO2 promoter contains a WRKY binding site (W-box)
but cold-activation was not affected in the wrky53 or wrky46 mutant. Cold induced CBF3
expression was reduced in the anac019, anac047, zat10, wrky46 and u1070 mutants
(Figure 4.5).
In the case of COR47, cold-induced expression was almost completely inhibited in
the ataf1 mutant but increased in the zat10, wrky53 and u652 mutants (Figure 4.6). Cold
induction of RD29A was reduced in the anac019 mutant but increased in the dreb2a
mutant (Figure 4.7). Finally, COR15A cold-induction was reduced in the anac019 mutant
but increased in the zat10 and u652 mutants (Figure 4.8).

Figure 4.4. The effect of low temperature on XERO2 mRNA levels in T-DNA mutants.
Relative transcription abundance of XERO2 gene expression in T-DNA mutants as determined by
quantitative RT-PCR. Ubiquitin & β-Tubulin were used as reference genes. Error bars depict ±SE in relation
to transcript abundance (Section 2.20.6) from three biological replicates (with each replicate consisting of
4-6 seedlings) and three technical replicates of each (n= 9). Significance: p= *0.05-0.01, **0.01-0.001,
***p<0.001 based on ANOVA compared to wild type sample.
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Figure 4.5. The effect of low temperature on CBF3 mRNA levels in T-DNA mutants.
Relative transcription abundance of CBF3 gene expression in T-DNA mutants as determined by
quantitative RT-PCR. Ubiquitin & β-Tubulin were used as reference genes. Error bars depict ±SE in relation
to transcript abundance (Section 2.20.6) from three biological replicates (with each replicate consisting of
4-6 seedlings) and three technical replicates of each (n= 9). Significance: p= *0.05-0.01, **0.01-0.001,
***p<0.001 based on ANOVA compared to wild type sample.

Figure 4.6. The effect of low temperature on COR47 mRNA levels in T-DNA mutants.
Relative transcription abundance of COR47 gene expression in T-DNA mutants as determined by
quantitative RT-PCR. Ubiquitin & β-Tubulin were used as reference genes. Error bars depict ±SE in relation
to transcript abundance (Section 2.20.6) from three biological replicates (with each replicate consisting of
4-6 seedlings) and three technical replicates of each (n= 9). Significance: p= *0.05-0.01, **0.01-0.001,
***p<0.001 based on ANOVA compared to wild type sample.
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Figure 4.7. The effect of low temperature on RD29A mRNA levels in T-DNA mutants.
Relative transcription abundance of RD29A gene expression in T-DNA mutants as determined by
quantitative RT-PCR. Ubiquitin & β-Tubulin were used as reference genes. Error bars depict ±SE in relation
to transcript abundance (Section 2.20.6) from three biological replicates (with each replicate consisting of
4-6 seedlings) and three technical replicates of each (n= 9). Significance: p= *0.05-0.01, **0.01-0.001,
***p<0.001 based on ANOVA compared to wild type sample.

Figure 4.8. The effect of low temperature on COR15A mRNA levels in T-DNA mutants.
Relative transcription abundance of COR15A gene expression in T-DNA mutants as determined by
quantitative RT-PCR. Ubiquitin & β-Tubulin were used as reference genes. Error bars depict ±SE in relation
to transcript abundance (Section 2.20.6) from three biological replicates (with each replicate consisting of
4-6 seedlings) and three technical replicates of each (n= 9). Significance: p= *0.05-0.01, **0.01-0.001,
***p<0.001 based on ANOVA compared to wild type sample.
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4.2.4 Inhibiting CML38 expression does not influence cold-induced XERO2
expression......

A cml38 insertion mutant was obtained (Figure 4.9). Following incubation at 4°C
for 24 hours, WT and cml38-2 plants exhibited similar levels of XERO2 gene induction
(Figure 4.10).

Figure 4.9. Schematic representation of cml38-2 T-DNA insertion mutant.
T-DNA lines were screened using a PCR-based method (Section 2.11.1). A T-DNA left border-specific
primer, LBa1, was used with either a CML38 Forward (CML38F1) or CML38 Reverse (CML38R1) primer to
confirm the presence of a T-DNA. In order to identify homozygous lines CML38 specific forward and
reverse primers spanning the T-DNA were used (Section 2.2, Table 2.2). T-DNA insertion position is relative
to the ATG (translation) start site. T-DNA (black triangle); not to scale, primers (arrows); not to scale, Exons
(Grey box), UTR/intron (solid line). Scale bar as per indicated on each T-DNA insertion line.

Figure 4.10. The effect of low temperature on XERO2 mRNA levels in a cml38-2 mutant.
Relative transcription abundance of XERO2 gene expression in a cml38-2 mutant as determined by
quantitative RT-PCR. Ubiquitin & β-Tubulin were used as reference genes. Error bars depict ±SE in relation
to transcript abundance (Section 2.20.6) from three biological replicates (with each replicate consisting of
4-6 seedlings) and three technical replicates of each (n= 9). Significance: p= *0.05-0.01, **0.01-0.001,
***p<0.001 based on ANOVA compared to wild type sample.
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4.2.5 Two hypothetical genes (U652 and U1070) are not involved in protecting
hypocotyl growth against cold

The effects of mutating the two genes of unknown function (U652 & U1070) and
the ANAC019 gene on plant sensitivity to chilling stress was assessed based on hypocotyl
elongation assay (Section 2.14), similar to that used in Guan et al. (2013). Once seeds
had been stratified for three days at 4°C, they were then exposed to three hours of light
at 22°C to induce germination. Seedlings were grown in the dark on vertical plates at
22°C (control) or at 4°C (treated). No differences in sensitivity or tolerance to chilling
were observed in the mutants when compared to the WT controls (Figure 4.11).

Figure 4.11. Chilling sensitivity of the wild type and T-DNA insertion mutants at 4°C in darkness.
Wild type and mutants of ANAC019 and two unknown genes U1070 and U652 were assessed for chilling
sensitivity based on hypocotyl elongation. Seedlings were grown at 22°C for 17 days and at 4°C for 49
days. Prior to vertical growth in darkness at either 22°C or 4°C, seeds were stratified for 3 days at 4°C
(dark) then exposed to 22°C (light) for 3 hours. Quantification of hypocotyl length are shown in millimetres
(mm). Bars indicate means of hypocotyl measurements, error bars depict ±SE.

115

4.3

Discussion
The results showed that the MYC element in the XERO2 promoter plays a role in

the cold induction of XERO2 expression. Hence, ANAC019 and ANAC047 are candidate
transcription factors for activating XERO2 expression. DREB2A which, like the CBF1, 2
and 3 proteins, binds the CCGAC (CRT/DRE) sequence was also found to be involved in
XERO2 induction.
The role of the various transcription factors in the induction of the selected coldinduced genes is discussed individually for each gene/protein.
4.3.1 DREB2A
DREB2A expression has been shown previously to be induced by drought, heat
stress and high salinity (Sakuma et al., 2006a; Sakuma et al., 2006b). The rapid increase
in DREB2A expression in cold-treated suspension cells followed by a decrease in
expression may explain why the transcription factor has not previously been associated
with the cold response. DREB2A recognises the dehydration-responsive element (DRE)
(A/GCCGAC) which is also bound by the CBF transcription factors (Maruyama et al.,
2004). Overexpression of the DREB2A gene (driven by the CaMV 35S promoter)
stimulates the expression of XERO2 (16-fold), COR15A (14-fold) and RD29A (13-fold)
(Sakuma et al., 2006b). All three genes are also induced by drought and NaCl and
possess the CCGAC sequence in their promoters (Figure 4.12). Their cold induction via
this cis-element has been attributed to the CBF proteins.
Our work shows that in the dreb2a mutant XERO2 expression is significantly
inhibited (Figure 4.2 & Figure 4.4). However, RD29A expression was increased (Figure
4.7), although the RD29A promoter has five DRE elements (Figure 4.12). The promoter of
COR15A contains three CCGAC sequences (Figure 4.12) but cold-induced expression is
not significantly affected in the dreb2a mutant (Figure 4.8). Hence, the presence of the
CRT/DRE element does not predict the response of a gene in the dreb2a mutant. A
number of DREB proteins (including CBF1, 2 and 3) in theory are capable of binding the
DRE element. The reasons why DREB protein binding varies between promoters is not
known.
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Figure 4.12. Promoter analysis displaying cis-regulatory element position in the promoters of genes
examined in the T-DNA insertion mutant study.
The 1000 base pair sequence upstream of the ATG start codon of selected genes were analysed using
PLACE (http://www.dna.affrc.go.jp/PLACE/). Cis-elements are colour coded as indicated. Black line
indicates 1000 base pair upstream sequence. Elements situated above the line are on the sense strand (5'3'), those below are on the antisense strand (3'-5'). Scale bar indicates base pairs upstream of the ATG
start codon.
NB. Three CRT/DRE elements are located at positions 1126, 1101 and 1072 base pairs upstream of the ATG
in the COR47 promoter. 598 base pairs of the XERO2 promoter were analysed due to the close proximity
of an upstream gene. 627 base pairs of the XERO1 promoter were analysed due to the close proximity of
an upstream gene. Three MYC elements are present in the 1000bp CBF3 promoter, however an additional
two MYC elements are located at positions 1120 and 1018 base pairs upstream of the ATG in the CBF3
promoter (Total of 5 MYC elements in CBF3 promoter). Transcript start sites (red vertical line) are
predicted based on gene annotations on the TAIR website (www.arabidopsis.org).
Note: The distribution of cis-elements along the promoter appears to be dictated by the location of the
upstream gene (Appendix VI). The stop codon of the upstream gene from XERO2, PLP3A (At3g50960), is
only 598bp from the start codon of XERO2.
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4.3.2 ANAC019

ANAC019 expression increases rapidly in cold-treated suspension cells (Table 4.1)
and cold-induced XERO2, RD29A and COR15A expression is significantly reduced in
anac019 seedlings (Figure 4.4, 4.7, 4.8, respectively). CBF3 expression is also significantly
reduced in the anac019 mutant (Figure 4.5). ANAC019 is a NAC protein binding the
CATGTG (MYC) element in the ERD1 promoter (Tran et al., 2004). The MYC sequence
occurs in the XERO2 promoter and as shown, is required for maximal XERO2 induction
by cold treatment (Figure 4.1). Hence, ANAC019 is a likely candidate transcription factor
binding to the MYC element in the XERO2 promoter and activating expression. Similarly,
cold-induced RD29A, COR15A and COR47 expression is significantly downregulated in
the anac019 mutant. All three genes also possess MYC cis-elements in their promoters
as does CBF3 (Figure 4.12). Cold-induced CBF3 expression was also reduced in the
anac019 mutants plants and hence the effects on XERO2, RD29A, COR47 and COR15A
expression may also be indirect.
When ANAC019 is ectopically expressed in Arabidopsis, expression of three
stress-responsive marker genes, namely COR47 (cold responsive), RD29B (response to
desiccation) and ERD1 (early-responsive to dehydration) are induced and plants become
ABA hypersensitive (Jensen et al., 2010). Furthermore, plants constitutively expressing
ANAC019 are heat tolerant due to the activation of genes responding to heat (Guan et
al., 2014).

4.3.3 ATAF1

ATAF1 (ANAC002) is also a NAC transcription factor and in ataf1 insertion
mutants the expression of COR47, ERD10, KIN1, RD22 and RD29A was increased under
drought stress (Lu et al., 2007). Hence, ATAF1 appears to negatively regulate the
expression of these genes under drought stress. However, ATAF1 overexpression was
reported to enhance drought tolerance (Wu et al., 2009). We found cold-induction of
RD29A, COR15A, XERO2 and CBF3 was unaffected in ataf1 plants. Hence, ATAF1 did not
appear to act as a repressor (or activator) in response to cold. However, cold-induced
expression of the K-S-Y dehydrin COR47 was severely reduced in the ataf1 mutant
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(Figure 4.6) and so COR47 induction appears to be dependent on ATAF1. The result is
inconsistent with ATAF1 acting as a negative regulator of expression and contradicts the
results of Lu et al. (2007), as does the absence of increased RD29A expression (Figure
4.7).

4.3.4 ZAT10

ZAT10 possesses a functional EAR repressor domain (Mittler et al., 2006). In the
zat10 mutant, cold-induction of XERO2 and CBF3 is reduced. However, COR47 and
COR15A expression were significantly increased. One interpretation is that ZAT10
represses the expression of genes directly or indirectly involved in the inhibition of CBF3
and XERO2 expression. On the other hand, ZAT10 may be directly or indirectly inhibiting
the expression of genes that interfere with the cold induction of COR47 and COR15A.
The role of ZAT10 in plant responses to stress is complex. Both ZAT10 constitutive
expression and RNAi knockdown resulted in plants more tolerant to salinity, heat and
osmotic stress (Mittler et al., 2006). The authors concluded that ZAT10 can act as both a
positive and negative regulator.
ZAT10 binds to A(G/C)T repeats separated by three or four base pairs (Sakamoto
et al., 2000) which are not present in the XERO2 promoter. The repeats occur in the
ZAT10 promoter raising the possibility of self-regulation.

4.3.5 CBF3

Cold-induced CBF3 expression is reduced in the anac019, anac047, zat10, wrky46
and u1070 mutants. We did not examine CBF1 or CBF2 expression in these mutants. All
three CBFs possess MYC elements and W-boxes in their promoters (Figure 4.12). In the
wrky46, but not the wrky53 mutant, cold-induction of CBF3 was significantly reduced. In
cold-treated suspension cells WRKY53 expression is initially downregulated (11-fold) at
30 minutes and strong induction subsequently occurs.
The data suggests that WRKY46 upregulation may be involved in the
upregulation of CBF3 expression by cold. We were unable to test the WRKY40 mutant,
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which is also cold induced in suspension cells (1.86/8.12/30.98 fold), as no insertion
mutant was available.
ICE1 can bind the MYC recognition elements in the promoter of CBF3 and coldinduced expression of CBF3 is almost abolished in the ice1 mutant (Chinnusamy et al.,
2003). The cold-induced expression levels of RD29A, COR15A and COR47 are also
reduced in the ice1 mutant.
The CBF3 promoter contains five putative MYC recognition sites while CBF1 and
CBF2 each contain only one (Chinnusamy et al., 2003). Our data suggests, ANAC019 and
ANAC047 are candidates along with ICE1 to activate CBF3 expression. CBF3 expression is
significantly reduced in the anac019 mutant, as is XERO2 expression, providing further
evidence that XERO2 is a part of the CBF regulon. Since the extent to which CBF1 and
CBF2 expression is effected in the various mutants was not determined, we do not know
whether the two proteins can compensate at least in part for the reduction in CBF3
levels.

4.3.6 WRKY46 and WRKY53
Cold-induced CBF3 expression was significantly reduced in the wrky46 and
wrky53 mutants (Figure 4.5). However, the cold induction of the two COR genes tested,
XERO2 and COR47 were not decreased (Figure 4.4 and 4.6). Indeed, cold-induced COR47
expression was increased in the wrky53 mutant. The XERO2 and COR47 gene promoters
contain one and five W-boxes (TGAC), respectively, and the CBF3 promoter has two
(Figure 4.12).

4.3.7 U1070 and U652

U1070 and U652 (At5g11070 and At4g27652, respectively) are proteins of
unknown function and do not resemble any transcription factors. Since their genes are
so rapidly and strongly induced by cold-treatment in suspension cells, we examined their
T-DNA mutants to ascertain whether there were indirect effects on the cold-induction of
the CBF3, XERO2, COR47, RD29A or COR15A genes.
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In the u1070-1 mutant a significant reduction in cold-induced CBF3 expression
occurred. However the cold-induction of genes in the CBF-regulon (XERO2, RD29A,
COR15A, COR47) was not significantly affected. In the u652-1 mutant, CBF3 was slightly
downregulated and the cold-induction of COR47 and COR15A increased. The results are
difficult to interpret. The expression of CBF1 and CBF2 in the two mutants would be of
interest.

4.4 Conclusions
The experiments described in this chapter indicate:
1. The MYC cis-element in the XERO2 promoter is required for optimal coldinduction of the gene.
2. The DREB2A transcription factor is involved in the cold-induction of XERO2.
3. The transcription factors ANAC019 and ANAC047 are involved in the coldinduction of CBF3 expression and ANAC019 also influences XERO2, COR15A,
RD29A and COR47 induction.
4. Blocking WRKY46 and WRKY53 expression reduces the level of CBF3 induction by
cold.
5. Inhibiting ATAF1 expression strongly inhibits COR47 induction by cold but not
CBF3 or the four other genes of the CBF regulon tested.
6. The CML38 protein does not play a role in the cold-induction of the XERO2 gene
and hence the CBF regulon.
The major outcomes of the work in this chapter are incorporated into a proposed cold
signalling pathway (Figure 4.13). ZAT10 has not been included as the results are difficult
to interpret (Section 4.3.4).
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Figure 4.13. Proposed gene signalling regulatory network in the activation of the XERO2 gene in
response to cold.
Plants sense low temperature, which activates protein kinases, transcription factors and a calcium spike
necessary for cold acclimation. Constitutively expressed ICE1 is activated by cold stress through
SUMOylation and phosphorylation, which is critical for ICE1 induced transcriptional activation of the CBFs.
CBF3 regulates the expression of COR genes (XERO2, RD29A, COR47 and COR15A) that lead to cold
acclimation and tolerance to low temperature through expression in sensitive reproductive tissues. NAC
transcription factors induced by cold include ANAC019 and ANAC047. ANAC019 is required for the
maximal cold-induction of CBF3, XERO2, RD29A and COR15A. It is not known if ANAC019 directly regulates
the XERO2, RD29A, COR47 and COR15A genes or indirectly via CBF3 expression. DREB2A is required for
maximal cold-induced XERO2 expression and WRKY46 for maximal CBF3 expression. In the anac047
mutant cold-induction of CBF3 is reduced but the effects on the expression of other cold-induced genes
was not determined. ICE1 is the only transcription factor where binding to the promoter of the target
genes (in this case CBF3) has been shown (Chinnusamy et al., 2003).
Black arrows indicate activation, green arrows indicate activation via CRT/DRE cis-element, blue arrow
indicates activation via MYC cis-element. Abbreviations: CBF, C-repeat binding factor (an AP2-type
transcription factor); ICE1, inducer of CBF expression 1 (a MYC-type bHLH transcription factor); P,
phosphorylation; S, SUMOylation.
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5. Yeast One-Hybrid analysis to identify proteins binding
to a region of the XERO2 promoter
5.1 Introduction
The insertion mutant data suggests that DREB2A, ANAC019 and possibly ZAT10
are involved in the cold activation of XERO2 (Figure 4.4). Although the requisite ciselements occur for ANAC019 and DREB2A binding in the XERO2 promoter, we cannot be
sure that these transcription factors bind to the promoter in vivo. Consequently, the
Yeast One-Hybrid method was employed in an attempt to resolve the issue. The aim of
the work described in this chapter was to use the Yeast One-Hybrid system to identify
Arabidopsis proteins binding to a selected region (target sequences) of the XERO2
promoter.
5.1.1 Yeast One-Hybrid
The Yeast One-Hybrid system is a powerful method for identifying novel proteinDNA interactions (Ouwerkerk and Meijer, 2001; Lopato et al., 2006). The system is based
on potential DNA-binding proteins (prey) interacting with a target DNA sequence (bait)
to activate transcription of the histidine reporter gene (HIS3) (Figure 5.1). The prey
proteins are constructed as a GAL4 fusion to the activation domain in the pGADT7-Rec2
vector from a cDNA library. Three tandem repeats of the DNA target sequence (bait) are
cloned into the reporter vector pHIS2.1.

Figure 5.1. Screening for protein-DNA interactions with the Yeast One-Hybrid system.
Three copies of the target DNA sequence (T) are cloned into the pHIS2.1 reporter vector containing the
HIS3 reporter gene.
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5.2 Results
Two cDNA libraries were generated and screened, one from untreated (22°C)
seedlings and the other from cold-treated (4°C/24 hours) seedlings. Details are provided
in Materials and Methods (Section 2.22.2).

5.2.1 Yeast One-Hybrid construct
The XERO2 target DNA sequence consisted of three repeats of a 23 base pair (bp)
fragment of the promoter (-196 to -173) (Figure 5.2) synthesised as a 105bp
oligonucleotide and cloned into pHIS2-pX2R3 (Figure 5.3).

Figure 5.2. XERO2 promoter sequence and Yeast One-Hybrid fragment.
The three ACGT sequences (red), three dehydration response element (DRE)/C-repeat (CRT) sequences
(blue), MYC site (yellow), WRKY/W-box (purple) and the ‘GC’ palindrome (green) are shown. Three copies
of One-Hybrid fragment (grey box) were linked (R1, R2, R3) and cloned into pHIS2.1 vector.

Cis-elements within the XERO2 promoter fragment used for the library screening
included the ACGT1 and DRE1 elements and the palindrome. Three copies of the
sequence were linked to create the pX2R3 construct (Figure 5.3). The fragment selected
was amplified from the pHIS2-pX2R3 vector using pHIS-FOR/REV primers (Section 2.2,
Table 2.1) and ligated into the pHIS2.1 vector. The fragment was inserted into the
multiple cloning site (MCS) upstream of the minimal HIS3 promoter of pHIS2.1 using
EcoRl and Sacl sites (Section 2.22.1). Sequencing confirmed the correct insert had been
cloned and was appropriate to screen Gal4AD/cDNA fusion libraries.
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Figure 5.3. The XERO2 promoter fragment (-196 to -173) repeated in triplicate was designated pX2R3.
The fragment was inserted into the multiple cloning site (MCS) upstream of the minimal HIS3 promoter
driving HIS3 expression in pHIS2.1 vector using EcoRl and Sacl sites. Total fragment size is 105bp, inserted
into the pHIS2.1 reporter vector to serve as Bait in the Yeast One-Hybrid library screen.

