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ABSTRACT
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Advisor:
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Vitis vinifera species are adapted for growth in moderate climates, so freezing temperature damage during
Ontario winters results in significant revenue loss for producers. Highly conserved Drought Response
Element Binding 1/C-Repeat Binding factor (DREB1/CBF) genes have been shown to be crucial in the
acquisition of frost tolerance, while Drought Response Element Binding factor 2 (DREB2) genes were
thought to function in drought tolerance. Seven CBF genes and two DREB2 genes were cloned from both
Vitis vinifera and the more cold hardy Vitis riparia. Vitis CBFs showed differing expression patterns
under ambient and cold conditions, with specific subsets expressed in leaf and bud tissues. Transcripts
for the two DREB2 genes were not observed in conditions where CBFs had been detected. Transient
transactivation assays showed that all Vitis CBFs but one and both DREB2 proteins could induce
transcription via the core C-Repeat (CRT)/Drought Response Element (DRE) promoter sequence element.
Investigation revealed that the C-terminal hydrophobic domains present in CBF6 but absent from CBF5
contributed to activation. Predicted PEST motifs in both CBF4 and DREB2-3 affect activation by CBF4
only. Further investigation found that CBF and DREB2 proteins had a preference for the sequence
surrounding the DRE core based on their classification; CBF proteins preferred an AT-rich sequence,
while DREB2 proteins preferred a GC-rich sequence. From the evidence presented in this thesis, we
predict that Vitis CBFs and DREB2s have roles in different abiotic stress tolerance pathways, and that the
individual members of each of these families have different functions within their respective regulons.
Evidence from transient transactivation and overexpression studies suggests that Vitis DREB2-5 and
CBF8 may also have a role in the stomatal development pathway. Their overexpression induced a higher
stomatal lineage plus pavement cell density, similar to phenotypes previously found for Vitis
SPEECHLESS and ICE4. We hypothesize that these four proteins are involved in the first step of the
Vitis stomatal development pathway, an increase in stomatal lineage cells. How they do that remains
unclear, but the work presented here provides a basis of understanding to help direct forthcoming
investigations.
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Chapter 1: General Introduction
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1.1 An Introduction to the Ontario Wine and Grape industry
1.1.1

Wine grapes

Vitis vinifera is the most important species of grape for winemaking. Vineyards cover 15,074 acres of
land in Ontario, mainly located in the Niagara peninsula, Lake Erie north shore and Prince Edward
County (Grape Growers of Ontario, 2013). Ontario grapes generated a total farm gate value greater than
$88.6 million in 2013, making grapes the most valuable fruit in Ontario (Grape Growers of Ontario,
2013).

1.1.2

Cold sensitive Vitis vinifera versus cold hardy Vitis riparia

Due to their Mediterranean origin, Vitis vinifera species are best adapted for growth in warmer climates,
growing optimally between 50 degrees of latitude north and 40 degrees of latitude south (Mullins et al.,
1992). In comparison, Vitis riparia is a wild and freezing tolerant species, which thrives in northern
climates.

Since Vitis vinifera species are adapted to moderate climates, they are subject to seasonal low temperature
stress when grown in Ontario. Grapevine damage caused by freezing can occur in two forms. If buds are
damaged by abnormal cold snaps in the spring or fall, the crop will be affected for the following growth
season. If canes are damaged through extremely low winter temperatures (typically less than -20⁰C), the
vine can be permanently damaged, forcing the producer to replant and wait until the new vines reach
fruit-producing maturity which could take several years (Fennell, 2004; Caprio and Quamme, 2002).

1.1.3

Cold acclimation defends against freezing injury

In order to withstand freezing temperatures, grapevines must have structural and physiological
adaptations that minimize damage induced by frost. Vitis riparia is much more tolerant to freezing
temperatures than Vitis vinifera, it can withstand temperatures up to -40⁰C in some cases (Mullins et al.,
1992; Fennel, 2004). However, maximum frost tolerance is only reached after a period of low, nonfreezing temperatures, and maximum “cold hardiness” as measured by bud survival does not appear until
the January and February of a southwestern Ontario winter (Grape Growers of Ontario). The C-Repeat
Binding factor (CBF) pathway has been shown to increase freezing tolerance in many species (reviewed
in Wisniewski et al., 2014), and therefore is a key area of research to identify potential gene candidates
for use in long term breeding solutions for Ontario grape growers.
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1.2 The CBF pathway is Important for freezing tolerance
1.2.1

Initial discovery of the CBF pathway

The highly conserved CBF pathway is crucial in the regulation of plant responses to low temperatures that
eventually lead to freezing tolerance through the cold acclimation process (Chinnusamy et al., 2010). Of
the Arabidopsis genes involved for the cold-stress response, CBF genes are responsible for regulating the
expression of a significant proportion (Fowler and Thomashow, 2002; Chinnusamy et al., 2010).
The identification of a short cis-acting regulatory element in the promoters of several cold regulated genes
(COR genes) in Arabidopsis was responsible for the eventual discovery of the CBF gene family (Baker et
al., 1994). This C-repeat regulatory element (CRT; TGGCCGAC, core sequence underlined) was first
reported in Arabidopsis Cold Responsive gene COR15A which appears to work to stabilize chloroplast
membranes under freezing conditions (Lin and Thomashow, 1992; Baker et al., 1994; Thalhammer et al.,
2014). At the same time, while working with the Arabidopsis desiccation responsive gene RD29A, a 9-bp
regulatory element (TACCGACAT) containing the same core sequence was identified which was called
the dehydration- responsive element (DRE) (Yamaguchi-Shinozaki and Shinozaki, 1994).

Arabidopsis CBF1 was the first CBF gene to be identified (Stockinger et al., 1997). Arabidopsis CBF1
turned out to be part of a family of at least three transcription factors which bind to the C-repeat (CRT)
element to induce the expression of COR genes (Stockinger et al., 1997; Gilmour et al., 1998). The same
three genes were discovered independently by the group working with RD29A and then named DRE
binding factors 1 (DREB1B, DREB1C and DREB1A respectively)(Liu et al., 1998; Shinwari et al., 1998).

1.2.2

Cold perception via the circadian clock and calcium signalling

The circadian clock in plants is well-known to be controlled by light levels, but it can also be regulated by
temperature (Lindlöf, 2010). This observation prompted an investigation into the involvement of the
circadian clock in CBF expression. Indeed, the CBF pathway is under the control of the circadian clock,
as seen by the fluctuating expression levels of AtCBF genes over the course of a day (Chinnusamy et al.,
2010). AtCBF transcript levels are high after dawn and low in the evening of a set photoperiod (Mizoi et
al., 2012b). Both phytochromes and light levels have been shown to affect the expression of AtCOR
genes (Lindlöf, 2010). It was demonstrated that the expression levels of both CBF and COR genes in
Arabidopsis increased when plants were grown under low red/far-red light levels (Franklin and Whitelam,
2007). This was also seen in experiments performed with Eucalyptus; the expression levels of EguCBF1a
and EguCBF1b were higher in short days with low temperatures, than in long days with the same
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temperature treatment (El Kayal et al., 2006). It has been known for some time that freezing tolerance is
built by the combination of a shorter photoperiod, and a decrease in temperature (Lindlöf, 2010).

1.2.3

ICE and CAMTA genes

Inducer of CBF expression (ICE) protein is constitutively expressed and present in the nucleus of plant
cells, however activation of their target CBF genes occurs only under cold conditions (Chinnusamy et al.,
2003). Arabidopsis ICE1 and ICE2 are MYC-type basic helix-loop-helix (bHLH) transcription factors
which are activated by cold-induced post-translational modifications (Fursova et al., 2009; Chinnusamy et
al., 2010; Ding et al., 2015). AtICE1 preferentially binds to MYC recognition elements (CANNTG) in
the AtCBF3 promoter (specifically CACATG), and therefore allows for the expression of AtCBF3
(Chinnusamy et al., 2003; Chinnusamy et al., 2010). Arabidopsis ICE2 similarly induces the expression
of AtCBF1 (Fursova et al., 2009).

Posttranslational regulation of ICE activity is controlled by several proteins (Figure 1.1). AtHOS1 (High
expression of osmotically responsive gene) is an E3 ligase which targets AtICE1 protein for
ubiquitination under ambient and long-term cold stress conditions (Dong et al., 2006). Over-expression
of AtHOS1 represses the expression of AtCBF genes, as AtICE is no longer present to induce their
transcription. This in turn leads to increased plant sensitivity to freezing (Dong et al., 2006).
Sumoylation of AtICE1 by AtSIZ1 (SAP and Miz family SUMO E3 ligase) prevents its degradation by
AtHOS1 (Miura et al., 2007). AtSIZ1 is a SUMO E3 ligase that conjugates SUMO to proteins. This
sumoylation stabilizes and/or activates AtICE proteins to bind to AtCBF promoters, and induce the
expression of the CBF pathway (Figure 1) (Miura et al., 2007). Recently, it was also shown that
phosphorylation of AtICE1 by Open Stomata 1 (OST1) kinase stabilizes the protein, allowing it to
activate downstream genes and avoiding degradation (Ding et al, 2015). Under normal conditions, OST1
is inhibited by ABI1; however under cold conditions it is phosphorylated. OST1 interferes with the
interaction between HOS1 and ICE1 – which supresses HOS1 mediated ICE1 degradation under cold
stress.

Another type of transcription factor also activates CBF genes in Arabidopsis. CAMTA protein
(calmodulin binding transcription activator) has been shown to regulate AtCBF1 and AtCBF2 expression
(Doherty et al., 2009; Kim et al., 2013). The CG-1 domain of Arabidopsis CAMTA proteins has specific
DNA binding affinity to CM2 (conserved motif 2) sequences (CCGCGT) (Doherty et al., 2009).
AtCAMTA3 binds to this motif found within the AtCBF2 promoter to regulate AtCBF2 expression
(Doherty et al., 2009). It has been hypothesized that cold-induced calcium signals within the cell can
4

regulate CAMTA protein expression, due to their interaction with calmodulin (calcium modulating
protein). This regulation of CAMTA affects the entire signalling cascade, including expression of CBFs
(Chinnusamy et al., 2010).

In Vitis species, four ICE genes have been identified; ICE1, ICE2, ICE3 and ICE4. In addition,
alternative transcripts with different open reading frames were identified for ICE1, ICE2 and ICE4
(Rahman et al., 2014). All four ICE genes were found to be expressed both under cold stress conditions
and at ambient temperatures (Rahman et al., 2014). Using transactivation studies it appeared that all ICE
proteins, but especially ICE2 and ICE3, could activate the expression of a CBF4 promoter driven reporter
gene. The main source of activation appeared to occur through a specific MYC2g element (CACGTG;
Rahman, 2015). Recently, several CAMTA-like genes have been identified but these have only been
analyzed in silico in Vitis vinifera (Shangguan et al., 2014).
1.2.4

CBF genes and proteins

In Arabidopsis, CBF transcripts have been shown to accumulate within 30 minutes of cold induction
(Thomashow, 2010). Due to this rapid induction, the expression of downstream targets of CBF genes
can be detected within an hour of the stress induction (Thomashow, 2010). CBF genes in other species,
including grape, have been shown to have similar activation parameters (Benedict et al., 2006; Xiao et al.,
2006; Welling and Palva, 2008; Xiao et al., 2008; Barros et al., 2012; Artlip et al., 2013).

CBF proteins are classified within the ERF (ethylene-responsive element binding factor)/AP2
(APETALA2) transcription factor super family. This family is characterized by their AP2 binding
domains, first found in Arabidopsis APETALA2 (Riechmann and Meyerowitz, 1998). The DREB
subfamily includes the CBF/DREB1 transcription factors, and many members of this subfamily have
been implicated in abiotic stress responses in plants (Mizoi et al., 2012b). CBF proteins can be identified
by additional signature sequences including a putative nuclear localization signal
(PKK/RPAGxKFxETRHP) and a DSAWR domain of as yet unknown function. These two sequences
flank the AP2 domain (Jaglo et al., 2001; Canella et al., 2010).

1.2.5

The CBF regulon is involved in stress tolerance and development

Many studies, both past and present, have undertaken large scale analyses to determine the extent of
expression changes in COR genes following low temperature stress. Cold acclimatization directs changes
in plant cell physiology and biochemistry which are responsible for freezing tolerance (Doherty et al.,
2009). In Arabidopsis, this includes the accumulation of metabolites such as raffinose, sucrose and
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proline (Gilmour et al., 2004; Doherty et al., 2009). The production of cryoprotective polypeptides, such
as dehydrin and those encoded by AtCOR15a, are also important (Allagulova et al., 2003; Steponkus et
al., 1998; Doherty et al., 2009). AtCOR15a has been found to modify the inner membrane of
chloroplasts, which allows them to maintain fluidity and therefore continue functioning at lower
temperatures where freeze induced damage would otherwise occur (Steponkus et al., 1998).

Transgenic Arabidopsis overexpressing just one CBF gene from various plant species is sufficient to
increase freezing tolerance (Benedict et al., 2006b; Navarro et al., 2011; Siddiqua and Nassuth, 2011).
Constitutive over-expression of either Vitis riparia CBF1 (VrCBF1) or VrCBF4 increased freezing
tolerance in Arabidopsis compared to wild type, and increased expression of various Arabidopsis COR
genes (Siddiqua and Nassuth, 2011). The over-expression of VvCBF4 in Vitis vinifera cv. Freedom has
been shown to confer freezing tolerance and a dwarf phenotype (Tillett et al., 2012).

Constitutive over-expression of many CBFs in transgenic Arabidopsis, as well as other plants including
Brassica, eucalyptus, tomato, potato, and rice not only results in increased freezing tolerance but also
severe growth retardation (Gilmour et al., 2000; Jaglo-Ottosen et al., 1998; Navarro et al., 2011; Tong et
al., 2009; Chinnusamy et al., 2010). Altered regulation of genes in control of metabolism, growth
hormones and photosynthesis appears to contribute to this severe phenotype (Chinnusamy et al., 2010).

DELLA proteins are suggested to be an important link between CBFs and growth retardation (Achard et
al., 2008). At ambient temperatures, DELLA proteins in Arabidopsis are targeted for degradation by
gibberellic acid (GA)-regulated ubiquitination (Achard et al., 2008). However, when AtCBF1 is
expressed, either after cold induction or in transgenic plants, it allows DELLA proteins to accumulate,
which represses growth (Achard et al., 2008). CBFs can increase the accumulation of DELLA in two
ways. First, GA content within the cell can be reduced by the CBF-induced expression of GA2-oxidase
genes which inactivates GA and therefore reduces DELLA degradation (Achard et al., 2008). Second,
AtCBF1 can regulate the expression of DELLA synthesis genes, directly increasing DELLA accumulation
(Achard et al., 2008) (Figure 1). In Arabidopsis mutants where DELLA has been allowed to accumulate
due to a mutation in GA signalling, plants are dwarfed, darker green and exhibit late flowering and
freezing tolerance (Achard and Genschik, 2009).

The over-expression of VrCBF1 or VrCBF4 was also shown to induce growth retardation and increased
thickness in Arabidopsis rosette leaves (Siddiqua and Nassuth, 2011). This result was correlated with
induced expression of either AtGA2ox7 (with TGCCGACAC and ACCCGACCC elements in its
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promoter) or AtRGL3 (one of the multiple DELLA synthesis genes; with ATCCGCCTA in its promoter)
(Siddiqua and Nassuth, 2011). This result appears to suggest that these two CBFs activate gene
expression via different types of CRT elements. This specificity phenomenon has also been seen with
CBF proteins from other species. In barley, it is known that HvCBF1 has a binding preference for the
TTGCCGACAT sequence, and in Brassica napus, CBF17 was reported to have decreased sequence
binding specificity as compared to BnCBF5 (Xue, 2002; Gao et al., 2002).
A possible feedback loop might be present between CBF and ICE genes, which might affect both freezing
tolerance and plant development (Siddiqua and Nassuth, 2011). When Vitis VrCBF1 and VrCBF4 were
over- expressed in Arabidopsis, the stomatal density increased significantly compared to leaves from wild
type Arabidopsis. This increase in density was correlated with higher amounts of ICE1 transcript
(Siddiqua and Nassuth, 2011).
1.3 Differentiation between DREB1 and DREB2
1.3.1

DREB1 versus DREB2

The CBF/DREB1 transcriptions factors are not the only proteins known to bind to CRT/DRE ciselements, DREB2 transcription factors also do (Liu et al., 1998). Both are AP2 transcription factors and
were initially discovered through their association with the CRT/DRE element in the promoter of certain
stress regulated genes (Jaglo-Ottosen et al., 1998; Liu et al., 1998).
Based on the induction of their expression in response to drought stress, it has been suggested that
Arabidopsis DREB2 genes have a function in drought tolerance, as compared to the DREB1 genes which
were thought to function only in cold tolerance (Liu et al., 1998).
1.3.2

DREB2 genes and proteins

Interestingly it has been reported by several groups that DREB2 proteins from various plant species
require post-translational modification in order to be active (Sakuma et al., 2006a; Chen et al., 2009). In
Arabidopsis DREB2A the removal of a domain rich in serines and threonines, transformed the protein to
a constitutively active form which could transactivate a DRE containing reporter 30 times greater than the
wildtype DREB2A protein. The overexpression of the constitutively active form of the protein led to an
increase in drought and high temperature stress tolerance as well as increased expression of specific
DREB2A target genes (Sakuma et al., 2006b). AtDREB2A was shown to interact with DREB2Ainteracting protein (DRIP) 1 and 2 proteins which are RING E3 ligases, enzymes that attach ubiquitin to
proteins (Qin et al., 2008). It was suggested that the serine and threonine rich regulatory domain of
AtDREB2A is a PEST sequence which functions in as a recognition sequence to target the protein for
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ubiquitination. RING E3 ligases function as negative regulators by tightly regulating the amount of
available DREB2A protein through the 26S proteasome degradation pathway (Figure 1.2). This tight
regulation is important for proper plant development as drip mutants showed a stunted growth phenotype
and increased expression of stress-responsive genes under non-stressed conditions (Qin et al., 2008).
1.3.3

DREB2 regulon

Overexpression studies in Arabidopsis and tobacco have shown that DREB2 genes of many species,
including wheat, barley, millet, poplar, desert legume, and chrysanthemum can significantly improve
plant survival under drought, salinity and heat stress without adverse effects on plant growth (Shen et al.,
2003; Xue and Loveridge, 2004; Agarwal et al., 2007; Chen et al., 2009; Matsukura et al., 2010; Li et al.,
2014; Sadhukhan et al., 2014). However, several of these DREB2s require alternative splicing to produce
active protein under any conditions, including orthologues in rice, maize and wheat (Egawa et al., 2006;
Qin et al., 2007; Matsukura et al., 2010). This suggests that stress-induced alternative splicing in addition
to or as an alternative for post-translational modification is involved in the DREB2 stress response
pathway.
When constitutively active AtDREB2A was overexpressed in Arabidopsis it lead to growth retardation,
but appeared to upregulate the expression of genes known to be involved in drought stress, salt stress and
the heat shock response (Liu et al., 1998; Sakuma et al., 2006b). In contrast, the overexpression of
AtDREB2C, which was active without modification, resulted in an increased tolerance to heat stress with
no obvious effect on growth (Lim et al., 2007). AtDREB2C was later shown to bind to the promoter of a
heat shock factor HsfA3, which in turn activated heat shock protein genes responsible for heat stress
tolerance in Arabidopsis (Chen et al., 2010). In contrast, the overexpression of AtCBF1 resulted in up
regulation of genes involved in cold stress, but also resulted in growth retardation (Liu et al., 1998;
Gilmour et al., 2004). These results suggest that different genes are activated by CBF/DREB1 and
DREB2 genes, and that within the DREB2 regulon AtDREB2A and DREB2C may be part of different
sub-regulons as well.
1.4 The ICE genes are involved in stomatal development
1.4.1

Stomatal physiology

Stomata are pores on the surface of land plants surrounded by two specialized epidermal cells called
guard cells. Plants complete gas exchange and release water vapor through the stomata during
photosynthesis and transpiration. Stomata respond to a variety of abiotic stimuli including light,
temperature, salt, and drought. The development of stomata has been extensively studied in Arabidopsis.
Epidermal cells called meristemoid mother cells (MMC) initiate the stomatal lineage by an asymmetric
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‘entry’ division producing a small meristemoid and larger sister cell (Nadeau & Sack, 2002; Lucas et al.
2006). After as few as zero and many as three asymmetric amplifying divisions, meristemoids
differentiate into round guard mother cells (GMCs). The GMC then divides symmetrically to produce two
guard cells that guard the stomatal opening. The transition from meristemoid to mature guard cell can
occur within as little as 24 hours (Geisler et al. 2000).

1.4.2

Stomatal development changes in reaction to abiotic stress

As mentioned previously, stomata can use signals from the surrounding environmental conditions to
modify how the leaf responds to potential stressors. This includes changes in gene expression and in leaf
architecture. In Arabidopsis, AtMYB60 has been implicated in the regulation of stomatal movements. It is
only expressed in guard cells, and transcript levels decrease under drought conditions. Knockout
mutations result in plants with smaller stomatal openings and in decreased wilting under drought-like
conditions (Cominelli et al., 2005).
Arabidopsis plants under osmotic stress have been observed to decrease the number of epidermal cells
and MMCs in particular (Kumari et al., 2014). Similarly, poplar leaves developed under drought-like
conditions showed a significant decrease in the stomatal index as compared to those in normal conditions
(Hamanishi et al., 2012).
1.4.3

Stomatal differentiation involves SPCH, MUTE, FAMA and ICE

Three genes in Arabidopsis are responsible for the transition from protodermal cells to mature stomata.
SPEECHLESS (SPCH) controls the transition from meristemoid mother cells (MMC) to meristemoid
cells and is expressed in the developing leaf epidermis, specifically in MMCs (MacAlister et al., 2007).
MUTE controls the next step of the pathway where meristemoids transition to guard mother cells
(GMCs). It activates the transition to a GMC by terminating the stem-cell-like property of a meristemoid
(Pillitteri et al., 2007). MUTE is expressed in meristemoids and in GMCs (MacAlister et al., 2007;
Pillitteri et al., 2007; Pillitteri et al., 2008). The final transition from GMC to mature guard cells is
controlled by FAMA. FAMA is expressed in GMCs and young guard cells (Ohashi-Ito and Bergmann,
2006; Bergmann and Sack, 2007; Pillitteri et al., 2007) (Figure 1.3).
AtSCRM and AtSCRM2 are also involved in the differentiation of stomata (Kanaoka et al., 2008). These
genes are actually AtICE1 and AtICE2, and therefore the ICE genes are involved in both plant
development and cold stress tolerance. AtICE1/AtSCRM and AtSCRM2 form hetero-dimers with the
three other stomatal regulator proteins, AtSPCH, AtMUTE and AtFAMA, to control stomatal
differentiation (Figure 3) (Kanaoka et al., 2008). AtICE1/SCRM and AtSCRM2 are expressed strongly in
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the nuclei of meristemoids and GMCs, and moderately in immature guard cells. ICE1/SCRM is also
present in low amounts in mature guard cells. In the absence of both ICE genes, the epidermis of
Arabidopsis leaves consists solely of pavement cells, showing that stomatal cell differentiation does not
occur (Kanaoka et al., 2008).

In Vitis, paralogues of SPCH, MUTE and FAMA have been identified (Rahman, 2015). Their transcripts
could be detected in leaves supporting a similar role for these Vitis proteins as their Arabidopsis
counterparts. Overexpression of Vitis SPCH in tobacco leaves increased stomatal lineage and pavement
cell density and decreased stomatal index, while overexpression of MUTE increased GMC density
(Rahman et al., 2015). Two FAMA-like RNA sequences were cloned from Vitis, one encoding
FAMA(E) which functioned more similarly to AtMUTE promoting more divisions but less development
into mature stomata as compared to the other, FAMA(L), which increased the stomatal index
dramatically, similar to what was reported for Arabidopsis FAMA (Rahman, 2015; Ohashi-Ito and
Bergmann, 2006).
1.5 Objectives of this Project
The general purpose of this study was to determine potential roles for Vitis CBF genes within the CBF
and stomatal development pathways.
While the Arabidopsis CBFs have been investigated extensively, not much is known about the Vitis
CBFs. Vitis is a woody perennial and as such needs a more elaborate system to deal with cold stress and
dormancy during the winter season. Knowledge about the CBF family in Vitis will be important in
understanding how woody plants deal with cold stresses in general and if the members of the family have
differing roles in this response.
In addition, both CBF/DREB1 and DREB2 protein are known to activate via the CRT/DRE element, but
it is not known if these families have a preference for specific variants of this cis promoter element, and if
this preference could identify members of each individual regulon.
Since the upstream Inducer of CBF expression (ICE) gene is known to be involved in both the traditional
CBF pathway and stomatal development in Arabidopsis and Vitis, the question arose if the DREB genes
also have a role in the stomatal development pathway.
General Objectives:
1. To determine the extent of the CBF gene family in Vitis vinifera and Vitis riparia
2. To determine the difference in the regulon of the CBF/DREB1 and DREB2 genes in Vitis
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3. To determine if there is a role for these transcription factors in stomatal development
1.5.1 Hypotheses
The following hypotheses were developed:
1. The sequences of CBF proteins encoded by Vitis vinifera and Vitis riparia CBF genes are
different.
2. Certain Vitis DREB1/CBF genes encode proteins with roles in the CBF pathway, and they are
expressed at different times and in different tissues following a cold-stress induction period.
3. Vitis DREB1/CBF and DREB2 proteins have different preferences for specific DRE/CRT
element sequences.
4. Some Vitis DREB1/CBF genes encode proteins which are involved in stomatal development.
5. Stomata-specific factors, SPCH, MUTE and/or FAMA, regulate expression of some CBF or
DREB2 genes.

1.5.2 Specific Objectives
To address these hypotheses, this research will show the completion of the following objectives:
1. To obtain and compare the sequences of all CBF genes and specific DREB2 genes in Vitis riparia
and Vitis vinifera.
2.

To determine the expression pattern of Vitis CBF genes and specific DREB2 genes in control,
cold stressed and cold acclimated tissues.

3. To determine the ability and preference of Vitis DREB1/CBF and DREB2 proteins to activate via
the DRE or CRT promoter element.
4. To determine if DREB1/CBF proteins have a different preference than DREB2 proteins for
specific DRE/CRT sequence variants to activate transcription.
5. To characterize if any DREB1/CBF and/or DREB2 proteins have a potential role in the stomatal
developmental pathway.
6. To determine which stomatal development players may control the expression of DREB1/CBF or
DREB2 genes.
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Figure 1.1 The CBF pathway is involved in cold stress and development. ICE proteins (which are also involved in stomatal development; not
shown here) are targeted for degradation by HOS1 under ambient conditions (not shown). Under cold conditions, ICE proteins are stabilized by
either phosphorylation (P) by OST1 or sumolyation (S) by SIZ1 leading to their activation of CBF expression via the MYC promoter element
(CANNTG). CAMTA proteins can also activate CBF expression through the CM2 (CCGCGT) promoter element. CBF proteins then activate the
expression of various COR genes which function in cold tolerance. An increase in the level of CBF proteins can also negatively affect plant
growth and development by increasing DELLA protein levels directly, or indirectly.
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Figure 1.2 CBF/DREB1 and DREB2 proteins bind to the CRT/DRE element. However, the expression of these genes is regulated differently.
Some DREB2 proteins also undergo some as-of-yet unknown posttranslational modification in order to remain active and avoid degradation. The
downstream gene targets of these two proteins contain the CRT/DRE element in their promoters but are involved in regulons that provide
tolerance to different abiotic stresses, either frost or drought tolerance.
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Figure 1.3 Stomatal development in higher plants is controlled by three key players. SPEECHLESS (SPCH) is responsible for multiple cell
divisions of protodermal cells preceding further specialization into stomata. MUTE (and FAMA(E) in Vitis) control the differentiation into a guard
mother cell (GMC). FAMA (FAMA(L) in Vitis) is responsible for the conversion of GMCs to mature stomata (Davies and Bergmann, 2014;
Rahman, 2015). Which Vitis ICE is involved in which step is not yet clear.
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Chapter 2: Analysis of Vitis CBF proteins and their activity
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2.1 Abstract
Vitis vinifera is subjected to cold stress throughout Ontario winters which can lead to yield losses for
producers. In comparison, the wild Vitis riparia shows more tolerance for extreme low temperatures. The
highly conserved CBF pathway is crucial in the regulation of plant responses to low temperatures but is
thought to be involved in tolerance to other abiotic stresses and in plant development as well. Seven CBF
(CRT binding factor; an AP2 family transcription factor) genes were identified in the published genome
of Vitis vinifera. Our group previously reported on an additional member, VvCBF1, which is not present
in the current genome sequence (V2 annotation; 2015). Open reading frames (ORFs) of all but one
predicted CBF were cloned and sequenced from V. riparia and V. vinifera. The deduced species specific
amino acid sequences differ in only a few amino acids, mostly in non-conserved regions. However these
changes may affect the properties of the proteins. Vitis CBFs showed differing expression patterns in
ambient and cold stressed leaves and buds dependent on the age and tissue sampled from. Generally,
CBFs 1-4 and 6 are expressed in leaf tissue while CBFs 5, 6 and 8 are expressed in overwintering bud
tissue. Transient transactivation assays showed that all Vitis CBFs except CBF5 activate transcription via
a CRT/DRE promoter element. While the CBF proteins contain multiple conserved domains, the
hydrophobic domains in the C-terminal end of VrCBF6 were shown to be important for its level of
activation, and provide some insight into the lack of activity seen from VrCBF5. We hypothesize that
members of the Vitis CBF transcription factor family have different functions based on differences in
their sequence, expression patterns under normal and stressed conditions and preferences for the DRE or
CRT promoter element respectively.
2.2 Introduction
2.2.1 The CBF pathway
The CBF pathway is highly conserved and is thought to be involved in both stress tolerance and
development in all higher plants (Chinnusamy et al., 2006). This pathway is crucial in the regulation of
plant responses to low temperatures that eventually lead to freezing tolerance through the cold
acclimation process. Data from microarray experiments suggests that CBF genes regulate the expression
of approximately 12% of the 4-20% of Arabidopsis genes responsible for the cold-response (Fowler and
Thomashow, 2002; Chinnusamy et al., 2010). Although the pathway is highly induced by low
temperatures, it can also be induced by other abiotic factors including salinity and drought (Thomashow,
2010). The pathway is under the control of CBF transcription factors, whose expression is regulated by
Inducer of CBF Expression (ICE) and CAMTA transcription factors (Thomashow, 2010).
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Initial studies into the workings of the CBF pathway began with the discovery of a short 5-bp cis-acting
regulatory element that was found in one or more copies in the promoters of many cold regulated genes
(COR genes) in Arabidopsis (Baker et al., 1994). This cold regulatory element, known as C-repeat (CRT;
TGGCCGAC, core sequence underlined) was first studied in Arabidopsis COR15A which functions in the
cryoprotection and stabilization of chloroplast membranes (Lin and Thomashow, 1992; Baker et al., 1994;
Thalhammer et al., 2014). At the same time, while working with the drought inducible Arabidopsis gene
RD29A, another research group identified a 9-bp regulatory element containing the same core sequence
(TACCGACAT) which they called the dehydration- responsive element (DRE) (Yamaguchi-Shinozaki
and Shinozaki, 1994).

Using a reverse approach, the Thomashow group was the first to isolate a transcription factor binding to
this CRT/DRE element from Arabidopsis, and called it C-repeat binding factor 1 (CBF1)(Stockinger et
al., 1997). Arabidopsis CBF1, along with CBF2 and CBF3 which were discovered later, belong to a
family of transcription factors that bind to the CRT element to induce the expression of COR genes
(Stockinger et al., 1997; Gilmour et al., 1998). The Shinozaki group also identified these three genes from
Arabidopsis, but called them DRE binding factors (DREB1B, DREB1C and DREB1A respectively)(Liu et
al., 1998; Shinwari et al., 1998).
2.2.2. Expression of CBF genes
It is important that CBF genes are only expressed when needed, as their constitutive over-expression leads
to stunted growth and severe defects in plant development (Chinnusamy et al., 2010). The expression of
Arabidopsis CBF genes is rapid following the application of a cold treatment, transcripts have been
shown to accumulate within 30 minutes of cold stress, and downstream CBF target genes can be seen in
as little as an hour (Thomashow, 2010). CBF genes in woody species including poplar, grape, birch,
almond and peach, have been shown to have similar activation parameters (Benedict et al., 2006; Xiao et
al., 2006; Welling and Palva, 2008; Xiao et al., 2008; Barros et al., 2012; Artlip et al., 2013). In addition
to low temperature, CBF genes in Arabidopsis and peach have been shown to be under the influence of
the circadian clock (Fowler et al., 2005; Artlip et al., 2013). AtCBF expression is positively regulated by
Circadian Clock Associated 1(CCA1) and Late Elongated Hypocotyl (LHY) in the day and negatively
regulated by Timing of CAB1 (TOC1), Phytochrome Interacting Factor 7 (PIF7) and Phytochrome B at
night (Dong et al., 2011; Lee and Thomashow, 2012; Mizoi et al., 2012b).

In Vitis vinifera and Vitis riparia, expression of CBFs 1-4 was shown to be low or non-detectable under
ambient conditions (Xiao et al., 2006; Xiao et al., 2008). However, under cold conditions (temperature
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drop from 22⁰C to 4⁰C), expression patterns emerged. Vitis CBF1 transcripts were detected within 15
minutes following cold treatment, followed by Vitis CBF2 two hours after the cold induction. Vitis CBF3
was expressed much later; it was first detected two days following cold treatment, but continued to be
expressed until at least 5 days post-cold induction. The expression levels of Vitis CBFs 1, 2, and 3 were
higher in young leaf tissues than in more mature leaves (Xiao et al., 2006; Xiao et al., 2008). In contrast,
Vitis CBF4 was expressed in approximately equal levels in both young and old leaf and bud tissues and
its expression was maintained for several days (Xiao et al., 2008). Drought and exogenous abscisic acid
(ABA) have also been shown to induce the accumulation of Vitis CBF1, 2 and 3 transcripts, but drought
and salinity stresses had no effect on the accumulation of Vitis CBF4 (Xiao et al., 2006; Xiao et al.,
2008). The differences in expression in response to cold stress indicate that the grape CBFs may have
different roles in controlling the downstream response.

2.2.3 CBF proteins
CBF proteins are classified within the ERF (ethylene-responsive element binding factor)/AP2
(APETALA2) transcription factor super family. This family is characterized by their AP2 binding
domains, first found in Arabidopsis APETALA2 (Riechmann and Meyerowitz, 1998). The family is
quite extensive, and contains several smaller specific gene families within it. The DREB subfamily
includes the CBF/DREB1 transcription factors, and many members of this subfamily have been
implicated in abiotic stress responses in plants (Mizoi et al., 2012b).

CBF proteins can be identified by specific signature sequences. The presence of an AP2 DNA-binding
domain is essential for CBF transcription factor protein function (Riechmann and Meyerowitz, 1998;
Sakuma et al., 2002). CBF proteins also contain a putative nuclear localization signal
(PKK/RPAGxKFxETRHP) and a DSAWR domain of as yet unknown function which flank the AP2
domain (Jaglo et al., 2001; Canella et al., 2010). Multiple hydrophobic motifs thought to collectively
function as an activation domain have been identified in the C-terminal part of the AtCBF1 protein (Wang
et al., 2005).

2.2.4 Regulon of CBF genes
Cold acclimation via the downstream targets of CBF proteins results in altered plant cell physiology and
biochemistry which leads to freezing tolerance (Doherty et al., 2009). Specific examples include the
accumulation of metabolites such as raffinose, sucrose and proline (Gilmour et al., 2004; Doherty et al.,
2009), and the production of cryoprotective polypeptides, such as dehydrin (Allagulova et al., 2003;
Doherty et al., 2009). In Arabidopsis, as mentioned previously, AtCOR15a was found to have a role in
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the modification of the inner membrane of chloroplasts, preventing freezing-induced damage and
allowing them to remain fluid at lower temperatures (Lin and Thomashow, 1992; Thalhammer et al.,
2014).

Over-expression of just one CBF gene in transgenic plants is sufficient to increase freezing tolerance, as
evidenced by several studies involving Arabidopsis, cherry, birch, grape, European bilberry and soybean
amongst others (Jaglo-Ottosen et al., 1998; Gilmour et al., 2000; Kitashiba et al., 2004; Welling and
Palva, 2008; Siddiqua and Nassuth, 2011; Oakenfull et al., 2013; Kidokoro et al., 2015). Constitutive
over-expression of both VrCBF1 and VrCBF4 increased freezing tolerance in Arabidopsis, although
electrolyte leakage tests showed that freezing tolerance due to VrCBF4 over-expression was greater
(Siddiqua and Nassuth, 2011). This correlated with increased expression of the Arabidopsis COR genes
AtCOR15a, AtRD29A, AtCOR6.6 and AtCOR47 (Siddiqua and Nassuth, 2011). It has been shown that
overexpression of VvCBF2 in Arabidopsis conferred tolerance to cold, drought and salinity stresses as
well (Kobayashi et al., 2012). Similar results have been reported for transgenic woody perennial species
such as poplar, grape, eucalyptus and blueberry (Benedict et al., 2006; Navarro et al., 2011; Tillett et al.,
2011; Walworth et al., 2012). In Vitis vinifera, the overexpression of VvCBF4 was shown to increase
freezing tolerance in non-acclimated tissues by a few degrees (Tillett et al., 2012). In apple, it was found
that the overexpression of a peach CBF not only increased freezing tolerance but also induced early bud
set and delayed bud break in the spring essentially leading to a longer dormant period (Wisniewski et al.,
2015). The results of these studies suggest that CBFs may regulate genes involved in both freezing
tolerance and dormancy.

Despite these increases in stress tolerance, constitutive CBF over-expression is not without its drawbacks.
Transgenic plants, with an increased freezing tolerance phenotype have also been shown to display
severely stunted growth (Jaglo-Ottosen et al., 1998; Gilmour et al., 2000; Tong et al., 2009; Chinnusamy
et al., 2010; Navarro et al., 2011; Kobayashi et al., 2012; Tillett et al., 2012; Wisniewski et al., 2015).
Altered expression of genes which control growth hormones, metabolism and photosynthesis appear to
contribute to this severe phenotype (Chinnusamy et al., 2010) . An increased stomatal density, which was
correlated with higher amounts of ICE1 transcript, was also seen in Arabidopsis overexpressing Vitis
CBFs, possibly indicating a feedback loop between CBF and ICE genes, which might affect both freezing
tolerance and plant development (Siddiqua and Nassuth, 2011).

The purpose of this study was to identify the remaining members of the Vitis CBF/DREB1 transcription
factor family. It is hypothesized that the larger number of genes in this family compared to the
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Arabidopsis model plant may indicate further specialization in their functions. To identify possible
differences between the Vitis CBFs, transcripts were detected at ambient and under cold-stressed
conditions in various tissues. In addition, their activity and preference for the DRE or CRT promoter
element core sequence was tested through their ability to transiently transactivate.
2.3 Materials and Methods
2.3.1 Plant growth
Approximately four year old plants started from cuttings of Vitis vinifera cultivar Riesling and Vitis
riparia accession Manitoba were grown in controlled environment Conviron walk-in chambers
programmed for 16hrs of light (100-120 μEm-2s -1, starting at 7 a.m.) at 22°C, followed by 8hrs of
darkness at 20°C. Plants were watered 3 times a week and received 20:20:20 (N:P:K) fertilizer once a
week. Dormant buds did not form under these growth conditions. For cold treatments, the temperature
was decreased to 4°C at the same time the lights turned on, with the same light conditions. This treatment
is similar to previous experiments when plants were examined for CBF gene expression (Xiao et al. 2006,
2008). Groups of leaves aged young (2nd- 4th from the tip), mid (5th and 6th) and mature (11th and 12th)
were harvested from canes at 0h, 0.5h, 1h, 2h, 4h, 8h, 1 day and 3 days following cold treatment. These
time points were chosen to determine if certain CBF transcripts were present near the time points where
CBFs 1-4 were determined to be expressed, according to Xiao et al. (2006, 2008). Harvested tissue was
frozen in liquid nitrogen and stored frozen at -80°C until RNA extraction.
In the fall of 2011, buds were harvested from wild grape growing in the Arboretum of the University of
Guelph (V. riparia Guelph) on September 15 (12.0 /5.2°C daily max/min temperature), September 29
(17.5/8.7°C), October 13 (17.5/12.1°C), October 27 (3.5 /-0.7°C) and December 8 (1.2/-2.0°C) , frozen in
liquid nitrogen and stored frozen at -80°C until RNA extraction (temperature data was obtained from the
Guelph Turfgrass Institute’s Environment Canada historical records at climate.weather.gc.ca).
Nicotiana benthamiana plants for transactivation studies were grown in Conviron walk-in growth
chambers programmed for 16 hours of light (100-120 μEm-2 s -1) at 22°C alternating with 8 hours of dark
at 20°C for a total of four weeks. Two weeks after germination, individual two-leaf stage seedlings were
transplanted into 3 ½” pots and grown to the six leaf stage (Four weeks post-germination). Throughout
this period, plants were watered 3 times weekly and fertilized with 20:20:20 (N:P:K) fertilizer once a
week.
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2.3.2 Cloning and sequencing of Vitis CBF genes
Four additional potential CBF genes were identified by BLAST in the grape genome at the Phytozome
(http://www.phytozome.net/) and Genoscope (http://www.genoscope.cns.fr/spip/Vitis-vinifera-e.html)
sites, using the previously discovered Vitis CBF1-4 as query sequences.

Genomic DNA was extracted from leaf tissues of Vitis vinifera and Vitis riparia according to Xiao et al.
(2006). In addition, crude genomic DNA was also isolated from the fourth leaf from the tip using a quick
protocol (for details see appendix) using the Sigma REDExtract-N-Amp Plant DNA Extraction Kit
XNAP-1KT (Sigma).

Amplification of CBFs was completed using KOD Hot Start Polymerase (Novagen). In brief, this
protocol called for 0.01U KOD polymerase, 0.15 μM primer concentration, 0.2mM dNTPs, 1.5mM
MgSO4 and at least 200ng of genomic DNA as template. A typical 30 cycle PCR protocol consisted of
denaturing the strands for 30 seconds at 95⁰C, annealing the primers at their respective temperatures for
20 seconds and extension of the new strands at 70⁰C. The extension times varied based on the size of the
amplicon expected, about 40 sec per kilobase. Gene specific primers (shown in Table 2.1) were designed
to amplify the entire open reading frame of the particular CBF plus pertinent restriction enzyme sites for
subcloning into expression vectors. PCR products were isolated from agarose gels using the PureLink
quick gel extraction kit from Invitrogen (Life Technologies). The purified product was A-tailed and
ligated into the pGEM-T easy vector (Promega). Ligated vectors were transformed into competent E. coli
DH5α cells. Vectors containing insert were sent for sequencing at the Advanced Analysis Center at the
University of Guelph.

2.3.3 Analysis of deduced protein sequences
Protein sequences encoded by each isolated CBF open reading frame were determined by the ExPASy
translate tool (http://web.expasy.org/translate/). Amino acid sequences were aligned by CLUSTALW2
(http://www.ebi.ac.uk/Tools/services/web/toolform.ebi?tool =clustalw2) with AtCBF1 as a reference.
Proteins were checked for conserved domains such as a putative nuclear localization signal (identified by
the program WoLF PSORT) and any hydrophobic regions thought to be indicative of an activation
domain by hydrophobic cluster analysis (http://mobyle.rpbs.univ-paris-diderot.fr/cgibin/portal.py#forms::rpbs.HCA). The isoelectric point (pI) and molecular weight (MW) of each CBF
protein was calculated using the online program ‘Compute pI/MW’ (http://web.expasy.org/compute_pi/).
Phylogenic analysis of CBFs from Vitis vinifera and Vitis riparia along with Arabidopsis thaliana,
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Populus tricocharpa, Betula pendula, Eucalyptus gunnii and Eucalyptus grandis amino acid sequences
was completed using MEGA6 software (Tamura et al., 2013).

To determine if the CBF proteins might be subjected to post-translational regulation, several different
putative sites were searched for. The ‘epestfind’ program developed by Emboss
(http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind) was used to find PEST motifs; only potential
motifs with a score greater than six (above a threshold of five, indicating a score of biological interest)
were accepted. The SUMOplot™ Analysis Program developed by Abgent (http://www.abgent.com/tools)
was used to find SUMO conjugation motifs; all accepted motifs had a high probability of biological
significance (>0.7). Potential serene and threonine phosphorylation sites were identified by using the
MuSite program http://musite.sourceforge.net/ (set to Arabidopsis thaliana model) (Gao et al., 2010).