Yeast strain Y187 is unable to synthesize histidine (his) and consequently unable
to grow on media lacking his (-his). A putative positive interaction between bait and prey
results in activation of the HIS3 reporter gene present in the pHIS2.1 (bait) vector. Y187
cells can then synthesize his and grow on -his media. The presence of 3-amino-1,2,4
triazole (3-AT) in the -his media inhibits low (leaky) levels of His3p expression in the
absence of a DNA-binding prey protein (auto-activation). 3-AT (15 to 50mM) was tested
and a concentration of 50mM was found to inhibit low levels of His3p protein being
expressed in the absence of an activating prey protein (cDNA library-Gal4 fusion).

5.2.2 cDNA library screening
Two cDNA libraries were generated using the Matchmaker TM One-Hybrid Library
Construction & Screening Kit (Clontech; Cat# 630304). The first library (named 'WT') was
generated using RNA extracted from untreated WT Arabidopsis (Col-0) seedlings (22°C)
and the second (named 'Cold') was generated using RNA extracted from cold treated
(4°C/24 hours) WT Arabidopsis seedlings.
Library screening identified several potential candidate proteins for further
investigation. Approximately 80 candidate genes were identified using yeast colony PCR.
The full list of candidate proteins identified is provided in Appendix lll. Some candidate
proteins were identified in more than one yeast clone. For example, from the coldtreated library screen, GRP2 (At4g38680) was found in four independent clones.
Library scale transformations of both WT (2µg RNA) and Cold (3µg RNA) cDNA
libraries were performed. Dilutions of 1/10, 1/100, 1/1,000 and 1/10,0000 of
transformation mix (SMART amplified cDNA, linear pGADT7-Rec2, pHIS2.1/pX2R3) were
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plated (100µL) onto -Trp, -Leu and -Trp/-Leu plates to determine transformation
efficiency. The remainder of the transformation mix was plated on synthetic dropout
(SD)/-his/-trp/-leu/50mM 3-AT, 200µL per 150mm agar plate. Colonies were expected to
grow after three to five days (Clontech; Cat# 630304). However, colonies first appeared
8 to 12 days after incubation at 30°C. The colonies were streaked to fresh SD/-his/-trp/leu/50mM 3-AT plates and the cDNA insert was identified by colony PCR and sequencing
(Table 5.1 and Appendix lll).
Only four transcription factors were present in the genes identified from the
library screens, namely DREB2A, ORA59, a bZIP and a MYB (Table 5.1). DREB2A has been
shown to be involved in cold-induction of XERO2 expression (Figure 4.2) and could be
binding the DRE1 sequence in the probe (Figure 5.2). The bZIP (At4g38900) protein is
predicted to bind DNA, responds to xenobiotic stress and is expressed in all plant tissues
(TAIR). However, the function of the transcription factor is unknown. As it is a bZIP
protein, it could in theory bind to the ACGT1 sequence in the XERO2 promoter probe.
The ORA59 (At1g06160) gene encodes a member of the subfamily B-3 of the ERF/AP2
transcription factor family and may be involved in ethylene and JA responses (Pré et al.,
2008). As an ERF/AP2 transcription factor (like the CBFs) it could be binding the DRE
element in the XERO2 promoter probe. No MYB binding sequence occurs in the XERO2
promoter and so the MYB-like (At2g01060) transcription factor is presumably a false
positive. The remaining genes identified must also be considered false positives as none
bind DNA.
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Table 5.1. HIS3+ clones resulting of yeast strain Y187 co-transformed with GAL4:AD cDNA library (prey)
and pHIS2.1:pX2R3 (bait).
Cells plated on -leu/-trp/-his synthetic dropout media containing 50mM 3-AT. cDNA library inserts were
amplified using pGADT7-Rec2 screening primers, LIBSCR_F & LIBSCR_R (Section 2.2, Table 2.1), via yeast
colony PCR. PCR products were purified and sequenced using T7 sequencing primer. WT: clones from
untreated (22°C) and C: clones from cold treated (4°C/24 hr) library screen.

1

Clone ID
Locus
WT 1-1
At1g06160

2
3

WT 3-1
WT 13-1

At4g38900
At5g05410

4
5
6
7
8

WT 14-1
C11-9
C 2-1
C2-8 /9
C 8-7

AT4g39260
At4g38680
At3g09070
At3g05880
At3g53110

9

C 8-10

At2g05380

Gene
ORA59

cDNA description
OCTADECANOID-RESPONSIVE ARABIDOPSIS
AP2/ERF 59); transcription factor
bZIP
bZIP transcription factor
DREB2A DEHYDRATION-RESPONSIVE ELEMENT
BINDING PROTEIN 2
GRP8
Glycine rich protein 8, nucleic acid binding
GRP2
Glycine rich protein 2
GRP
Glycine rich protein
RCI2A
Rare cold inducible 2A
LOS4
Low expression of osmotically responsive 4
(DEAD-Box RNA Helicase)
GRP3S
Glycine rich protein 3 short isoform

bp sequenced
197
526
275
276
301
404
401
270
192

Library plasmids were segregated and several sequential transformations
(Section 2.22.5) were attempted to confirm the potential One-Hybrid interactions. No
positive interactions could be confirmed. In particular, attempts to confirm an
interaction between DREB2A and the XERO2 promoter fragment were unsuccessful.
Clones expressing DREB2A failed to grow or grew very poorly, making it extremely
difficult to perform a sequential transformation or use any other method (as per
manufacturer's instructions) to confirm the interaction between DREB2A and the XERO2
promoter fragment. Plasmid isolation from yeast clones of likely interacting candidate
proteins was attempted with very little success as the yeast grew poorly on -leu
supplemented media. Hence, a co-transformation of bait and prey plasmids was not
possible.
One possible reason why the segregated yeast clone containing the DREB2A
cDNA insert did not grow could be toxicity of the transcription factor in yeast.
Constitutive overexpression of DREB2A in Arabidopsis results in significantly increased
drought tolerance and slight improvement in freezing tolerance, however, lines with
high levels of DREB2A experience severe growth retardation (Sakuma et al., 2006b).
The overexpression of a number of transcription factors involved in tolerance to
abiotic stress results in severe growth retardation at normal growth conditions in plants.
The overexpression of a homeo-domain leucine zipper protein ATHB7 inhibits cell
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expansion and stem growth in Arabidopsis, giving rise to a severely stunted phenotype
(Hjellström et al., 2003). ZAT10 and ZAT12 when constitutively overexpressed give rise
to severe growth retardation as well as enhanced tolerance to abiotic stress (Sakamoto
et al., 2004; Vogel et al., 2005). CBF1, CBF3 and RAP2.6 also inhibit growth when
overexpressed in Arabidopsis, rice, tomato and tobacco (Liu et al., 1998; Hsieh et al.,
2002; Kasuga et al., 2004; Ito et al., 2006; Krishnaswamy et al., 2011).
A similar growth retardation phenotype may be occurring when such plant
proteins are being expressed in yeast. A number of stages during the yeast secretory
process may incur problems when foreign proteins are expressed. Protein folding may
be affected, the foreign protein may be interfering with growth and can be lethal
(Romanos et al., 1992). Foreign proteins block secretory pathways, interfering with Yeast
host proteins and normal cellular function and metabolism (Hinnen et al., 1989).

5.3 Discussion
Three of the four transcription factors identified in the initial Yeast One-Hybrid
screen have the capacity to bind cis-elements in the XERO2 promoter fragment. DREB2A
and ORA59 bind to CCGAC (DRE) and GCC sequences, respectively. DREB2A is required
for cold-induced XERO2 expression (Section 4.2.2). Unfortunately, the interaction
between DREB2A and the 23bp XERO2 promoter fragment could not be confirmed. The
GCC sequence in the XERO2 promoter fragment is part of the 12bp palindrome (Figure
5.2).
ORA59 acts as an integrator between the JA and ethylene signalling pathways in
plant defence (Hao et al., 1998; Pré et al., 2008; Zarei et al., 2011). However, the list of
genes upregulated in transgenic Arabidopsis lines overexpressing the ORA59 gene does
not include any cold-regulated genes (Pré et al., 2008). Being a bZIP transcription factor,
At4g38900 could bind to the ACGT element in the promoter fragment. However, the
function of At4g38900 is not known.
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Four glycine rich proteins were identified in the Yeast One-Hybrid screen.
GRP2/CSP2, like other class lV Glycine Rich Proteins (GRPs), has an RNA-recognition
motif and GRP8/CCR1 is involved in RNA splicing (Schöning et al., 2008; Streitner et al.,
2008). A Glycine Rich Protein 8 (GRP8) cDNA sequence was found in two separate
clones, one from the untreated cDNA library and the other of the cold-treated cDNA
library screen. Cold Shock Protein 2 (GRP2/CSP2), of the Class lVc group of glycine-rich
proteins, is an RNA chaperone playing a role in plant development (flowering and seed
development) and the adaptation to cold (Fusaro et al., 2007; Sasaki et al., 2007).
The cold shock domain of CSPs possess RNA/DNA binding motifs which bind
single stranded DNA or RNA. RNA molecules may form secondary structures at low
temperatures which inhibit their function and so RNA chaperones are required. AtCSP3
is essential for the acquisition of freezing tolerance but does not affect CBF or COR gene
expression (Kim et al., 2009). AtCSP2 negatively regulates freezing tolerance via a CBFdependant pathway since CBFs are not so strongly induced by cold in 35S::AtCSP2 plants
(Sasaki et al., 2013). Hence, AtCSP2 may enhance translation of mRNA encoding negative
regulators of freezing tolerance.
The fact that GRP2/CSP2 cDNA was identified in four clones screened from the
cold-treated library screen is a curious result considering the association of these
proteins with the cold response. However, the most likely explanation is that they are
false positives.
Common false positives identified in yeast library-screens include cytoskeletal
components, ribosomal proteins, proteasome subunits and photosynthetic subunits
(Serebriiskii et al., 2000). Such proteins were identified in both treated and non-treated
library screens (Appendix lll). A high number of false positives were detected in both
library screens. This can be caused by leaky His3p expression, possibly due to 3-AT
degradation in the media as plates were incubated longer than the recommended three
to five day period at 30°C. The longer incubation was necessary as colonies were not
seen during the recommended incubation period.
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6. Chromatin Immunoprecipitation (ChIP) to determine
whether DREB2A binds the promoters of selected coldinduced genes in vivo
6.1 Background
The aim of the work described in this chapter was to identify genes whose
promoters are bound by DREB2A in vivo. The Chromatin Immunoprecipitation (ChIP)
assay was employed. The ChIP assay is commonly used to study the interactions
between transcription factors and their target DNA in vivo (Kaufmann et al., 2010).
ChIP analysis has identified many protein-DNA interactions across a wide variety
of cells and tissues including yeast, protozoa, mammals, Drosophila, and recent
advances have seen the technique modified for plants (Zeng et al., 2006; Saleh et al.,
2008). ChIP involves in vivo DNA-protein cross-linking with formaldehyde, shearing of
DNA to small fragments ~500bp (200 to 1000bp) and immunoprecipitation with
antibodies specific for a putative DNA-binding protein. Identification of DNA-bound
targets is carried out using PCR or sequencing techniques (Kim and Ren, 2006; Saleh et
al., 2008). The samples which are immunoprecipitated with the specific antibody
(enriched) are designated as antibody-plus (AB+) and those that are not
immunoprecipitated with the antibody are designated antibody-minus (AB-). The
identity and quantity of DNA fragments isolated is determined by PCR. Thus, a positive
ChIP result sees higher concentrations of the target DNA enriched in the AB+ samples
when compared to the AB- samples. The major aim was to determine if DREB2A binds to
the XERO2 promoter in vivo.
ChIP was performed using GFP specific antibodies (Invitrogen) to target a
DREB2A-GFP fusion protein (Sakuma et al., 2006b). Twenty four hours of cold (4°C)
treatment was chosen as XERO2 mRNA levels are at a maximum in Arabidopsis
seedlings. The untreated controls were grown in constant light at 22°C. Three additional
target genes were examined, namely COR15A, RD29A and AtHSFA3. The expression of
these three genes is upregulated 13.8-, 12.6- and 36.5-fold, respectively, in Arabidopsis
plants overexpressing DREB2A (35S::DREB2A-CA) suggesting they may be direct targets
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of DREB2A (Sakuma et al., 2006b). XERO2 expression is upregulated 15.6-fold and
DREB2A expression 84.8-fold. The constitutively active (CA) form of DREB2A includes a
deletion of the negative regulatory domain between amino acid residues 136 and 165
(Sakuma et al., 2006b). This region seems to be involved in the stability of DREB2A in the
nucleus and the DREB2A protein appears to require an unknown stress-induced
modification to prevent rapid degradation. The heat shock factor (AtHSFA3) gene was
upregulated 36.5-fold, the highest after DREB2A. The AtHSFA3 gene has two CRT/DRE
elements in its promoter. DREB2A binds to a region of the AtHSFA3 promoter in vitro
(Schramm et al., 2008). Under heat stress, DREB2A directly regulates the expression of
AtHSFA3 (Yoshida et al., 2008). Cold did not increase AtHSFA3 expression in suspension
cells and so cold-induced DREB2A is unlikely to be binding to the AtHSFA3 promoter.
Cold-induced COR15A expression is not significantly affected by cold in the dreb2a
mutant (Figure 4.8) while RD29A expression is actually increased (Figure 4.7). The latter
is presumably an indirect effect. Hence, based on these results DREB2A is unlikely to be
involved in the cold-induced increase in RD29A and COR15A expression.
DREB2A is required for the full cold-induced expression of XERO2 (Figures 4.2 and
4.4). If this is a consequence of DREB2A binding to one or more of the DRE elements in
the XERO2 promoter, ChIP analysis offers a means to show this binding does occur in
vivo. Promoter sequences including primer positions and cis-elements are provided in
Appendix IV.

6.2 Results
6.2.1 DREB2A-GFP transgenic line and DREB2A expression

Transgenic seeds transfected with the DREB2A promoter::GFP:DREB2A construct
(Figure 6.1A) were obtained from the Japan International Research Centre for
Agricultural Sciences (JIRCAS) (Sakuma et al., 2006b). The endogenous 1.8kb DREB2A
promoter drives expression of GFP-DREB2A (Figure 6.1A). Seeds were sown on selection
medium (50µg/mL Kanamycin). 'DREB2AF6' and 'GFPR2' primers (Section 2.2, Table 2.3)
were used in PCR to confirm the presence of the transgene in 16 lines screened. A 576bp
product confirmed positive lines (Figure 6.1B). A total of 16 lines were screened for the
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construct, all of which were positive. Seed was collected from the PCR positive lines and
the subsequent plant generation was used for ChIP analysis.
Western blot was used to determine the conditions under which DREB2A is
induced. The untreated (22°C) and treated (4°C/24 hours) samples resulted in faint
bands (at 67kDa) when probed with GFP specific antibodies (Invitrogen). A combined
treatment of 4°C and a 6 hour incubation period at 22°C resulted in higher levels of
DREB2A being detected (Figure 6.1C).
DREB2A mRNA is detectable in Arabidopsis 14 day old seedlings at low levels
under normal growth conditions (22°C) and the gene is cold induced six-fold after 24
hours of low temperature treatment (4°C) (Figure 6.1D).

Figure 6.1. DREB2A-GFP transgene structure and confirmation the gene is expressed in transformants.
(A) A 1.8kb promoter fragment of DREB2A (proDREB2A) was fused with the GFP-DREB2A construct
(Sakuma et al., 2006b). (B) Primers 'DREB2AF6' and 'GFPR2' were used to PCR screen
proDREB2A::GFP:DREB2A plants to confirm the presence of the transgene, producing a 576bp fragment
(Three lines shown, total lines screened= 16). H1; HyperLadder1, +; plasmid input positive control, 1-3;
proDREB2A:GFP:DREB2A transgenic lines (C) Western blot analysis of 14 day old seedlings to confirm
presence of the 67kDa DREB2A-GFP fusion protein (black arrow) in i) untreated (22°C), ii) cold-treated
(4°C/24 hours), and iii) a combined treatment (24 hours/4°C followed by 6 hours/22°C). (D) qRT-PCR
analysis of DREB2A mRNA levels in wild type Arabidopsis seedlings displayed as transcript abundance;
untreated (22°C) and cold treated (24 hours/4°C) 14 day old seedlings. Error bars depict ±SE in relation to
transcript abundance (Section 2.20.6) from three biological replicates (with each replicate consisting of 4-6
seedlings) and three technical replicates of each (n= 9).
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6.2.2 The XERO2 and AtHSFA3 promoters
The predicted DREB2A binding elements in the promoters of potential target
genes were identified using cis-PLACE analysis (Higo et al., 1999). Primers were designed
to flank these elements in the XERO2 (At3g50970) and AtHSFA3 (At5g03720) promoter
regions. PCR products of approximately 150 to 250bp were generated and tested using
WT Arabidopsis genomic DNA.
Three C-repeat (CRT)/dehydration responsive elements (DRE) present in the
XERO2 promoter are potential DREB2A binding sites (Figure 6.2A). The promoter region
of the heat-shock transcription factor AtHSFA3 gene contains two CRT/DRE elements,
however, the second CRT/DRE element is outside the region the selected ChIP-PCR
primers amplify (Figure 6.2B).

Figure 6.2 Schematic representation of cis-regulatory elements in XERO2 (A) and AtHSFA3 (B)
promoters.
ATG translation start site is indicated, located upstream are cis-elements; ACGT (red), CRT/DRE (blue),
MYC (yellow), palindrome (green). Arrows indicate primer positions in relation to cis-elements chosen for
analysis. Figure is not to scale.

The ChIP experiment indicated slight enrichment of AtHSFA3 promoter sequence
in the untreated (22°C) AB+ samples with no enrichment present in the cold-treated
samples (Figure 6.3A). F1 and R1 primer pairs for XERO2 (Figure 6.3B) resulted in a faint
band in the untreated (22°C) antibody minus (AB-) sample but no enrichment in the
antibody plus (AB+) sample. The treated (4°C/24 hours) proDREB2A::GFP:DREB2A lines
showed weak enrichment in both the AB- and AB+ samples (Figure 6.3B). The untreated
lines showed a band in the AB- but not the AB+ lane (Figure 6.3B). Other primer
combinations within the XERO2 promoter failed to show enrichment in either the AB- or
AB+ samples (Figure 6.3 C & D).
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Figure 6.3. ChIP-PCR analysis of DREB2A target genes.
Fourteen day old Arabidopsis seedlings with the proDREB2A::GFP:DREB2A construct were untreated
(22°C) or cold treated (4°C/24 hours). Primer pairs used for A) AtHSFA3, B-D) XERO2 are indicated. Input +;
Positive control: sonicated cross-linked chromatin, Neg -; Negative control: no template, AB -; anti-GFP
antibody minus, AB +; anti-GFP antibody plus. PCR primer pairs and product sizes as follows: AtHSFA3
F1/R1 160bp, XERO2 F1/R1 254bp, XERO2 F1/R2 177bp, XERO2 F2/R3 155bp. 35 cycles of ChIP-PCR was
used.

6.2.3 The RD29A and COR15A gene promoters

The predicted DREB2A binding elements in the promoters of COR15A and RD29A
were identified using cis-PLACE analysis (Higo et al., 1999). Primers were designed to
flank the CRT/DRE cis-elements in COR15A (At2g42540) and RD29A (At5g52310)
promoters to generate PCR products of approximately 130 to 170bp and tested using
WT Arabidopsis genomic DNA. The RD29A and COR15A promoters contain four and
three CRT/DRE sites, respectively (Figure 6.4). However, the third CRT/DRE element in
the COR15A promoter is outside the region the ChIP-PCR primers amplify (Figure 6.4B).
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Figure 6.4. Schematic representation of cis-regulatory elements in RD29A (A) and COR15A (B)
promoters.
ATG start site is indicated, located upstream are cis-elements; ACGT (red), CRT/DRE (blue), MYC (yellow).
Arrows indicate primer position in relation to cis-elements chosen for analysis. Figure is not to scale.

The RD29A primer combination F1/R1 produced a faint band in the untreated
(22°C) AB+ sample (Figure 6.5A).The other primer combination for RD29A and that for
COR15A showed no enrichment in either of the AB+/- treated (4°C) samples (Figure 6.5).
RD29 F1/R2 also failed to amplify a product using ChIP-PCR (data not shown).