2.3.4 Transcript detection in various tissues
Total RNA was extracted from harvested Vitis leaves and buds using the Spectrum Total Plant RNA kit
(Sigma), according to the protocol suggested for that specific tissue (for additional details see
appendix)(Fasoli et al., 2012). Isolated RNA was checked for quality and quantity using
spectrophotometry and gel electrophoresis on a 1% agarose gel. Following these checks, the RNA was
treated with DNase (Ambion) and checked in a PCR reaction lacking reverse transcriptase to ensure all
DNA was degraded. First strand cDNA was subsequently synthesized using the qScript Flex cDNA kit
(Quanta) according to the manufacturer’s protocol with both oligo dT and random primers.
CBF transcripts were detected by semi quantitative PCR with Taq polymerase on cDNA using specific
primers for each CBF gene (Table 2.1). Transcript was detected from a starting amount of 200ng of
cDNA. Primers were designed around putative introns identified in CBF3 and CBF6 in the V1 version of
the CRIBI Grape genome (http://genomes.cribi.unipd.it/grape/index.php). A typical 35 cycle PCR
protocol consisted of denaturing the strands for 30 seconds at 94⁰C, annealing the primers at their
respective temperatures for 30 seconds and extension of the new strands at 72⁰C. Extension times varied
based on the size of the amplicon expected, about 1 minute per kilobase. Transcripts from Vitis ACTIN1,
after 30 cycles of amplification, (NC_012010) were used as an internal reference for ambient and cold
treated leaf and bud samples (Rahman et al., 2014; Coito et al., 2012)
2.3.5 Preparation of pCAMBIA transactivation vectors encoding wild type and CBF variants
The recently developed pCAMBIA-based plasmids for transactivation (Nassuth et al. 2014) were the
basis for the effector and reporter plasmids used in the current study. The pCAMBIA effector plasmids
containing Vitis CBF open reading frames were prepared by subcloning the respective sequences from
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confirmed pGEM-T constructs between BamHI and SacI recognition sites. The CBF1 and CBF4 effector
plasmids had been prepared previously (Nassuth et al., 2014). The original pCAMBIA plasmid 1305.1
(empty vector) was used as a negative effector control for all experiments. The pCAMBIA reporter
plasmid (pCAMBIA 4xCRTmin35S::RiLUC, 35S::FiLUC) developed by the Nassuth Lab contains two
reporter genes, RiLUC (Renilla reniformis luciferase gene containing a modified intron from the castor
bean catalase gene; (Cazzonelli and Velten, 2003)) behind a 4xCRTmin35S promoter and FiLUC (Firefly
luciferase gene containing the PIV intron from GUSINT; (Mankin et al., 1997)) behind a 35S promoter
(Nassuth et al., 2014). Reporter plasmids for the current study were constructed by replacing the
4xCRTmin35S promoter with promoter fragments of interest between HindIII and BamH1 recognition
sites as reported in Nassuth et al 2014. All effector and reporter pCAMBIA plasmids were verified by
restriction digestion as well as sequencing with the same gene-specific primers used to clone the ORF or
promoter sequence respectively (Table 2.1)
A QuickChange reaction was performed on pGEM-T plasmid DNA containing the CBF6 open reading
frame in order to mutate the large hydrophobic groups in the C-terminal end of the protein using the
QuickChange site-directed mutagenesis kit (Stratagene). These included a MW to AA change at amino
acid residues 227-228 and an LW to AA change at amino acid residues 239-240. A construct with
mutations at both sites was also created. The mutant strand was synthesized in a 50μl reaction using 2.5 U
Pfu DNA polymerase, 20ng of the plasmid DNA and 0.35μM mutagenic primers (Table 2.1) designed
according to the instruction manual (Stratagene). The QuickChange primer Tm Calculator
(http://depts.washington.edu/bakerpg/primertemp/primertemp.html) was used to calculate the annealing
temperature of the mutagenic primers as used in the PCR reaction. A typical PCR reaction consisted of 18
cycles where denaturing the strands was done for 30 seconds at 95⁰C, annealing the primers at their
respective temperatures for one minute and extension of the new strands at 68⁰C for 10 minutes. After
completion of the PCR, the methylated parent strand plasmid DNA was digested by adding Dpn1 (6 U)
and incubating at 37C for 1 hour, following which the mutated DNA was transformed into E. coli DH5α.
Selected transformants were isolated and plasmid DNA was verified by restriction digestion and
sequencing of at least three clones. Finally, correct mutants were digested with BamH1 and SacI and
subcloned into the effector pCAMBIA plasmid (see appendix for additional details).
2.3.6 Preparation of Agrobacterium liquid cultures
Effector and reporter plasmids were introduced into the Agrobacterium tumefaciens strain EHA105
according to the freeze-thaw method described by Hofgen and Willmitzer (1988). Kanamycin and
rifampicin were used to select for the pCAMBIA vectors and endogenous plasmid with vir genes
respectively. To prepare for infiltration, Agrobacterium cells containing individual constructs were grown
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overnight at 30⁰C with shaking at 280 rpm as a small starter culture by inoculating 20 µl of permanent
culture of each construct in 3 ml LB medium containing kanamycin (50 µg/ml) and rifampicin (10
µg/ml). This overnight culture was then used to inoculate 25 ml of LB medium supplemented with
kanamycin (50 µg/ml), rifampicin (10 µg/ml), MES (2- morpholinoethane sulfonic acid, 10 mM, pH 5.6)
and acetosyringone (40 µM) and incubated again for 2-3 hrs at 30⁰C and 280 rpm until the optical density
at 600 nm (OD600) was approximately 1.0. The bacteria were pelleted at 4000 rpm (3000×g) for 10
minutes in 50 ml conical tubes using a Hermle Z320K centrifuge and resuspended in 10 mM MgCl2 by
pipetting and adjusted to an OD600 of 1.0 with the same MgCl2 solution. Subsequently 100 mM
acetosyringone was added to an end concentration of 150 µM and the bacterial suspensions were
incubated at ambient temperature for a minimum of 3 hrs to ensure the expression of vir genes. Prior to
infiltration, Agrobacterium harbouring an effector was mixed with Agrobacterium harbouring a reporter
in a 1:1 ratio, to get a final OD600 of 0.5 for the reporter and effector bacteria (total OD of both equaling
1.0). In the case where two effectors were infiltrated at the same time, they were adjusted to a final
OD600 of 0.25 with 10mM MgCl2 and combined (final OD of effectors equaling 0.25 alone and 0.25 plus
0.25 in combination, reporter always equaling 0.5).
2.3.7 Agroinfiltration of tobacco leaves
Agroinfiltration was performed based on the procedure described by Nassuth et al. (2014). The two
youngest fully expanded leaves (3rd and 4th leaves from the tip of the shoot) of three tobacco plants
(grown as discussed previously) per treatment were infiltrated from the lower epidermis with the
Agrobacterium suspensions using 3 ml needleless syringes. Infiltrated tobacco plants were incubated at
22/20oC, day/night, for 40-48 hours after which one 6 mm disc per infiltrated leaf was harvested, for a
total of 6 discs per treatment. These samples were frozen immediately in liquid N2 and stored at -80oC
until they were used in dual luciferase and glucuronidase assays. Four samples were collected per
treatment and each experiment was repeated at least 2 times.
2.3.8 Luciferase and GUS assays
Analysis of the same sample for both luciferase and glucuronidase activity was shown to be possible if
samples were first extracted in Cell Culture Lysis Buffer (CCLR; Luciferase assay systems, Promega) and
then diluted with Passive Lysis Buffer (PLB; Luciferase assay systems, Promega) (Nassuth et al., 2014).
Each sample of 6 frozen leaf discs was ground to powder with liquid N2 using KontesTM pellet pestles and
were subsequently extracted with 300 µl of 1X CCLR. Leaf extracts were incubated at 4⁰C (on ice) for 1
hour after which cell debris was pelleted by centrifugation at 4⁰C for 10 min at 12000×g (SpeedFuge ®
SFR13K, Savant). The supernatant was then immediately used for GUS and luciferase assays after
diluting 75× with 1X PLB (for details see Nassuth et al., 2014). GUS activity was measured according to
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Jefferson et al. (1987), essentially as described in Nassuth et al. (2014). Ten µl of the 75× diluted sample
was added to 90 µl of GUS assay buffer [GUS buffer (50mM Sodium phosphate buffer, 10mM EDTA,
0.1 % Triton X100 and 0.1% N-Lauroyl-sarcosine Sodium Salt), 10mM 2-mercaptoethanol and 40mM 4methylumbellifery β-D-glucuronide (4-MUG)] and incubated at 37⁰C for 30 min. The reaction was
stopped by adding 900 µl of 0.2M Na2CO3 and the fluorescence was measured by POLARStar Omega
microplate reader (BMG Labtech) using a polystyrene flat bottom 96-well plate (Sarstedt). The machine
was used with the excitation filter set at 360 nm, emission filter at 460-10, and orbital shaking at 300 rpm.
Each sample was analyzed in triplicate and the average measurement was taken as the value for the
sample. The Dual Luciferase reporter assay system from Promega was used to quantify the amount of
RiLUC and FiLUC expression according to the dual luciferase protocol reported by Cazzonelli & Velten
(2003). In a polystyrene flat bottom 96-well plate (Sarstedt), 10 µl of the 75× diluted sample was added to
50 µl Luciferase reagent II (LARII) and mixed by pipetting. The FiLUC luminescence (i.e. indicative of
FiLUC gene expression) was measured immediately in a POLARStar Omega microplate reader, setting
the test protocol as luminescence (end point). Then 50 µl of freshly prepared Stop and Glo reagent (20 µl
substrate into 1 ml S&G buffer) was added to the same sample, mixed by pipetting and the RiLUC
luminescence (indicative of RiLUC gene expression) was measured. Both measurements were set on 0.2
sec positioning delay with 10 sec measurement time. All the replicates of each treatment were measured
at the same time and the whole process of FiLUC and RiLUC luminescence measurement was repeated
for the next treatments until measurements for all treatments of the experiment were completed.
2.3.9 Quantification of Activity and Statistical analyses
The relative expression of the RiLUC reporter gene is used to identify the activity of the transcription
factor expressed from the effector plasmid on the different promoter elements driving its expression. The
expression of the FiLUC reporter gene driven by the 35S promoter is used to normalize the RiLUC
expression values for amounts of reporter plasmid. Similarly, GUS activity is used to normalize for
amounts of effector plasmid. Therefore, to compare the activation capacities of different transcription
factors alone or in combination, RiLUC/FiLUC/GUS values were calculated for each effector-reporter
combination. This normalizes for different infiltration efficiencies, and different effector and reporter
plasmid ratios between the various samples (for details, see Nassuth et al., 2014).
The RiLUC/FiLUC/GUS (x100000) values for 3 replicates were used to calculate the mean and standard
error. These results were analysed by a one-way analysis of variance (ANOVA) and the mean differences
among the different effector/reporter combinations within an experiment were determined by the TukeyKramer HSD tests (P<0.05).
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2.4 Results
2.4.1 Identification and analysis of Vitis CBF genes and encoded proteins
CBF genes were identified by BLAST in the grape genome (cv. Pinot noir) at the phytozome
(http://www.phytozome.net/) and Genoscope (http://www.genoscope.cns.fr/spip/Vitisvinifera-e.html)
sites, using the previously published Vitis CBF1-4 sequences as a query sequence (Xiao et al., 2006; Xiao
et al., 2008). CBF open reading frames were amplified from extracted Vitis genomic DNA and sequenced
to confirm their identity. One predicted CBF gene, which we had named CBF7, could not be amplified
despite using a variety of primers (see Table 2.1) from the genomic DNA of Vitis riparia, and Vitis
vinifera cultivars Pinot Noir, Chardonnay and Riesling.
For the most part, the deduced Vitis vinifera cv. Riesling and Vitis riparia CBF protein homologues
differed in only a few amino acids and retained similar theoretical molecular weights. Isoelectric points
for CBF3, 4, 6 and 8 were lower than those for CBF1, 2 and 5 (Tables 2.2A and B). Paralogues within
each species were less similar to each other in sequence (see Figure 2.1 and Appendix Figure 2.7.1), MW
and pI. In the case of VrCBF5, two open reading frames were cloned. Initially, the predicted ORF, as
presented by the V1.0 version of the Vitis genome (Spring 2013; not the most current), was cloned, this
was named VrCBF5L and its N-terminal region and alignment more closely resembled that of VrCBF6
(Table 2.3). Upon further inspection, a 22 amino acid earlier in-frame start codon was noted in the
sequence and both the Vv and VrCBF5E open reading frames were cloned. The sequences of Vitis CBF5
(both early and late open reading frames) and CBF6 from both species were the most similar of any
paralogues, with 82-97% identity and differing only in the slightly longer N-terminal end of CBF5 and
the C-terminal end which was truncated in CBF5 and not in CBF6 (Figure 2.1). The sequence of CBF8
was more similar to that of CBFs 1, 2 and 3 versus CBF4 or CBF5 and 6 as shown in a percentage amino
acid identity table (Table 2.3).
Protein sequences from the Vitis CBFs contained several conserved, CBF-specific domains including the
putative nuclear localization signal and an AP2 DNA binding domain as originally identified in
Arabidopsis APETALA2 (Riechmann and Meyerowitz, 1998), and a DSAWR domain in all except Vitis
CBF8 (Figure 2.1). No dimerization domains were identified. In addition to these conserved domains,
several sites where possible post-translational modification could take place were identified. Putative
PEST sites indicating potential ubiquitination of the protein were found in all CBFs except for CBF1 and
two potential sumolyation sites were found in CBF8. Numerous phosphorylation sites were identified in
all CBF protein sequences, commonly in the N-terminus before the predicted NLS sequence and after the
conserved DSAWR in the C-terminus (not shown due to the high number of sites; Figure 2.1). The C-
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terminal end of many CBF proteins contained several large hydrophobic groups as identified by
hydrophobic cluster analysis (HCA; Figure 2.2). The pattern of hydrophobic domains is more similar
between Vitis CBFs 1, 2, 3 and 8 with a larger presence in CBF4 whereas CBF 6 and especially 5 have
smaller hydrophobic clusters. The additional amino acids in CBF5E did not contribute any extended
hydrophobic cluster to the protein as compared to CBF5L. 3D modelling showed similar folding of all
CBFs in the AP2 DNA binding domain (see Appendix 2.3). No conserved protein domains were altered
between Vitis vinifera and Vitis riparia CBF protein orthologues. Phylogenetic analysis of the full length
CBF amino acid sequences from Vitis vinifera, Vitis riparia and other mainly woody species using
MEGA6 software (Tamura et al., 2013) showed that whereas the Arabidopsis AtCBF1, 2, 3 and 4 cluster
very close to each other, the Vitis CBFs do not. Vitis CBF 5 and 6 are most closely related to AtDREB1E
and AtDREB1F. Vitis CBF 4 is closest to Arabidopsis CBF1, 2 and 3 and Vitis CBFs 1, 2, 3 and 8 group
together away from the other AtCBF proteins(Figure 2.3). The same clusters are evident when comparing
the hydrophobic groups seen through the HCA analysis mentioned previously.
2.4.2 Detection of Vitis CBF transcripts
Several different tissues and time points were checked for Vitis CBF expression across a range of
conditions. Initially, room temperature-grown leaves from Vitis vinifera and Vitis riparia were analyzed
to determine if expression of any CBF transcripts could be detected under non-stressed conditions. Two
age groups of leaves were sampled; young leaves (2nd, 3rd and 4th from the branch apical meristem) and
mid-stage leaves (5th and 6th from the branch apical meristem). Due to the absence or low level of
expression observed with one round of amplification, the decision was made to look for transcript after
two rounds of 35 cycles of amplification. Transcript for CBF2 was detected at 0h, 0.5h and 1h and CBF6
at all the time points chosen, in young leaves at ambient temperatures (Figure 2.4A). In mid-aged leaves,
CBF4 was detected at 0.5h and CBF6 was found from 0h through 4h (Figure 2.4B).
Grape plants were subjected to a cold shock treatment where the temperature was dropped from 22⁰C to
4⁰C and samples from the same leaf ages as for the room temperature samples were taken at 0h, 0.5h, 1h,
2h, 4h, 8h, 24h and 72h after the temperature drop. These time points were chosen to mimic those used
previously in our lab (Xiao et al., 2006; Xiao et al., 2008) and therefore have predicted expression
patterns for CBF1, 2, 3 and 4. Here again transcript levels were low and discrete bands were difficult to
determine after one round of amplification, so again, transcript was looked at after two rounds of 35
cycles of amplification In young leaves, transcript for CBF1 was not detected at the sampled time points.
CBF2, CBF4 and CBF6 transcripts were present from the 1h time point through 3 days. Weak bands
were visible for CBF3 at 3 days following the temperature drop, and for CBF5 at 8h. Transcripts from
CBF8 were not detected at the time points sampled in cold treated young leaf tissue (Figure 2.4C). In
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mid-aged leaves, transcripts from CBF1 were detected at 1h, 4h and 8h, CBF2 was only seen at 2h, CBF4
transcripts were detected from 2h through 3 days and CBF6 transcripts were detected from half an hour to
8h following the stress induction. CBF8 transcript was weakly present at 8h, but CBF3 and CBF5
transcripts were not detected in any sample (Figure 2.4D).
Overwintering Vitis riparia bud tissue was collected from the Arboretum at the University of Guelph
throughout the autumn of 2011. Time points from September to December were used to determine the
level of CBF transcript that would be present as the plant entered into winter dormancy. After one round
of amplification, transcripts from CBF1, 2, 3 and 4 were not detected at the time points sampled. CBF5
transcript was present by September 29, and remained present until October 27th. CBF6 transcript was
present in samples from September 15th, September 29th, October 13th, October 27th and December 8th.
CBF8 expression was detected weakly on September 15th, October 13th and December 8th (Figure 2.4E).
In no samples tested were alternative transcripts (predicted introns spliced out) detected for CBF3 or
CBF6.
2.4.3 Vitis CBFs activate transcription via the CRT/DRE element
To determine if the identified Vitis CBFs can function as transcription factors, transient transactivation
assays with them and the DRE promoter element (sequence ACCGAC), and the CRT element (sequence
GCCGAC) were performed. Both VrCBF1 and VrCBF4 activated reporters with either ACCGAC or
GCCGAC (4xDRE::min35S or 4xCRT::min35S) to similar levels. However, when the first nucleotide
was mutated (CCCGAC or TCCGAC) the activation level by VrCBF1 and 4 was comparable to the
empty effector plasmid control (Figure 2.5). This difference in activation was observed in two
independent experiments and was statistically significant. Therefore, the activation of all other CBFs was
tested against the DRE and CRT elements only.
All the Vitis CBF proteins except VrCBF5E and VrCBF5L could activate via both the DRE and CRT
elements as compared to the empty control effector plasmid (Figure 2.6). The level of activation varied
depending on the reporter. In the majority of experiments, VrCBF6 showed higher activation via the DRE
element, VrCBF3 and VrCBF4 showed higher activation via the CRT element, and VrCBF1, VrCBF2,
and VrCBF8 appeared to activate both reporters to an approximately equal level (Figure 2.6). Overall
VrCBF1-6 and 8 act as transcriptional activators via the DRE/CRT promoter element. In comparison to
the other CBFs, VrCBF5 did not activate via DRE or CRT, and showed levels similar to the control
(Figure 2.6C). These experiments were repeated and similar levels of activation on the DRE/CRT were
observed in at least two independent repeats. Although the activation by VrCBF2 was not significantly
higher than the control in the experiment shown, it was in two other experiments.
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2.4.4 The C-terminal hydrophobic domains of VrCBF6 are important for activation
Two separate hydrophobic domains in the C-terminal end of VrCBF6 were destroyed by site-directed
mutagenesis. The mutants VrCBF6 MW227AA and VrCBF6 LW239AA showed decreased activation
(fold changes of 5.8x and 6.9x respectively) as compared to the wild-type VrCBF6 (fold change of
10.4x). A double mutation, VrCBF6 MW227AA; LW239AA also resulted in a decrease in activation
level (fold change of 6.9x). The decrease in activation for both single mutants and the double mutant
appeared similar to each other but different from the wild type VrCBF6 or the empty effector plasmid
control (Figure 2.7). This difference in activation was observed in two independent experiments and was
statistically significant in both. Adding CBF5E to CBF6 significantly lowered its activation.
2.4.5 Vitis CBF5 may function as a negative regulator
Since VrCBF5 did not activate via the DRE/CRT element, it was decided to determine if CBF5 would
lower the activation of other CBFs when tested in combination. Activation by Vitis CBF1-4, 6 and 8 via
the DRE promoter were tested alone and in combination with VrCBF5E. Activation by most Vitis CBFs
in combination with VrCBF5E appeared to either remain the same or was lower than their activation of
the DRE element alone with the exception of CBF3, where activation was higher but not significantly
different from CBF3 alone (Figure 2.8). This trend of difference in activation was observed in two
independent experiments despite being non-significant. CBF1 and CBF2 were also combined once and
did not show a change in the level of activation between each alone or in the combination suggesting that
the effect of CBF5 might be of biological significance (data not shown).
2.4.6 Amino acid composition of the AP2 domain is important for activation
Compared to VrCBF1, VvCBF1 has a higher pI (7.74 and 8.74 respectively, Table 2.2). Site directed
mutagenesis of VrCBF1 was used to change the glutamic acid (E) in the AP2 DNA binding domain of
VrCBF1 at position 85 to a lysine (K), as present in VvCBF1. VrCBF1 E85K had a predicted isoelectric
point of 8.75, the same as that for VvCBF1, and the predicted 3D structure remained the same (not
shown). The mutated CBF1 had a lower activation of both the CRT (TGCCGACAT) and the DRE
(GACCGACAA) reporter (4.0x or 1.1x), as compared to the wild type VrCBF1 (5.0x or 2.2x)
(Figure 2.9). This difference in activation was observed in three independent experiments and was
statistically significant in two of these.
2.5 Discussion
We report here the sequence of an additional three Vitis CBF genes, CBF5, CBF6 and CBF8. These,
together with the previously reported sequences for Vitis CBF1, CBF2, CBF3 (Xiao et al., 2006) and
CBF4 (Xiao et al., 2008) indicate that the CBF transcription factor family in Vitis vinifera and Vitis
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riparia contains at least seven genes. One additional gene was predicted in the genome annotation but
this sequence could not be amplified with several different sets of primers and on several different
cultivars including Pinot Noir. Vitis CBF8 does not contain the signature DSAWR domain but we
consider it still a true CBF as it clusters with the other CBFs (Figure 2.3), and it can activate promoters
with DRE or CRT elements (Figure 2.6). In other plant species such as Arabidopsis, wheat, Medicago,
eucalyptus and peach, CBF genes have been identified in clusters where they are arranged in tandem on
the same chromosome (Gilmour et al., 1998; Shinwari et al., 1998; Miller et al., 2006; Navarro et al.,
2011; Artlip et al., 2013; Tayeh et al., 2013). It has been reported that a higher number of CBF genes in
such a cluster on winter wheat and barley correlates with higher freezing tolerance (Miller et al., 2006).
However, Vitis and other perennial woody species that have been reported on, such as eucalyptus, birch,
poplar, citrus, blueberry, apple and peach, contain variable numbers of CBFs, which does not appear to be
related to their ability to overwinter (Wisniewski et al., 2014). Also in Vitis, all but two CBFs (CBF2 and
3) are located on different chromosomes. This is interesting considering that Vitis CBF5 located on
chromosome 19 and CBF6 on chromosome 2 are nearly identical in their conserved domain sequences.
This distribution across the genome of Vitis vinifera supports the idea that Vitis CBFs diverged from each
other long ago, potentially through either whole genome or single gene duplication event(s) as has been
hypothesized in other species (Novillo et al., 2007; Tayeh et al., 2013; Wisniewski et al., 2014). Taken
together, this suggests that the Vitis CBFs may have undergone selection to have differing functions in
controlling freezing tolerance and possibly other responses. In contrast, the difference between alleles of
the same gene in different species may be more important contributors to the differences in freezing
tolerance. In the work reported here, we saw a difference in the activation by the mutated VrCBF1 as
compared to the wildtype VrCBF1, where the pI and activation were more similar to the cold sensitive
VvCBF1. This suggests that the VrCBF1 allele is more effective at activating its target, and assuming
that this target is involved in the stress response, potentially inducing a greater cold tolerance.
Transcripts of Vitis CBF genes were detected after cold treatment in similar time frames as identified in
other plants and the results presented here align with those previously found by our group and others for
Vitis (Xiao et al., 2006; Xiao et al., 2008; Fasoli et al., 2012). We hypothesize that CBF expression is
tightly regulated by transcription factors which are activated by rapidly changing abiotic conditions, most
likely the four Vitis ICE genes whose transcripts have been shown to be already present at ambient
temperature (Rahman et al., 2014). Additionally genes involved in sensing calcium level changes, and
photoperiod which have been reported in Arabidopsis, and have as of yet unreported orthologues in Vitis
likely also play a role in CBF regulation (Dong et al., 2011; Park et al., 2012; Whalley and Knight, 2013).
This would explain the low level or absence of transcript seen for many CBFs when a temperature shock
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has not been given. From the expression patterns observed, we hypothesize that CBF1, 2, 3 and 4
contribute to the response to cold stress in both young and mid-aged leaves. While the newly reported
CBF5, 6, and 8 do not appear to be greatly involved in the cold stress response in leaf tissue (as they are
weakly expressed or in the case of CBF6, expressed non-differentially between stress and control
conditions) they are expressed during the transition to dormancy in overwintering bud tissue, whereas the
others are not. The relatively low abundance of CBF5 and 8 transcripts in ambient or cold treated leaves
explains why they were not previously detected when CBF sequences were probed for in cDNA from
grape leaves (Xiao et al. 2006, 2008). No alternative transcripts were detected for CBF3 and CBF6, both
of which were predicted to have putative introns in their genomic sequences, leading us to believe that
these alternative transcripts are not present under the sampled conditions. Further investigation will be
needed to fully establish the individual roles of the Vitis CBF genes in cold tolerance and dormancy
acquisition.
The link between CBF expression and circadian rhythm has been shown in several species. In
Arabidopsis, the highest levels of CBF1, 2 and 3 were seen four hours after relative dawn (Fowler et al.,
2005). In peach, four of the five known CBF genes have expression patterns influenced by the circadian
clock, and expression levels are higher at least six hours after relative dawn (Artlip et al., 2013). In Vitis,
fluctuating expression levels were observed for CBF gene transcripts across various after dawn time
points. While the extent of the influence of experimental error is not known, it is likely that the observed
fluctuations are also affected by the circadian rhythm.
All Vitis CBF predicted proteins reported here maintain a conserved AP2 DNA binding domain, and a
putative nuclear localization domain, both of which have been identified to be important for their function
as transcription factors (Jaglo et al., 2001; Sakuma et al., 2002). All but CBF8 contain the DSAWR
domain of unknown function which is conserved in many reported CBF proteins (Jaglo et al., 2001).
Based on the higher transactivation by VrCBF1 compared to VrCBF1 E85K, we have shown that amino
acid composition in the AP2 domain is important for activation level, either because of a change in
binding efficiency or an effect on activation itself. Since the predicted 3D structure of VrCBF1 E85K did
not change, but the pI reverted to that of VvCBF1, it might be more likely to be the latter. This is not
unprecedented as it has been shown that specific amino acids especially valine (V14) and glutamic acid
(E19) are highly conserved in the AP2 domain in Arabidopsis CBF1, 2 and 3 and play an important role
in proper protein folding for optimal binding to the target sequence (Sakuma et al., 2002). In addition,
several domains indicating possible post-translational modification of CBF proteins were identified,
suggesting that the transcriptional control we report here may be just one layer of regulation of CBF
activity affecting the plant’s response to specific stresses.
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While all Vitis CBFs except CBF5 were active against both the DRE (ACCGAC) and CRT (GCCGAC)
core promoter element as expected, some proteins showed preferences for a specific element. The
experiments shown here suggest that VrCBF3 and VrCBF4 prefer the CRT element, VrCBF6 prefers the
DRE element and VrCBF1, VrCBF2 and VrCBF8 do not prefer one over the other. Therefore, although
CBFs were known to bind to both the DRE and CRT element (Sakuma et al., 2002), we have shown that
individual proteins show a preference which has also been reported for CBFs of other plants such as
Brassica napus and barley (Gao et al., 2002; Xue, 2002). Future studies will be directed at discovering
whether these preferences are reflected in the regulon of each of these transcription factors and if it is
ultimately related to regulon-specific functions.
Site-directed mutagenesis of the C-terminal hydrophobic domains of VrCBF6 was performed to identify
the role they played in the proteins’ activity. The drop in activity seen by mutating one or both of two
large C-terminal hydrophobic groups in VrCBF6 indicates that they are important for its ability to
activate, but are not the sole determining factors. Indeed, the removal of hydrophobic groups in the Cterminal end of AtCBF1 gave similar results to our findings (Wang et al., 2005). Therefore we propose
that the hydrophobic groups found in the C-terminus work collaboratively to attract the transcriptional
machinery to the promoters of COR genes. Because VrCBF5 and VrCBF6 contain almost identical NLS,
AP2 and DSAWRL domains, it was initially thought that the reduction in hydrophobic domains in
VrCBF5 is responsible for the absence of activation by VrCBF5. However, an alignment of CBF6 and
CBF5 shows that glycine 77 in the predicted NLS of CBF6 is replaced by a cysteine in both CBF5E and
CBF5L ORFs and lysine 99 in the AP2 domain of CBF6 is replaced by a methionine in both CBF5s (see
appendix 2.7.1. These changes do not appear to affect the predicted 3D structure of any of these proteins
(see appendix 2.3) and maintains various Arg and Trp residues located in the β-sheet that are thought to
be responsible for interaction with the DNA (Magnani et al., 2013). However, the properties of the amino
acids are quite different and the replacements could therefore very well affect localization or DNA
binding properties of the protein. In the future, GFP fusion proteins could be expressed to analyze the
localization, and a chromatin immunoprecipitation or gel-retardation assay should be performed to
confirm that the VrCBF5 protein indeed binds to its promoter element target and therefore does not
activate, as opposed to not activating because it simply cannot bind. This experiment could be done to
confirm the properties of the other CBFs as well.
In conclusion, we have shown here that Vitis encodes seven CBF transcription factors which have
different expression patterns dependent on tissue type and temperature conditions. In addition, all seem to
have an effect on transcription, so therefore are not likely to be pseudogenes. A functional study across a
multi-membered CBF family within a species has to our knowledge only been completed for Arabidopsis
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(Novillo et al., 2007). The idea that CBFs may function differently in the cold stress response is supported
by both the expression patterns of the Vitis CBF genes and by their ability and preference to activate
different cis-acting elements. Indeed, this concept has been suggested for AtCBF1 and 3 which regulate
Arabidopsis COR genes, whereas AtCBF2 downregulates expression of AtCBF1 and 3 (Novillo et al.,
2004; Novillo et al., 2007). This study provides the groundwork required for future experiments to
investigate the specific functions of each of the Vitis CBF proteins. Work from this point onwards will
focus on the regulation of the direct targets of Vitis CBFs, and whether these players can be identified as
part of individual or overlapping regulons based on their cis-acting element sequences.
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2.7 Tables and Figures
Table 2.1. List of primers used for Vitis CBF cloning, detection and site-directed mutagenesis.
*Restriction enzyme sites are indicated by italics. ORF cloning primers were also used for sequencing in the pCAMBIA effector plasmid.
Nucleotide changes for site-directed mutagenesis are bolded. Primers used in previous studies are reported here only for completeness.
Primer Set
Name of Primer
Primer Sequence (5’- 3’)
Purpose
GGCGGATCCAAGGAGATATAACAATGGACTCGGACCACGAAGAG
CBF1-H1 + BamHI
1
Cloning CBF1 ORF
GGCGAGCTCTTAATCATCATTCCACAAAGACAAGTCA
CBF1-C753 + SacI
TAGGATCCAAGGAGATATAACAATGGACTTGGACCGTGAGT
CBF2-H1 + BamHI
2
Cloning CBF2 ORF
CGTTGACGAGCTCTTAAGACAGGAAATCATGATTCC
CBF2-C753 + SacI
ATGGATCCAAGGAGATATAACAATGGAATCGGAGCGTGAT
CBF3-H1 + BamHI
3
Cloning CBF3 ORF
CGTTGACGAGCTCAATGTGAACACTAGGCAGTGTACTG
CBF3-C803 + SacI
GGCGGATCCAAGGAGATATAACAATGAATACTACTTCTCCACC
CBF4-H1 + BamHI
4
Cloning CBF4 ORF
GGCGAGCTCCTACCCTCTGTTACTTTAGACTAA
CBF4-684+ SacI
GTCATTCCTACTTCCCCAAAA
CBF5-H-107
Outer primers to specifically clone
5
CBF5 ORFs (as the sequence is
CAGTCTCTGCCCTTCTTCC
CBF5-C823
very similar for CBF6)
GGCGGATCCAAGGAGATATAACAATGGCCGGTACCGGACCGAT
CBF5-H1e + BamHI
GGCGGATCCAAGGAGATATAACAATGGACTTCTTCAATCAATTTTGT Cloning CBF5 early and late ORFs
6
CBF5-H1L + BamHI
GCGGAGCTCCTCAGATTGGTATCGGGTGATACGCA
CBF5-C679 + SacI
GGCGGATCCAAGGAGATATAACAATGGAGTCCTTCGAAACTGGC
CBF6-H1 + BamHI
7
Cloning CBF6 ORF
GCGGAGCTCTCAAATTGAGTAACTCCATAGTGAC
CBF6-C710 + SacI
ATGGGAAAGAAGATCTTGAAG
CBF7-H1
CTTGATAATATTTCTTGTTGAAGATG
CBF7-C686
8
CAGCAGCTAGGGGAGAAGA
CBF7-H-36
Cloning CBF7 ORF
GAGAGAAAATAGGCAGCAGCT
CBF7-H-47
CTTATAAAACTCCACGCAGAGTC
CBF7-C508
ATGGATCCAAGGAGATATAACAATGAACCCATTTGAATGCC
CBF8-H1+BamH1
9
Cloning CBF8 ORF
CGCTGACGAGCTCTTAGTCAGTCCAGAGAGTGAAGTCTT
CBF8-C639+SacI
10
11
12

CBF1-H464
CBF1-C778
CBF2-H212
CBF2-C547
CBF3-H415
CBF3-C707

AGTTGCAGACTCGAAGAAGG
AATCTAAGCGCACCTATGTC
GCCCAGTAAGAAGTCCAGG
AGCTCTTACTATCTACCGGTGAAA
TCTTCTTATATTTCACATGTCACTCC
AAAGACAAGTCCGTGTAGGAAG

CBF1 transcript detection
CBF2 transcript detection
CBF3 transcript detection
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13
14
15
16
17
18
19

CBF4-H1
CBF4-C555
CBF5-H137
CBF5-C444
CBF6-H405
CBF6-C684
CBF8-H308
CBF8-C610
ACTIN1-H1
ACTIN1-C742

CTTCTCCACCATATTCCGAC
AGCCATATTCACCAGCAGAC
AGAGTTCTTCAGCGTCGGACTG
CGCAGAGTCAGCAAAATTCAAA
GGACTCCATGGAGATTAGGAG
GCGTCAAGTTCAACATCCTC
GGCTATTAAGGGAGACTCTGCTT
TCCAGAGAGTGAAGTCTTCCG
ATGGCCGATACTGAAGATATCCAG
CAGCAAGGTCAAGACGAAGGATA

CBF6-MW227AA-H
CBF6-MW227AA-C
CBF6-LW239AA-H
CBF6-LW239AA-C

GGGACGGTTTCGCGGCGGAGGATGTTGAAC
GTTCAACATCCTCCGCCGCGAAACCGTCCC
GACGCTGATATGTCAGCAGCGAGTTACTCAATTTG
CAAATTGAGTAACTCGCTGCTGACATATCAGCGTC

CBF4 transcript detection
CBF5 transcript detection
CBF6 transcript detection
CBF8 transcript detection
Actin control transcript detection
Site directed mutagenesis
CBF6-MW227AA
Site directed mutagenesis
CBF6-LW239AA
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Table 2.2A Properties of putative Vitis riparia CBF proteins.
Number of
Molecular Weight
Protein
pI
Amino Acids
(kDa)
251
27.58
7.74
VrCBF1a
251
27.55
7.74
VrCBF1b
250
27.56
9.48
VrCBF2
239
25.96
6.23
VrCBF3
218
24.23
5.42
VrCBF4
168
19.39
9.69
VrCBF5E
142
16.49
10.09
VrCBF5L
244
27.61
6.97
VrCBF6
213
23.67
6.76
VrCBF8

Table 2.2B Properties of putative Vitis vinifera CBF proteins.
Chromosome Location
Number of
Molecular Weight
Protein
(12x Pinot Noir V1)
Amino Acids
(kDa)
Not placed
251
27.53
VvCBF1
Chr6:19216576..19217622
253
27.68
VvCBF2
Chr6:19254403..19255122
239
25.88
VvCBF3
Chr16:15813825..15814917
218
24.22
VvCBF4
186
21.93
VvCBF5E Chr19:13983540..13984000
Chr2:3928473..3929345
244
27.59
VvCBF6
Chr8:17765904..17766542
215
23.76
VvCBF8

pI
8.74
9.45
6.12
5.42
9.51
6.55
6.21
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Table 2.3 Percentage Amino acid Identity for the predicted Vitis vinifera and Vitis riparia CBF proteins
A. Percentage Amino Acid Identity between the Vitis vinifera cv. Riesling or Chardonnay CBF proteins
VvCBF1
VvCBF2
VvCBF3
VvCBF4
VvCBF5
VvCBF6
VvCBF8

VvCBF1
100

VvCBF2
70
100

VvCBF3
68
63
100

VvCBF4
46
44
46
100

VvCBF5
38
34
39
41
100

VvCBF6
40
39
46
56
82
100

VvCBF8
47
44
43
38
36
37
100

B. Percentage Amino Acid Identity between the predicted Vitis riparia CBF proteins
VrCBF1a
VrCBF1b
VrCBF2
VrCBF3
VrCBF4
VrCBF5E
VrCBF5L
VrCBF6
VrCBF8

VrCBF1a
100

VrCBF1b
99
100

VrCBF2
70
69
100

VrCBF3
68
67
62
100

VrCBF4
50
50
45
45
100

VrCBF5E
42
42
38
43
45
100

VrCBF5L
50
50
45
51
54
100
100

VrCBF6
41
41
38
46
56
82
97
100

VrCBF8
52
52
49
53
40
38
45
42
100

C. Percentage Amino Acid Identity between the predicted Vitis vinifera and Vitis riparia CBF proteins
VrCBF1a
VrCBF1b
VrCBF2
VrCBF3
VrCBF4
VrCBF5E
VrCBF5L
VrCBF6
VrCBF8

VvCBF1
98
97
70
67
46
41
49
40
53

VvCBF2
70
69
96
61
44
38
45
39
49

VvCBF3
69
68
63
96
46
42
50
46
51

VvCBF4
50
50
45
45
99
45
54
56
38

VvCBF5
38
38
34
40
41
86
100
82
38

VvCBF6
41
41
38
46
56
82
97
99
42

VvCBF8
46
46
44
44
38
36
42
37
97
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Figure 2.1. Pictogram of the predicted Vitis riparia CBF proteins highlighting amino acid domains. Putative nuclear localization signals
(blue), and AP2 DNA binding domains (red) are found in all proteins. Signature CBF protein domain DSAWR (green) and a C-terminal region
containing hydrophobic clusters (purple) are also indicated. Post-translational modification is possible at PEST (orange) and SUMO (navy)
domains. Amino acid changes deduced from the sequenced Vitis vinifera Riesling or Chardonnay cultivars are indicated below each protein.
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VrCBF1