Figure 6.5. ChIP-PCR analysis of DREB2A target genes.
Fourteen day old Arabidopsis seedlings with proDREB2A::GFP:DREB2A construct were untreated (22°C)
and cold treated (4°C/24 hours). Primer pairs used for A & B) RD29A, C) COR15A are listed. Input +;
Positive control: sonicated cross-linked chromatin, Neg -; Negative control: no template, AB -; anti-GFP
antibody minus, AB +; anti-GFP antibody plus. PCR product sizes as follows: RD29A F1/R1 134bp, RD29A
F2/R2 157bp, COR15A F1/R1 171bp. 35 cycles of ChIP-PCR was used.
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6.3 Discussion
The 35S::DREB2A-CA microarray data of Sakuma et al. (2006) suggest that the
"activated" transcription factor does bind to the promoters of XERO2, RD29A, COR15A
and AtHSFA3 and activate their expression. No ChIP analysis was carried out by Sakuma
et al. (2006). However using the Electrophoretic Mobility Shift Assay (EMSA), Schramm
et al (2008) found DREB2A binds to the AtHSFA3 promoter and using transient GUS
reporter assays in mesophyll protoplasts showed DREB2A could activate the AtHSFA3
promoter. The AtHSFA3 promoter possesses two DRE elements and no HSEs (heat shock
elements) are present.
Low levels of DREB2A transcript are present in untreated (22°C) 14 day old
Arabidopsis seedlings (Figure 6.1D), however, the ChIP analysis suggested the DREB2A
protein does bind the distal DRE of the AtHSFA3 promoter in vivo (Figure 6.3A). Although
DREB2A transcript levels increase 6-fold following 4°C/24 hour treatment (Figure 6.1D),
no evidence of binding to the AtHSFA3 promoter in vivo was obtained (Figure 6.3A).
AtHSFA3 expression is not induced by cold and we can only speculate that DREB2A is
prevented from binding by an unknown mechanism.
Drought and heat induction of COR15A, RD29A and XERO2 is reduced in two
dreb2a insertion mutants (Sakuma et al., 2006b). However, in the dreb2a mutant the
cold-induced expression of RD29A and COR15A is not reduced (Figure 4.7 and 4.9). ChIP
analysis did not show DREB2A bound to the selected promoter regions of either COR15A
or RD29A (Figure 6.5).
Cold-induced XERO2 expression is reduced in the dreb2a mutant (Figures 4.2 and
4.4), however, no evidence for direct binding of DREB2A to the XERO2 promoter in vivo
was obtained (Figure 6.3B-D).
In retrospect, a more effective positive control(s) was needed to confirm the ChIP
analysis was effective. Drought or salt treatment for 10 hours increases DREB2A
expression 31- and 69.5-fold, respectively (Sakuma et al., 2006b). ChIP analysis would be
expected to detect binding to the XERO2 promoter if it is occurring in vivo.
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7. Final discussion and future studies
7.1 Perception of the cold signal
The cold signal is assumed to be first perceived at the plasma membrane
although a reduction of temperature within the cell may also be important. Direct
correlations between cytoplasmic temperature and gene induction do not appear to
have been examined. The increase in [Ca2+]cyt is one such cold-induced signal and has
been discussed (Section 1.4). XERO2 expression is induced by Ca2+ oscillations and a Ca2+
spike (Section 3.3.2, Table 3.2). Surprisingly, none of the transcription factors considered
to be involved in XERO2 upregulation were affected.

7.1.1 Lipids
Lipids or lipid-derived molecules have been postulated to participate in the cold
response. An early response of suspension cells to cold is the activation of
phospholipases C and D (PLC & D) (Ruelland et al., 2002). Phosphatidic acid (PtdOH),
derived from phospholipids, appear within the first minute of cold exposure. Coldregulated PLC activity resulted in the upregulation of 35 genes (Vergnolle et al., 2005).
Only one of these genes, namely MYB73 (1.25/3.53/2.97 fold), was upregulated in our
suspension cell microarray. However, sixty five genes were upregulated by PLDproduced PtdOH and these included XERO2, ZAT10 and β-AMYLASE 8 and AtHB12
(Vergnolle et al., 2005). Again, no genes (such as the CBF genes) regulating XERO2
expression were affected. Hence, an additional pathway inducing XERO2 expression
driven by PtdOH appears to be present, however, the transcription factors involved are
not known. Transcription factors upregulated were ZAT10, two C2H2 zinc-finger proteins
(At5g04340 and At1g68360), a Dof-type zinc-finger protein (At4g00940), AtHB6
(homeobox protein) and AtCP14. The XERO2 promoter does not possess the relevant ciselements. Perhaps post-transcriptional activation of existing transcription factors is
involved.
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7.1.2 Dormant transcription factors

Stress-induced activation of dormant transcription factors has been described in
plants and other organisms (Seo et al., 2008). Several members of the bZIP and NAC
families can be activated by membrane-activated proteases. ANAC062 (NTL6) is plasma
membrane associated and its proteolytic cleavage is triggered by low temperature (Seo
et al., 2010). Cytoplasmic ANAC062 is phosphorylated by the protein kinase SnRK2.8
which facilitates transport into the nucleus where it regulates the drought resistant
response (Kim et al., 2012). ANAC062 may bind promoters of genes encoding ROS
biosynthetic enzymes involved in drought-induced senescence (Lee et al., 2012). Neither
NTL4 or NTL7 were upregulated in our microarray and none of the NAC proteins whose
genes were upregulated possess the strong α-helical transmembrane motifs found in the
known membrane associated transcription factors (Kim et al., 2007). We cannot exclude
that some of the genes involved in the cold response encode membrane bound
transcription factors as no increase in their expression or that of relevant SnRK proteases
would be required.

7.1.3 Nitric oxide

Endogenous Nitric Oxide (NO) levels slowly increase in cold-treated Arabidopsis
plants, reaching a steady level after 7 days (Zhao et al., 2007). Drought and salt stress
have a similar effect (García-Mata et al., 2001; Zhao et al., 2007). The NIA1 gene encodes
a nitrate reductase enzyme which is responsible for 10% of the nitrate reductase (NR) in
plants and can reduce both nitrate to NO as well as converting nitrate to nitrite. In the
cold-treated suspension cells NIR1 gene expression was slightly induced by cold
(1.37/2.16/2.77 fold). The CML23 and CML24 genes encode potential calcium sensors
and may transduce calcium signals to regulate NO levels. In the cml23/cml24 double
mutant NO levels are increased (Tsai et al., 2007). In suspension cells, cold resulted in
increased expression of both CML23 (3.25/4.46/5.90 fold) and CML24 (2.61/4.65/5.48
fold).
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Exogenous sodium nitroprusside (SNP) upregulated a number of genes (analysed
3 hours after spraying) (Ahlfors et al., 2009) but only two of these, ZAT10 and CML37,
were upregulated during the 90 minute cold-treatment of suspension cells.
NO has been linked to the CBF regulon as in both a nia1/nia2 double mutant and
a line overexpressing the HEMOGLOBIN 1 (AHb1) gene, which encodes an enzyme that
inactivates NO (to nitrite), cold induction of selected genes was impaired (Cantrel et al.,
2011). The genes studied were CBF1, CBF3, XERO2, COR15A and LTI78. CBF2 and ZAT12
induction was not affected in the mutants, implying a different regulatory system. When
4 week old Arabidopsis plants were incubated at 4°C for one hour, a two-fold increase in
NO was detected. (A NO-active fluorescent probe was employed). ZAT12 expression is
not induced by NO gas or NO donors (Parani et al., 2004; Palmieri et al., 2008). Hence,
the effects of naturally induced and exogenously applied NO may differ.
A rat neuronal NOS (nNOS) gene driven by the 35S promoter increased the NO
levels in Arabidopsis plants (Shi et al., 2012a). Although the upregulation of several
stress related genes was reported, the changes were only small. For example, RD29A
expression was the same in WT and the nNOS mutant, while COR15A expression was
approximately 2-fold higher in the mutant. Salt and drought treatments resulted in
slightly higher increases in the mutant than WT, but the increase was never greater than
two-fold. ZAT10 and CBF1 (3-fold) and CBF2 (2-fold) expression increased in the nNOS
mutant (Shi et al., 2014b). These increases are very small in comparison to those
obtained with cold treatment.
The data of Cantrel et al. (2011) are the most convincing so far that cold-induced
NO production is linked to the increase in expression of genes in the cold regulons.

7.1.4 Reactive oxygen species

Reactive oxygen species (ROS) have been found to regulate the expression of
many genes in plants (Yun et al., 2010). Yun et al. (2010) compared the rice genes
induced by cold (10°C for up to 96 hours) and 4mM H 2O2. Almost 60% of genes induced
and 25% downregulated by cold were also up- or down-regulated by H2O2 treatment.
Only a few of the DREB1/CBF group of AP2/ERF genes were induced by cold suggesting
"this class of ERF is not a direct target of oxidative signalling." However, CBF2 and CBF4
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genes were activated by both cold and H2O2. Cold induction of CBF1 and CBF2 occurred
during the initial six hours of cold-treatments, whereas CBF3 and CBF4 induction
occurred after six hours and 24 hours, respectively. A total of 17 WRKY transcription
factors were induced by cold and only three were activated by H 2O2, activation first
detected after six hours ("early slow response"). Hence, the genes are likely to be
secondary targets of oxidative signalling through previously induced transcription
factors. Approximately 10% (29 genes) of rice bHLH family genes were induced by
chilling, 18 of which were "early responsive" (first 6 hours). Half of the latter genes were
responsive to exogenous H2O2. Finally, 23 NAC genes were also induced by H2O2.
Cheng et al. (2007) have also identified early response genes induced by low
temperature in japonica rice. The genes can also be induced by auxin and salicylic acid.
The pathway is independent of CBF- and ABA-dependent regulons. The promoters of the
upregulated genes contain as1/ocs elements and W-boxes, suggesting TGA-type bZIP
and WRKY transcription factors are involved.

7.1.5 Salicylic acid dependant pathway
Some of the genes induced by cold, although not COR15A, require the salicylic
acid (SA) pathway (Wang and Hua, 2009). In mutants with reduced levels of SA, cooling
induction of the ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and PATHOGENESIS
RELATED GENE 1 (PR1) and DEFENSIN genes was greatly reduced or abolished.
Expression of the NPR3 (NPR1-LIKE PROTEIN 3) gene, a SA receptor (Kaltdorf and
Naseem, 2013), is induced by cold in the suspension cells (1.16/2.61/5.95 fold). The
RAP2.6 gene, which responds to SA, was also cold-induced (1.63/3.20/5.25 fold). Hence,
SA may be a signal participating in the early response of plant cells to cold.
AtZAT6, a Cys2/His2 type zinc finger transcription factor, modulates abiotic and
biotic stress in Arabidopsis by activation of SA-related genes and CBF1, 2 and 3 (Shi et al.,
2014a). AtZAT6 is induced by salt, cold, dehydration and pathogen infection. AtZAT6
binds to the TACAAT element in the promoters of pathogen-related genes and CBF1, 2
and 3. Overexpression of AtZAT6 results in partial resistance to the stresses. AtZAT6
positively regulates the accumulation of SA and ROS.

140

7.1.6 Jasmonates
Jasmonate (JA) has recently been found to function as an upstream signal of the
ICE-CBF/DREB1 pathway (Hu et al., 2013) (Section 3.3.6). JA also regulates several genes
independent of the CBF/DREB1 pathway partly during the 12 to 24 hour period following
initial cold exposure. JA is perceived by the F-box protein CORONATINE INSENSITIVE 1
(COI1) which then facilitates the proteasomic degradation of JAZ proteins (Yan et al.,
2009). JAZ proteins interact with a variety of transcription factors which are then
released and can activate downstream signal cascades. In the coi1-1 mutant coldinduction of CBF1, 2 and 3 is reduced by 50-60% (Hu et al., 2013). The expression of the
nine genes identified as responsive to cold, but independent of the CBF/DREB1 pathway,
were reduced no more than five-fold in the cold-treated coi1-1 mutant compared to WT.
GH3.3 gene expression was reduced five-fold in the coi1-1 mutant but was
reduced 86-fold in our cold-treated suspension cells. Hu et al. (2013) do not report to
what extent GH3.3 expression was reduced by cold in WT. The ANAC019 and ANAC055
genes are induced by methyl jasmonate (MeJA) and induction depends on COI1 and
AtMYC2 (Bu et al., 2008). anac019/anac055 double mutants exhibit reduced induction
of VSP1 and LOX2 expression by MeJA. Overexpression of ANAC019 or ANAC055
enhanced MeJA-induced expression of VSP1 and LOX2, while overexpression of
ANAC019 partially rescued the JA-related phenotype of atmyc2. These results suggest
that the cold-induction of ANAC019 expression in suspension cells could be partly in
response to JA signalling.

7.1.7 SnRK2 protein kinases

SnRK2 proteins are plant-specific Ser/Thr kinases. Unlike Group 3 kinases, Group
2 kinases are very weakly activated by ABA. Many genes responsive to stress are
upregulated by overexpression of Arabidopsis SnRK2.8. These genes include RD29A,
COR15A and CBF3 (Umezawa et al., 2004). The kinase(s) phosphorylating SnRK2 are
unknown, however, phosphatidic acid and NO may be involved (Kulik et al., 2011).
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7.2 The DREB subfamily of AP2/ERF transcription factors
The C-repeat (CRT)/dehydration responsive element (DRE) (A/GCCGACNT) is
bound by members of the DREB subfamily of AP2/ERF transcription factors (Section
1.5.1). The best characterised cold response pathway involves the CBF/DREB1 genes.
Expression of the CBF1, 2 and 3 transcription factors is rapidly induced by cold in whole
plants and in suspension cells (Figure 3.6). CBF4 (1.51/6.19/9.45 fold), DREB26
(3.82/10.98/14.05 fold) and DREB2A (9.31/17.31/12.36 fold) are also strongly induced
during the first 90 minutes of cold-treatment. Why might so many DREB1 transcription
factors be produced in response to cold? More specifically, to take the case of XERO2,
which of the DREB1 transcription factors bind the CRT/DRE elements in the promoter
and are responsible for the cold-induced activation of the gene?
The activated ICE1 protein is believed to bind the MYC recognition site in the
CBF1, 2 and 3 promoters, however, in the ice1 mutant the expression of CBF3 is more
affected than that of CBF1 and 2 (Chinnusamy et al., 2003). Temperature also appears to
determine which DREB1 transcription factors are involved in cold-induced gene
activation. Following a moderate temperature decrease (28°C to 22°C), the stimulation
of COR15A expression is largely due to CBF1 and CBF4 (Wang and Hua, 2009). Since CBF1
and CBF3 transcript levels accumulate to higher levels in the cbf2 mutant, CBF2 is
thought to negatively regulate their expression by an unknown mechanism (Novillo et
al., 2004). As discussed (Section 3.3.1.1.1), in suspension cells CBF2 was higher than
CBF1 and 3 at all three time points but the expression of these genes (in particular CBF1)
did not appear to be affected (Figure 3.6).
DREB2A was found to be involved in the cold-induction of XERO2 (Figure 4.2 and
4.4), implying the transcription factor is at least as important as CBF1, 2 or 3. However,
DREB2A does not appear to participate in the cold-induction of RD29A or COR15A, the
promoters of which possess DRE elements (Figure 4.12).
The cold-induction of DREB2A expression in suspension cells is rapid and then
begins to decrease (9.31/17.31/12.36 fold) (Figure 3.7). However, at 7°C XERO2
expression is first detected at 60 minutes (5.2-fold) and increases to 16.6-fold (90

142

minutes); 44.6-fold (2 hours) and 215.6-fold (3 hours) (Figure 3.8). Hence, the major
increases occur when DREB2A transcript levels have begun to decrease.
The cold-induced increase/decrease in DREB2A transcript levels resembles that
occurring when three week old Arabidopsis plants are incubated at 37°C (Figure 7.1)
(Sakuma et al., 2006b). The induction of DREB2A expression by heat stress is rapid and
transient, peaking at 30 minutes (42-fold increase) and "drastically decreases to
relatively low levels that are maintained until 10 hours after treatment." (Later times
were not assessed). DREB2B is also rapidly induced by heat stress but only drops to 50%
of peak 1 hour transcript levels after 5 hours (Sakuma et al., 2006b). DREB2B expression
increased in cold-treated suspension cells (1.72/3.08/3.20 fold).

Figure 7.1. Stress-inducible expression of the DREB2A gene.
Expression of DREB2A in response to heat stress (37°C), drought, NaCl, and H 2O2. Total RNA was prepared
from 3 week old Arabidopsis plants that had been heated at 37°C, incubated at 22°C, dehydrated
(drought), transferred to hydroponic growth in 250mM NaCl, transferred to hydroponic growth in 20mM
H2O2, and transferred to water (H2O). Treatments were carried out for 30 min, 1 hr, 5 hr and 10 hr.
Accumulation of DREB2A mRNA was analysed by quantitative RT-PCR. Data represent means and standard
errors of three replications. Modified from Sakuma et al. (2006).

How can the effect of DREB2A on XERO2 expression be explained when the
DREB2A transcript levels have significantly decreased? We do not have microarray data
for DREB2A levels in suspension cells after 90 minutes, however, the gene is induced
approximately 7-fold after 24 hours of cold-treatment (4°C) in Arabidopsis seedlings
(Figure 6.1D). Vogel et al. (2005) have data supporting DREB2A cold-induction after 1
and 24 hours of cold-treatment (4°C) in soil-grown plants. One explanation is that
DREB2A does not directly activate XERO2 expression but instead activates the
expression of another transcription factor required for XERO2 induction.
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Our initial Yeast One-Hybrid experiment suggested DREB2A does bind to a DRE1
element of the XERO2 promoter, however, the result could not be confirmed (Section
5.2.2). The ChIP analysis was also unsuccessful in showing DREB2A binding to the XERO2
promoter in vivo (Section 6.2.2). However, until a positive control (for example, using
drought or NaCl treatments to induce high levels of DREB2A expression) has been tested
it is difficult to exclude DREB2A binding to the XERO2 promoter in vivo. The strong
induction of genes such as XERO2, COR15A and AtHSFA3 (which possess DRE elements in
their promoters) by a constitutively active DREB2A is consistent with but does not prove
a direct interaction and regulatory role.
An alternative explanation is that the DREB2A protein is stable and persists after
the gene has been downregulated. DREB2A expression in seedlings is rapidly
downregulated after heat shock (Figure 7.1), however, induction of AtHSFA3 is still 24.2fold after 5 hours at 37°C (Sakuma et al., 2006b). The deletion of a negative regulatory
domain in the central region of DREB2A transforms the transcription factor into a
constitutively active form (Sakuma et al., 2006b). Rapid degradation of DREB2A in the
nucleus appears to be prevented by an unknown stress-induced modification. A
proteasome-dependent degradation of DREB2A requires nuclear import of the protein
(Morimoto et al., 2013). However, accumulation of DREB2A using proteasome inhibitors
did not induce target gene expression. Although DREB2A stabilisation is essential, it is
insufficient for target gene expression and further activation mechanisms must be
required.

7.3 Moderate decreases in temperature
Moderate temperature variations influence growth and development and involve
a weaker and more transient induction of cold-induced genes. In suspension cells,
XERO2 induction is increased 17.3- and 18.5-fold after incubation at 19°C and 14°C,
respectively, for 3 hours (Figure 3.8). COR15A expression is induced in plants when the
ambient temperature is decreased from 28°C to 22°C (Wang and Hua, 2009). However,
neither RD29A nor KIN1 expression is affected. RD29A induction occurs when the
temperature decreases from 22°C to 16°C. All three genes are strongly induced at 4°C.
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CBF1 and CBF4 appeared to be the transducing signals for the moderate decreases in
temperature (Wang and Hua, 2009).
BON-ASSOCIATED PROTEIN1 (BAP1) is a membrane associated C2 domain protein
whose expression is induced by multiple stimuli such as temperature variations
(decreases from 28°C to 22°C), mechanical and abiotic stresses (Zhu et al., 2011). A 35bp
element in the BAP1 promoter is involved in cooling but not induction by wounding or
SA. Electrophoretic Mobility Shift Assay (EMSA) and ChIP analysis found that ICE1 binds
to a MYC element in the BAP1 promoter in vitro and in vivo and is necessary for the
cooling induction of the gene. In suspension cells, cold-induced BAP1 expression
increased (1.95/5.95/9.85 fold).

7.4 Cis-elements in the XERO2 promoter
7.4.1 The MYC element

Mutating the MYC element (CATGTG) in the XERO2 promoter significantly
reduced activation of the gene in response to cold (Figure 4.1). The NAC transcription
factor ANAC019 binds MYC elements and in the anac019 mutant cold-induced XERO2
expression was significantly reduced (Figure 4.4). The CBF3 promoter contains five MYC
elements (Figure 4.12) and cold-induced CBF3 expression is also reduced in the anac019
mutant (Figure 4.5). Hence, the reduction of XERO2 expression in the anac019 mutant
may be an indirect result of the reduction in CBF3 expression. The CBF1 and CBF2
promoters also contain MYC elements in their promoters (Figure 4.12). ChIP analysis is
required to ascertain whether ANAC019 binds in vivo to the XERO2 promoter.
Nonetheless, the results indicate ANAC019 plays a role in the cold induction pathway in
Arabidopsis.
The ANAC019 gene has previously been found to be induced by drought, salt and
ABA (Tran et al., 2004). Ectopically expressed ANAC019 results in ABA hypersensitivity
and the induction of stress-responsive marker genes COR47, RD29B and ERD1 (Jensen et
al., 2010). The suspension cell study is the first to identify cold-induced ANAC019
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induction. The function of ANAC019 in the cold-induction of CBF3, XERO2, RD29A,
COR47 and COR15A is also novel.
Cold-induced CBF3 expression was reduced in the anac047 mutant, but no effect
on XERO2 expression was found.

7.4.2 The ME sequence

When the 15 base pair ME sequence (ATCAATTACGAATTG) is mutated in
combination with the palindrome sequence (but not alone) cold-induction of reporter
gene expression by the XERO2 promoter is almost completely prevented (Chung and
Parish, 2008). The expression of the class l homeodomain leucine zipper (HDZIP) gene
AtHB12 is induced in suspension cells (2.40/9.41/18.84 fold). HDZIP binds the pseudopalindrome sequence CAATNATTG (Henriksson et al., 2005) and is a positive regulator of
PP2C and regulates ABA signalling. The ME sequence of the XERO2 promoter includes a
pseudo-palindrome with four base pairs between the two palindrome arms (underlined
above). The AtHB12 gene was strongly upregulated in the cold-treated suspension cells
(2.40/9.41/18.84 fold). Hence, the AtHB12 protein could be a candidate for binding the
ME sequence.