VrCBF2

VrCBF3

VrCBF4

VrCBF5E

VrCBF6

VrCBF8

Figure 2.2 Hydrophobic cluster analysis of Vitis riparia CBF proteins. C-terminal regions thought to be the activation domain are highlighted
by a purple underline. Hydrophobic sequences identified by the Hydrophobic Cluster analysis program (http://mobyle.rpbs.univ-parisdiderot.fr/cgi-bin/portal.py#forms::rpbs.HCA) are circled. Stars indicate proline, diamonds glycine, empty squares threonine and squares with
circles serines. Red amino acids are polar or negatively charged, blue amino acids are positively charged, green amino acids are hydrophobic.
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Figure 2.3 Neighbour joining phylogenetic tree of the Vitis vinifera and Vitis riparia CBF proteins
with CBFs from other woody perennials. CBF protein sequences from both Vitis species were used,
along with sequences from Arabidopsis, Birch, Poplar and Eucalyptus. The AP2 protein TINY was used
to root the tree. Phylogenetic analysis was completed using Mega 6.0 (Tamura et al., 2013). Only
bootstrap values greater than 50 are shown. Branch lengths shown are inferred evolutionary distance
calculated using the Poisson correction method. Scale bar is 0.05 units (amino acid substitutions/site).
Accession numbers as follows: BpCBF1 (ABP98987.1), BpCBF2 (ABP98988.1), BpCBF3 (ABP98989.1), AtCBF1/DREB1B (AAC49662.1),
AtCBF2/DREB1C (AAC99371.1), AtCBF3/DREB1A (BAA33434.1), AtCBF4/DREB1D (NP_200012.1), AtCBF5/DREB1E (NP_176491.1),
AtCBF6/DREB1F (NP_172721.1), AtTINY (AED93490.1), VvCBF1 (AY390372.1), VvCBF2 (AY390376.1), VvCBF3 (AY390375.1), VvCBF4
(DQ497624), VvCBF5, VvCBF6, VvCBF8, VvTINY (XM_002278870.3), VrCBF1a (AY390370.1), VrCBF2 (AY390373.1), VrCBF3 (AY390374.1), VrCBF4
(AY706986.1), VrCBF5E, VrCBF6, VrCBF8,EgrCBF1 (NP_001289653.1), EgrCBF2 (XP_010061439.1), EgrCBF3 (XP_010061496.1), EguCBF1A
(ABB51637.1), EguCBF1B (ABB51638.1), EguCBF1C (ACF15446.1), EguCBF1D (ACF15447.1), PtCBF1 (ABO48363.1), PtCBF2 (XP_002321877.1),
PtCBF3 (ABO48365.1), PtCBF4 (ABP64695.1), PtCBF5 (ABO48366.1), PtCBF6 (ABO48367.1).
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Figure 2.4. Vitis CBF expression analysis. Transcripts detected in young (A) and mid-aged (B) leaf
tissue at ambient temperature was compared to transcripts detected in young (C) and mid-aged (D) leaf
tissue under cold stress at 4⁰C. Figures shown are after two rounds of PCR as transcript abundance was
low. Transcripts detected in autumn collected bud tissues (E) are also shown, after only one round of
amplification. Vitis Actin1 after one round of amplification was used as a control for relative expression in
the leaf and bud samples.
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Figure 2.5. Activation by VrCBF1 and VrCBF4 on variants of the DRE/CRT core sequence. The minimal 35S promoter sequence was
preceded by 4 copies of CRT/DRE core sequence variants as follows: M1 = DRE: TACCGACAT, M2 = CRT: TGCCGACAT, M10:
TCCCGACAT, M11: TTCCGACAT (core CRT/DE sequence in italics), and a negative control variant M7: TGAAGACAT (no DRE/CRT core).
Activations indicated by different letters are significantly different as determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values
indicate the fold change from the negative control. Bars represent the standard error.
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Figure 2.6. Activation by VrCBF proteins on the DRE and CRT core sequence. A. The activity of CBF2, 4 and 6. B. The activity of CBF3,
4, 5 and 8. The activity was measured against reporter vectors containing the DRE (ACCGAC) and the CRT (GCCGAC) core sequences. An
empty effector vector was used as a negative control for each reporter. Activations indicated by different letters are significantly different as
determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values indicate the fold change from the negative control for each specific
reporter. Bars represent the standard error.
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Figure 2.7. Site directed mutagenesis of C-terminal hydrophobic domains of VrCBF6. A. The activation by CBF5E, VrCBF6, and
VrCBF5E+CBF6 in combination are shown as positive controls, along with an empty effector plasmid negative control. Mutants are indicated by
the hydrophobic amino acids which were changed. The reporter plasmid used contained the DRE sequence (M1). Activations indicated by
different letters are significantly different as determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values indicate the fold change from
the negative control. Bars represent the standard error. B. The hydrophobic cluster analysis of VrCBF6 and the mutant VrCBF6 sequences used in
this experiment. Note the decrease in hydrophobic cluster sizes in the mutants.
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Figure 2.8. Effect of VrCBF5E on activation by VrCBF proteins. The activity of each Vitis CBF was tested alone and in combination with
VrCBF5E. All activity was measured against the reporter vector containing the DRE (ACCGAC) core sequence. An empty effector vector was
used as a negative control. Activations indicated by different letters are significantly different as determined by Tukey-Kramer’s HSD test
(p < 0.05). Numerical values indicate the fold change from the negative control for each specific reporter. Bars represent the standard error.
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Figure 2.9. Comparison of activation by VrCBF1 and VrCBF1E85K on DRE/CRT variants. Reporters used were the 4xCRT:
TGCCGACAT, 4x DRE: GACCGACAA and a reporter variant which was not a DRE/CRT (TGAAGACAT) as a negative reporter control. An
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Chapter 3: Identifying differences between Vitis DREB1/CBF and DREB2 proteins
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3.1 Abstract
DREB1/CBF and DREB2 transcription factors both contain an AP2 DNA binding domain, activate
downstream genes via promoter elements containing the same core sequence and have been identified as
key regulators in abiotic stress tolerance in plants. DREB1/CBF proteins are thought to be important in
the cold stress response while DREB2 proteins have been hypothesized to function only after drought
stress-induced post translational activation. Two DREB2 (DRE binding factor) genes were cloned from
Vitis riparia and Vitis vinifera. Transient transactivation assays showed that both DREB2 proteins can
activate via the core DRE/CRT sequence RCCGAC. However, transcripts for these DREB2 genes were
largely not observed in conditions where CBF transcripts had previously been detected, including ambient
and cold-stressed leaves, autumn buds or seeds. A mutation to a predicted PEST motif shown to be a
negative regulatory domain in Arabidopsis DREB2s, was shown to be important for the activity of
VrCBF4, but had no effect on the activity of VrDREB2-3 indicating a difference in their posttranslational regulation. CBF and DREB2 proteins showed preference for the surrounding nucleotides
based on their classification. Our results indicate that while Vitis CBF and DREB2 transcription factors
are both active against the DRE/CRT core, they have different expression patterns under ambient and
abiotic stresses, are not regulated similarly at shared post-translational sites and have their own preferred
extended DRE sequences for activation. It is likely, therefore, that Vitis DREB1/CBFs and DREB2s have
roles in different abiotic stress tolerance pathways.
3.2 Introduction
3.2.1. The DREB2 pathway
In Arabidopsis, the first DREB2 to be identified was DREB2A by a yeast one-hybrid screen using the cisacting DRE/CRT element as a target (Liu et al., 1998). It was identified along with AtDREB1A/CBF3,
although the only similarities between the two were the conserved AP2 binding domain which interacted
with the DRE/CRT cis-element (Liu et al., 1998). Parallel reports by two groups indicated that
DREB1/CBF and DREB2 genes were similar but thought to have roles in two different types of abiotic
stress tolerance (Gilmour et al., 1998; Liu et al., 1998). DREB1/CBF expression was more prevalent
under cold stresses and DREB2 expression under drought and salt stresses.
3.2.2. Expression of DREB2 genes
Expression of six out of eight identified Arabidopsis DREB2 genes has been observed in conditions of
drought and high salinity, and after the application of ABA (Sakuma et al., 2002; Sakuma et al., 2006b).
AtDREB2A was detected after 10 minutes of either dehydration or high salinity and it was most strongly
expressed after two hours. AtDREB2A and DREB2B were expressed at one hour while AtDREB2C was
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not expressed until three hours following the stress induction. However, AtDREB2B and AtDREB2C
transcript were still detected 12 hours after exposure, while the expression of AtDREB2A was not
observed past three hours (Lim et al., 2007). Based on these expression patterns, it has been suggested
that Arabidopsis DREB2 genes have a function in drought tolerance, and that each DREB2 protein has a
differing role in dealing with this stress.
Unlike AtDREB1A, which accumulated within one hour following exposure to low temperature,
AtDREB2A was not detected within the 24 hours following exposure indicating that it was unlikely to be
involved in this particular response (Liu et al., 1998). However, work with other species has found that
DREB2 genes in wheat, chrysanthemum, poplar and a desert legume (Eremosparton songoricum) are
expressed following cold temperature stress in addition to being induced by drought, heat and salinity
stresses (Egawa et al., 2006; Liu et al., 2008; Chen et al., 2009; Li et al., 2014). This may indicate that the
separation between the DREB1/CBF and DREB2 pathways is not as clearly defined as previously
suggested.
3.2.3. DREB2 proteins
As members of the AP2 transcription factor family, DREB2 proteins contain an AP2 DNA binding
domain which is known to be highly conserved and contain the key amino acids valine and glutamic acid
(Sakuma et al., 2002). Arabidopsis DREB2 protein sequences also share conserved CMIV (conserved
motif of the fourth (IV) ERF protein subfamily) domains; CMIV-1 and CMIV-2 are located close to the
N-terminal end of the protein and are conserved amongst higher plants while CMIV-3 is closer to the Cterminal and is not present in all DREB2 proteins from other species (Nakano et al., 2006). The CMIV-2
domain is the site of a putative nuclear localization signal in Arabidopsis proteins (Liu et al., 1998;
Nakano et al., 2006). The DREB2 proteins also contain an acidic C-terminus which is thought to function
as a transcriptional activation domain (Liu et al., 1998).
Interestingly it has been reported by several groups that DREB2 proteins from various plant species
require post-translational modification in order to be active (Sakuma et al., 2006a; Chen et al., 2009). In
Arabidopsis DREB2A the removal of a negative regulatory domain, known to be rich in serines and
threonines, transformed the protein to a constitutively active form; which was able to transactivate a DRE
containing reporter approximately 30 times more than that by the wildtype DREB2A protein. No
phenotype was seen when wildtype AtDREB2A was overexpressed, and the protein was found to be
unstable. However, the overexpression of this constitutively active form of the protein led to an increase
in drought and high temperature stress tolerance as well as increased expression of specific AtDREB2A
target genes (Sakuma et al., 2006b). A potential PEST motif has been identified within the negative
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regulatory domain, and it was hypothesized that it was this domain that caused the protein to be degraded
rapidly under non-stressed conditions (Sakuma et al., 2006a). Subsequent experiments showed that
AtDREB2A interacted with DREB2A-interacting protein (DRIP) 1 and 2, proteins which are RING E3
ligases that add ubiquitin to lysine residues of proteins and direct it to the 26S proteasome for degradation
(Qin et al., 2008). The resulting regulation of available DREB2A is important for proper plant
development as DRIP mutants showed a stunted growth phenotype and increased expression of stressresponsive genes under non-stressed conditions (Qin et al., 2008). However, this process likely involves
other players in addition to DRIP1 and DRIP2 as it has also been found that their inhibition is necessary
but not sufficient to induce the expression of downstream genes (Morimoto et al., 2013). Most recently, a
protein complex composed of three histone fold domain proteins was found to act as an enhancer of the
heat stress induced expression of AtDREB2A (Sato et al., 2014). This suggests that the stress-induced
specificity of this pathway may be additionally regulated at a higher level.
Overexpression studies in Arabidopsis and tobacco have shown that DREB2 genes of many species,
including wheat, barley, millet, poplar, desert legume, and chrysanthemum can significantly improve
plant survival under drought, salinity and heat stress without adverse effects on plant growth (Shen et al.,
2003; Xue and Loveridge, 2004; Agarwal et al., 2007; Chen et al., 2009; Matsukura et al., 2010; Li et al.,
2014; Sadhukhan et al., 2014). However, several of these DREB2s require alternative splicing to be
active under any conditions, including orthologues in rice, maize and wheat where the alternative proteins
are missing portions of the putative NLS or AP2 domains (Egawa et al., 2006; Qin et al., 2007;
Matsukura et al., 2010). This suggests that stress-induced alternative splicing in addition to or as an
alternative for post-translational modification is also involved in the DREB2 stress response pathway.
3.2.4. Regulon of DREB2 genes
When the truncated, constitutively active form of AtDREB2A was overexpressed in Arabidopsis it lead to
growth retardation, but appeared to upregulate the expression of specific genes known to be involved in
drought stress, salt stress and the heat shock response, including amongst others Late Embryogenesis
Abundant (LEA) genes (Liu et al., 1998; Sakuma et al., 2006b). In contrast, the overexpression of
wildtype AtDREB2C, which was active without modification, resulted in an increased tolerance to heat
stress with no obvious effect on growth (Lim et al., 2007). AtDREB2C was later shown to bind to the
promoter of a heat shock factor HsfA3, which in turn activated heat shock protein genes responsible for
heat stress tolerance in Arabidopsis (Chen et al., 2010). In contrast, the overexpression of AtCBF1
resulted in up regulation of genes involved in cold stress, but also resulted in growth retardation (Liu et
al., 1998; Gilmour et al., 2004). These results suggest that different genes are activated by CBF/DREB1
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and DREB2 genes, and that within the DREB2 regulon AtDREB2A and AtDREB2C may activate
different sub-regulons as well.
The purpose of this study was to identify the members of the Vitis DREB2 family and compare and
contrast them to the CBF family. It is hypothesized that the difference between these closely related
abiotic stress transcription factors may lie in their pattern of expression and/or regulon, leading to a
difference in function. To identify possible differences between the expression of Vitis CBFs and
DREB2s, transcripts were detected at ambient and under cold-stressed conditions in various tissues. In
addition, their activity against and preference for the DRE or CRT promoter element core sequence was
tested through their ability to transiently transactivate. We show that specificity may lie in the sequence
surrounding the core DRE or CRT element, and show this both with an artificial element and an actual
promoter potentially involved in these pathways.
3.3 Materials and Methods
3.3.1 Plant growth
Approximately four year old plants were grown from cuttings of Vitis vinifera cv. Riesling and Vitis
riparia acc. Manitoba in controlled environment Conviron walk-in chambers programmed for long days
(16 hours of light at 100-120 μEm-2s -1) at 22°C, followed by 8 hours of darkness at 20°C. Plants were
watered 3 times a week and received 20:20:20 (N:P:K) fertilizer once a week. Dormant buds did not
form under these growth conditions. For cold treatments, the temperature was decreased to 4°C at the
same time as the light period started for the day. The same light conditions were maintained as for
ambient conditions. This treatment is similar to previous experiments when plants were examined for
CBF gene expression (Xiao et al. 2006, 2008). Groups of leaves aged young (2nd- 4th from the tip) and
mid (5th and 6th) were harvested from canes at 0 hours, 0.5 hour, 1 hour, 2 hours, 4 hours, 8 hours, 1 day
and 3 days following cold treatment. To try to control for circadian rhythm differences, ambient controls
were taken at the same 0-8 hour time points after the light was turned on. Harvested tissue was frozen in
liquid nitrogen and stored frozen at -80°C until RNA extraction.
Seeds from Vitis vinifera cv. Riesling grown at the ambient conditions indicated above were collected
from grapes at four distinct stages (30-33) of fruit maturity as defined by Agriculture and Agri-food
Canada (Carisse et al., 2006). Stage 30 berries were small and bunches of 4-6mm began to hang. Stage
31 berries were pea-sized and hanging bunches were 7-10mm, stage 32 looked similar but berries and
bunches were slightly larger (>7-10mm). Finally, at stage 33 berries within the same bunch began to
touch. These stages corresponded to developmental stages seed-FS, seed-PFS and seed-V as identified in
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Fasoli et al (2012). Obtained seeds from each developmental stage were dried at room temperature and
then finely ground with solid CO2 in a blender before RNA extraction.
In the fall of 2011, buds were harvested from wild grape growing in the Arboretum of the University of
Guelph (V. riparia Guelph) on September 15 (12.0 /5.2°C; daily max/min temperature), September 29
(17.5/8.7°C), October 13 (17.5/12.1°C), October 27 (3.5 /-0.7°C) and December 8 (1.2/-2.0°C) , frozen in
liquid nitrogen and stored frozen at -80°C until RNA extraction (temperature data was obtained from the
Guelph Turfgrass Institute’s Environment Canada historical records at climate.weather.gc.ca).
Nicotiana benthamiana plants for transactivation studies were grown under long days and cared for as
described in Chapter 2.
3.3.2. Identification and analysis of DREB2 genes in the Vitis genome
Five putative DREB2 genes were identified by BLAST in the grape genome at the Phytozome
(http://www.phytozome.net/) and Genoscope (http://www.genoscope.cns.fr/spip/Vitis-vinifera-e.html)
sites, using the conserved AP2 and CMIV domains (CMIV-1: KGKGGPZN, CMIV-2:KVPAKSGR, a
putative nuclear localization sequence) as query sequences.
3.3.3. Cloning and sequencing of Vitis DREB2 genes
Genomic DNA was extracted from leaf tissues of Vitis vinifera and Vitis riparia according to Xiao et al.
(2006). In addition, crude genomic DNA was also isolated from the fourth leaf from the tip in a quick
protocol (for details see Chapter 2 appendix) using the Sigma Extract-and-Amp kit (Sigma).

Amplification of two specific Vitis DREB2 genes, DREB2-3 and DREB2-5, was completed using KOD
Hot Start Polymerase (Novagen). In brief, this protocol called for 0.01U KOD polymerase, 0.15 μM
primer concentration, 0.2mM dNTPs, 1.5mM MgSO4 and at least 200ng of genomic DNA as template. A
typical PCR protocol consisted of denaturing the strands for 30 seconds at 95⁰C, annealing the primers at
their respective temperatures (2⁰C higher than the Tm calculated according to the IDT OligoAnalyzer tool
https://www.idtdna.com/calc/analyzer) for 20 seconds and extension of the new strands at 70⁰C. The
extension times varied based on the size of the amplicon expected, as KOD polymerase extends at a rate
of approximately 40 seconds per kilobase pair. Gene specific primers (shown in Table 3.1) were designed
to amplify the entire open reading frame of the particular DREB2 and introduce BamHI and SacI sites for
subcloning into expression vectors. PCR products were isolated from agarose gels using the PureLink
quick gel extraction kit from Invitrogen (Life Technologies). The purified product was A-tailed and
ligated into the pGEM-T easy vector (Promega). Ligated vectors were transformed into competent E. coli
DH5α cells. Screened colonies containing insert were sent for sequencing at the Advanced Analysis
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Center at the University of Guelph. The inferred protein sequences are presented in the appendix as
supplementary figures.

3.3.4. Analysis of deduced protein sequences
Protein sequences encoded by the sequenced open reading frames of DREB2-3 and DREB2-5 were
determined by the ExPASy translate tool (http://web.expasy.org/translate/). Amino acid sequences were
aligned by CLUSTALW2 (http://www.ebi.ac.uk/Tools/services/web/toolform.ebi?tool =clustalw2) with
AtDREB2A as a reference. The isoelectric point (pI) and molecular weight (MW) of each DREB2 protein
was calculated using the online program ‘Compute pI/MW’ (http://web.expasy.org/compute_pi/).
Putative nuclear localization signals were identified by the WoLF PSORT program
(http://www.genscript.com/psort/wolf_psort.html). The ‘epestfind’ program developed by Emboss
(http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind) was used to find PEST motifs; only potential
motifs with a score greater than six (above a threshold of five, indicating a score of biological interest)
were accepted. The SUMOplot™ Analysis Program developed by Abgent (http://www.abgent.com/tools)
was used to find SUMO conjugation motifs; all accepted motifs had a probability >0.7. Potential
phosphorylation sites were identified using the MuSite program http://musite.sourceforge.net/ set to the
Arabidopsis thaliana model (Gao et al., 2010). Finally, proteins were clustered with CBF/DREB1 and
DREB2 proteins from Vitis and other related plants using MEGA6 software (Tamura et al., 2013)

3.3.5. Transcript detection in various tissues
Total RNA was extracted from harvested Vitis leaves, buds and seeds using the either the Plant RNeasy
kit (Qiagen) or the Spectrum Total Plant RNA kit (Sigma), according to the protocol suggested for that
specific tissue (for additional details see appendix)(Fasoli et al., 2012). Isolated RNA was checked for
quality and quantity using spectrophotometry and gel electrophoresis on a 1% agarose gel. Following
these checks, the RNA was treated with DNase (Ambion) and checked in a PCR reaction lacking reverse
transcriptase to ensure all DNA was degraded. First strand cDNA was subsequently synthesized using
the qScript Flex cDNA kit (Quanta) according to manufacturer’s protocol with both oligo dT and random
primers. Typical reactions contained 2µg of RNA, resulting in approximately 1.5-1.8 µg/µl of cDNA.
DREB2, CBF and LEA transcripts were detected by semi quantitative PCR with Taq polymerase on
cDNA using specific primers for each CBF gene (Table 2.1). To confirm the presence of transcript from a
small starting amount (200ng cDNA), and identify if any putative introns were retained, nested PCR was
used. A typical PCR protocol consisted of denaturing the strands for 30 seconds at 94⁰C, annealing the
primers at their respective temperatures for 30 seconds and extension of the new strands at 72⁰C. The
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extension times varied based on the size of the amplicon expected (approximately one minute per
kilobase pair). Transcripts from Vitis malate dehydrogenase (MDH) or ACTIN1 (NC_012010) were used
as reference for seed, or leaf and bud extracts respectively (Xiao et al., 2006; Xiao et al., 2008; Coito et
al., 2012; Rahman, 2015). To demonstrate that the DREB2 primers are functional, positive control
amplifications were performed on 200ng plasmid DNA under the same PCR conditions as used for
amplification on cDNA.
3.3.6. Bioinformatic analysis of DRE/CRT elements in the Vitis genome
Using a program designed by the bioinformatics team at Université Paul Sabatier and INRA Toulouse to
find specified sequences, we searched all promoters of predicted Vitis genes as found in the 12x March
2010 release of the Vitis vinifera draft genome (accessed from Phytozome, February 2013). For this
exercise we used both 1000 and 500 nucleotides upstream of start codons as promoters to see where
CRT/DRE elements were typically found. Promoters were checked for the DRE/CRT core and the
identity of the flanking five nucleotides. Other elements thought to be involved in abiotic stress response,
such as the MYC binding element (CANNTG; Abe et al., 1997), MYB binding element (CTAACCA;
Abe et al., 1997), the Calmodulin binding transcription activator element (CAMTA, CCGCGT; Doherty
et al., 2009), ICEr2B (RHMCKTGSWTT; Siddiqua et al., 2009), Rapid-Stress responsive element
(RSRE, CGCGTT; Walley et al., 2007), and the ABA-responsive element (ABRE, YACGTGKC;
Narusaka et al., 2003) were also searched for, both alone and in combination with the DRE/CRT and
other elements.
3.3.7. Preparation of pCAMBIA transactivation vectors encoding wild type and DREB2 variants
The recently developed pCAMBIA-based plasmids for transactivation (Nassuth et al. 2014) were the
basis for the effector and reporter plasmids used in the current study. The pCAMBIA effector plasmids
containing Vitis DREB2 open reading frames were prepared by subcloning the respective sequences from
confirmed pGEM-T constructs between BamHI and SacI recognition sites. The original pCAMBIA
plasmid 1305.1 (empty vector) was used as a negative effector control for all transactivation experiments.
The pCAMBIA reporter plasmid (pCAMBIA 4xCRTmin35S::RiLUC, 35S::FiLUC) developed by the
Nassuth Lab contains two reporter genes, RiLUC (Renilla reniformis luciferase gene containing a
modified intron from the castor bean catalase gene; (Cazzonelli and Velten, 2003)) behind a
4xCRTmin35S promoter and FiLUC (Firefly luciferase gene containing the PIV intron from GUSINT;
(Mankin et al., 1997)) behind a 35S promoter (Nassuth et al., 2014). Additional reporter plasmids for the
current study were constructed by replacing the 4xCRTmin35S promoter with promoter fragments of
interest between HindIII and BamHI recognition sites. All effector and reporter pCAMBIA plasmids were
verified by restriction digestion as well as sequencing with gene-specific primers (Table 2.1).
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A QuickChange (Stratagene) reaction was performed on pGEM-T plasmid DNA containing the CBF4 or
DREB2-3 open reading frame in order to mutate the putative PEST motif in each protein. These included
making a site-directed serine (S) to arginine (R) change at amino acid residue 5 in CBF4 and at residue
186 in DREB2-3. The mutant strand was synthesized using Pfu DNA polymerase (2.5 U) , 20ng of the
plasmid DNA and 0.35μM end concentration mutagenic primers designed according to the Stratagene
instruction manual (Table 3.1). The QuickChange primer Tm Calculator
(http://depts.washington.edu/bakerpg/primertemp/primertemp.html) was used to calculate the annealing
temperature of the mutagenic primers to be used in the reaction. A typical Quickchange reaction consisted
of 18 cycles where denaturing the strands was done for 30 seconds at 95⁰C, annealing the primers at their
respective temperatures for one minute and extension of the new strands at 68⁰C for 10 minutes. After
completion of the reaction, the methylated parent plasmid DNA strands were digested by adding Dpn1 (6
U) and incubating at 37C for 1 hour, following which the mutated DNA was transformed into E. coli
DH5α. Selected transformants were isolated and plasmid DNA was verified by restriction digestion and
sequencing of at least three clones. Finally, correct mutants were digested with BamH1 and SacI and
subcloned into the effector pCAMBIA plasmid (see appendix for additional details).
3.3.8. Preparation of Agrobacterium liquid cultures
Effector and reporter plasmids were introduced into the Agrobacterium tumefaciens strain EHA105
according to the freeze-thaw method described by Hofgen and Willmitzer (1988). Kanamycin and
rifampicin (50μg/ml each) were used to select for the pCAMBIA constructs and endogenous plasmid with
vir genes respectively. To prepare for infiltration of three plants (larger experiments were scaled
accordingly), Agrobacterium containing individual constructs were grown in an overnight starter culture
at 30⁰C by inoculating 20 µl of permanent culture of each construct in 3 ml LB medium containing
kanamycin (50 µg/ml) and rifampicin (10 µg/ml). The following morning, this overnight culture was used
to inoculate 25 ml of LB medium supplemented with kanamycin (50 µg/ml), rifampicin (10 µg/ml), MES
(2- morpholinoethane sulfonic acid, 10 mM, pH 5.6) and acetosyringone (40 µM) and incubated again for
2-3 hrs in the same conditions until the optical density at 600 nm (OD600) was approximately 1.0. The
bacteria were pelleted at 4000 rpm (3000×g) for 10 minutes in 50 ml conical tubes using a Hermle Z320K
centrifuge, resuspended in 10 mM MgCl2 by pipetting and adjusted to an OD600 of 1.0 with the same
MgCl2 solution. Subsequently, 100 mM acetosyringone (150 µM) was added and the bacterial
suspensions were incubated at ambient temperature for a minimum of 3 hrs to ensure the expression of vir
genes. Prior to infiltration, Agrobacterium harbouring an effector was mixed with Agrobacterium
harbouring a reporter in a 1:1 ratio, for a final OD600 of 0.5 for the reporter and effector bacteria (total
OD of both equaling 1.0). When two effectors were infiltrated at the same time, they were adjusted to a
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final OD600 of 0.25 with 10mM MgCl2 and combined (final OD of effectors equaling 0.25 and 0.25 and
reporter equaling 0.5). To be able to compare the activation by one effector versus two effectors in the
same experiment, treatments with only one effector were also adjusted to a final OD600 of 0.25.
3.3.9. Agroinfiltration of tobacco leaves and Luciferase and GUS assays
Agroinfiltration was performed based on the procedure described by Nassuth et al. (2014). Luciferase and
GUS assays performed on the same samples was also carried out using the procedure described in
Nassuth et al. (2014). More in-depth details of these procedures were described previously and can be
found in Chapter 2.
3.3.10. Quantification of Activity and Statistical analyses
Quantification and normalization of activity was carried out in the same manner as previously described
in Chapter 2 and further details can be found there and in Nassuth et al. (2014). The RiLUC/FiLUC/GUS
(x100000) values for 3 replicates were used to calculate the mean and standard error. These results were
analysed by a one-way analysis of variance (ANOVA) and the mean differences among the different
effector/reporter combinations within an experiment were determined by the Tukey-Kramer HSD tests
(P<0.05).

3.4 Results
3.4.1 Identification and analysis of Vitis DREB2 genes and their encoded proteins
Five DREB2-like genes were identified by BLAST in the grape genome at the phytozome
(http://www.phytozome.net/) and Genoscope (http://www.genoscope.cns.fr/spip/Vitisvinifera-e.html)
sites, using Arabidopsis DREB2A, DREB2B and DREB2C as reference sequence (Sakuma et al., 2002).
The protein sequences from the Vitis DREB2s contained several conserved, DREB2-specific domains
including the putative nuclear localization signal also identified as the CMIV-2 domain and an AP2 DNA
binding domain as originally identified in Arabidopsis APETALA2 (Riechmann and Meyerowitz, 1998)
(Figure 3.1). No dimerization domains were identified. In addition to these conserved domains, several
sites where possible post-translational modification could take place were identified. Possible PEST sites
were found in DREB2-2, DREB2-3 and DREB2-4 and potential sumoylation sites were found in all five
identified DREB2s. Many serine/threonine specific phosphorylation sites were identified in all DREB2
protein sequences, commonly they were predicted in the N-terminus before the predicted NLS sequence
and after the conserved AP2 DNA binding domain in the C-terminus (Not shown). Phylogenic analysis of
Vitis vinifera and Vitis riparia amino acid sequences clustered DREB2s separate from CBFs. It also
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showed that different Vitis DREB2 proteins are more similar to DREB2 proteins from other plants than
each other (Figure 3.2).
DREB2-3 and DREB2-5 were chosen for further analysis because one has a single PEST motif and the
other does not. DREB2-3 and DREB2-5 open reading frames were amplified from extracted Vitis genomic
DNA and sequenced to confirm their identity. For the most part, Vitis vinifera and Vitis riparia deduced
DREB2 protein homologues differed in only a few amino acids, all outside the identified domains, and
retained similar theoretical molecular weights and isoelectric points (Tables 3.2A and B). Paralogues
within each species were less similar to each other in sequence, MW and pI.
3.4.2 Detection of Vitis DREB2 transcripts
Several different tissues and time points were checked for Vitis DREB2 expression across a range of
conditions. Initially, room temperature grown leaves from Vitis riparia were analyzed to determine if
expression of either DREB2-3 or DREB2-5 could be detected under non-stressed conditions. Young
leaves (2nd, 3rd and 4th from the branch apical meristem) and mid-stage leaves (5th and 6th from the branch
apical meristem) were sampled, however no sample showed transcripts from DREB2-3 or DREB2-5
(Figure 3.3 panels A and C), despite positive controls for Actin and the primers used.
The same ages of leaves were subjected to a cold shock treatment where the temperature was dropped
from 22⁰C to 4⁰C and samples were taken at 0h, 0.5h, 1h, 2h, 4h, 8h, 24h and 72h after the temperature
drop. These time points were chosen to mimic those used previously in our lab (Xiao et al., 2006; Xiao et
al., 2008; Chapter 2). Under these cold stressed conditions, transcripts from both DREB2-3 and DREB2-5
were again absent in all samples. (Figure 3.3 panels B and D).
Overwintering Vitis riparia bud tissue collected from the Arboretum at the University of Guelph was
sampled throughout the autumn of 2011. Time points from September to December were used to
determine the level of DREB2 transcript that would be present as the plant entered a dormant state.
DREB2-3 and DREB2-5 transcript was not detected at the times sampled in bud tissue (Figure 3.3E).
Seed from Vitis vinifera cv. Riesling at four different developmental stages was also tested for the
presence of DREB2 and CBF transcript. DREB2-3 and DREB2-3 transcript was not detected in seed
tissue. Unexpectedly however, various CBFs were detected in seed. CBF2, CBF4 and CBF5 were found
in stages 30 and 31 (although CBF2 and CBF5 in very low amounts), CBF3 in stages 30, 31 and 32, and
CBF6 in all four stages. CBF1 and CBF8 were not detected at the sampled seed developmental time
points (Figure 3.4).
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3.4.3 Activation of transcription via DRE/CRT elements by Vitis DREB2’s
To test whether the wildtype VrDREB2 proteins were active and to see if their preference for promoter
elements differed from CBF proteins, the ability of DREB2-3 and DREB2-5 proteins to activate the DRE
and CRT element was tested by transient transactivation. VrCBF1 and VrCBF4 were included in this
experiment as positive controls. Both DREB2 proteins could activate via both the DRE and CRT
elements as compared to the empty control effector plasmid (Figure 3.5). VrDREB2-3 activated both
reporters to an approximately equal level, while DREB2-5 activated the CRT to a higher yet nonstatistically significant degree (Figure 3.5). The level of activation for DREB2-5 on both reporters was
significantly higher than that observed for DREB2-3 across experiments. These experiments were
repeated and similar levels of activation on the DRE/CRT were observed in two independent repeats (see
also Figure 3.6).
3.4.4 PEST motif-dependent regulation of DREB2-3 and CBF4
As observed in the previous section, the level of activation for VrDREB2-3 was lower than that of
VrDREB2-5. While there may be several reasons for this, VrDREB2-3 contained a predicted PEST motif
while VrDREB2-5 did not. In Arabidopsis DREB2A, the removal of a region containing a putative PEST
motif resulted in more protein and more activity (Sakuma et al., 2006a). Therefore, we chose to modify
the putative PEST motif in DREB2-3 by site directed mutagenesis to see if this would result in higher
transactivation. At the same time, a similar mutation to destroy the putative PEST motif in CBF4 was
tested, as many CBFs also contain predicted PEST motifs. The activation by the VrDREB2-3 S186R
mutant was similar to the activation of wild-type VrDREB2-3 on both the DRE and CRT. However, the
VrCBF4 S5R mutant showed a decreased activation as compared to the wild-type VrCBF4 on both
reporters (Figure 3.6). This drop in activation level was observed in two independent experiments and
was statistically significant in both.
3.4.5 Vitis-wide promoter element search using a bioinformatics approach
To determine if nucleotides surrounding the DRE/CRT element core sequence showed any discernible
patterns that might be related to activation by CBF/DREB1 or DREB2 transcription factors we searched
the published Vitis vinifera genome for promoters that contain a DRE/CRT core. Of all predicted Vitis
vinifera protein-encoding transcripts (26346), 17% contain at least one DRE/CRT element core in the 1kb
promoter region immediately preceding the annotated translational start site and for over half of these
genes the element was within the first 500bp (Figure 3.7A). A larger percentage of late embryogenesis
associated (LEA) genes contained a CRT/DRE element than this average, namely 33%. This was not
surprising as dehydrin genes, included in this group, have been shown to be involved in plant cell
modification in response to cold and dehydration stress (Xiao and Nassuth, 2006). When we looked at
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grape genes identified by the Xin group as being differentially expressed under cold stress conditions,
20% of the genes identified as differentially regulated (3139 total) under cold stress contained at least
one DRE/CRT element in their 1000bp promoter (Xin et al., 2013).
When we looked at how often these elements were found in combination with other elements that have
been shown to play a role in abiotic stress tolerance, such as ICEr2B, CAMTA, ABRE, MYC, MYB and
RSRE, certain trends were evident. Although DRE/CRT elements were found in combination with any of
these other elements, more than 50% was found in combination with MYC elements, and even more if
only a 500 base pair promoter region was considered (Figure 3.7A). The CRT/DRE containing promoters
that contain an ICEr2B or CAMTA element contained in at least 75% of the cases also a MYC element.
Since a MYC element can be (but does not have to be) contained by the ICEr2B element, this may
explain the high number of MYC elements found in combination with ICEr2B. The sequence
surrounding either a CRT or DRE element was varied, but had a higher frequency of A and T (Figure
3.7B). No specific sequence preferences could be discerned in genes containing either a CRT or DRE
element plus any one of the other elements (data not shown).
When the nucleotides surrounding the core sequences of these elements in the three identified groups of
interest (Vitis-wide, upregulated under cold stress, and LEA genes) were compared it was difficult to
determine any specific patterns for the surrounding nucleotides. The results of a nucleotide frequency
plot showed no significant overrepresentation at any position (Figure 3.7B).
3.4.6 Functional analysis of specific promoter element sequences
With the in silico promoter element search completed and no specific patterns found, a different approach
was taken to create three specific long DRE elements. Two elements came from the promoters of Vitis
LEA genes 18 and 23 respectively, as they were found to be upregulated under cold stressed conditions
by Xin et al. (2013). The sequences surrounding the DRE were different in these promoters; the LEA18
sequence was AT rich on either side of the DRE core (ATAATACCGACTCAAT), and the LEA23
sequence was GC rich on the 5’ side, but AT rich on the 3’ side (CATGGACCGACAACAA). A third
sequence which was relatively GC rich on both sides of the DRE (TCCAAACCGACCATCG) was
modelled after a promoter element found in an upregulated Eucalyptus gene under cold-stress conditions,
to be called EGU.
When Vitis CBF1, CBF4, DREB2-3 and 2-5 were tested against these longer, more specific DRE
elements, the original core DRE was also included and the fold induction over an empty control was
determined. In the case of the CBFs, the core DRE was preferred above all, however the AT-rich LEA18
sequence was the most preferred longer element. Amongst the DREB2s, the GC-rich EGU sequence was
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the most preferred, even over the core DRE sequence (Figure 3.8). These results were repeated with
similar trends in two independent repeats.
3.4.7 Detection of Vitis riparia LEA18 and LEA23 transcripts
Following the activation results from the longer DRE elements, we endeavored to see if the expression of
Vitis riparia LEA18 and LEA23 aligned with the DREB2 or CBF expression. The room temperature and
cold stressed leaf samples as described previously were sampled and LEA18 was found to be expressed
across all time points in ambient young and mid-aged leaves. LEA23 was not detected in young or midaged ambient leaves (Figure 3.3 panels A and C). In cold treated leaves, the pattern of expression
changed and LEA18 was found present at all time points in young tissue and 0.5 hours, 2 hours and 3 days
in mid-aged leaves. LEA23 transcript was detected from one hour through three days in young leaves and
from 2 hours through three days in mid-aged leaves (Figure 3.3 panels B and D).
Overwintering Vitis riparia bud tissue and Vitis vinifera cv. Riesling seed tissue as described previously
was also tested. In these samples, both LEA18 and LEA23 were found in all sampled time points for bud
(Figure 3.3E) and in all tested developmental stages for seed (Figure 3.3F). Of all these samples, LEA23
transcripts were most abundant in seeds, and then in buds.
3.4.8 Activation of the VrCBF8 promoter by VrDREB2-3 and VrDREB2-5
To further analyze the effect of the surrounding sequence on the level of activation and to confirm the
observed preferences, the DRE containing VrCBF8 promoter was sub-cloned into the reporter plasmid.
Amongst all the Vitis CBFs, CBF8 was the only gene to contain a DRE sequence in its promoter, and this
DRE sequence had GC-rich regions on both sides (GTGGGACCGACTACCG), similar to the EGU
sequence (TCCAAACCGACCATCG) tested previously. Results showed that CBFs could not activate
via the CBF8 promoter, but both DREB2-3 and DREB2-5 could (Figure 3.9). These results were
repeated with statistically significant results in two independent repeats.
3.5 Discussion
The current version of the Vitis vinifera genome (Version V2, CRIBI) contains five putative DREB2 gene
family members. We present here the sequence of two Vitis DREB2 genes, from both V. riparia and V.
vinifera. The proteins encoded by these genes both contain the conserved CMIV-2/putative NLS and
AP2 domains found in DREB2 genes from other plant species. However, they lack other conserved
domains CMIV-1 and CMIV-3 which were found in Arabidopsis DREB2A, B and C and the DREB2s
from other species such as rice and soybean (Nakano et al., 2006; Mizoi et al., 2012a). Nevertheless we
still consider them DREB2 proteins because they group with DREB2 proteins in a phylogenetic tree
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(Figure 3.2). Vitis DREB2-3 has a predicted PEST site, and both contain putative sumolyation and
phosphorylation domains indicating possible post-translational regulation. Both VrDREB2-3 and
VrDREB2-5 were functional, in that they could activate transcription from promoters containing either a
DRE or CRT element. Arabidopsis AtDREB2A and rice OsDREB2A bound to the DRE and CRT with
approximately equal efficiency (Sakuma et al., 2002; Dubouzet et al., 2003).
In Arabidopsis and soybean, DREB2 proteins have been reported to be degraded at ambient temperature
but be stabilized and active under stress conditions due to an as yet unknown post-translational
modification (Mizoi et al., 2012a; Morimoto et al., 2013). When a region containing a putative PEST
motif was removed from AtDREB2A, its activation greatly increased under non-stressed conditions
(Sakuma et al., 2006a; Mizoi et al., 2012a) . In contrast, CBF proteins have been shown to be active
under stress conditions without post-translational modification. The focus of this study was to see if the
same held true for Vitis DREB2 proteins. We were intrigued by initial results that showed the activation
level of VrDREB2-3, which contained a putative PEST motif as seen in other plants, was lower than that
of VrDREB2-5 which does not contain a putative PEST motif. A mutated VrDREB2-3 protein in which
one amino acid was changed in order to modify the putative PEST motif was not shown to have altered
activity in comparison to the wildtype, suggesting that this motif does not control the activity of
VrDREB2-3. In contrast, a similarly designed mutation to remove the putative PEST motif in VrCBF4
resulted in a less active mutant as compared to the wildtype protein. This suggests that the serine residue
in question is important, and thus that post-translational modification is likely important for this particular
Vitis CBF protein. A possible explanation for this phenomenon is that this serine is phosphorylated and
that this phosphorylation increases activity. How this happens is not clear. The responsible kinase cannot
be OST1 kinase, the kinase responsible for activating Arabidopsis ICE1 (Sirichandra et al., 2010; Ding et
al., 2015), since the mutated serine residue is not part of an OST1 recognition site. Results from this
study indicate that the ambient activity of VrDREB2-3 is not regulated by post-translational regulation at
S186, and that there is a post-translational stabilization at a PEST/phosphorylation site in VrCBF4, clear
deviations from what has been observed in orthologues of these genes. This is not to say that other
members of each family are not regulated as seen previously. Multiple predicted PEST motifs are located
in Vitis DREB2-2, DREB2-4, and many CBF proteins, and further investigation will have to determine if
post-translational regulation at this domain is important for the activity of these proteins.
Transcripts from DREB2-3 and DREB2-5 genes were not detected in ambient grown or cold stressed
leaves 1-6. Likewise, DREB2-3 and DREB2-5 transcripts were not observed in an autumn time course of
bud tissue. These observations align with what has been observed in many other species including
Arabidopsis where DREB2 expression was only seen after a period of heat or drought stress (Sakuma et
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al., 2002; Sakuma et al., 2006b). However, the expression of DREB2 genes following cold stress has
been reported in wheat, chrysanthemum, poplar and a desert legume (Egawa et al., 2006; Liu et al., 2008;
Chen et al., 2009; Li et al., 2014). Generally speaking, low expression for all DREB2 genes was observed
across different developmental stages in Vitis previously (Fasoli et al., 2012). Therefore, it appears that
expression of DREB2s under various types of abiotic stresses is variable depending on the species.
However, it should be mentioned that the low amplification on plasmid DNA by the DREB2-3 primer set
may have led to less than optimal detection. The use of a different set of primers in the future would help
to strengthen the evidence in this area. In seed, which is a more similar condition to drought stress,
neither DREB2-3 nor DREB2-5 transcripts were detected at the developmental time points checked.
Fasoli et al. (2012), found high levels of transcript for DREB2-5 at later stages of seed development,
however these appeared to be sampled at a later developmental stage than our samples which focused on
pre-veraison grape berry seeds. However, to our surprise a large number of Vitis CBFs were expressed in
seed, even though their expression is more generally thought to be associated with cold stress. Both
LEA18 and LEA23 were found to be expressed in seed, possibly due to the CBFs that are present in these.
Taken together, it is clear that the stress conditions and developmental stages under which Vitis CBF
genes are expressed are not the same conditions under which Vitis DREB2 genes are expressed.
The fact that CBF and DREB2 proteins both activate the DRE/CRT core promoter elements does not
necessarily mean that they have the same regulon. To investigate if the sequences surrounding the
DRE/CRT core affect activation by CBFs and DREB2s and thus result in different regulons, we looked at
three longer DRE elements each with different nucleotide patterns surrounding the core. This
surrounding sequence was able to reveal a different preference of Vitis CBF1 and CBF4 and Vitis
DREB2-3 and DREB2-5. The Vitis CBFs were found to prefer an AT-rich sequence on either side of the
core while the Vitis DREB2s preferred a GC-rich surrounding sequence. Based on these results we
postulate that the CBFs and the DREB2s activate genes with their preferred type of extended DRE/CRT
sequence best. Our previous experiments used fewer nucleotides surrounding the core, similar to
experiments done in Arabidopsis where only up to two nucleotides surrounding the core were observed
(Sakuma et al., 2006a; Nassuth et al., 2014). In comparing these studies to the work shown here, we
conclude that looking at a longer surrounding sequence was required to distinguish between activation
specificity by CBFs and DREB2s. In agreement with this finding, the VrCBF8 promoter, which contained
a DRE element which had relatively GC rich sequence on either side (GTGGGACCGACTACCG), was
activated by Vitis DREB2s, but not by any CBFs in a transient transactivation assay. This suggests that it
might be possible to identify genes that can be regulated by DREB2 but not by CBF proteins based on the
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sequences surrounding the DRE/CRT core. More investigation will be necessary to determine what role
VrCBF8 might play.
The artificial long DRE elements were designed from sequences found in the promoters of Vitis LEA
genes, a sub-family which had relatively more CRT/DRE promoter elements than the average for all Vitis
genes. LEA proteins are hypothesized to function in different ways to protect other proteins from dry
conditions, cold stress and salinity and therefore it is reasonable to assume that they are direct targets of
Vitis CBF and DREB2 proteins (Reviewed in Battaglia et al., 2008). However, transcripts from LEA 18,
the longer element preferred by the CBFs, were detected in all samples tested and their expression did not
appear to be triggered by stress. The LEA23-based DRE was not the preferred longer element for either
CBFs or DREBs in the transactivation assay; however we cannot eliminate an interaction since they did
still activate via this element. LEA23 expression was not detected under ambient conditions, but it was
found to be expressed more after a stress induction like cold or during seed maturation. Its expression in
cold stressed leaves may be regulated by CBFs, but due to low levels of transcript detection it is difficult
to suggest which CBFs might be involved. Similar to LEA18, LEA 23 was found expressed in all bud and
seed samples and therefore could be regulated by the same candidates in those tissues. Since DREB2-3
and DREB2-5 transcripts could not be detected in any of the above mentioned samples, we are unsure if
they are involved in this process or not. More work will be needed to determine the direct functions of
Vitis LEA18 and 23, and what relationship they maintain with specific CBF or DREB2 proteins.
In conclusion, while Vitis DREB2 proteins share some similarities with the closely related CBF/DREB1
proteins, both AP2 transcription factor families maintain differences and likely have different regulons.
This echoes the differences in DREB1 and DREB2 regulons shown for Arabidopsis. There, AtDREB2A
had a preference for the DRE sequence, and overexpression of AtDREB2A and AtDREB2C lead to
increased thermotolerance and higher induction of various heat-shock related genes (Sakuma et al.,
2006a; Sakuma et al., 2006b; Lim et al., 2007). In contrast, Arabidopsis DREB1A had a high affinity for
both CRT and DRE sequences and its overexpression lead to increased freezing tolerance (Jaglo-Ottosen
et al., 1998; Liu et al., 1998; Gilmour et al., 2000). While Vitis DREB2-3 and DREB2-5 are active on
both the DRE and CRT promoter elements similar to the Vitis CBFs, transcript detection has shown that
DREB2s are largely not expressed under the same conditions as DREB1/CBF transcripts in Vitis,
indicating that a separation remains in their responses to specific abiotic stresses. Although VrDREB2-3
contains a putative PEST motif similar to those identified as a negative regulatory domain in other
species, mutation to this domain does not increase protein activity. However, VrCBF4 has been shown to
be post-translationally modified in a positive manner at this site, perhaps through stabilization or
phosphorylation at a predicted PEST motif, a regulation that has of yet not been shown to be necessary
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for CBF activity in another species. Of particular note, we have shown that the sequence surrounding the
DRE core element can differentiate between the CBF/DREB1 and DREB2 transcription factor families.
A DRE element can be activated more preferentially by DREB2s if the nucleotides surrounding it are GC
rich such as in the VrCBF8 promoter. CBF/DREB1s prefer the DRE to be surrounded by an AT rich
sequence. This study has begun the process of identifying the promoter elements which determine the
specific regulons for these two transcription factor families. Further work will determine if the
surrounding sequence can accurately predict individual regulons.
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3.7 Tables and Figures
Table 3.1 List of primers used for Vitis DREB2 cloning, detection and site-directed mutagenesis.
Restriction enzyme sites are indicated by italics. ORF cloning primers were also used for sequencing in the pCAMBIA effector plasmid.
Nucleotide changes for site-directed mutagenesis are bolded blue. Primers for sequencing reactions are also included for completeness. SDM
primers were used for site directed mutagenesis.
Primer
Set
1
2
5
6
7
8

Name of Primer
DREB2-3-H1 + BamH1
DREB2-3-C864 + Sac1
DREB2-5-H1 + BamH1
DREB2-5-C687 +Sac1
LEA18-H29
LEA18-C636
LEA23-H70
LEA23-C789
DREB2-3 S186R-H
DREB2-3 S186R-C
CBF4 S5R-H
CBF4 S5R-C

9

4xLEA18 + HindIII

10

4xLEA23 + HindIII

11
12
13
14

4xEGU + HindIII
35S-C + BamH1
CBF8p-H-771 + HindIII
CBF8p-C-1 +BamH1
T7
SP6
RiLUC-C61

Primer Sequence (5'-3')
GGAGGATCCAAGGAGATATAACAATGGAGAATAACAGAAAATCTCCATT
GCGGAGCTCTCAGAAGTTCCAGATGGATGG
GTAGGATCCAAGGAGATATAACAATGTTGAAATCACCAAGCATG
GCTGAGCTCTCACGTGCGCCAGG
CCAGATCCAGAACCAGTCC
CCTTTCCTTGCACTCTTGG
CCAATTCCAATCCTCCAACG
GCTGAAATCACAGTCCTTGG
GATGTGGAATTCTCACGAGAACAGATACCAGAAGAACG
CGTTCTTCTGGTATCTGTTCTCGTGAGAATTCCACATC
GGAGATATAACAATGAATACTACTCGTCCACCATATTCCGACCC
GGGTCGGAATATGGTGGACGAGTAGTATTCATTGTTATATCTCC
CCGAAGCTTATAATACCGACTCAATATAATACCGACTCAATATAATACCG
ACTCAATATAATACCGACTCAATCGCAAGACCCTTCCTCTA
CCGAAGCTTCATGGACCGACAACAACATGGACCGACAACAACATGGACCG
ACAACAACATGGACCGACAACAACGCAAGACCCTTCCTCTA
CCGAAGCTTTCCAAACCGACCATCGTCCAAACCGACCATCGTCCAAACCG
ACCATCGTCCAAACCGACCATCGCGCAAGACCCTTCCTCTA
CGGGGATCCTCTAGAGTC
CCGAAGCTTCGGATTGAGGGATAACAATATC
CGGGGATCCTCCCACTGAGAAAATGTTAAAATGC
GCTAGTTATTGCTCAGCGG
CATACGATTTAGGTGACACTATAG
ACCACTGCGGACCAGTTATC