7.4.3 The three CRT/DRE sequences

As already discussed, the six DREB AP2/ERF transcription factors whose
expression is induced by cold could all potentially bind any one of the three CRT/DRE
elements in the XERO2 promoter. Overexpression of CBF1, 2 and 3 induces XERO2
expression (Chung and Parish, 2008), but DREB2A expression is required for maximal
cold-induction of XERO2 (Figure 4.4).
ChIP analysis using the full length promoter including all three CRT/DRE elements
was unable to confirm if DREB2A binds to the XERO2 promoter in vivo in response to
cold (Section 6.2.2).
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7.4.4 The ACGT1 element
In plants grown at 22°C, mutating the ACGT1 site results in an induction of
expression at ambient temperature (22°C) and higher cold- and ABA-induction (Chung
and Parish, 2008). Cold induction, for example, is increased 2.5-fold more than induction
driven by the native promoter. Apparently a repressor is bound by the ACGT1 sequence
which interferes with both cold- and ABA-induction of XERO2. The identity of the
repressor is not known.

7.4.5 The W-box
The XERO2 promoter has a single W-box (TGAC) although it is not known if the
element influences XERO2 expression. The WRKY46 and WRKY53 genes are rapidly coldinduced in suspension cells but XERO2 induction is not influenced in the respective
mutants. WRKY40 is strongly upregulated by cold (1.76/8.27/30.98 fold) but no insertion
mutant is available.

7.5 The NAC transcription factor ANAC019
ANAC019 interacts with the protein phosphatase RCF2 which dephosphorylates
the transcription factor in vivo (Guan et al., 2014). Heat stress upregulates RCF2
expression which is postulated to dephosphorylate ANAC019 which is then able to
facilitate activation of Heat Stress Protein (HSP) genes by Heat Shock Factors (HSF). RCF2
is an allele of CPC1/FRY2 which represses genes responsive to cold, ABA and NaCl. The
upregulation of stress responsive genes in the mutants is due to the increased
expression of CBF genes (Xiong et al., 2002). Cold stress upregulates CBF genes in rcf2-1
mutants. However, the ability to acclimate was substantially less in rcf2-1 than WT
plants (Guan et al., 2014). The explanation for this apparent paradox is that the
upregulation of CBF genes in rcf2-1 plants is a compensatory response caused by
reduced expression of PSEUDO RESPONSE REGULATOR 5 (PRR5), a negative regulator of
CBF genes (Nakamichi et al., 2009; Guan et al., 2013). PRR5 plays a role in the circadian
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clock regulation of the cold stress response and may directly or indirectly repress CBF
genes (Nakamichi et al., 2009).
Overexpression of either RCF2 or ANAC019 increases thermotolerance (heat
tolerance) in Arabidopsis. Since RCF2 and ANAC019 are highly conserved across plant
species (Guan et al., 2014), manipulating their expression in crops (e.g. soybean and
maize) might increase thermotolerance, especially in reproductive tissues where they
are highly expressed (Guan et al., 2014). The data on ANAC019 expression and function
described in this thesis suggests its manipulation might also be used to improve cold
tolerance of agronomically important crop species.

7.6 Future work
The suspension cell studies could be expanded in a number of ways. Firstly, it
would be useful to determine the cold-induced expression of selected genes (e.g.
ANAC019, DREB2A, ANAC047, CML38, ZAT10, WRKY40, WRKY46 and WRKY53) beyond
the 90 minute cold-treatment period. XERO2 expression increases dramatically between
90 and 180 minutes (16.6- to 215.6-fold, Figure 3.8). The expression levels of the
transcription factors that appear to be involved in XERO2 induction (Figure 4.4) during
these times would be of interest.
The suspension cells also provide a system in which to identify the initial signals
giving rise to the cold-induction of specific genes. ROS is a candidate signal and treating
suspension cells with a hydroxyl radical (OH•) generating mixture (Cu2+/ascorbate) at
25°C stimulated XERO2 expression 6.38-fold (E. Wright, unpublished). The effect on
expression of the "early genes" such as DREB2A and ANAC019 could be tested. Other
ROS generating systems such as H2O2 could be employed.
The Yeast One-Hybrid experiment could be extended to test ANAC019, ZAT10
and WRKY46 ability to bind to the XERO2 promoter fragment, however potential toxicity
may inhibit the efficiency of the assay. As this assay will not test combinatorial effects of
transcriptions factors, transient Luciferase assays in Arabidopsis or tobacco may be used
to test for transactivation. The DREB2A-GFP fusion could also be tested in a transient
assay to determine whether the transcription factor activity is functional.
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JA has been identified as an upstream signal in the ICE-CBF/DREB1 pathway (Hu
et al., 2013). JA synthesis could be blocked in suspension cells and the effect on coldinduced expression of selected "early genes" tested. Wounding induces JA levels, hence
the leaf wounding experiment (Walley et al., 2007) (Table 3.3) identifies candidates for
JA induction including ZAT10, ZAT12, WRKY40, CCR4-ASSOCIATED FACTOR 1A, and
CML38 as well as the CBF1, 2 and 3 genes.
The study of cold-induction of genes in various insertion mutants should be
extended to include CBF1 and CBF2. Further investigating gene expression in the dreb2a
mutant would be of interest. Is their cold-induced expression affected in the same way
as that of CBF3 in the various mutants (Figure 4.5)?
The results in Figure 4.4 suggest cold-induced XERO2 expression is influenced by
DREB2A, ANAC019 and ZAT10. The MYC binding sequence in the XERO2 promoter is
required for maximal cold-induced expression (Figure 4.1). As described for the dreb2a
mutant (Figure 4.2), anac019 mutant plants could be transformed with mutated forms of
the XERO2 promoter::GUS constructs and the cold-induced levels of GUS expression
determined. A reduction in GUS expression would provide evidence that ANAC019
directly regulates XERO2 expression.
No direct evidence for the binding of DREB2A to the XERO2 promoter using ChIP
analysis could be obtained (Section 6.2.2). However, before any conclusions can be
drawn, the experiment should be repeated using a positive control (Section 6.3).
ChIP analysis can determine whether the ANAC019 transcription factor binds the
MYC element in the XERO2 promoter in vivo. Initially, the EMSA could be employed to
determine if ANAC019 binds to the MYC element in vitro.
The effects of manipulating ANAC019 expression on cold tolerance of Arabidopsis
plants would be of interest. ANAC019 is highly expressed in reproductive tissues (Guan
et al., 2014) and these are especially sensitive to abiotic stresses (Parish et al., 2012).
T-DNA insertion mutants of AT-HSFC1 (HSF) and AtHB12 (HD-zip) should be
obtained for further investigation and to be examined as candidate regulators of XERO2
expression.
Finally, WRKY40 is strongly upregulated in cold-treated suspension cells
(1.76/8.27/30.98 fold) and in the absence of an insertion mutant, RNAi could be used to
downregulate expression. The prevalence of W-boxes (WRKY element) in the promoters
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of CBF1, 2 and 3 and COR genes studied (Figure 4.12) suggests WRKY transcription
factors are important, as WRKY46 and WRKY53 influence CBF3 expression (Section
4.3.6).
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Appendices
Appendix l
Functional classification of all genes identified by microarray analysis as differentially expressed in Arabidopsis suspension cells after 0.5, 1.0 or 1.5 hr
of cold treatment. Genes are arranged within functional classes, in order of those that exhibit the greatest upregulation after 1.5hr of cold treatment.
Five hundred and eight genes were identified as differentially expressed. (p≤0.05, fold change ≥2)

STRESS RESPONSE
Oxidative Stress, Wounding
Probe ID
Locus
266693_at
246827_at
261144_s_at
250646_at
247693_at
253812_at
256713_at
262653_at

AT2G19800
AT5G26330
AT1G19660
AT5G06720
AT5G59730
AT4G28240
AT2G34060
AT1G14130

p value

Gene description

0.5hr

1.0hr

1.5hr

≤0.05
≤0.05
≤0.05
≤0.05
≤0.05
≤0.05
9.11E-03
1.97E-03

MIOX2 (MYO-INOSITOL OXYGENASE 2)
plastocyanin-like domain-containing protein/mavicyanin, putative
wound-responsive family protein
peroxidase, putative
ATEXO70H7 (EXOCYST SUBUNIT EXO70 FAMILY PROTEIN H7); protein binding
wound-responsive protein-related
peroxidase, putative
2-oxoglutarate-dependent dioxygenase, putative

1.08
1.13
1.27
1.26
-3.27
2.87
-1.21
-1.22

1.97
1.60
2.18
1.67
-1.98
2.77
-2.16
-1.75

3.81
2.43
2.15
2.15
1.48
1.34
-2.11
-2.13

1.02E-03
7.37E-03
≤0.05
≤0.05
4.91E-04
1.89E-03
≤0.05
8.96E-04
≤0.05
5.40E-04

CCR4-ASSOCIATED FACTOR 1A
NHL3 (NDR1/HIN1-like 3) pathogen response, response to bacterium
immediate-early fungal elicitor family protein
CCR4-NOT transcription complex protein, putative, plant defence, MRNA modification
NPR3 (NPR1-LIKE PROTEIN 3); protein binding, defence response to bacterium
pathogenesis-related thaumatin family protein
disease resistance protein (CC-NBS-LRR class), putative
pseudogene, disease resistance protein (TIR-NBS-LRR class), putative
disease resistance family protein/LRR family protein
disease resistance protein (TIR-NBS-LRR class), putative

1.70
2.62
-1.19
1.20
1.16
1.33
-1.07
-2.01
-1.32
-1.30

12.59
6.93
4.42
3.31
2.61
2.04
1.78
-2.13
-2.58
-2.01

18.60
14.43
13.17
6.50
5.95
2.63
2.42
-1.71
-2.34
-3.30

Disease Response
252679_at
250676_at
258606_at
249928_at
248981_at
262727_at
248835_at
249321_at
259297_at
250069_at

AT3G44260
AT5G06320
AT3G02840
AT5G22250
AT5G45110
AT1G75800
AT5G47250
AT5G40920
AT3G05360
AT5G17970
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Cold & Dehydration Response
252102_at
266316_at
264787_at
253113_at
252474_at
256310_at
264389_at
261749_at
262119_s_at

AT3G50970
AT2G27080
AT2G17840
AT4G35985
AT3G46620
AT1G30360
AT1G11960
AT1G76180
AT1G02930

1.38E-03
7.86E-04
2.50E-04
5.18E-03
1.16E-03
4.62E-04
5.37E-03
1.73E-02
≤0.05

XERO2/LTI30 (LOW TEMPERATURE-INDUCED 30)
harpin-induced protein-related, Late embryogenesis abundant (LEA)
ERD7 (EARLY-RESPONSIVE TO DEHYDRATION 7)
senescence/dehydration-associated protein-related
zinc finger (C3HC4-type RING finger) family protein
ERD4 (EARLY-RESPONSIVE TO DEHYDRATION 4)
early-responsive to dehydration protein-related/ERD protein-related
ERD14 (EARLY RESPONSE TO DEHYDRATION 14)
ATGSTF6 (EARLY RESPONSIVE TO DEHYDRATION 11); glutathione transferase

1.38
2.42
1.12
1.17
1.67
1.32
-1.12
1.14
-2.12

2.83
7.99
2.82
2.54
3.12
2.54
1.45
1.64
-3.05

6.82
6.43
4.59
4.13
4.09
3.16
2.92
2.30
-2.11

AT2G41640
AT3G28340
AT4G25810
AT4G30280
AT4G30440
AT2G35710
AT5G57560
AT1G02310
AT1G63090
AT1G50460
AT1G70090
AT3G61060
AT3G50760
AT1G73740
AT5G66460

3.43E-03
4.82E-03
8.23E-03
1.38E-03
5.92E-05
9.52E-05
1.65E-04
1.28E-03
≤0.05
3.02E-04
1.48E-02
≤0.05
≤0.05
1.61E-04
1.51E-02

similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G57380.1)
GATL10 (Galacturonosyltransferase-like 10); polygalacturonate 4-alpha-galacturonosyltransferase
XTR6 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6); hydrolase, acting on glycosyl bonds
ATXTH18/XTH18 (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 18); hydrolase,
GAE1 (UDP-D-GLUCURONATE 4-EPIMERASE 1); UDP-glucuronate 4-epimerase/ catalytic
glycogenin glucosyltransferase (glycogenin)-related
TCH4 (TOUCH 4); hydrolase, acting on glycosyl bonds/xyloglucan:xyloglucosyl transferase
glycosyl hydrolase family protein 5/cellulase family protein/(1-4)-beta-mannan endohydrolase
ATPP2-A11 (Phloem protein 2-A11); carbohydrate binding
hexokinase, putative
GATL9/LGT8 (Galacturonosyltransferase-like 9)
ATPP2-A13
GATL2 (Galacturonosyltransferase-like 2); polygalacturonate 4-alpha-galacturonosyltransferase
glycosyl transferase family 28 protein
(1-4)-beta-mannan endohydrolase, putative

2.80
1.40
1.69
-1.02
1.66
1.04
1.50
1.15
1.73
-1.57
-1.02
1.24
-2.14
-1.34
1.07

11.01
3.23
3.70
1.79
3.61
1.34
3.34
1.80
2.53
-1.04
1.43
1.63
-1.80
-2.03
-1.62

21.89
5.59
4.44
4.26
3.97
3.61
3.36
2.97
2.91
2.26
2.13
2.01
-1.21
-1.83
-3.06

AT3G45960
AT3G45970
AT2G22470
AT2G47550
AT5G18690
AT3G28180

2.61E-03
1.78E-03
≤0.05
≤0.05
5.97E-03
2.98E-03

ATEXLA3 (ARABIDOPSIS THALIANA EXPANSIN-LIKE A3)
ATEXLA1 (ARABIDOPSIS THALIANA EXPANSIN-LIKE A1)
AGP2 (ARABINOGALACTAN-PROTEIN 2)
pectinesterase family protein
AGP25/ATAGP25 (ARABINOGALACTAN PROTEINS 25)
ATCSLC04 (CELLULOSE-SYNTHASE LIKE C 4); transferase, transferring glycosyl groups

1.51
1.47
1.18
-1.24
1.02
-1.47

4.77
4.49
1.93
-1.09
1.87
1.08

10.61
8.03
3.41
2.87
2.65
2.11

METABOLISM
Carbohydrate Metabolism
245119_at
256633_at
254042_at
253628_at
253631_at
265841_at
247925_at
259442_at
259685_at
261851_at
264704_at
251356_at
252179_at
260047_at
247097_at

Cell Wall
252557_at
252563_at
264005_at
245151_at
250002_at
257071_at
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259072_at
267590_at
261266_at

AT3G11700
AT2G39700
AT1G26770

2.77E-03
4.78E-03
2.27E-04

FLA18 (FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 18 PRECURSOR)
ATEXPA4 (ARABIDOPSIS THALIANA EXPANSIN A4)
ATEXPA10 (ARABIDOPSIS THALIANA EXPANSIN A10)

1.12
-1.66
-1.50

1.55
-3.26
-2.94

2.07
-3.90
-7.50

AT1G73540
AT1G56670
AT2G01670
AT5G44730
AT1G61820
AT5G22460
AT1G64390
AT2G32990
AT1G71380

6.91E-05
≤0.05
3.68E-03
≤0.05
1.34E-02
6.18E-03
1.04E-02
1.67E-02
1.67E-03

ATNUDT21 (Arabidopsis thaliana Nudix hydrolase homolog 21); hydrolase
GDSL-motif lipase/hydrolase family protein
ATNUDT17 (Arabidopsis thaliana Nudix hydrolase homolog 17); hydrolase
haloacid dehalogenase-like hydrolase family protein
BGLU46; hydrolase, hydrolysing O-glycosyl compounds
esterase/lipase/thioesterase family protein
ATGH9C2 (ARABIDOPSIS THALIANA GLYCOSYL HYDROLASE 9C2); hydrolase
ATGH9B8 (ARABIDOPSIS THALIANA GLYCOSYL HYDROLASE 9B8); hydrolase
ATCEL3/ATGH9B3 (ARABIDOPSIS THALIANA GLYCOSYL HYDROLASE 9B3); hydrolase

13.75
-1.01
1.65
2.34
-1.74
-1.16
-1.39
-1.30
-1.41

24.05
3.52
4.83
3.64
1.08
-1.66
-2.14
-2.54
-2.91

20.77
9.50
6.25
4.30
4.11
-2.25
-2.49
-4.31
-4.54

6.38E-03
1.96E-02

SRO5 (SIMILAR TO RCD ONE 5); NAD+ ADP-ribosyltransferase
eukaryotic translation initiation factor SUI1, putative

2.93
2.06

5.27
3.03

10.57
3.04

7.96E-04
≤0.05
6.04E-03
7.88E-03

lipase class 3 family protein, triacylglycerol lipase activity
GCN5-related N-acetyltransferase (GNAT) family protein
delta-8 sphingolipid desaturase (SLD1)
PLA IIIA/PLP7 (Patatin-like protein 7)

1.18
-2.27
1.01
-1.16

2.66
-1.33
1.56
-1.78

4.11
2.61
2.04
-2.33

1.25E-03
3.81E-03
1.66E-03
1.29E-03
4.97E-03
≤0.05
8.18E-04
≤0.05
2.95E-04
5.75E-04
3.07E-03
1.53E-02

CT-BMY (BETA-AMYLASE 3, BETA-AMYLASE 8); beta-amylase
nitrate-responsive NOI protein, putative
ATPSK2 (PHYTOSULFOKINE 2 PRECURSOR); growth factor
COBL8 (COBRA-LIKE PROTEIN 8 PRECURSOR) membrane anchored
ATSAT1 (ARABIDOPSIS THALIANA STEROL O-ACYLTRANSFERASE 1); acyltransferase
ATP binding/nucleoside-triphosphatase/nucleotide binding/protein binding
ATXT1; UDP-xylosyltransferase/transferase/transferring glycosyl groups
proline-rich family protein
LBD38 (LOB DOMAIN-CONTAINING PROTEIN 38)
kelch repeat-containing F-box family protein
NIA1 (NITRATE REDUCTASE 1)
beta-fructofuranosidase, putative/invertase/saccharase

3.75
1.48
1.12
1.44
1.28
-1.41
1.45
-1.02
1.34
1.12
1.37
1.46

16.20
6.32
2.74
3.67
2.61
1.84
2.79
1.40
2.63
1.76
2.16
2.08

30.64
16.82
13.31
5.98
4.14
3.84
3.58
3.28
3.00
2.99
2.77
2.69

Hydrolases
245777_at
245676_at
265872_at
249015_at
264280_at
249917_at
259736_at
267595_at
259897_at

Protein Biosynthesis
247431_at
248146_at

AT5G62520
AT5G54940

Fatty acid-Lipd Biosynthesis
260915_at
265668_at
251323_at
251839_at

AT1G02660
AT2G32020
AT3G61580
AT3G54950

Metabolism (other)
245346_at
264617_at
266799_at
256763_at
252084_at
260296_at
251192_at
250323_at
252220_at
261525_at
259681_at
258507_at

AT4G17090
AT2G17660
AT2G22860
AT3G16860
AT3G51970
AT1G63750
AT3G62720
AT5G12880
AT3G49940
AT1G14330
AT1G77760
AT3G06500
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252167_at
AT3G50560
246996_at
AT5G67420
260335_at
AT1G74000
250007_at
AT5G18670
267591_at
AT2G39705
261899_at
AT1G80820
259433_at
AT1G01570
253043_at
AT4G37540
254118_at
AT4G24790
256676_at
AT3G52180
253042_at
AT4G37550
257467_at
AT1G31320
248539_at
AT5G50130
258253_at
AT3G26760
260126_at
AT1G36370
SIGNAL TRANSDUCTION

2.39E-03
5.63E-04
≤0.05
≤0.05
1.99E-02
7.94E-03
≤0.05
≤0.05
7.65E-03
≤0.05
5.60E-03
1.06E-03
3.14E-03
≤0.05
≤0.05

short-chain dehydrogenase/reductase (SDR) family protein
LBD37 (LOB DOMAIN-CONTAINING PROTEIN 37)
SS3 (STRICTOSIDINE SYNTHASE 3)
BMY3 (BETA-AMYLASE 9); beta-amylase
DVL11/RTFL8 (ROTUNDIFOLIA LIKE 8)
CCR2 (CINNAMOYL COA REDUCTASE)
fringe-related protein, transferase activity, transferring glycosyl groups
LBD39 (LOB DOMAIN-CONTAINING PROTEIN 39)
ATP binding/DNA binding/DNA-directed DNA polymerase
ATPTPKIS1/DSP4/SEX4 (STARCH-EXCESS 4); polysaccharide binding
formamidase, putative/formamide amidohydrolase, putative
LBD4 (LOB DOMAIN-CONTAINING PROTEIN 4)
short-chain dehydrogenase/reductase (SDR) family protein
short-chain dehydrogenase/reductase (SDR) family protein
SHM7 (serine hydroxymethyltransferase 7); glycine hydroxymethyltransferase

1.20
1.49
1.02
1.07
1.86
-2.09
-1.12
-1.40
1.03
-1.09
-1.34
-2.92
-2.05
-2.00
-1.37