Purpose
Cloning and transcript detection DREB2-3 ORF
Cloning and transcript detection DREB2-3 ORF
Cloning and transcript detection DREB2-5 ORF
Cloning and transcript detection DREB2-5 ORF
Transcript detection LEA18
Transcript detection LEA18
Transcript detection LEA23
Transcript detection LEA23
SDM of putative PEST motif
SDM of putative PEST motif
SDM of putative PEST motif
SDM of putative PEST motif
Creating longer artificial DRE elements
Creating longer artificial DRE elements
Creating longer artificial DRE elements
Creating longer artificial DRE elements
Cloning CBF8 promoter
Cloning CBF8 promoter
Sequencing amplicons in pGEM-T
Sequencing amplicons in pGEM-T
Sequencing in pCAMBIA reporter plasmid
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Table 3.2A Properties of the predicted Vitis riparia DREB2 proteins.
Number of
Molecular Weight
Protein
pI
Amino Acids
(kDa)
288
32.50
5.44
VrDREB2-3
229
25.33
8.37
VrDREB2-5

Table 3.2B Properties of the predicted Vitis vinifera DREB2 proteins.
Chromosome Location
Number of
Molecular Weight
Protein
(12x Pinot Noir V1)
Amino Acids
(kDa)
Chr8:21514923..21520045
287
32.41
VvDREB2-3
Chr18:11347342..11347947
229
25.36
VvDREB2-5

pI
5.55
7.69
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Figure 3.1 Pictogram of predicted Vitis vinifera DREB2 proteins highlighting amino acid domains.
Putative nuclear localization signals within the conserved CMIV-2 domain (blue), and AP2 DNA binding
domains (red) are found in all proteins. Signature DREB2 protein domain CMIV-1 as seen in other
species is indicated in green. Post-translational modifications are possible at PEST (orange) and SUMO
(navy) domains. Putative phosphorylation sites are numerous and therefore not shown. Deduced amino
acid changes between the sequenced Vitis vinifera cv. Riesling and Vitis riparia acc. Manitoba are
indicated below DREB2-3 and DREB2-5.
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Figure 3.2 Neighbour Joining phylogenetic tree of predicted DREB1/CBF and DREB2 proteins from Vitis and other woody perennials including
Arabidopsis. Arabidopsis, Vitis vinifera, Vitis riparia, Eucalyptus grandis, Eucalyptus gunnii and Populus tricocharpa DREB1 and DREB2 known and predicted
proteins are included. Bootstrap percentage values of 1000 replicates are indicated on branches; those values less than 50% are omitted. Accession numbers are as follows:
AtCBF1/DREB1B (AAC49662.1), AtCBF2/DREB1C (AAC99371.1), AtCBF3/DREB1A (BAA33434.1), AtDREB1D (NP_200012.1), AtDREB1E (NP_176491.1), AtDREB1F (NP_172721.1), AtDREB2A (AED90870.1), AtDREB2B
(NP_187713.1), AtDREB2C (NP_565929.1), AtDREB2D (NP_177681.2), AtDREB2E (NP_181368.1), AtDREB2F (NP_191319.1), AtDREB2G (NP_197346.1), AtDREB2H (NP_181566.2), AtTINY (AED93490.1), VvCBF1
(AY390372.1), VvCBF2 (AY390376.1), VvCBF3 (AY390375.1), VvCBF4 (DQ497624), VvCBF5 (), VvCBF6 (), VvCBF8 (), VvDREB2-1 (XM_002267513.1), VvDREB2-2 (XM_010655084.1), VvDREB2-3 (), VvDREB2-4 (FN595514.1),
VvDREB2-5 (), VvTINY (XM_002278870.3), VrCBF1a (AY390370.1), VrCBF2 (AY390373.1), VrCBF3 (AY390374.1), VrCBF4 (AY706986.1), VrCBF5E (), VrCBF6 (), VrCBF8 (), VrDREB2-3 (), VrDREB2-5 (), EgrCBF1
(NP_001289653.1), EgrCBF2 (XP_010061439.1), EgrCBF3 (XP_010061496.1), EguCBF1A (ABB51637.1), EguCBF1B (ABB51638.1), EguCBF1C (ACF15446.1), EguCBF1D (ACF15447.1), EgDREB2B (XP_010067565.1), EgDREB2D
(XP_010064559.1), EgrDREB2E (XP_010043317.1), EgDREB2F (XP_010057479.1), PtCBF1 (ABO48363.1), PtCBF2 (XP_002321877.1), PtCBF3 (ABO48365.1), PtCBF4 (ABP64695.1), PtCBF5 (ABO48366.1), PtCBF6 (ABO48367.1),
PtDREB2E (XP_002309158.2), PtDREB2F (XP_002323309.1), PtDREB2H (XP_002315132.1)
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Figure 3.3 Vitis DREB2 and LEA expression analysis. Transcripts detected in young (A) and mid-aged (C) leaf tissue at ambient temperature
was compared to transcripts detected in young (B) and mid-aged (D) leaf tissue under cold stress at 4⁰C. Transcripts detected in autumn collected
bud tissues are also shown (E). Positive primer controls to check for proper DREB2 detection are seen in (F). Vitis Actin1 was used as a control
for all samples.
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Figure 3.4 Vitis vinifera CBF, DREB2 and LEA expression analysis in Riesling seed. Transcripts for
previously identified (Chapter 2) CBF, DREB2 and LEA genes were searched for in four developmental
stages of Vitis vinifera cv. Riesling seed. Vitis MDH was used as a control for all samples.
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Figure 3.5 Activation by VrDREB2s and CBFs on the DRE/CRT core sequence. The activity was measured against reporter vectors
containing the DRE (ACCGAC) or the CRT (GCCGAC) core sequences. An empty effector vector was used as a negative control for each
reporter. Activations indicated by different letters are significantly different as determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical
values indicate the fold change from the negative control for each specific reporter. Bars represent the standard error.
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Figure 3.6 Effect of mutagenesis of PEST domains in VrDREB2-3 and VrCBF4 on transactivation. Both wild type and PEST mutant
effectors were tested. The activity was measured against reporter vectors containing the DRE (ACCGAC) and the CRT (GCCGAC) core
sequences. An empty effector vector was used as a negative control for each reporter. Activations indicated by different letters are significantly
different as determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values indicate the fold change from the negative control for each
specific reporter. Bars represent the standard error.
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Figure 3.7 Bioinformatics results of DRE/CRT abundance and distribution in the Vitis vinifera genome. A. Tables showing the number of
DRE/CRT elements present alone and in combination with other elements in both 500bp and 1000bp promoters of a total of 26346 predicted
protein-encoding transcripts. Also shown are the numbers of promoters containing ICEr2B or CAMTA elements alone and in combination with
other elements. B. Conserved nucleotide frequency images for the DRE/CRT core and surrounding nucleotides Vitis wide (top panel), in Vitis
vinifera transcripts shown to be upregulated under cold stress by Xin et al. (2013) (middle panel), and in the Vitis late embryogenesis associated
(LEA) gene subfamily (14 predicted genes containing a CRT/DRE; bottom panel).
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Figure 3.8 Sequences surrounding the DRE element affect the level of activation by CBFs and DREB2s. Vitis CBF1, CBF4 DREB2-3 and
DREB2-5 were tested on four different DRE based reporter constructs, DRE (ACCGAC), LEA18 (ATAATACCGACTCAAT), LEA23
(CATGGACCGACAACAA) and EGU (TCCAAACCGACCATCG). An empty effector vector was used as a negative control for each reporter.
Activations indicated by different letters are significantly different as determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values
indicate the fold change from the negative control for each specific reporter. Bars represent the standard error.
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Figure 3.9 The VrCBF8 promoter is activated by VrDREB2-3 and VrDREB2-5. Vitis CBFs and DREB2s were tested against the Vitis riparia
CBF8 promoter. An empty effector vector was used as a negative control. Activations indicated by different letters are significantly different as
determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values indicate the fold change from the negative control for each specific effector.
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Chapter 4: Potential Roles for Vitis DREB1/CBF and DREB2 proteins in Stomatal Development
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4.1 Abstract
In Arabidopsis, an interaction between SPEECHLESS and SCRM/ICE1 or SCRM2/ICE2 has been shown
to control the first step in the stomatal development pathway, leading to amplifying divisions of
protodermal cells. In Vitis, there is evidence that all four ICE proteins may be involved in various steps
of this pathway as well. The goal of this study was to identify whether CBF, the direct targets of ICE
proteins, and the closely related DREB2 proteins play a role in the Vitis stomatal development pathway.
Transient overexpression phenotypes were investigated for all Vitis riparia CBF and two DREB2 genes.
The results revealed that overexpression phenotypes for DREB2-5 and CBF8 were similar those
previously found for Vitis SPCH and ICE4. The regulation of these four transcription factors was then
analyzed by transient transactivation experiments which revealed that the ICE4, DREB2-5 and CBF8
promoters could all be activated by SPCH and all Vitis ICE proteins. Results suggest that while the
shared overexpression phenotype is indicative of involvement in the initial step of stomatal development,
SPCH and ICE4 work separately with as-of-yet undetermined protein partners to regulate protodermal
cell division. Further work will be needed to reveal the details of this complex regulation.
4.2 Introduction
4.2.1. The stomatal development pathway in Arabidopsis
The stomatal development pathway has been studied in depth in Arabidopsis. Many players have been
identified as involved in controlling various steps including initiation, termination, cell-to-cell
communication, cell polarity and spacing of stomata across the leaf epidermis (Pillitteri and Torii, 2007).
Of these, three proteins have been found to control the major transitions in the developmental process;
SPEECHLESS (SPCH), MUTE and FAMA. All three are basic helix-loop-helix transcription factors and
expression of each, as determined with promoter-reporter constructs in transgenic Arabidopsis, is specific
to a stoma developmental stage, whereas expression can be observed in all cells when driven by a 35S
promoter (See Figure 1.3; Ohashi-Ito and Bergmann, 2006; MacAlister et al., 2007; Pillitteri et al., 2007;
Pillitteri et al., 2008).
SPEECHLESS (SPCH) controls the transition from meristemoid mother cells (MMC) to meristemoid
cells and thus the amplifying divisions. SPCH has been found to be expressed in the developing leaf
epidermis, specifically in MMCs (MacAlister et al., 2007). A spch knockout mutation leads to a
phenotype of only pavement cells with no stomatal differentiation, while overexpression of SPCH in
Arabidopsis leads to an epidermis composed of many small cells which have committed to the stomatal
lineage (Pillitteri et al., 2007).
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MUTE controls the next step of the pathway where meristemoids transition to guard mother cells
(GMCs). It activates the transition to a GMC by terminating the stem-cell-like property of a meristemoid
(Pillitteri et al., 2007). MUTE is not surprisingly highly expressed in meristemoids, however lower
expression can also be found in GMCs (MacAlister et al., 2007; Pillitteri et al., 2007; Pillitteri et al.,
2008). The loss of function mute mutation shows an epidermal phenotype consisting of clusters of small
stomatal lineage and meristemoid cells. On the other hand, overexpression of MUTE in a transgenic line
leads to an epidermis composed solely of guard cells. This was interpreted to indicate that MUTE can
differentiate all developing cells to become stomata when expressed outside of its normal meristemoid
location (Pillitteri et al., 2007; Pillitteri et al., 2008).
The final transition from GMC to mature guard cells is controlled by FAMA. FAMA is expressed in
GMCs and young guard cells (Ohashi-Ito and Bergmann, 2006; Bergmann and Sack, 2007; Pillitteri et al.,
2007). The fama loss of function mutation is striking with clusters of very small epidermal cells where
stomata would be observed in a wild type plant. Overexpression of FAMA can force both non-stomatal
lineage and GMCs to differentiate into guard cells without undergoing a symmetrical cell division step.
Stomata in the overexpression lines are therefore composed of guard cells produced from cells which
were not destined to become guard cells (Ohashi-Ito and Bergmann, 2006).
After identifying the three major regulators of the stomatal development pathway questions still remained.
All three transcription factors are thought to act together with another protein as part of a dimer to control
the transition steps. A yeast-two-hybrid screen and bimolecular fluorescence complementation (BiFC) in
planta identified as potential partners for this process the distantly related basic helix-loop-helix
transcription factors AtSCRM and AtSCRM2 (Kanaoka et al., 2008).
4.2.2. The dual role of ICE in the CBF and stomatal development pathways
The Inducer of CBF Expression (ICE) had been known for quite some time to regulate the expression of
CBF transcription factor genes in response to cold-temperature stress as part of the CBF pathway
(Chinnusamy et al., 2003). However, AtICE1 was later also found to be AtSCRM, a protein implicated
as important for the stomatal development pathway (Kanaoka et al., 2008). Arabidopsis SCRM and
SCRM2 (AtICE1 and AtICE2 respectively), were shown to interact with the stomatal regulators SPCH,
MUTE and FAMA through a dimerization domain (Kanaoka et al., 2008). In addition, the conserved
KRAAM amino acid motif in both SCRM proteins appeared to be important for the regulation of stomatal
differentiation (Kanaoka et al., 2008).
AtICE1/SCRM and AtSCRM2 were found to be expressed strongly in the nuclei of meristemoids and
GMCs, and moderately in immature guard cells. However ICE1/SCRM was found in low amounts in
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mature guard cells whereas SCRM2 was not found at all. Neither protein was detected in pavement cells.
Loss of function mutants for both genes showed that in the absence of both genes, the epidermis of
Arabidopsis leaves consisted solely of pavement cells, and that stomatal cell differentiation had not been
initiated (Kanoka et al., 2008). Therefore, AtSCRM/ICE1 and AtSCRM2/ICE2 form dimers with
AtSPCH, AtMUTE and AtFAMA to control the steps of development in this pathway (Kanaoka et al.,
2008).
4.2.3. Vitis SPCH, MUTE, FAMA and ICE proteins are involved in the stomatal development
pathway
In Vitis, paralogues of SPCH, MUTE and FAMA have been identified (Rahman, 2015). Their transcripts
could be detected in leaves at the appropriate consecutive stages, supporting a similar role for these Vitis
proteins as their Arabidopsis counterparts. Overexpression of Vitis SPCH in tobacco leaves increased
stomatal lineage plus pavement cell density and decreased stomatal index, while overexpression of MUTE
increased GMC density (Rahman et al., 2015). Two FAMA-like RNA sequences were cloned from Vitis,
one encoding FAMA(E) which functioned more similarly to AtMUTE promoting more divisions but less
development into mature stomata as compared to the other, FAMA(L), which increased the stomatal
index dramatically, similar to what was reported for Arabidopsis FAMA (Rahman et al., 2015; Ohashi-Ito
and Bergmann, 2006).
Additionally, 4 ICE genes have been identified in Vitis. All Vitis ICE genes contain dimerization and
DNA binding domains as expected for bHLH proteins. Alternative transcripts for all but ICE3 have been
reported, which have been hypothesized to interfere with normal ICE gene functions (Rahman et al.,
2014). All four Vitis ICE genes were found to be expressed in ambient grown leaves up to leaf 11.
Transient overexpression of Vitis ICE genes in tobacco leaves gave a different phenotype for each ICE
gene. Overexpression of ICE1 and ICE2 led to an increase in stomatal lineage plus pavement cell density
and stomatal index, although the effect was more pronounced with ICE2. Overexpression of ICE3 led to
an increase in stomatal index. ICE4 overexpression increased stomatal lineage and pavement cell
densities and decreased the stomatal index, indicating that its role might be similar to SPCH in the first
step of the pathway, amplifying protodermal cell divisions (Rahman, 2015).
Our objectives for this study were to identify whether CBF and DREB2 transcription factors play a role in
the Vitis stomatal development pathway. It has been documented that abiotic stress can alter the stomatal
index of leaves (Hamanishi et al., 2012; Kumari et al., 2014) and the dual role of ICE in both pathways
likely contributes to this response. We have investigated the transient overexpression epidermal
phenotypes of all Vitis riparia CBF and two of the DREB2 genes. In addition, transient transactivation
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experiments were executed to determine the possible trans regulation of Vitis riparia ICE4, DREB2-5 and
CBF8 all of which were found to have overexpression phenotypes much like Vitis SPCH. The results
presented here suggest a complex model of regulation with several players at work.
4.3 Methods
4.3.1. Plant materials and growth conditions
Nicotiana benthamiana plants for phenotypic and transactivation studies were grown in Conviron walk-in
growth chambers programmed for long days (16 hours of light; 100-120 μEm-2 s -1) at 22°C alternating
with 8 hours of darkness at 20°C for a total of four weeks. Two weeks after germination, individual twoleaf stage seedlings were transplanted into 3 ½” pots and grown to the six leaf stage (four weeks postgermination). Throughout this period, plants were watered 3 times weekly and fertilized with 20:20:20
(N:P:K) fertilizer once a week.
4.3.2. Transient Overexpression of Vitis CBF and DREB2 in tobacco leaves
The preparation of pCAMBIA effector constructs containing the Vitis riparia wildtype CBF and DREB2
open reading frames has previously been reported in Chapters 2 and 3. The youngest expanding leaf (leaf
one – generally pointing straight up and not yet perpendicular to the stem) of three Nicotiana bethamiana
plants at approximately 4 weeks post-germination (approximately 6 leaf stage) was infiltrated with an
Agrobacterium culture of the effector plasmid diluted to an OD600 of 0.5 as described in Nassuth et al.
(2014). The infiltration was done so that the distal portion (from which the cells would expand) of the
young leaf was completely covered. The plants were then maintained for 4 days at the ambient conditions
used for growth described previously. During this time the young leaves expanded considerably, and thus
many stomata developed. Images of the abaxial surface of the infiltrated portion of the now fully
expanded tobacco leaves were taken by a Hitachi TM-1000 Tabletop SEM at 300x magnification. A
minimum of three images per plant were taken across different portions of the infiltrated part of the leaf
for further analysis, for a total of at least nine images per construct.

4.3.3. Quantification of overexpression phenotypes via Scanning Electron Microscopy
Using the images gathered from the scanning electron microscope, LSM Image Browser was used to
mark separately the mature stomata, guard mother cells and both stomatal lineage and pavement cells
(which could not be differentiated visually and therefore were counted together) in each image which
covered a leaf area of 0.3072 mm2. The ImageJ program was then used to count the number of each cell
type present in the image (See Rahman, 2015 for details).
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From this data, stomatal, GMC and stomatal lineage and pavement cell indexes (number of specific
cell/total number of cells) and densities (number of specific cells/mm2) were calculated for all
overexpressed genes. These results were analysed by a one-way analysis of variance (ANOVA) and the
mean differences among the different effectors within an experiment were determined by the TukeyKramer HSD tests (P<0.05) using statistical software, JMP 11 (SAS Institute).