1.80
3.05
1.48
1.51
2.38
-3.80
-2.09
-1.71
-1.28
-1.94
-2.30
-3.40
-2.93
-3.46
-2.71

2.28
2.24
2.19
2.14
1.72
-1.89
-2.05
-2.08
-2.42
-2.45
-2.93
-3.02
-3.24
-3.36
-3.64

AT1G61290
AT2G02710
AT2G26530

7.42E-06
4.58E-03
1.49E-04

SYP124 (syntaxin 124); SNAP receptor
PAC motif-containing protein
AR781/plasma membrane/receptor activity

7.90
-1.07
-3.75

9.63
1.60
-2.06

9.81
2.07
-1.14

AT2G40270
AT5G45800
AT4G37250
AT2G05940
AT5G47070
AT5G44290
AT1G67470
AT4G18700
AT1G18350
AT1G49620
AT3G08760
AT2G30040
AT5G65240

9.13E-05
2.70E-03
1.40E-03
≤0.05
6.75E-03
5.86E-03
1.65E-02
1.70E-02
1.33E-02
1.03E-02
1.34E-02
4.06E-03
4.65E-04

protein kinase family protein
MEE62 (maternal effect embryo arrest 62); ATP binding/protein serine/threonine kinase
leucine-rich repeat family protein/protein kinase family protein
protein kinase, putative
protein kinase, putative
protein kinase family protein
protein kinase family protein
CIPK12 (SNF1-RELATED PROTEIN KINASE 3.9); kinase
ATMKK7 (MAP KINASE KINASE7); kinase
ICK5/ICN6/KRP7 (KIP-RELATED PROTEIN 7); cyclin-dependent protein kinase inhibitor
ATSIK; kinase
MAPKKK14 (Mitogen-activated protein kinase kinase kinase
leucine-rich repeat family protein/protein kinase family protein

1.17
1.41
1.31
1.68
1.15
-1.08
1.03
1.13
1.38
1.88
-2.10
-2.43
-2.13

2.34
3.19
2.30
2.18
1.54
1.37
2.11
1.76
1.49
3.31
-1.72
-2.06
-2.84

4.02
3.66
3.62
3.48
2.75
2.69
2.67
2.48
2.23
1.96
1.43
-1.32
-1.68

Receptor Activity
264760_at
267477_at
245041_at

Kinases
263804_at
248908_at
246244_at
266037_at
248821_at
249050_at
264232_at
254636_at
261662_at
257483_at
258683_at
266832_at
247197_at
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253476_at
247190_at
265268_at
245859_at
252189_at
255419_at
246483_at
266124_at
261547_at
267624_at
245080_at
267372_at
247532_at
254408_at
250443_at
265144_at
253779_at
248237_at

AT4G32300
AT5G65420
AT2G42960
AT5G28290
AT3G50070
AT4G03230
AT5G16000
AT2G45080
AT1G63500
AT2G39660
AT2G23300
AT2G26290
AT5G61560
AT4G21390
AT5G10520
AT1G51170
AT4G28490
AT5G53890

≤0.05
1.71E-02
≤0.05
6.71E-03
≤0.05
≤0.05
1.18E-03
6.10E-03
1.09E-02
1.38E-03
≤0.05
5.74E-03
1.90E-02
1.17E-02
9.68E-03
9.13E-03
1.01E-02
5.76E-05

lectin protein kinase family protein
CYCD4;1 (CYCLIN D4;1); cyclin-dependent protein kinase regulator
protein kinase family protein
ATNEK3; kinase
CYCD3;3 (CYCLIN D3;3); cyclin-dependent protein kinase
S-locus lectin protein kinase family protein
NIK1 (NSP-INTERACTING KINASE 1); kinase
CYCP3;1 (cyclin p3;1); cyclin-dependent protein kinase
protein kinase-related
BIK1 (BOTRYTIS-INDUCED KINASE1); kinase
leucine-rich repeat transmembrane protein kinase, putative
ARSK1 (ROOT-SPECIFIC KINASE 1); kinase
protein kinase family protein
B120; protein kinase/sugar binding
RBK1 (ROP BINDING PROTEIN KINASES 1); kinase
protein kinase family protein
HAESA (RECEPTOR-LIKE PROTEIN KINASE 5); protein serine/threonine kinase
leucine-rich repeat transmembrane protein kinase, putative

-2.50
-1.77
-1.59
-1.39
-1.09
-1.53
-1.88
-1.61
-1.27
-1.47
1.06
-2.59
-1.08
-2.11
-1.62
-1.91
-1.55
-1.98

-3.67
-2.21
-2.10
-1.70
-2.02
-2.25
-2.12
-2.09
-1.97
-2.46
-1.96
-4.65
-3.53
-4.59
-2.65
-2.87
-4.31
-4.44

-1.69
-1.71
-1.82
-2.03
-2.06
-2.07
-2.12
-2.17
-2.23
-2.32
-2.40
-2.68
-2.94
-2.99
-3.25
-4.08
-4.66
-4.84

AT5G41400
AT1G61340
AT2G05810
AT4G16563
AT3G18710
AT5G42200
AT2G45170
AT5G64660
AT2G22680
AT1G66160
AT3G49810
AT1G78070
AT2G42360
AT5G59550
AT5G20885
AT1G66180

1.19E-03
2.06E-04
3.12E-05
6.63E-03
1.39E-02
≤0.05
≤0.05
≤0.05
1.90E-03
4.29E-03
5.90E-03
≤0.05
≤0.05
≤0.05
1.18E-02
≤0.05

zinc finger (C3HC4-type RING finger) family protein
F-box family protein
armadillo/beta-catenin repeat family protein
aspartyl protease family protein
U-box domain-containing protein
zinc finger (C3HC4-type RING finger) family protein
AtATG8E (AUTOPHAGY 8E); microtubule binding
U-box domain-containing protein, chitin responsive ubiquitin ligase
zinc finger (C3HC4-type RING finger) family protein
U-box domain-containing protein ubiquitin ligase
U-box domain-containing protein ubiquitin ligase
WD-40 repeat family protein (CUL4-RING ubiquitin ligase complex)
zinc finger (C3HC4-type RING finger) family protein
zinc finger (C3HC4-type RING finger) family protein
zinc finger (C3HC4-type RING finger) family protein
aspartyl protease family protein

3.54
1.80
1.75
1.14
1.03
2.56
-1.01
-1.65
1.23
-2.75
-2.27
1.16
-1.07
-1.37
1.61
1.19

14.72
7.48
5.22
3.34
2.10
4.24
1.89
1.40
2.28
1.11
-1.12
1.82
1.26
1.53
2.73
2.10

24.01
12.55
8.83
5.31
4.14
4.08
3.83
3.68
3.66
3.49
3.33
3.13
2.68
2.19
2.14
2.08

Proteolysis
249306_at
264758_at
265376_at
245262_at
257748_at
249234_at
266106_at
247240_at
265345_at
256522_at
252230_at
262164_at
265853_at
247708_at
246135_at
256525_at
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250000_at
265620_at
263935_at
252045_at
250493_at
248393_at
266230_at
260058_at
256626_at
253364_at
249593_at

AT5G18650
AT2G27310
AT2G35930
AT3G52450
AT5G09800
AT5G52060
AT2G28830
AT1G78100
AT3G20015
AT4G33160
AT5G37900

1.67E-02
≤0.05
≤0.05
≤0.05
1.78E-02
2.23E-03
1.50E-02
5.48E-03
≤0.05
1.41E-03
1.88E-03

zinc finger (C3HC4-type RING finger) family protein
F-box family protein
U-box domain-containing protein
U-box domain-containing protein
U-box domain-containing protein ubiquitin ligase
ATBAG1 (ARABIDOPSIS THALIANA BCL-2-ASSOCIATED ATHANOGENE 1)
armadillo/beta-catenin repeat family protein/U-box domain-containing protein
F-box family protein
pepsin A, aspartyl protease
ubiquitin-protein ligase
seven in absentia (SINA) family protein

1.37
-3.22
-5.60
-5.88
-3.69
-1.50
-2.14
-3.40
-2.10
-1.97
-1.97

2.18
-1.31
-2.32
-4.00
-3.11
-2.05
-3.54
-2.37
-2.65
-5.56
-5.21

2.00
1.80
1.29
1.02
-1.37
-1.51
-1.72
-2.61
-2.88
-6.16
-9.50

1.94E-03
2.99E-04
2.32E-04
1.40E-03
2.53E-03
≤0.05
1.67E-02
≤0.05
≤0.05
3.48E-03
≤0.05
1.41E-03
1.04E-03
2.90E-03
≤0.05
6.92E-03
7.23E-04
6.38E-03
8.71E-05

DNAJ heat shock N-terminal domain-containing protein (J11)
AT2G05050, pseudogene, protein phosphatase 2C
kinase interacting family protein
protein phosphatase 2C family protein/PP2C family protein
protein phosphatase 2C, putative/PP2C, putative
heat shock protein-related
kinase interacting family protein
oxysterol-binding family protein
DNAJ heat shock N-terminal domain-containing protein
ATPAP18/PAP18 (purple acid phosphatase 18); protein serine/threonine phosphatase
protein phosphatase 2C, putative/PP2C, putative
RALFL33 (RALF-LIKE 33) Rapid Alkalinisation Factor (RALF)
protein phosphatase 2C, putative/PP2C, putative
MUB4 (MEMBRANE-ANCHORED UBIQUITIN-FOLD PROTEIN 4 PRECURSOR)
SHB1 (SHORT HYPOCOTYL UNDER BLUE1)
MUB4 (MEMBRANE-ANCHORED UBIQUITIN-FOLD PROTEIN 4 PRECURSOR)
phagocytosis and cell motility protein ELMO1-related
phototropic-responsive NPH3 family protein
phototropic-responsive NPH3 family protein

16.23
1.84
1.45
1.93
1.57
1.50
1.19
1.11
1.28
1.14
1.01
-1.03
1.27
-2.46
-1.27
-2.30
-1.57
-1.33
-1.19

39.93
5.27
4.36
4.28
2.72
2.48
1.79
1.63
1.60
1.66
1.47
1.44
2.04
-2.58
-2.05
-2.66
-2.14
-2.19
-2.20

25.80
8.06
7.39
6.16
4.00
2.73
2.55
2.47
2.33
2.16
2.03
2.02
1.92
-1.24
-1.38
-1.50
-2.18
-2.43
-2.69

8.07E-05
2.53E-05

CBF2 (FREEZING TOLERANCE QTL 4); DNA binding/transcription activator/transcription factor
AT-HSFC1 (Arabidopsis thaliana heat shock transcription factor C1); DNA binding/transcription

12.67
8.01

46.59
32.78

66.47
63.78

Receptor Activity (other)
253125_at
AT4G36040
266834_s_at
AT2G05050
267518_at
AT2G30500
253323_at
AT4G33920
251259_at
AT3G62260
253614_at
AT4G30350
255494_at
AT4G02710
254329_at
AT4G22540
263754_at
AT2G21510
257087_at
AT3G20500
253780_at
AT4G28400
245334_at
AT4G15800
246756_at
AT5G27930
257784_at
AT3G26980
254060_at
AT4G25350
257785_at
AT3G26980
251406_at
AT3G60260
253062_at
AT4G37590
266507_at
AT2G47860
TRANSCRIPTION FACTOR
254075_at
AT4G25470
258139_at
AT3G24520
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254074_at
261648_at
261892_at
254231_at
254066_at
260203_at
251272_at
260856_at
257919_at
253061_at
250781_at
247655_at
263783_at
267028_at
248389_at
258809_at
253259_at
255926_at
250582_at
261564_at
257053_at
255937_at
251745_at
259682_at
257022_at
250287_at
261327_at
263064_at
256356_s_at
255734_at
261470_at
252081_at
252859_at
248708_at
248611_at

AT4G25490
AT1G27730
AT1G80840
AT4G23810
AT4G25480
AT1G52890
AT3G61890
AT1G21910
AT3G23250
AT4G37610
AT5G05410
AT5G59820
AT2G46400
AT2G38470
AT5G51990
AT3G04070
AT4G34410
AT1G22190
AT5G07580
AT1G01720
AT3G15210
AT1G12610
AT3G55980
AT1G63040
AT3G19580
AT5G13330
AT1G44830
AT2G18162
AT5G43620
AT1G25550
AT1G28370
AT3G51910
AT4G39780
AT5G48560
AT5G49520

7.28E-05
5.55E-03
7.34E-03
7.64E-03
7.23E-04
1.88E-04
4.05E-03
≤0.05
3.13E-03
5.34E-04
8.37E-03
2.63E-04
6.30E-04
1.99E-02
1.88E-03
2.99E-05
1.30E-02
1.49E-03
7.68E-03
3.19E-03
8.53E-03
2.39E-03
7.58E-03
1.45E-03
1.92E-02
9.24E-04
8.57E-03
≤0.05
≤0.05
4.28E-03
8.75E-03
≤0.05
1.25E-02
≤0.05
2.40E-03

CBF1 (C-REPEAT/DRE BINDING FACTOR 1); DNA binding/transcription activator
(ZAT10) STZ (SALT TOLERANCE ZINC FINGER); nucleic acid binding/zinc ion binding
WRKY40 (WRKY DNA-binding protein 40); transcription factor
WRKY53 (WRKY DNA-binding protein 53); DNA binding, protein binding, transcription factor
CBF3 (DREB1A) (DEHYDRATION RESPONSE ELEMENT B1A); transcription activator
ANAC019 (Arabidopsis NAC domain containing protein 19); transcription factor
AtHB12 (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 12); transcription factor
DREB26, a member of the DREB subfamily A-5 of ERF/AP2 transcription factor family
AtMYB15/AtY19/MYB15 (MYB domain protein 15); DNA binding/transcription factor
BT5 (BTB and TAZ domain protein 5); protein binding/transcription regulator
DREB2A (DRE-BINDING PROTEIN 2A); DNA binding/transcription activator/ transcription factor
(ZAT12)RHL41 (RESPONSIVE TO HIGH LIGHT 41); nucleic acid binding/zinc ion binding
WRKY46 (WRKY DNA-binding protein 46); transcription factor, response to chitin
WRKY33 (WRKY DNA-binding protein 33); transcription factor, abiotic stress response
CBF4/DREB1D (C- REPEAT-BINDING FACTOR 4); DNA binding/transcription activator
ANAC047 (Arabidopsis NAC domain containing protein 47); transcription factor
AP2 domain-containing transcription factor, putative
AP2 domain-containing transcription factor, putative
DNA binding/transcription factor
ATAF1 (Arabidopsis NAC domain containing protein 2); transcription factor
ATERF-4/ATERF4/ERF4/RAP2.5 (ETHYLENE RESPONSIVE ELEMENTBINDINGFACTOR 4)
DDF1 (DWARF AND DELAYED FLOWERING 1); DNA binding/transcription factor
zinc finger (CCCH-type) family protein, SALT-INDUCIBLE ZINC FINGER 1, SZF1
pseudogene member of the DREB subfamily A-4 of ERF/AP2 transcription factor family
AZF2 (ARABIDOPSIS ZINC-FINGER PROTEIN 2); nucleic acid binding / transcription factor
RAP2.6L (related to AP2 6L); DNA binding / transcription factor
AP2 domain-containing transcription factor TINY, putative
AT2G18162, CPuORF1 (Conserved peptide upstream open reading frame 1)
S-locus protein-related; [AT1G66500, zinc finger (C2H2-type) family protein]
MYB family transcription factor
ATERF11/ERF11 (ERF domain protein 11); DNA binding/transcription repressor
AT-HSFA7A (Arabidopsis thaliana heat shock transcription factor A7A); DNA binding
AP2 domain-containing transcription factor, putative
basic helix-loop-helix (bHLH) family protein
WRKY48 (WRKY DNA-binding protein 48); transcription factor, stress and pathogen induced

8.18
1.07
1.76
-10.70
5.21
4.33
2.40
3.82
-2.59
6.66
9.31
3.51
1.69
-5.96
1.51
2.04
1.42
5.71
4.07
1.48
-1.24
1.37
-3.57
1.51
-1.36
1.63
1.31
2.03
3.69
1.62
1.11
1.12
1.56
1.33
1.26

30.30
8.79
8.27
2.16
19.41
17.38
9.41
10.98
2.54
11.84
17.31
9.49
4.93
1.09
6.19
9.06
5.25
8.47
11.32
4.62
3.11
3.09
1.02
3.12
2.55
3.20
2.97
3.51
3.67
5.74
2.24
2.48
2.88
2.67
1.84
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45.14
37.56
30.98
26.65
22.54
20.47
18.84
14.05
13.62
12.86
12.36
11.19
10.85
10.28
9.45
8.23
7.17
6.64
6.11
6.07
6.03
5.94
5.79
5.76
5.51
5.25
4.91
4.87
4.85
4.63
4.42
3.95
3.87
3.79
3.67

248794_at
246011_at
262284_at
256430_at
265584_at
248400_at
253485_at
246253_at
252083_at
253774_at
246230_at
259364_at
247351_at
250024_at
255858_at
267087_at
250908_at
266897_at
253038_at
261254_at
255497_at
259729_at
253064_at
250569_at
266644_at
263956_at
262137_at
267515_at
266331_at
249309_at
251237_at
247945_at
258813_at
251861_at
262135_at

AT5G47220
AT5G08330
AT1G68670
AT3G11020
AT2G20180
AT5G52020
AT4G31800
AT4G37260
AT3G51960
AT4G28530
AT4G36710
AT1G13260
AT5G63790
AT5G18270
AT1G67030
AT2G32460
AT5G03680
AT2G45820
AT4G37790
AT1G05805
AT4G02590
AT1G77640
AT4G37730
AT5G08130
AT2G29660
AT2G35940
AT1G77920
AT2G45680
AT2G01570
AT5G41410
AT3G62420
AT5G57150
AT3G04060
AT3G54810
AT1G78080

1.89E-03
8.45E-04
6.42E-03
2.14E-03
1.80E-03
≤0.05
1.62E-02
9.05E-04
2.91E-04
1.11E-02
3.84E-03
9.54E-03
≤0.05
2.07E-04
1.01E-03
1.29E-03
1.69E-02
1.67E-02
1.22E-02
4.19E-03
1.05E-02
≤0.05
1.06E-02
≤0.05
≤0.05
≤0.05
5.99E-04
3.81E-03
1.32E-03
≤0.05
≤0.05
3.91E-04
1.85E-02
9.77E-04
7.44E-03

ATERF-2/ATERF2/ERF2 (ETHYLENE RESPONSE FACTOR 2)
TCP family transcription factor, putative, circadian clock potentially regulates CCA1, TOC1
MYB family transcription factor
DREB2B (DRE-binding protein 2B); DNA binding/transcription activator/transcription factor
PIL5 (PHYTOCHROME INTERACTING FACTOR 3-LIKE 5); MYC related transcription factor
AP2 domain-containing protein
WRKY18 (WRKY DNA-binding protein 18); transcription factor
AtMYB73/MYB73 (MYB domain protein 73); DNA binding/transcription factor
bZIP family transcription factor
ANAC074 (Arabidopsis NAC domain containing protein 74); transcription factor
scarecrow transcription factor family protein
RAV1 (Related to ABI3); DNA binding/transcription factor AP2/B3 negative growth regulator
ANAC102 (Arabidopsis NAC domain containing protein 102);(low oxygen response)
ANAC087; transcription factor
ZFP6 (ZINC FINGER PROTEIN 6); nucleic acid binding/transcription factor/zinc ion binding
AtM1/AtMYB101/MYB101 (MYB domain protein 101); DNA binding/transcription factor
PTL (PETAL LOSS); transcription factor
DNA-binding protein, putative
HAT22 (homeobox-leucine zipper protein 22); transcription factor
basic helix-loop-helix (bHLH) family protein
UNE12 (unfertilised embryo sac 12); DNA binding/transcription factor
AP2 domain-containing transcription factor, putative
ATBZIP7 (ARABIDOPSIS THALIANA BASIC LEUCINE-ZIPPER 7); DNA binding
BIM1 (BES1-interacting MYC-like protein 1); DNA binding/transcription factor
zinc finger (C2H2 type) family protein
BLH1 (embryo sac development arrest 29); DNA binding/transcription factor
bZIP family transcription factor
TCP family transcription factor, putative
RGA1 (REPRESSOR OF GA1-3 1); transcription factor
BEL1 (BELL 1); DNA binding/transcription factor
ATBZIP53 (BASIC REGION/LEUCINE ZIPPER MOTIF 53)
basic helix-loop-helix (bHLH) family protein
ANAC046 (Arabidopsis NAC domain containing protein 46); transcription factor
BME3/BME3-ZF (BLUE MICROPYLAR END3); transcription factor
RAP2.4 (related to AP2 4); DNA binding/transcription factor

1.35
1.22
1.13
1.72
1.71
1.10
-2.24
1.25
1.31
1.32
1.07
1.75
-3.02
1.55
1.56
1.34
1.35
1.12
-2.14
1.22
1.15
-1.19
2.09
1.27
1.31
1.07
1.29
1.63
1.51
1.19
1.38
-1.08
1.62
1.51
2.64

3.30
2.03
3.42
3.08
3.45
2.11
1.36
3.53
2.01
2.23
1.98
2.45
1.07
2.53
1.96
1.45
2.25
1.80
1.11
1.91
1.82
1.53
2.31
2.16
2.28
1.74
1.88
2.34
2.11
1.49
2.22
1.43
2.16
2.04
2.76
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3.66
3.48
3.34
3.20
3.19
3.18
3.14
2.97
2.91
2.87
2.83
2.80
2.62
2.59
2.52
2.51
2.46
2.38
2.37
2.36
2.34
2.24
2.21
2.21
2.20
2.20
2.11
2.11
2.07
2.07
2.07
2.06
2.00
1.90
1.78

258761_at
245881_at
249339_at
246215_at
253219_at
252193_at
248801_at
257766_at
248253_at
245397_at
255596_at
264746_at
248008_at
245051_at
257642_at
254698_at
260027_at
257232_at
253010_at
259971_at
250622_at
257547_at
266753_at
266606_at
249788_at
259427_at
258074_at
253402_at
253076_at
257571_at
266824_at
255788_at
254159_at
260034_at
263656_at

AT3G10760
AT5G09462
AT5G41100
AT4G37180
AT4G34990
AT3G50060
AT5G47370
AT3G23030
AT5G53290
AT4G14560
AT4G01720
AT1G62300
AT5G56270
AT2G23320
AT3G25710
AT4G17980
AT1G29952
AT3G16500
AT4G37750
AT1G76580
AT5G07310
AT3G13000
AT2G46990
AT2G46310
AT5G24330
AT1G01530
AT3G25890
AT4G32880
AT4G36160
AT3G16870
AT2G22800
AT2G33310
AT4G24240
AT1G68810
AT1G04240

1.35E-02
≤0.05
1.75E-02
1.22E-03
≤0.05
2.37E-03
3.18E-03
1.28E-02
8.17E-03
1.73E-03
1.52E-02
3.34E-03
9.44E-03
1.16E-02
5.83E-03
4.82E-03
7.89E-03
2.77E-03
5.50E-03
≤0.05
7.27E-03
1.11E-02
1.36E-02
1.28E-03
1.02E-02
≤0.05
7.75E-03
1.16E-03
3.23E-03
2.37E-04
8.70E-04
1.90E-04
6.25E-03
8.28E-03
≤0.05

MYB family transcription factor
CPuORF42 (Conserved peptide upstream open reading frame 42)
DNA binding
MYB family transcription factor
AtMYB32 (MYB domain protein 32); DNA binding/transcription factor
MYB77; DNA binding/transcription factor
HAT2; transcription factor
IAA2 (indoleacetic acid-induced protein 2); transcription factor
CRF3 (CYTOKININ RESPONSE FACTOR 3); DNA binding/transcription factor
IAA1 (INDOLE-3-ACETIC ACID INDUCIBLE); transcription factor
WRKY47 (WRKY DNA-binding protein 47); transcription factor
WRKY6 (WRKY DNA-binding protein 6); transcription factor, response to phosphate stress
WRKY2 (WRKY DNA-binding protein 2); transcription factor
WRKY15 (WRKY DNA-binding protein 15); transcription factor, calmodulin binding
basic helix-loop-helix (bHLH) family protein
ANAC071 (Arabidopsis NAC domain containing protein 71); transcription factor
CPuORF34 (Conserved peptide upstream open reading frame 34)
PAP1 (PHYTOCHROME-ASSOCIATED PROTEIN 1); transcription factor
ANT (AINTEGUMENTA); DNA binding/transcription factor
transcription factor
AP2 domain-containing transcription factor, putative
transcription factor
IAA20 (indoleacetic acid-induced protein 20); transcription factor
CRF5 (CYTOKININ RESPONSE FACTOR 5); DNA binding/transcription factor
ATXR6 (Arabidopsis thaliana Trithorax- related protein 6); DNA binding
AGL28 (AGAMOUS-LIKE 28); DNA binding/transcription factor
AP2 domain-containing transcription factor, putative
ATHB-8 (HOMEOBOX GENE 8); DNA binding / transcription factor
ANAC076/VND2 (VASCULAR-RELATED NAC-DOMAIN 2); transcription factor
zinc finger (GATA type) family protein
HAT9 (homeobox-leucine zipper protein 9); DNA binding/transcription factor
IAA13 (indoleacetic acid-induced protein 13); transcription factor
WRKY7 (WRKY DNA-binding protein 7); transcription factor
basic helix-loop-helix (bHLH) family protein
SHY2 (SHORT HYPOCOTYL 2); transcription factor

1.22
1.56
-2.89
1.26
2.34
1.12
-2.85
-2.05
-2.18
-2.90
-1.31
-6.15
-1.64
-6.88
-2.53
-3.37
-1.14
1.43
-1.40
-1.06
-1.38
-1.52
-1.15
-1.33
1.12
-1.07
-1.02
-1.26
-2.01
1.01
-5.48
-1.61
-2.28
-1.12
-2.38

2.10
2.09
-2.15
2.04
2.16
2.32
-1.62
-1.40
-1.91
-1.71
-2.25
-4.71
-2.27
-7.06
-2.47
-4.42
-1.63
1.06
-2.03
-1.61
-1.94
-2.64
-1.84
-1.76
-1.68
-1.73
-2.23
-2.24
-2.67
-1.55
-4.05
-2.91
-4.43
-1.87
-2.72
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1.76
1.70
1.50
1.47
1.33
1.06
-1.09
-1.17
-1.36
-1.36
-1.41
-1.45
-1.62
-1.92
-1.94
-1.99
-2.02
-2.03
-2.06
-2.10
-2.16
-2.26
-2.29
-2.38
-2.49
-2.59
-2.75
-2.81
-2.87
-2.88
-3.06
-3.21
-3.40
-3.45
-3.49

263797_at
AT2G24570
253423_at
AT4G32280
259223_at
AT3G03660
261548_at
AT1G63480
249109_at
AT5G43700
247492_at
AT5G61890
258399_at
AT3G15540
266346_at
AT2G01430
251246_at
AT3G62100
261766_at
AT1G15580
253791_at
AT4G28640
HORMONE RESPONSE

1.85E-02
1.36E-05
1.08E-03
4.27E-03
1.53E-03
8.35E-04
4.17E-04
4.31E-04
3.15E-04
2.13E-03
1.53E-04

WRKY17 (WRKY DNA-binding protein 17); calmodulin binding pathogen response
IAA29 (indoleacetic acid-induced protein 29); transcription factor
DNA binding/transcription factor
DNA-binding family protein
ATAUX2-11 (indoleacetic acid-induced protein 4); transcription factor
AP2 domain-containing transcription factor family protein
IAA19 (indoleacetic acid-induced protein 19); transcription factor
homeobox-leucine zipper protein 17 (HB-17)/HD-ZIP transcription factor 17
IAA30 (indoleacetic acid-induced protein 30); transcription factor
IAA5 (indoleacetic acid-induced protein 5); transcription factor
IAA11 (indoleacetic acid-induced protein 11); transcription factor

-7.19
-1.63
-1.77
-1.66
-2.17
-1.80
-1.70
-3.51
-8.06
-5.35
-3.59

-10.55
-2.49
-3.04
-4.25
-4.08
-3.89
-4.05
-9.79
-14.40
-10.51
-10.72

-3.55
-3.59
-3.81
-4.08
-5.79
-5.89
-6.40
-7.92
-8.62
-11.48
-14.13

AT1G72430
AT3G60690
AT5G53590
AT4G37390
AT5G54510
AT2G23170

9.47E-03
4.54E-03
≤0.05
6.53E-04
7.77E-03
3.00E-04

auxin-responsive protein-related
auxin-responsive family protein
auxin-responsive family protein
YDK1 (YADOKARI 1); indole-3-acetic acid amido synthetase
DFL1/GH3.6 (DWARF IN LIGHT 1); indole-3-acetic acid amido synthetase
GH3.3; indole-3-acetic acid amido synthetase

1.81
2.17
1.24
-34.42
-1.60
-8.25

3.71
3.31
2.44
-20.80
-3.61
-47.02

4.35
2.98
2.46
-4.68
-4.88
-85.89

AT3G63210
AT5G08350

≤0.05
1.16E-03

MARD1 (MEDIATOR OF ABA-REGULATED DORMANCY 1)
GRAM domain-containing protein/ABA-responsive protein-related

1.16
1.00

2.67
1.89

3.20
2.24

4.98E-03
≤0.05
5.60E-04
9.14E-03
≤0.05
≤0.05
1.29E-02
≤0.05
1.11E-02
≤0.05
3.19E-03

BAP1 (BON ASSOCIATION PROTEIN 1)
ethylene-responsive element-binding family protein
ATGID1A/GID1A (GA INSENSITIVE DWARF1A); hydrolase
ARL (ARGOS-LIKE)
ARR5 (ARABIDOPSIS RESPONSE REGULATOR 5); transcription regulator
JAZ5/TIFY11A (JASMONATE-ZIM-DOMAIN PROTEIN 5)
ATGA2OX6/DTA1 (GIBBERELLIN 2-OXIDASE 6); gibberellin 2-beta-dioxygenase
ARR7 (RESPONSE REGULATOR 7); transcription/two-component response regulator
DWF4 (DWARF 4) response to brassinosteroid
AERO1 (ARABIDOPSIS ENDOPLASMIC RETICULUM OXIDOREDUCTINS 1)
GA4 (GA REQUIRING 4); gibberellin 3-beta-dioxygenase

1.95
1.44
1.31
2.46
1.18
1.20
-1.75
-1.80
-2.08
-1.37
-2.03

5.95
2.79
2.15
4.37
1.41
1.35
-2.09
-2.46
-2.74
-2.06
-2.16

9.85
3.03
2.66
2.49
2.11
2.01
1.28
-1.69
-1.76
-1.81
-1.87

Auxin
260427_at
251342_at
248243_at
262099_s_at
248163_at
245076_at

ABA
251169_at
246034_at

Hormone Response (other)
251336_at
247543_at
259302_at
267230_at
252374_at
261033_at
259445_at
259466_at
252184_at
259852_at
261768_at

AT3G61190
AT5G61600
AT3G05120
AT2G44080
AT3G48100
AT1G17380
AT1G02400
AT1G19050
AT3G50660
AT1G72280
AT1G15550
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251665_at
AT3G57040
267614_at
AT2G26710
251178_at
AT3G63440
247956_at
AT5G56970
253066_at
AT4G37770
259439_at
AT1G01480
HYPOTHETICAL PROTEIN
245906_at
AT5G11070
253830_at
AT4G27652
260744_at
AT1G15010
267357_at
AT2G40000
247585_at
AT5G60680
258402_at
AT3G15450
253832_at
AT4G27654
247177_at
AT5G65300
245677_at
AT1G56660
266545_at
AT2G35290
256442_at
AT3G10930
253643_at
AT4G29780
253859_at
AT4G27657
261405_at
AT1G18740
257925_at
AT3G23170
262452_at
AT1G11210
257407_at
AT1G27100
260227_at
AT1G74450
257154_at
AT3G27210
246001_at
AT5G20790
255255_at
AT4G05070
250098_at
AT5G17350
264512_at
AT1G09575
263799_at
AT2G24550
247047_at
AT5G66650
250399_at
AT5G10750
267261_at
AT2G23120
255733_at
AT1G25400

1.58E-03
7.72E-03
4.82E-03
7.36E-04
8.28E-04
1.93E-02

ARR9 (RESPONSE REACTOR 4); transcription regulator
BAS1/CYP734A1 (PHYB ACTIVATION TAGGED SUPPRESSOR 1); oxygen binding
ATCKX6/ATCKX7/CKX6 (CYTOKININ OXIDASE/DEHYDROGENASE 6)
CKX3 (CYTOKININ OXIDASE 3); cytokinin dehydrogenase
ACS8 (1-Amino-cyclopropane-1-carboxylate synthase 8)
ACS2 (1-Amino-cyclopropane-1-carboxylate synthase 2)

-1.33
-1.44
-1.96
-2.07
-1.57
-2.37

-1.98
-2.28
-2.68
-3.87
-3.99
-8.28

-2.00
-2.79
-3.44
-5.62
-6.23
-11.23

1.80E-04
1.99E-04
9.94E-04
3.66E-03
2.17E-04
4.11E-03
8.09E-04
3.14E-04
1.21E-04
5.44E-04
1.16E-03
4.68E-03
5.81E-03
2.60E-05
≤0.05
≤0.05
7.35E-05
1.40E-03
9.02E-03
≤0.05
1.11E-02
≤0.05
2.10E-03
3.08E-03
3.99E-03
3.57E-03
1.35E-03
9.46E-03

similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G35090.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G27657.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G01300.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G55840.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G45210.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G27450.1)
unknown protein
unknown protein
unknown protein
similar to unnamed protein product [Vitis vinifera] (GB:CAO63442.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G05300.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G12010.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G27652.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G74450.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G14450.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G11220.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G69900.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G18740.1)
Identical to Uncharacterised protein At3g27210 (Y-2) [Arabidopsis Thaliana]
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G43110.1)
unknown protein
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G03280.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G57610.2)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G31510.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G23790.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G24990.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G23110.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G68440.1)

14.26
14.56
4.51
4.35
3.75
2.07
3.90
2.51
2.50
2.17
-1.07
1.29
4.45
2.23
3.18
1.87
2.03
2.10
2.26
-1.03
2.70
1.47
1.13
1.51
1.37
1.71
2.05
1.44

56.87
29.15
13.27
12.63
14.24
11.16
13.09
11.61
9.41
8.35
4.94
5.38
9.17
5.15
7.67
4.54
4.80
5.43
5.36
4.27
5.17
2.86
2.45
3.69
3.99
3.50
2.89
2.66

66.89
41.22
21.32
20.92
18.93
18.03
15.70
13.87
13.57
12.74
12.20
11.76
11.15
10.55
10.20
9.82
7.92
7.73
7.04
6.19
4.69
4.50
4.31
4.31
4.08
4.02
3.85
3.75
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256891_at
247214_at
267393_at
246270_at
249072_at
254921_at
246796_at
264467_at
249377_at
265184_at
265387_at
263613_at
258225_at
258196_at
259017_at
263067_at
257226_at
266474_at
253455_at
261318_at
264909_at
260686_at
250937_at
252040_at
264445_at
260673_at
258213_at
248432_at
264989_at
262399_at
257391_at
266473_at
247448_at
261456_at
257076_at

AT3G19030
AT5G64850
AT2G44500
AT4G36500
AT5G44060
AT4G11300
AT5G26770
AT1G10140
AT5G40690
AT1G23710
AT2G20670
AT2G25250
AT3G15630
AT3G13980
AT3G07310
AT2G17550
AT3G27880
AT2G31110
AT4G32020
AT1G53035
AT2G17300
AT1G17620
AT5G03230
AT3G52060
AT1G27290
AT1G19330
AT3G17950
AT5G51390
AT1G27200
AT1G49500
AT2G32050
AT2G31110
AT5G62770
AT1G21050
AT3G19680

1.12E-02
7.65E-03
9.17E-04
9.68E-03
4.47E-03
1.73E-02
1.76E-02
8.23E-04
≤0.05
7.05E-03
≤0.05
≤0.05
3.94E-06
6.68E-05
≤0.05
3.74E-03
1.25E-02
3.93E-03
7.21E-05
1.01E-02
1.86E-02
1.46E-02
3.83E-04
4.13E-03
1.67E-03
1.24E-02
1.48E-03
1.32E-02
6.60E-05
1.86E-02
3.01E-03
5.10E-03
9.02E-03
8.84E-03
2.74E-04

similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G49500.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G09960.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G07900.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G18210.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G04000.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G23530.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G05830.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G58420.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G41730.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G70420.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G32480.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G32020.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G52720.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G54200.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G48590.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G02390.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G23710.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G42570.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G25250.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G15358.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G35320.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G11890.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G60680.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G22070.1)
similar to unknown [Populus trichocarpa] (GB:ABK95086.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G75060.1)
Identical to Uncharacterised protein At3g17950 (Y-3) [Arabidopsis Thaliana]
unknown protein
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G40720.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G19030.1)
cell cycle control protein-related
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G42570.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G27880.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G76610.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G50040.1)

1.53
1.10
-1.10
-7.36
-1.30
-1.34
1.16
2.07
1.14
-1.42
2.96
1.83
1.11
1.18
1.34
1.15
3.08
1.18
1.74
1.13
1.30
1.11
1.78
-1.00
-1.06
1.30
-1.03
1.34
1.12
1.34
1.16
1.27
1.14
2.74
1.77

3.54
1.80
2.83
-2.34
2.03
1.40
2.42
3.62
1.89
1.72
4.82
2.70
2.14
2.06
2.42
2.49
3.71
1.62
2.49
1.93
2.02
2.01
2.12
1.77
2.08
1.87
1.64
1.82
1.86
2.03
1.78
1.34
1.72
4.23
2.67
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3.66
3.66
3.48
3.42
3.32
3.31
3.30
3.29
3.23
3.16
3.12
2.84
2.71
2.68
2.63
2.63
2.62
2.49
2.48
2.46
2.44
2.44
2.32
2.31
2.26
2.26
2.25
2.23
2.19
2.14
2.12
2.12
2.07
2.06
1.99

252036_at
AT3G52070
253737_at
AT4G28703
261066_at
AT1G07485
262565_at
AT1G34320
254050_s_at
AT4G25670
248887_at
AT5G46115
267063_at
AT2G41120
254632_at
AT4G18630
253122_at
AT4G35990
244952_at
ATMG00260
254374_at
AT4G21780
266596_at
AT2G46150
248423_at
AT5G51670
247933_at
AT5G56980
246982_s_at
AT5G04860
260363_at
AT1G70550
260277_at
AT1G80520
247773_at
AT5G58630
256188_at
AT1G30160
250744_at
AT5G05840
265083_at
AT1G03820
265186_at
AT1G23560
257398_at
AT2G01990
248685_at
AT5G48500
249920_at
AT5G19260
248282_at
AT5G52900
256759_at
AT3G25640
253173_at
AT4G35110
251940_at
AT3G53450
249752_at
AT5G24660
TRANSPORTERS

1.57E-02
1.33E-03
1.64E-02
≤0.05
≤0.05
7.73E-03
9.52E-03
1.10E-02
≤0.05
1.78E-02
8.58E-03
≤0.05
2.02E-05
≤0.05
1.84E-02
1.91E-02
8.84E-03
7.75E-04
4.51E-03
1.92E-02
1.64E-02
7.85E-03
1.50E-03
2.53E-04
1.29E-03
1.50E-02
≤0.05
1.42E-02
≤0.05
6.61E-03

similar to unnamed protein product [Vitis vinifera] (GB:CAO40812.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G04300.1)
unknown protein
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G08660.1)
similar to unknown protein [Arabidopsis thaliana]
unknown protein
similar to unnamed protein product [Vitis vinifera] (GB:CAO18305.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G45850.1)
similar to unnamed protein product [Vitis vinifera] (GB:CAO48202.1)
hypothetical protein
similar to unknown [Populus trichocarpa] (GB:ABK93184.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G54200.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G23160.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT4G26130.1)
similar to unknown protein [Arabidopsis thaliana]
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G23340.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G15760.1)
similar to hypothetical protein [Vitis vinifera] (GB:CAN78823.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G05540.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G55720.1)
similar to E6-4 [Gossypium hirsutum] (GB:AAY43793.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G70480.2)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G14630.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G10930.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT3G06020.1)
similar to unnamed protein product [Vitis vinifera] (GB:CAO49548.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G23100.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G16900.1)
similar to unknown protein [Arabidopsis thaliana] (TAIR:AT2G37210.1)
Response to low sulphur2. similar to unknown protein [Arabidopsis thaliana]

1.61
-2.15
-2.45
-1.28
-1.44
-1.07
-1.34
1.03
-1.11
-2.10
-1.21
-1.65
-2.65
-1.17
-1.31
-2.04
-1.33
-2.52
-1.60
-1.38
-1.08
-1.72
-2.18
-1.15
-2.98
-3.69
-1.68
-2.84
-2.48
-1.10

2.10
-2.12
-2.80
-2.02
-2.74
-2.01
-1.91
-1.80
-2.27
-1.84
-1.33
-2.95
-2.59
-2.65
-2.36
-2.49
-1.77
-3.13
-2.94
-2.06
-2.18
-4.22
-3.62
-2.46
-3.93
-5.30
-3.77
-6.56
-7.27
-5.48

1.61
1.60
-1.58
-1.69
-1.80
-1.88
-2.14
-2.14
-2.21
-2.22
-2.26
-2.27
-2.30
-2.33
-2.38
-2.43
-2.46
-2.68
-2.78
-2.83
-2.96
-2.98
-3.24
-3.35
-3.53
-3.75
-3.95
-4.19
-11.00
-11.18

≤0.05
2.55E-03
8.39E-03

CML38; calcium ion binding
ATBCB (ARABIDOPSIS BLUE-COPPER-BINDING PROTEIN); copper ion binding
CML37; calcium ion binding

6.84
1.50
1.78

17.43
5.97
6.70

31.25
14.09
13.62

Ion transport
259879_at
246099_at
249197_at

AT1G76650
AT5G20230
AT5G42380

163

256093_at
245749_at
246071_at
260135_at
249583_at
247280_at
264655_at
256011_at
245757_at
260327_at
252009_at
250053_at
254520_at
258216_at
256755_at
254743_at
266150_s_at
247426_at
260587_at
248058_at
254293_at
245572_at
258566_at
251973_at
254119_at
263865_at
257735_at
248164_at
256402_at
259801_at
248191_at
248190_at
246884_at

AT1G20823
AT1G51090
AT5G20150
AT1G66400
AT5G37770
AT5G64260
AT1G09070
AT1G19230
AT1G35140
AT1G63840
AT3G52800
AT5G17850
AT4G19960
AT3G17980
AT3G25600
AT4G13420
AT2G12290
AT5G62570
AT1G53210
AT5G55530
AT4G23060
AT4G14720
AT3G04110
AT3G53180
AT4G24780
AT2G36910
AT3G27400
AT5G54490
AT3G06130
AT1G72230
AT5G54130
AT5G54130
AT5G26220

7.15E-03
6.68E-03
7.37E-03
5.13E-03
1.29E-02
1.92E-03
1.14E-04
≤0.05
≤0.05
8.99E-04
≤0.05
5.70E-05
3.62E-03
≤0.05
≤0.05
1.44E-02
1.21E-02
≤0.05
≤0.05
≤0.05
≤0.05
1.55E-03
3.50E-03
≤0.05
4.70E-04
2.26E-03
3.61E-03
1.69E-03
1.91E-04
7.32E-03
≤0.05
9.56E-03
1.69E-02

zinc finger (C3HC4-type RING finger) family protein
heavy-metal-associated domain-containing protein
SPX (SYG1/Pho81/XPR1) domain-containing protein
calmodulin-related protein, putative
TCH2 (TOUCH 2); calcium ion binding
phosphate-responsive protein, putative
(AT)SRC2/SRC2 (SOYBEAN GENE REGULATED BY COLD-2); calcium and protein binding
respiratory burst oxidase protein E (RbohE)/NADPH oxidase
PHI-1 (PHOSPHATE-INDUCED 1)
zinc finger (C3HC4-type RING finger) family protein
zinc finger (AN1-like) family protein
cation exchanger, putative (CAX8)
potassium ion transmembrane transporter
C2 domain-containing protein Calcium-dependent lipid-binding
calmodulin, putative
HAK5 (High affinity K+ transporter 5); potassium ion transmembrane transporter
similar to protein binding/zinc ion binding [Arabidopsis thaliana]
calmodulin-binding protein
sodium/calcium exchanger family protein/calcium-binding EF hand family protein
C2 domain-containing protein, calcium binding
IQD22 (IQ-domain 22); calmodulin binding
PPD2 (PEAPOD 2)
GLR1 (GLUTAMATE RECEPTOR 1)
glutamate-ammonia ligase
pectate lyase family protein
ATPGP1 (ARABIDOPSIS THALIANA P GLYCOPROTEIN1); calmodulin binding
pectate lyase family protein
PBP1 (PINOID-BINDING PROTEIN 1); calcium ion binding
heavy-metal-associated domain-containing protein
plastocyanin-like domain-containing protein
calcium-binding EF hand family protein
calcium-binding EF hand family protein
ChaC-like family protein response to cadmium ion

2.00
2.38
1.38
3.25
2.61
1.35
2.28
1.40
1.98
1.85
1.42
1.29
-1.22
1.23
1.23
-1.01
1.37
1.03
1.01
1.22
-1.02
1.14
-1.27
-1.09
-1.24
-1.28
-1.01
-2.49
-1.25
-1.47
-2.36
-2.19
-1.59

5.79
5.33
7.35
5.46
4.65
3.44
4.03
3.41
4.52
3.38
2.29
2.57
1.49
2.57
1.84
1.48
2.95
1.83
1.68
1.77
1.35
1.34
-2.35
-1.92
-1.74
-1.67
-1.60
-2.54
-2.51
-2.29
-3.12
-3.11
-5.64

164

11.82
10.59
8.18
5.90
5.48
5.27
5.12
4.83
4.44
4.36
3.92
3.36
3.17
2.96
2.88
2.87
2.76
2.72
2.34
2.13
2.13
2.02
-1.71
-2.13
-2.13
-2.27
-2.29
-2.34
-2.64
-2.79
-3.74
-3.89
-14.42

Electron Transport
252368_at
254120_at
252671_at
258299_at
261023_at
265228_s_at
257333_at
262525_at
267380_at
250176_at
264745_at
250752_at
254343_at
255284_at

AT3G48520
AT4G24570
AT3G44190
AT3G23410
AT1G12200
ATMG01190
ATMG01360
AT1G17060
AT2G26170
AT5G14400
AT1G62180
AT5G05690
AT4G21990
AT4G04610

2.59E-05
2.74E-04
1.68E-02
3.35E-03
≤0.05
3.34E-03
6.65E-03
≤0.05
≤0.05
1.31E-03
5.35E-03
2.92E-04
≤0.05
1.04E-02

CYP94B3 (cytochrome P450, family 94, subfamily B, polypeptide 3); oxygen binding
mitochondrial substrate carrier family protein
pyridine nucleotide-disulphide oxidoreductase family protein
alcohol oxidase-related
flavin-containing monooxygenase family protein / FMO family protein
ATPase subunit 1]; [AT2G07698, ATP synthase alpha chain, mitochondrial, putative]
cytochrome c oxidase subunit 1
CYP72C1 (cytochrome P450, family 72, subfamily C, polypeptide 1); oxygen binding
CYP711A1 (MORE AXILLARY BRANCHES 1); oxygen binding
CYP724A1 (cytochrome P450, family 724, subfamily A, polypeptide 1); oxygen binding
APR2 (5'ADENYLYLPHOSPHOSULFATE REDUCTASE 2)
CPD (CABBAGE 3); oxygen binding
APR3 (APS REDUCTASE 3)
APR1 (PAPS REDUCTASE HOMOLOG 19)

1.23
1.64
1.21
1.28
1.18
1.91
1.36
-1.22
-1.24
-1.03
-1.23
-1.83
-2.58
-2.02

4.35
5.63
1.95
2.01
1.48
2.98
2.17
-2.45
-2.35
-1.90
-2.35
-3.74
-6.46
-9.85

9.64
7.41
2.78
2.55
2.17
2.14
1.12
-2.09
-2.14
-2.79
-3.35
-4.93
-8.88
-15.69

3.62E-05
1.24E-02
1.87E-02
1.81E-04
≤0.05
5.19E-03
≤0.05

proton-dependent oligopeptide transport (POT) family protein
AAP3 (amino acid permease 3); amino acid transmembrane transporter
SYP21 (syntaxin 21); SNAP receptor
LOG2-LIKE UBIQUITIN LIGASE4, LUL4
ACR7 (ACT Domain Repeat 7) amino acid binding
proton-dependent oligopeptide transport (POT) family protein
ProT2 (PROLINE TRANSPORTER 2); amino acid transmembrane transporter

1.55
1.30
1.11
-1.33
-1.93
-1.49
-1.28

2.72
1.61
1.68
-2.29
-2.40
-2.36
-6.24

3.02
2.97
2.30
-2.08
-2.18
-2.69
-5.60

1.72E-03
2.14E-05
1.64E-02
1.46E-02
1.22E-02
≤0.05
1.44E-02

RHA3B (RING-H2 finger A3B); protein binding/zinc ion binding, chitin response
plastid-lipid associated protein PAP/fibrillin family protein
glycerol-3-phosphate transporter, putative/glycerol 3-phosphate permease, putative
nodulin MtN3 family protein
ATOCT6; carbohydrate transmembrane transporter/sugar:hydrogen ion symporter
MATE efflux family protein
SULTR4;2 (sulfate transporter 4;2); sulfate transmembrane transporter

1.10
1.50
-1.04
1.14
1.03
1.15
-1.10

1.73
3.85
2.93
2.00
1.62
1.72
-1.43

6.67
5.15
3.54
3.09
2.53
2.41
-2.05

≤0.05
3.42E-04

transcription elongation factor-related
WD-40 repeat family protein

-2.08
-2.26

-2.77
-3.25

-1.65
-3.28

Oligopeptide Transport
262281_at
246389_at
246453_at
256400_at
254300_at
262912_at
251752_at

AT1G68570
AT1G77380
AT5G16830
AT3G06140
AT4G22780
AT1G59740
AT3G55740

Transporters (other)
253140_at
258295_at
252414_at
260876_at
262756_at
264289_at
256244_at

AT4G35480
AT3G23400
AT3G47420
AT1G21460
AT1G16370
AT1G61890
AT3G12520

DNA ASSOCIATED
250809_at
249787_at

AT5G05140
AT5G24320
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OTHER
248868_at
254667_at
245602_at
266259_at
262170_at
260243_at
258188_at
248140_at
262803_at
261454_at
247393_at
257511_at
258535_at
256848_at
245229_at
254474_at
256927_at
267011_at
250448_at
263293_x_at
255376_x_at
245384_at
247793_at
254373_at
255178_at
264342_at
250808_at
248333_at
249991_at
266769_s_at
246387_at
257900_at
261177_at

AT5G46780
AT4G18280
AT4G14270
AT2G27830
AT1G74940
AT1G63720
AT3G17800
AT5G54980
AT1G21000
AT1G21090
AT5G63130
AT1G43000
AT3G06750
AT3G27960
AT4G25620
AT4G20390
AT3G22550
AT2G39230
AT5G10820
AT2G10880
AT4G03790
AT4G16790
AT5G58650
AT4G21730
AT4G08050
AT1G12080
AT5G05150
AT5G52390
AT5G18550
AT1G18930
AT1G77400
AT3G28420
AT1G04770

1.48E-02
5.91E-06
1.24E-02
≤0.05
≤0.05
5.24E-03
9.02E-03
1.42E-02
4.08E-03
≤0.05
1.23E-02
4.98E-03
1.91E-02
≤0.05
1.94E-04
≤0.05
≤0.05
3.11E-03
1.84E-02
1.90E-04
≤0.05
≤0.05
1.27E-02
≤0.05
≤0.05
≤0.05
9.31E-03
≤0.05
8.18E-03
1.44E-02
1.27E-03
1.57E-03
1.63E-03

VQ motif-containing protein
glycine-rich cell wall protein-related
Protein containing PAM2 motif which mediates interaction with the PABC domain
similar to pentatricopeptide (PPR) repeat-containing protein [Arabidopsis thaliana]
senescence-associated protein-related
similar to hydroxyproline-rich glycoprotein family protein [Arabidopsis thaliana]
MEB5.2
integral membrane family protein
zinc-binding family protein, similar to PLATZ transcription factor family protein
hydroxyproline-rich glycoprotein family protein
octicosapeptide/Phox/Bem1p (PB1) domain-containing protein
zinc-binding family protein, similar to PLATZ transcription factor family protein
hydroxyproline-rich glycoprotein family protein
kinesin light chain-related
hydroxyproline-rich glycoprotein family protein
integral membrane family protein
senescence-associated protein-related
Encodes a pentatricopeptide protein, lateral organ junction (LOJ)
integral membrane transporter family protein
transposable element gene
transposable element gene
hydroxyproline-rich glycoprotein family protein
PSY1 (PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1)
pseudogene of N-ethylmaleimide sensitive factor (NSF)
transposable element gene
contains domain PTHR22683 (PTHR22683)
AtATG18e (Arabidopsis thaliana homolog of yeast autophagy 18 (ATG18) e)
photoassimilate-responsive protein, putative
nucleic acid binding
transposable element gene
similar to hydroxyproline-rich glycoprotein family protein [Arabidopsis thaliana]
contains domain PROKAR_LIPOPROTEIN (PS51257)
male sterility MS5 family protein

1.25
2.43
1.07
2.24
2.33
-1.30
1.47
1.83
1.92
1.18
-1.04
-1.32
1.56
1.10
1.79
1.13
1.41
-1.49
-1.27
-1.42
-1.31
-2.40
-1.60
-2.11
-1.63
-1.15
-1.22
-1.04
-1.49
-1.11
-1.57
-2.93
1.10

3.26
4.76
2.60
4.12
4.53
1.36
2.84
2.78
3.13
1.87
3.04
1.42
2.20
1.68
2.01
1.98
1.87
-2.18
-1.78
-1.76
-1.51
-3.73
-2.92
-2.92
-2.40
-1.90
-1.65
-1.72
-2.61
-2.52
-2.90
-4.58
-5.47
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6.06
5.47
4.97
4.44
4.22
4.17
3.58
3.50
3.12
2.93
2.90
2.74
2.61
2.50
2.35
2.35
2.12
-1.97
-2.04
-2.05
-2.06
-2.20
-2.42
-2.61
-2.62
-3.00
-3.02
-3.02
-3.09
-3.10
-4.97
-5.94
-8.31

Appendix ll
Isolation of homozygous mutants. PCR screening of T-DNA insertion mutants used in
this study. Individual plant of the same T-DNA insertion were screened (Section 2.11.1).

Figure i. PCR screening of dreb2a-1 T-DNA insertion mutant. Genomic DNA extracted from individual
lines. A) T-DNA left border specific primer 'pAC161' with DREB2A gene specific primer 'DREB2AR1' is used
to identify the presence of T-DNA producing a 1422bp fragment. Sample of 9 independent lines screened
(60 lines screened in total). B) Gene specific primers 'DREB2AF6' and 'DREB2AR1' flanking the T-DNA are
used to identify lines homozygous for the insertion. Lines not homozygous, i.e. heterozygous lines, would
otherwise produce a 1230bp fragment. Sample of 9 independent lines screened (60 lines screened in
total). C) Controls for T-DNA screening process. Lane 1: WT genomic DNA, primers 'DREB2AF6' +
'DREB2AR1' (expected size 1230bp); Lane 2: WT genomic DNA, primers 'pAC161' + 'DREB2AR1' (expected
size 1422bp); Lane 4 & 5: no template controls for primer pairs used in Lane 1 & 2, respectively.

Figure ii. T-DNA PCR screening of ataf1-1 insertion mutant. Genomic DNA extracted from individual lines
for screening. A) T-DNA specific primer 'LBa1' with ATAF1 gene specific primer 'ATAF1.F1' (left) and
'ATAF1.R1' (right) used to identify the presence of two tandem inverted T-DNAs producing 1133 and
868bp fragments, respectively. Sample of 8 independent lines screened. B) Gene specific primers
'ATAF1.F1' and 'AFTAF1.R1' flanking the T-DNA were used to identify line 5 as homozygous for the
insertion. Remaining lines not homozygous, i.e. heterozygous lines, would otherwise produce a 1124bp
fragment. Sample of 8 independent lines screened. Controls for T-DNA screening process; WT: wild type
genomic DNA, primers 'ATAF1.F1' and 'AFTAF1.R1' (expected size 1124bp).
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Figure iii. T-DNA PCR screening of nac047-1 insertion mutant. Genomic DNA extracted from 8 individual
lines for screening. T-DNA specific primer 'LBa1' with NAC047 gene specific primer 'NAC047R2' (right 1-8)
was used to identify the presence of T-DNA producing a 878bp fragment. Gene specific primers NAC047F2'
and 'NAC047R2' flanking the T-DNA were used to identify lines homozygous for the insertion (left 1-8).
Lines not homozygous, i.e. heterozygous lines, would otherwise produce a 1062bp fragment. Control for
T-DNA screening process; WT: wild type genomic DNA, primers 'NAC047F2' and 'NAC047R2' (expected size
1062bp).

Figure iv. T-DNA PCR screening of nac019-2 insertion mutant. Genomic DNA extracted from 6 individual
lines for screening. A) T-DNA specific primer 'LBa1' with NAC019 gene specific primer 'NAC019F1' (left) and
'NAC019R1' (right) used to identify the presence of two tandem inverted T-DNAs producing 1142 and
791bp fragments, respectively. Sample of 6 independent lines screened. B) Gene specific primers
'NAC019F1' and 'NAC019R1' flanking the T-DNA were used to identify lines homozygous for the insertion.
Remaining lines not homozygous, i.e. heterozygous lines, would otherwise produce a 1068bp fragment.
Controls for T-DNA screening process; WT: wild type genomic DNA, primers 'NAC019F1' and 'NAC019R1'
(expected size 1068bp).
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Figure v. T-DNA PCR screening of cml38-2 insertion mutant. Genomic DNA extracted from 11 individual
lines for screening identified the insertion of two tandem inverted T-DNAs. A) T-DNA specific primer 'LBa1'
with CML38 gene specific primer 'CML38F1' producing a 1176bp product. B) T-DNA specific primer 'LBa1'
with CML38 gene specific primer 'CML38R1' producing a 780bp product. C) Gene specific primers
'CML38F1' and 'CML38R1' flanking the T-DNAs was used to identify lines homozygous for the insertion
(Lines 1, 4, 5, 7, 9-11). Remaining lines not homozygous, i.e. heterozygous lines, would otherwise produce
a 1080bp fragment (Lines 2, 3, 6, 8). Controls for T-DNA screening process; WT: wild type genomic DNA,
primers 'CML38F1' and 'CML38R1' (expected size 1080bp).

Figure vi. T-DNA PCR screening of zat10-1 insertion mutant. Genomic DNA extracted from 8 individual
lines for screening. A) T-DNA specific primer 'LBa1' with ZAT10 gene specific primer 'ZAT10F1' were used
to identify the presence of a T-DNA producing a 1144bp fragment. B) Gene specific primers 'ZAT10F1' and
'ZAT10R1' flanking the T-DNA were used to identify lines homozygous for the insertion. Remaining lines
not homozygous, i.e. heterozygous lines, would otherwise produce a 1068bp fragment. C) Controls for TDNA screening process using wild type genomic DNA. 1; primers 'WRKY46F1' and 'WRKY46R1' (expected
size 1129bp). 2; primers 'ZAT10F1' and 'ZAT10R1' (expected size 1092bp).
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Figure vii. T-DNA PCR screening of wrky46-1 insertion mutant. Genomic DNA extracted from 8 individual
lines for screening. A) T-DNA specific primer 'LBa1' with WRKY46 gene specific primer 'WRKY46R1' was
used to identify the presence of a T-DNA producing a 924bp fragment. B) Gene specific primers
'WRKY46F1' and 'WRKY46R1' flanking the T-DNA were used to identify lines homozygous for the insertion.
Remaining lines not homozygous, i.e. heterozygous lines, would otherwise produce a 1129bp fragment.
See figure above for controls for T-DNA screening process (Figure vi); WT: wild type genomic DNA, primers
'WRKY46F1' and 'WRKY46R1' (expected size 1129bp).

Figure viii. T-DNA PCR screening of wrky53-1 insertion mutant. Genomic DNA extracted from 8 individual
lines for screening. A) T-DNA specific primer 'LBa1' with WRKY53 gene specific primers 'WRKY53F1' (left)
and 'WRKY53R1' (right) used to identify the presence of two tandem inverted T-DNAs producing 1044 and
765bp fragments, respectively. B) Gene specific primers 'WRKY53F1' and 'WRKY53R1' flanking the T-DNA
were used to identify lines homozygous for the insertion. Lines not homozygous, i.e. heterozygous lines,
would otherwise produce a 960bp fragment. Controls for T-DNA screening process; WT: wild type genomic
DNA, primers 'WRKY53F1' and 'WRKY53R1' (expected size 960bp).
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Figure ix. T-DNA PCR screening of u1070-1 insertion mutant. Genomic DNA extracted from 24 individual
lines for screening. Sample of 8 lines screened. A) T-DNA specific primer 'LBa1' with U1070 gene specific
primer '1070R1' was used to identify the presence of a T-DNA producing a 981bp fragment. B) Gene
specific primers '1070F1' and '1070R1' flanking the T-DNA were used to identify lines homozygous for the
insertion. Lines not homozygous, i.e. heterozygous lines, would otherwise produce a 988bp fragment.
Controls for T-DNA screening process; WT: wild type genomic DNA, primers '1070F1' and '1070R1'
(expected size 988bp). Note: line 4 was discarded.

Figure x. T-DNA PCR screening of u652-1 insertion mutant. Genomic DNA extracted from 24 individual
lines for screening. Sample of 8 lines screened. A) T-DNA specific primer 'LBa1' with U652 gene specific
primer '652R1' was used to identify the presence of a T-DNA producing a 873bp fragment. B) Gene specific
primers '652F1' and '652R1' flanking the T-DNA were used to identify lines homozygous for the insertion.
Lines not homozygous, i.e. heterozygous lines, would otherwise produce a 1076bp fragment. Controls for
T-DNA screening process; WT: wild type genomic DNA, primers '652F1' and '652R1' (expected size
1076bp).
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Appendix lll
List of clones identified in Yeast One-Hybrid library screening.
HIS3+ clones resulting of yeast strain Y187 co-transformed with GAL4:AD cDNA library (prey) and
pHIS2.1:pXERO2 (bait). Cells plated on -leu/-trp/-his synthetic dropout media containing 50mM
3-AT. cDNA library inserts were amplified using pGADT7-Rec2 screening primers via yeast colony
PCR. PCR products were purified and sequenced using T7 sequencing primer. WT: clones from
untreated (22°C) and C: clones from cold treated (4°C/24h) library screen. The first 4 clones
listed encode transcription factors.
Clone ID

Locus

Gene

WT 1-1

At1g06160

ORA59

WT 3-1
WT 13-1

At4g38900
At5g05410

C 9-1
WT 14-1
WT 2-1
WT 3-2
WT4-1
WT4-2
WT 8-1
WT 9-1
C 1-3
C11-9
C 2-1
C2-8 /9
C 8-7

At2g01060
AT4g39260
At3g46010
At1g41880
At2g02510
At1g14450
At1g06680
At3g25920
At1g19350
At4g38680
At3g09070
At3g05880
At3g53110

C 8-10
C 9-4

At2g05380
At5g60390

C 11-2

At3g02400

C 1-1
C 1-2
C 1-4
C1-6
C 1-7
C 2-2
C 2-3
C 2-4

At5g57015
At1g15820
At5g38430
At4g17840
At5g44580
At5g05780
At5g09260
At1g69510

C 3-1

At3g57410

C3-2

At1g78630

cDNA description

OCTADECANOID-RESPONSIVE ARABIDOPSIS
AP2/ERF 59); transcription factor
bZIP
bZIP transcription factor
DREB2A DEHYDRATION-RESPONSIVE ELEMENT
BINDING PROTEIN 2
MYB
MYB-like transcription factor
GRP8
Glycine rich protein 8, nucleic acid binding
ADF1
Actin depolymerising factor
RPL35aB 60s ribosomal protein L35a
Unknown protein
Unknown protein
PSBP-1
Photosystem ll subunit P-1; poly (U) binding
RPL15
Plastid ribosomal protein CL15
BES1
Brassinosteroid (BR) signalling protein
GRP2
Glycine rich protein 2
GRP
Glycine rich protein
RCI2A
Rare cold inducible 2A
LOS4
Low expression of osmotically responsive 4
(DEAD-Box RNA Helicase)
GRP3
Glycine rich protein 3 short isoform
EF- α
Elongation factor 1-alpha (calmodulin
binding, translation elongation factor activity)
FHA
Forkhead-associated domain-containing
protein
CKL-12
Caseine kinase like 12
LHCB6
Light harvesting complex PSll, subunit 6
RBCS1B Rubisco small subunit 1B
Unknown protein
Unknown protein
RPN8a
putative 26S proteasome subunit
VPS20.2 Vacuolar protein sorting associated 20.2
CRP19
cAMP-regulated phosphoprotein 19-related
protein
VLN3
VILLIN3, Ca2+-regulated involved in actin
filament bundling
EMB147 Embryo defective 1473, structural constituent

bp
sequenced
197
526
275
544
276
451
452
350
161
487
477
204
301
404
401
270
192
477
459
499
507
472
510
292
428
355
535
305
301
172

C3-3/4

At3g12120

3
FAD2

C 4-1
C 4-2

At1g48630
At4g37930

RACK1B
SHM1

C 4-3
C 4-4
C 4-5
C 4-6
C 4-7
C 4-9
C 4-10
C 4-11
C 4-12

At2g24090
At1g79040
At2g25910
At4g21960
At1g67090
At1g09750
At4g28750
At1g58684
At2g34410

PRPL35
PSBR

C 5-1

At1g20340

DRT112

C 5-3
C 5-4

At3g62030
At5g23090

ROC4
NF-YB13

C 6-1
C 7-2

At3g08580
At1g27950

AAC1
LTPG1

C 8-1
C 8-2
C 8-5

At1g30380
At1g72610
At3g51260

PSAK
GLP1
PAD1

C 8-6.1
C 8-6.2
C 8-8

At3g57010
At1g22520
At1g79750

C 8-9

At3g63410

C 8-11
C 8-12
C 8-13

At1g29930
At2g19730
At2g18020

C 9-1
C 9-2

At2g01060
At4g25640

C 9-5
C 9-6
C 9-8
C 9-9
C 10-1
C 10-2
C 10-6
C 10-7
C 10-8

At5g62540
At5g55850
At1g78900
At1g71840
At4g29670
At2g04360
At3g13300
At4g30330
At2g33800

PRXR1
RBCS1A
PSAE-1
RWA3

NADPM
E4
VTE3
CAB1
RPL28A
EMB229
6
ATDTX3
5
UBC3
NOI
VHA-A
ACHT2
VCS
EMB311

of ribosome
Fatty acid desaturase 2, Lipid metabolic
process
Receptor for activated receptor kinase C
Mitochondrial Serine
hydroxymethyltransferase 1
Plastid ribosomal protein L35
Photosystem ll subunit R
3'-5' exonuclease domain-containing protein
Electron carrier, peroxidase
Rubisco small subunit 1A
Aspartyl protease family protein
Photosystem ll assembly
40S Ribosomal protein S2
REDUCED WALL ACETYLATION 3,
polysaccharide O-acetylation
DNA-DAMAGE-REPAIR/TOLERATION PROTEIN
112
peptidyl-prolyl cis-trans isomerase
Nuclear factor Y, subunit B13, DNA binding
transcription factor
Mitochondrial ATP:ADP antiporter
GLYCOSYLPHOSPHATIDYLINOSITOLANCHORED LIPID PROTEIN TRANSFER 1
Photosystem l subunit k
Germin-like protein 1
20S Proteasomal α subunit P D , interacts
with SnRK
Strictosidine synthase family protein
Unknown protein
Arabidopsis NADP malic enzyme 4

288
590
399
546
414
527
499
555
153
394
326
637
313
490
529
377
590
438
380
407
409
356
460

Vitamin E biosynthesis, methyltransferase
activity
Chlorophyll A/B binding protein 1
60S ribosomal protein L28
Embryo defective 2296, structural constituent
of ribosome
MYB-like transcription factor
Detoxifying efflux carrier 35

467

Ubiquitin conjugating enzyme 3
Putative nitrate induced protein
Vacuolar ATP synthase subunit A
Transducin family protein/WD-40 repeat
Thioredoxin family protein
Unknown protein
VARICOSE, mRNA decapping
Small nuclear ribonucleoprotein
Embryo defective 3113, ribosomal protein S5

388
148
300
181
463
523
365
303
233

393
394
350
544
436

173

C 10-9
C 10-11
C 11-1
C 11-3
C 11-4

At4g34490
At3g22890
At5g59880
At4g34350
At5g13850

C 11-5

At1g70600

C 11-7
C 13-3

At2g24600
At1g67430

C 14-1

Atcg00520

3
CAP1
APS1
ADF3
ISPH
NACA3

YCF4

protein
Cyclase associated protein 1, cytoskeleton
ATP sulfurylase 1
Actin depolymerising factor
Isoprenoid synthesis
Nascent polypeptide associated complex
subunit alpha like protein 3
Structural constituent of Ribosomal protein
L18e/L15
Ankyrin repeat family protein
60S ribosomal protein L17, RNA methylation,
translation
Encodes a protein required for photosystem

345
422
435
348
493
514
395
441
284

174

Appendix IV
Promoter sequences of target genes analysed in Chromatin Immunoprecipitation
(ChIP) experiment. DREB2A:GFP fusion protein was immunoprecipitated and PCR was
used to determine if the DNA fragment of target genes of interest was bound by
DREB2A. Genes examined include XERO2, COR15A, RD29A and HSFA3. Black arrows
indicated primer positions. The following cis-elements are indicated; Blue arrow
(CRT/DRE element), Red line (ACGT core), Green line (MYC site), Dashed line
(Palindrome sequence). All sequences are upstream of the ATG translational start site.
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Appendix V
Promoter sequence analysis identifying cis-regulatory elements in the promoters of genes
examined in the T-DNA insertion mutant qRT-PCR study. The 1000 base pair promoter sequence
upstream of the ATG start codon of selected genes were analysed using PLACE
(http://www.dna.affrc.go.jp/PLACE/). Cis-elements likely to be involved in abiotic stress responses
are highlighted by colours as indicated below. Bold and underlined sequences indicate palindromic
regions. Red sequence indicates 5' untranslated region and predicted transcript start site. Gene
name, locus number and the length (base pairs) of upstream promoter sequence analysed are
indicated.
ACGT, CRT/DRE, MYC, WBOX/WRKY, MYB,
region (UTR), PALINDROME, Z-DNA forming

TATABOX,

Untranslated

XERO2; At3g50970 (598bp)
cttttaacaccaaaaatctgaaacaacagcatgaaaaaagcattaggattcagagataaatgagagctaaag
cttcaaaatcatacctttttcaattccttcctgatgcgaagaagaaaaataaaaaaacacagcttgagaaat
cgaaatcaaagcttttttcctttctttactaacaatttcaaaaaatcaaaagatgaacaacaaaggtggaag
aaacataccaaacgacatcgttttttagtttagtaaaagatatgcattattgggcctttcatatctaaaggc
ccacaggcccatataagttaaaattacgtcggtcgctaaccactactacaccgacgtcttacttgccatgtg
tgtgtgactcttaatcaattacgaattgaatatattacttttacgatgtcggccaacacgtattgagtaaaa
tatctatgtgatgatgaattcctatccaaaatgaaatttgcatctctataaaagtatcattcaagagatcat
taatcttcatcgatcaaagtcttgaatatttcatctatatatacctaagaaagaaaagagttaaagaagtat
attttcgattcaaagaagaaaa

ATG
XERO1; At3g50980 (627bp)
attgattaacaacttgtttaagcttattttaagtatttgtgtggtgtaataatatgatgatgtggctttctt
tcattgagtcgctaaataatatatgtaagtgatggatctttgaattaatataaaatatctacttctggtttc
gtttatttatctttctatcgcttcaactattccatgttattaaaatacttgtgagttgtgacacatacaacc
acgtataattcacatgtaattatttggtaattcaattctttacaagtttatatgttcttttgcatacaagtt
atcagggaaacgaccgcagttgtttggcaatgtatattactcaggttttcaattcaggcccatacggcccaa
ataagttgtttttacggatatcgagttaaaagaggtgtgtcgattataacggacatgtgtcacactaaccac
aaaaccaacgtcttacgtaatcgccacgtgtgtcacttcaacgcaatttgataataatcataatactatatg
tgattatgatccctatccaaagttgcggttctataaaaataccattcaagagcgtatacatctttatccatc
agtgtcttaattttgtctatagctaaaaaaaggttcaattgtaaaaggaatATG
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CBF1; At4g25490 (1000bp)
tctttttttccctctttgttgtgtcttcttttctcctaaatgtcaataacgtgagagcgagaggtaacgaga
gagatatttttgtcagcgaatatatttcatgcatatcttattgtgaagattttttataccttttttttgtca
atacaatatagctattattgagattgagatattttgtgggaattattgggattcaagataacttgctatttt
gtattggtctaatccttcgcttagtcctgtcctggtccatttacatgtttttggttatagtttgtttaaact
gaataattttgttcatcatatgcatttatgactcatttttaaccgtccatcgaaattgataattatccatta
ccaaatctgattaatttttttaaaaaatcaagcttttctatattgtagtattatttttggttaaatattagg
acatctacttccaatacaaatactacatgagtatttaaaatatcatttcacagagatatttatgtctattat
gttatagacgggtgacaattaatgacaatttgtttattcataggaatttaaaaacgattgtaacaacagcag
ccagccaaccacacaggcacacactcgatagaatttaaagaactcataaaggttaacgagtgaagagtcaaa
agtctctttacaagggtcaaaggacacacgtcagacagcgagtggaacatcgtgggattgcttcgctatgta
ctatacacgtgtcattcacagagacaaaaactccgtgtgctccccacatatccgttatctctcctccggcca
atataaacaccaattctcactctcactttttatactaactacacacttgaaaaagaatctacctgaaaagaa
aaaaaagagagagagatataaatagctttaccaagacagatatactatcttttattaatccaaaaagactga
gaactctagtaactacgtactacttaaaccttatccagtttcttgaaacagagtactctgatcaATG

CBF2; At4g25490 (1000bp)
cttttgccaaattacacaaaccctatcttgtctctcacatatatatccaattaatacacccctgccacttgt
taattctcgaccatgtatgtatacttatgtaaagaatatccaaaagctttctttttgttccttcgattttaa
gcaacttgtgttctcatttctcaatatcttaaagaaatcctgagtaaaaaagtttatagcctccgtgaatct
taggaaattactctagcatattcaaattttttgaaacaatatataaatttttctgaataattaaatttacat
atctatgctacgaaacttgattaattaaatcaaatatatatatatatatataataataataataataatata
acattttttttaggacacaaatatctaatctcactatactctagaagtatttgcaatgcacgatatgtgaat
ggagaaaagacagaaagagcatttgaaaatatctcgtttcacggatcattatgtctaattattttaccatag
aaaagcgacaattataaacaatttgttattcgtggaaaaataatatttaataatggttgtcgtaccctataa
actacagccacacattcatacaataagaagttaaaaaaattcataccctaaaggcatcaaccagtgaagggt
cagaaacttcccaagatgggtcaaaggacacatgtcagattctcagtgattgacagccttgataattacaaa
accgtgggatcgcttagctgtttcttatccacgtggcattcacagagacagaaactccgcgttcgaccccac
aaatatccaaatatcttccggccaatataaacagcaagctctcactccaacatttctataacttcaaacact
tacctgaattagaaaagaaagatagatagagaaataaatattttatcataccatacaaaaaaagacagagat
cttctacttactctactctcataaaccttatccagtttcttgaaacagagtactcttctgatcaATG

CBF3; At4g25480 (1145bp)
tctcataaatctaacacaccccaccatttgttaatgcatgatggtagaaaatattaaatataattaactact
tttatgtgatcaaaattaggtttcagactcgtttcgcgatccgatctacaattacaactgcatgcttctaat
tgatctaaattctaaattttttatacatattaaaaaaacaactttttgttaaattctcaatcatcatttttg
tgattaacaattttttataactctaaaccaataatatttgattatttattttatatgtataatgatgattga
gaattttaattagcagtctatttagggttttcctaaagttacaatatgttgttacccttctagttaaatttt
ccaaaataccatatttcataacttttcaaactgtttattaattcaaccgtaaaaagcactaaaatgttacat
ttgatcattcacccaaattaaattcaaaagtttttccgccaaaactacttggtgacttacgtgcttatatac
ggacgactattattatgttctatacttttttatactttgttgcacaaatatctactctcccaattcatattc
tagaaggatgtgctataagaatgggagaaattacacaagaagagcatctttaaatatcctctcacaatcttt
atgtctaatacacgggtgaacaattaacgacaatttctttattcaggaatataataatgaataacggttacc
ctacacctagtacactaaatccttaacagccacacattcatacgcaaagagtttataaaactcataaaggta
taataataacgagtgaataagtcaaaaaaagtcttctctggacacatggcagatcttaatgagtgaatcctt
aaactactcattttacaattgcttcgctgtgtatagtttacgtggcattaccagagacacaaactccgtctt
cgccttttcttttgcctctaaaatatcttccgccattataaaacagcatgctctcactccaacttttattta
tctacaaacattaaatccacctgaactagaacagaaagagagagaaactattatttcagcaaaccataccaa
caaaaaagacagagatcttttagttaccttatccagtttcttgaaacagagtactcttctgatcaATG
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CML38; At1g76650 (1000bp)
ttgcttacgttacgttatatcttgtttaagaattaaacctatcgacttagtcttaattaagaaaacattgcc
ttaaattctctggtctgcgaccgtttttttgaccgttaacccctaattaaagaaacaaaataattatagaaa
gagcactgaaatgtgattattttaacagtactcttatgagaaaattcgtactttttagttttttttttgtac
aaatctctaagaaaaacactactactaattaagaaacgtttcaaacaattttattttcgttggctcataatc
tttctttctcggtccgggactaaccgttggcaaaaaaaaaaaaaaagttgacaataattattaaagcgtaaa
tcatacctctcaaataaaaacttgaatttggaaacaaagacaactaaaaaactcgaatttaagagaattcct
aaaatcaagtgaagtatcatcacttggtaaaatttcataaccgttggcttctatttctatgtgtgccttggt
ttgcaggagataatatttcatttccaaccaatgatattcgtacacatagtcaaacaaatgtttgtctttgtt
attatattgagaaagaaacaagaaagagagagagagatagataagacgaaggaagtgaagcttccaagcgcc
caccgttaaaaatctcgtgtgcaagtttcaaatacaagtggccggtggtctccataatttgatcgtcatcca
attaaaaaggaagaaaaagcgtgttttatacaagaaaactcattaaaataaaagtccaaaatatctaaacac
taatctaccacgtctattacacacacacacacacacttgatcttaatttattttcaagattcaagaaaatac
ccattccattaccacaacttgaccacacgcctatatataaaacataaaagccctttcccctatttctcattc
acttttcatttcaaaagtaaaacaagacaaacaaaaaatacacttaaccatttatttttctctcATG

COR47; At1g20440 (1192bp)
aaaggattagaggagtaatggcatgttagtaatttacccgaaaaatatctgcaatctagctttagccgacgt
gtctaatggcccacatgaccgacatctatgcttaaagccaatcaaagccgaccattcagctccatgtgtggg
cccgttcccacctcttttaatacgtgtcagtaaattattggttcaattcatgccttctacattattctgttt
ttcttctaattcgtcctaacttctattgtataattagtctttccatttagtactgatcctttggctagataa
ttctgttaatacttaatagttcggttataattcttcccttttaatttgcccctttatttatagtatatttta
cagatacaacctgaaagtcttaaaagagttggaaacatcacttttgaagtttgaaatttctttcatatgctt
tttatataatatttttcaacaagtaagtgaagtaaaatgtcaaaacgatttaaaataaaaatcaagaaaaag
gttttaaaaaattgttaacttctatttccgggcaaattatgtagtgttttgttgttttttgttacaaaaagt
ttgaaataataggatggtgacacaacatcaaattcaaattccaaacaactacataacatatatgccaagtcc
attgaaactctttaaattatacatctgttatccttttaaatctgataaaatgcaatacaataatagattaaa
aggatgtacttcaaccacgtaaccatagaccattgattaatccaaaacaaaaccatagaccatagttcgata
cagcttctgttgataaaagtacatgactatgcgattatctaatattagtttaactcttcatctatatattaa
aaacatatatcgtttaaattaagaaaaaagtggtgatactgatatcatgatattcatctaccgacttcaaga
aataagaggggtcattatacaattcaagaaataaatatccatctttttggatcattttaaaaataattaaat
ctttacagcgttacctccgcgttggcctggacccttctcttgacactataaaaaccccactctctcttatct
catcacaaacattactcattcacaaaaccatcttaaagcaactacacaagtcttgaaattttctcatatttt
ctatttactatataaacttttaatcaaatcaagattaactATG

RD29A; At5g52310 (1000bp)
tttaatctgagtcctaaaaactgttatacttaacagttaacgcatgatttgatggaggagccatagatgcaa
ttcaatcaaactgaaatttctgcaagaatctcaaacacggagatctcaaagtttgaaagaaaatttatttct
tcgactcaaaacaaacttacgaaatttaggtagaacttatatacattatattgtaattttttgtaacaaaat
gtttttattattattatagaattttactggttaaattaaaaatgaatagaaaaggtgaattaagaggagaga
ggaggtaaacattttcttctattttttcatattttcaggataaattattgtaaaagtttacaagatttccat
ttgactagtgtaaatgaggaatattctctagtaagatcattatttcatctacttcttttatcttctaccagt
agaggaataaacaatatttagctcctttgtaaatacaaattaattttcgttcttgacatcattcaattttaa
ttttacgtataaaataaaagatcatacctattagaacgattaaggagaaatacaattcgaatgagaaggatg
tgccgtttgttataataaacagccacacgacgtaaacgtaaaatgaccacatgatgggccaatagacatgga
ccgactactaataatagtaagttacattttaggatggaataaatatcataccgacatcagtttgaaagaaaa
gggaaaaaaagaaaaaataaataaaagatatactaccgacatgagttccaaaaagcaaaaaaaaagatcaag
ccgacacagacacgcgtagagagcaaaatgactttgacgtcacaccacgaaaacagacgcttcatacgtgtc
cctttatctctctcagtctctctataaacttagtgagaccctcctctgttttactcacaaatatgcaaacta
gaaaacaatcatcaggaataaagggtttgattacttctattggaaagaaaaaaatctttggaaaATG
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COR15A; At2g42540 (1000bp)
ttcacaagtaataatagatcttgtccgttgaatttattttagactttttttttaatggacttcattttaaat
ttttacaaaattaaattattgcattttctatttcatattgaattaggagatgttactgtccgtcagattctc
tagacttttttttttaaagactgatctatgatcagaattccaattttttttttctttaaggaaatacatcag
agagaaaaattattacgaaacgattctattacaagtaatgattttaacctttttttttttacaattgacaat
cttttcacaacaaaaatccacaagaaacgttagacaatggcataaatttatttaaattaatccgtatatatt
cgccttctatgagaattgaattctataccactgtaaaattcttaaacgagataagattattttcagcatgta
aaaaatggtttgtggtttcaactcatttgggctattagttttacatttaggcttgcaaccttgtcggtttat
tttgtgtaggcttttggtagatttgggcttgcaaacccaaattaacttgttggccgacatacatttgtttct
attacaaatttaacaacaaacgtcaataaatacacgtgaaggaaatgagaacgaccctcttaagtagtactg
gaaattgaaaaaaagaaatctagaaatgctaacatgtaagtttttgttaccaaaaatgcaatttgtatgtag
ccacaatttcatggccgacctgctttttttttcttcttctttctgaaaaccacaaatatgattacacgtggc
ctgaaaagaacgaacagaaactcggtaatgtgcaaaaaatatcttactcttaatacgtgtaattttggagtg
taataggtctatcgatctataaaacgatactattggagattagattcttctcatctcactttgttcatctaa
aaactcctcctttcatttccaaacaaaaacttctttttattctcacatcttaaagatctctctcATG
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Appendix VI
Summary of upstream genes in promoter analysis. The promoter analysis examined the 1000
base pair (bp) region upstream from the ATG start codon of a selected gene (Figure 4.12). The
distance (bp) upstream is defined by the space between the gene of interest's ATG start codon
and the upstream gene's stop codon.
Promoter analysed
XERO2 (At3g50970)
XERO1 (At3g50980)
CBF1 (At4g25490)
CBF2 (At4g25470)
CBF3 (At4g25480)
COR47 (At1g20440)
COR15A (At2g42450)
RD29 (At5g52310)
CML38 (At1g76650)

Gene upstream
PLP3A (At3g50960)
XERO2 (At3g50970)
RS4 (At4g25500)
CBF3 (At4g25480)
CBF1 (At4g25490)
ERD10 (At1g20450)
Protein Kinase superfamily protein (At2g42550)
LTI65 (At5g52300)
Nucleotide-sugar transporter family protein (At1g76670)

Distance (bp)
598
627
2,605
2,266
2,917
2,570
1,229
1,524
1,853
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