4.3.4. Cloning and sequencing of Vitis SPCH, MUTE, DREB2-5, and ICE4 promoters
Using the previously reported Vitis open reading fames of interest to BLAST the sequenced Vitis vinifera
genome, the region immediately upstream of the ATG start codon was amplified. This region will be
referred to as the promoter region in the rest of this chapter. Primers were designed to include as many
putative promoter elements thought to potentially be important for activation of expression as possible.
These included MYC elements (CANNTG, where N = any nucleotide; Abe et al., 1997), DRE/CRT
elements (RCCGAC, where R = A or G; Baker et al., 1994; Yamaguchi-Shinozaki and Shinozaki, 1994),
and a reported stomatal specific element (TAAAG; Plesch et al., 2001). In the case of SPCH and MUTE,
the amplified region was originally designed to be of similar length to the isolated promoters from the
homologous genes in Arabidopsis (Pillitteri and Torii, 2007; Pillitteri et al., 2008; Lau et al., 2014).
Genomic DNA was extracted from leaf tissues of Vitis vinifera and Vitis riparia according to Xiao et al.
(2006). In addition, crude genomic DNA was also isolated from the fourth leaf from the tip in a quick
protocol (for details see appendix) using the Sigma Extract-and-Amp kit (Sigma). Amplification was
completed using KOD Hot Start Polymerase (Novagen). In brief, this protocol called for 0.01U KOD
polymerase, 0.15 μM primer concentration, 0.2mM dNTPs, 1.5mM MgSO4 and at least 200ng of genomic
DNA as template. A typical 30 cycle PCR protocol consisted of denaturing the strands for 30 seconds at
95⁰C, annealing the primers at their respective temperatures for 20 seconds and extension of the new
strands at 70⁰C. The extension times varied based on the size of the amplicon expected but generally
were 40 seconds per kilobase. Gene specific primers (shown in Table 4.1) were designed to amplify the
desired promoter region and incorporate pertinent restriction enzyme sites (HindIII and BamHI) for
subcloning into expression vectors. PCR products were isolated from agarose gels using the PureLink
quick gel extraction kit from Invitrogen (Life Technologies). The purified product was A-tailed and
ligated into the pGEM-T easy vector (Promega). Ligated vectors were transformed into competent E. coli
DH5α cells. Screened colonies containing insert were sent for sequencing at the Advanced Analysis
Center at the University of Guelph. Each promoter was analyzed for the presence of MYC, DRE/CRT
and stomata-specific elements, as well as for as yet unclassified regions of homology by DiAlign.
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4.3.5 Preparation of pCAMBIA transactivation vectors
The recently developed pCAMBIA-based plasmids for transactivation (Nassuth et al. 2014) were the
basis for the effector and reporter plasmids used in the current study. The pCAMBIA effector plasmids
containing Vitis CBF and DREB2 open reading frames were prepared as previously reported in Chapter 2
and 3. Effector plasmids containing Vitis SPCH, MUTE, FAMA(E), FAMA(L) and Vitis ICE open
reading frames were prepared previously, and specific details can be found in Rahman, 2015. The
original pCAMBIA plasmid 1305.1 (empty vector) was used as a negative effector control for all
experiments. The pCAMBIA reporter plasmid (pCAMBIA 4xCRTmin35S::RiLUC, 35S::FiLUC)
developed by the Nassuth Lab contains two reporter genes, RiLUC (Renilla reniformis luciferase gene
containing a modified intron from the castor bean catalase gene; (Cazzonelli and Velten, 2003)) behind a
4xCRTmin35S promoter and FiLUC (Firefly luciferase gene containing the PIV intron from GUSINT;
(Mankin et al., 1997)) behind a 35S promoter (Nassuth et al., 2014). The pCAMBIA reporter plasmids
containing the Vitis promoters of interest were prepared by subcloning the respective sequences from
confirmed pGEM-T vectors between HindIIII and BamHI recognition sites, replacing the 4xCRTmin35S
promoter. All effector and reporter pCAMBIA plasmids were verified by restriction digestion as well as
sequencing with gene-specific primers (Table 4.1).
4.3.6. Investigation of promoter-determined specific expression using an Epifluorescence
Microscope
To investigate if cell-specific expression of Vitis ICE and CBF genes could be determined we endeavored
to create fluorescent protein constructs driven by native Vitis promoters of interest. Fluorescent reporter
(RFP, YFP and/or GFP-ER; REFs) open reading frame was amplified and subcloned into the RiLUC
position of the just described pCAMBIA reporter plasmids, bordered by BamHI and SacI restriction
enzyme sites (For primers see Table 4.1). Constructs with the 35S promoter ahead of the fluorescent
reporter gene open reading frames were created to act as positive controls for expression.
Tobacco grown and infiltrated as previously explained was used to observe the transient expression of the
constructs. Leaves one, two and three of 4 week old plants were infiltrated to ensure the presence of
stomatal lineage and pavement, GMC and mature stomatal cells at the time of observation. Several
Agrobacteria concentrations were tried to see which would give the best level of fluorescence without
creating overwhelming amounts of protein aggregates. A small section of whole leaf or an epidermal peel
of the abaxial leaf surface was mounted in water on a microscope slide and covered with a coverslip.
Visualization on a Nikon ‘Eclipse’ 80i epifluorescence microscope took place at several time points (24,
40, 48 and 72 hours) following infiltration. Bright field and fluorescent images (300x magnification)
using GFP, YFP and RFP filters were taken to observe both cell stage and fluorescence.
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4.3.7 Transient activation following agroinfiltration
Preparation of Agrobacterium liquid cultures, agroinfiltration of tobacco leaves and luciferase and GUS
assays were performed essentially as described in the previous chapters (for details see Chapter 2). For
the overexpression experiments the 3rd or 4th leaf of 4 week old tobacco plants were infiltrated and
samples were collected 4 days later.
4.3.8 Quantification of Activity and Statistical analyses
As described in the chapters previous, the RiLUC/FiLUC/GUS (x100000) values for 3 replicates were
used to calculate the mean and standard error. These results were then analysed by a one-way analysis of
variance (ANOVA) and the mean differences among the different effector/reporter combinations within
an experiment were determined by the Tukey-Kramer HSD tests (P<0.05).
4.4 Results
4.4.1. Transient Overexpression phenotypes of Vitis CBF and DREB2 genes in Tobacco
Vitis riparia CBF and DREB2 genes (previously cloned in Chapter 1 and 2) were analyzed for
overexpression phenotypes related to Vitis stomatal development, in the same way as was done previously
for SPCH, MUTE, FAMA and ICE genes (Rahman 2015). This was done to determine which step in the
stomatal development pathway might be affected by each transcription factor, and which genes regulate
the same step. Surprisingly, VrCBF8 and DREB2-5 were found to show phenotypes similar to that of
SPCH, where there was a significantly higher stomatal lineage plus pavement cell density for both and,
for DREB2-5, also a significantly lower stomatal index (Table 4.2). All other Vitis riparia CBF genes
and DREB2-3 did not give a significantly different phenotype compared to the empty effector vector
control (Table 4.2). These findings suggest that VrCBF8 and VrDREB2-5 may play a role in initiating
divisions leading to stomatal development, possibly as part of the same pathway as VrSPCH and VrICE4
which gave similar phenotypes (Rahman, 2015).
4.4.2. Investigation of Promoter-driven expression using Fluorescent Microscopy
To investigate if cell-specific expression of Vitis ICE and CBF genes could be determined, and thus
provide further evidence of their involvement in the stomatal pathway, fluorescent protein constructs
driven by native Vitis promoters of interest were created. However, using 35S promoter driven
fluorescent proteins as controls for the native promoter expression did not show promising results. As a
ubiquitous promoter, expression should have been seen in all cells. However, fluorescence was seen most
commonly in midsized pavement cells beside GMCs, and was noticeably absent from a large number of
mature pavement cells, GMCs and mature stomata (Table 4.3). Optimization across bacterial densities
and time of sample preparation was not successful. It is possible that the efficiency of Agrobacterium to
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transfer DNA varies for different cell types, at least for the periods that infiltrations were attempted here.
From the results obtained here, we decided not pursue this method further, and analyzed the promoters of
the genes with overexpression phenotypes to try to gain insight into their regulation instead.
4.4.3. Promoter analysis of genes with increased stomatal lineage plus pavement cell density
To further support their proposed function, the promoters of the Vitis genes that gave a stomatal
phenotype were analyzed for elements that might be targets of the transcription factors suggested to be
involved in this process. To this end, Vitis ICE4 and DREB2-5 promoters were cloned first; the VrCBF8
promoter had been cloned earlier (Chapter 3). Various MYC elements were identified in each of these
promoters, which suggest that they might be targets of basic helix-loop-helix proteins such as ICE, SPCH,
MUTE and FAMA. Target sequences for CBF and DREB2 transcription factors (the DRE/CRT element;
RCCGAC) and a guard cell specific element (TAAAG) were also searched for, as well as sequences with
high sequence similarity between them, which may indicate regulatory elements of importance to
stomatal development which have not yet been reported.
A comparison between Vitis vinifera and Vitis riparia sequences showed that the orthologous DREB2-5
and ICE4 promoter sequences were most similar, with no nucleotide changes between the two affecting
the presence of cis-elements searched for. No novel regions of similarity were observed between the
CBF8, DREB2-5, SPCH and ICE4 promoters. Multiple copies of the guard cell-specific element were
identified in the SPCH, ICE4 and DREB2-5 promoters, but none in the CBF8 promoter. The promoter of
CBF8 was the only one found to contain a DRE/CRT element. All promoters contained multiple MYC
elements, however only one common MYC sequence or its reverse complement was found in all
promoters, CATGTG (Figure 4.1A). The MYC sequences CACTTG and CATTTG or their reverse
complements were found in the SPCH, ICE4 and DREB2-5 promoters but not the CBF8 promoter. ICE4,
DREB2-5 and CBF8 but not SPCH promoters all contained a copy of the CATATG and CAGTTG MYC
sequences or their reverse complements. The CACCTG sequence or its reverse complement was found in
all but the DREB2-5 promoter. The MYC elements CATCTG, CAATTG and CACGTG were unique to
the SPCH, ICE4 and CBF8 promoters respectively. In terms of shared MYC elements, ICE4 and
DREB2-5 promoters had the most MYC elements in common (Figure 4.1B).
These results suggest that all of these genes could be regulated by bHLH transcription factors and that
CBF8 could be regulated by CBF or DREB2 transcription factors. Transactivation experiments were
performed next to test this idea.
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4.4.4. Transactivation of the VrCBF8 promoter
The VrCBF8 promoter was previously tested in transactivation studies in tobacco and had been observed
to be activated by Vitis riparia DREB2-3 and DREB2-5, but not by the Vitis riparia CBFs (Chapter 3,
Figure 3.10). Additional experiments showed that VrCBF8 can be activated by SPCH, FAMA(E), ICE4
and DREB2-5 (Figure 4.2), while activation by MUTE or FAMA(L) was not significantly different from
the control. Likewise, all Vitis riparia ICE proteins were also active against the VrCBF8 promoter;
however the activation of ICE1 appeared to be the highest (Figure 4.3, 4.4). These experiments were
repeated with similar results.
The Arabidopsis ICE and stomatal regulators have been shown to work as dimers as can be expected for
bHLH proteins (Kanaoka et al., 2008) and therefore combinations of transcription factors were tested
next. The level of activation appeared additive in the case of ICE4+FAMA(E), but closer to that seen with
SPCH alone in the case of ICE4+SPCH (Figure 4.3, 4.4). Combinations of each VrICE with VrSPCH
resulted in activation levels that were typically lower than seen with each ICE protein alone, and in the
case of ICE1, 2 and 3, looked similar to the activation level of SPCH alone (Figure 4.4). When ICE4 was
combined with each ICE, the activation level seen from the combinations with ICE1 and ICE2 looked
similar to that of ICE4 alone, which was less than ICE1 alone and greater than ICE2 alone. However,
ICE3 alone or in combination with ICE4 activated similar to each other but less than ICE4. These results
were replicated with similar results (Figure 4.5).
4.4.5. Transactivation of the VrDREB2-5 promoter
Following the results seen with the CBF8 promoter, and with the knowledge that VrDREB2-5 showed an
overexpression phenotype similar to that of Vitis SPCH and CBF8, the DREB2-5 promoter was tested in a
similar fashion. First, the stomatal development regulators were tested against the VrDREB2-5 promoter,
and all were found to be active, with SPCH showing the highest level of activation (Figure 4.6). When
the Vitis riparia ICE genes were tested against this promoter, all ICEs were found to activate to a similar
level, across several repeats (Figure 4.7).
When effectors were combined to determine if various players worked in combination, it was observed
that the addition of SPCH resulted in activation levels similar to when SPCH was given alone, resulting in
a decrease in activation level for ICE2, 3 and 4 as compared to their activation alone. However, the
activation level of ICE1+SPCH showed a modest increase from either effector alone. Only the addition
of FAMA(E) resulted in a significant increase in activation with ICE1, 2, and 3, and a slight increase in
activation with ICE4 as compared to their activations alone (Figure 4.8).
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4.4.6. Transactivation of the VrICE4 promoter
The VrICE4 promoter was tested similarly to those of VrCBF8 and VrDREB2-5. First, stomatal
development regulators were tested, and SPCH, FAME(E) and FAMA(L) were found to activate but not
significantly higher than empty control vector. Interestingly, VrDREB2-5 was also found to activate the
VrICE4 promoter. This was surprising as this promoter does not contain a DRE/CRT element and
therefore both DREB2-5 and CBF8 which are thought to bind to this element only had been included for
comparison (Figure 4.9). The results of this interesting but tangential experiment will be investigated
further to confirm if this experiment can be replicated. When the ICE proteins were tested against the
ICE4 promoter all ICEs were active with significantly higher transactivation values than the empty
effector control, however ICE1 showed the highest level of activation (Figure 4.10).
When combinations of SPCH with the ICEs were investigated, it was observed that the level of
activation dropped to the level of SPCH alone (Figure 4.11). In contrast, combinations of ICE4 with the
other ICEs were relatively higher activating, to levels more similar to themselves or ICE4 alone (Figure
4.11, 4.12). As seen in previous experiments FAMA(E) was not able to activate the ICE4 promoter to a
level significantly higher than the control, and combinations with all four ICE effectors did not change the
activation level of FAMA(E) (Figure 4.12).
4.4.7. Investigation of transactivation results by overexpression phenotypes
To investigate whether the results obtained by transactivation were related to the overexpression
phenotypes, combinations of genes of interest were infiltrated into young tobacco leaves to see what their
phenotypes would reveal. We chose to check the phenotypes of SPCH in combination with ICE4, which
it could possibly dimerize with, and in combination with DREB2-5 and CBF8, which are not thought to
work as part of a complex.
Alone, as shown previously, all promoted an increased stomatal lineage plus pavement cell density as
compared to the control. SPCH, ICE4 and DREB2-5 also gave a decreased Stomatal Index while CBF8
gave an increased GMC Index. These results aligned with what was found previously (Table 4.4).
When no increase was seen in the activation of ICE4 and SPCH together from the transactivation results,
we expected to see that the combination of SPCH and ICE4 together would also therefore give a
phenotype with a lower stomatal lineage plus pavement cell density than what was obtained with each
alone. This was indeed true, and all measurements were not significantly different than the empty
control. The SPCH+DREB2-5 combination showed stomatal lineage plus pavement cell densities and
GMC indices that were not different from the control; however the stomatal index was significantly
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higher than the control. The SPCH+CBF8 combination was not different from the control for any of the
measurements taken (Table 4.4).
4.5 Discussion
We have shown here that Vitis CBF8 and DREB2-5 induce the same overexpression phenotype as Vitis
SPCH and ICE4; a higher stomatal lineage plus pavement cell density. This result is meaningful as it was
not seen for any other CBF or DREB2 proteins, which did not differ from the negative control. Therefore
we hypothesized that all four proteins are involved in some manner in the first stage of stomatal
development, where SPCH has already been shown to play a role. From these results, and with the
knowledge that Arabidopsis SPCH and SCRM/ICE dimerize with each other to fulfill their role in this
pathway, our initial hypothesis was that Vitis SPCH and ICE4 dimerized to activate the expression of
DREB2-5. The DREB2-5 was then thought to activate CBF8, which we had shown to be true in Chapter
3 (Figure 3.9 and 4.13A).
However, the results from the transactivation experiments taken collectively seem to indicate that SPCH
and ICE4 are not partners for the activation of the tested promoters, as their activation does not increase
when in combination with each other. The combination of SPCH and ICE4 also does not give higher
number of stomatal lineage plus pavement cells than either alone, which does not support a role for these
proteins in the same pathway for stomatal development. In fact, any double combinations tested resulted
in lower stomatal lineage plus pavement cell densities than was obtained with each alone. One possible
explanation for this observation is that the divided cells do not arrest at this step but are led further along
in the stomatal development process. In agreement with this explanation, the SPCH + DREB2-5
combination resulted in a significantly higher stomatal index, suggesting that stomatal development in
this case continues through to mature stomata. Therefore, SPCH and DREB2-5 seem to be part of the
same pathway. The same is not true in the case of SPCH and CBF8, so we hypothesize that they are not
part of the same pathway. Alternatively, given that CBF8 overexpression alone gave a higher GMC
index, CBF8 might only lead the developmental process until the GMC stage.
In terms of the unknown partner of SPCH, there are many possibilities to be explored. Previous results
showed that Vitis ICE1 and ICE2 also had overexpression phenotypes where the stomatal lineage plus
pavement cell densities were higher than the control meaning they could also theoretically be involved in
a dimer with SPCH (Rahman, 2015). However our results from the transactivation studies seem to
suggest that this is not the case although it is possible that they activate an as yet untested promoter for
such a function. The examination of overexpression phenotypes for the SPCH+ICE1 and SPCH+ICE2
combinations might bring clarity. It should be kept in mind that it is also possible that another, as yet
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unknown, protein partners with Vitis SPCH for the initial step in the stomatal pathway, or that the Vitis
SPCH has a different mode of action as compared to its homolog in Arabidopsis.
In vitro, Vitis SPCH, FAMA(E), FAMA(L) and all four ICE proteins can activate the Vitis DREB2-5 and
CBF8 promoters. In addition, Vitis MUTE can also activate the DREB2-5 promoter but does not activate
the Vitis CBF8 promoter well. On the Vitis ICE4 promoter however, low activation was seen from the
stomatal effectors, but it was activated well by all four Vitis ICE genes. In Arabidopsis, SPCH was
shown to activate the expression of SCRM/ICE1, which then must be paired with SPCH to drive the
multiple divisions which are characteristic of the first stage of stomatal development (Kanaoka et al.,
2008). This does not appear to be the case in Vitis for this particular ICE protein since SPCH cannot
activate the ICE4 promoter very well.
A chromatin immunoprecipitation screen conducted in Arabidopsis found that AtSPCH bound
preferentially to a MYC element with the sequence CACGTG to activate the expression of AtICE1. It is
hypothesized that the presence of this element in a promoter region may be indicative of genes activated
by AtSPCH (Lau et al., 2014). In Vitis, the MYC element with the same sequence is only found in the
CBF8 promoter, and since SPCH was able to activate the ICE4, DREB2-5 and CBF8 promoter through
transactivation studies, other MYC elements must be involved at this step. Another possibility could be
that SPCH dimerizes with different proteins and that these different dimers activate via different MYC
elements. When we combined Vitis FAMA(E) with the Vitis ICE proteins, an additive effect was seen on
the activation of the DREB2-5 and CBF8 promoters. Here, we hypothesize that either FAMA(E) interacts
with the various ICEs to activate the promoter or that these two transcription factors work via separate
MYC elements. Similar results were seen previously when the Vitis ICE proteins were combined with
Vitis FAMA(L) to give higher activation of the CBF4 promoter than alone or in combination with SPCH
or MUTE. In that case, it was found that the MYC element CACGTG was the preferred promoter
element in the CBF4 promoter for ICE2, ICE3 and FAMA, but not necessarily for ICE1 and ICE4
(Rahman, 2015). It is important to remember that these stomatal regulators have been shown to be
localized to specific cell types in Arabidopsis, so some of the interactions may be happening at different
times and in different cells, or not at all in vitro (for a recent review see Torii, 2015). Had our transient
fluorescent reporters driven by gene specific reporter system worked, that method would have been useful
to see which transcripts co-localized and could in fact work together in the same cell type. Similar to the
results shown previously for the Vitis CBF and DREB2 proteins (Chapters 2 and 3) we hypothesize that
these bHLH proteins have preferences for specific elements with the same core sequence.

88

When we looked at the overexpression phenotypes of ICE4, DREB2-5 and CBF8 in combination with
SPCH, the results were different than expected. Similar to what was seen in the activation values from
the transactivation experiments, the SPCH+ICE4 combination showed a lower stomatal lineage plus
pavement cell density than either alone, however this was also seen for DREB2-5. Since we did not
expect DREB2-5 and SPCH to interact, it was our thought that the stomatal lineage plus pavement cell
density of these genes together would actually be the same as each alone or even higher than either alone
if they had similar functions in the first step of stomatal development. In terms of stomatal index, the
values for SPCH+ICE4 and SPCH+CBF8 did not differ significantly from each alone, but the
SPCH+DREB2-5 combination resulted in a higher stomatal density than either alone. These results are
difficult to interpret, but they clearly confirm the results seen in the transactivation experiments that ICE4
and SPCH do not work in a positive way together at this developmental step. The role of DREB2-5 at
this step is unclear; however it appears that the effect of DREB2-5 might actually lie in the end step of
stomatal differentiation where it results in an increased stomatal index. Alone, I hypothesize that it is
inhibited by an unknown mechanism that results in a change of function where it contributes to more
initial pavement cell divisions instead of driving these cells to fully differentiate into mature stomata.
While the exact role of Vitis DREB2-5 in the stomatal pathway is still unclear, Arabidopsis DREB2
proteins have been shown to function in drought stress tolerance (Sakuma et al., 2006a). The negative
effect of drought stress on stomatal density and aperture has been documented in many plants, and
recently studies have revealed changes in the regulation of stomatal regulators in response to abiotic
stress. In Arabidopsis, plants under osmotic stress have been observed to decrease the number of
epidermal cells and MMCs in particular. This decrease was found to be in response to a MAP kinase
mediated decrease in the amount of SPCH protein present, indicating that the stress caused a shift in the
development of new leaf tissue (Kumari et al., 2014). Similarly, poplar leaves developed under droughtlike conditions showed a significant decrease in both the stomatal index and the amount of FAMA
transcript as opposed to their well-watered control (Hamanishi et al., 2012). The group suggested that a
baseline level of FAMA may be needed for proper stomatal development, but it is not yet known how the
amount of FAMA transcript present might be regulated (Hamanishi et al., 2012). DREB2 proteins have
also been implicated in drought stress tolerance in various plants (see Chapter 3 for a more complete
overview), but it is not known whether they could potentially regulate the stomatal development genes
under stressed conditions, especially in Vitis. We know from the work conducted in Chapter 3 that
DREB2-5 can activate CBF8 expression, but the effect of both of these proteins as potential downstream
regulators for stomatal development or regulation under stress will need to be studied further.
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In Vitis, our group is trying to clarify what is happening in this pathway, and how all these players might
interact. Vitis ICEs, and SPCH (as well as MUTE and FAMA(E) and FAMA(L)) will be tested to see if
they interact with each other using bimolecular fluorescence complementation (BIFC). This will allow us
to see which proteins interact in planta. Additionally a transcriptional repression motif known as an EAR
domain (Hiratsu et al., 2003) is being fused to ICE4 initially, but other proteins of interest in the future.
This domain should repress the overexpression phenotypes, and make it possible to see if the phenotype
can be rescued with a later player in the pathway. Additionally, these EAR domain fusion proteins can be
used within transactivation experiments to determine if the activation level of combinations would change
if one of the partners was transcriptionally inactive.
While Vitis SPCH, ICE4, DREB2-5 and CBF8 all appear to be involved in the initial step of the stomatal
development pathway, we conclude here that SPCH and ICE4 do not control this step as a heterodimer.
Rather SPCH together with an unknown partner and ICE4 together with a different unknown partner are
involved in the regulation of stomatal lineage cell divisions (Figure 4.13B). FAMA(E) in combination
with various ICE proteins shows a large increase in activation and may therefore be a good candidate to
investigate initially both through transactivation and stomatal phenotype. There is much work to be done
here to fully elucidate the role of the Vitis ICE proteins in the stomatal development pathway and if
DREB2-5 or CBF8 truly play a role here. The first step will be to identify the unknown partners of SPCH
and ICE4. From there, the interactions in this pathway will become clearer.
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4.7 Tables and Figures
Table 4.1 Primers used to clone promoters and fluorescent constructs.
*Restriction enzyme sites used for subcloning are indicated in italics.
Primer
Set
1
2
3
4
5
6
7
8
9

Name of Primer

Primer Sequence (5’ – 3’)

DREB2-5p-H-2004 + HindIII
DREB2-5p-C-1 + BamHI
DREB2-5p-H-1310
ICE4p-H-2217 + HindIII
ICE4p-C-1 + BamHI
ICE4p-H-1405
SPCHp-H-2515 + HindIII
SPCHp-C-1 + BamHI
MUTEp-H-1777 + HindIII
MUTEp-C-1 + BamHI
mGFPer-H1+BamHI+KpnI
mGFPer-C741+SacI
YFP-H1+BamHI
YFP-C720 +SacI
RFP-H1 +BamHI+KpnI
RFP-C675 + SacI

CCGAAGCTTGCTTCTGGCCCTATCTCTGACC
GCCGGATCCGCACCCTTTTCTGGAACTGGC
GGTTGTGAGTGAATTACTGGAGG
CCGAAGCTTCCTTGGGTTTATTGTCTTTTTCCTCC
CGGGGATCCCTCCCTTTTCTCTTTTCTCTCTCCC
CTCCCTCAACCATCACTGTCC
CCGAAGCTTGGTGTATGATAAGTCATTGGAAATCC
CGGGGATCCATCCGAAACAATCCTGGGAAAC
CCGAAGCTTCCCACTTCCATCAGAAATGGTG
CGGGGATCCGTTGTGGTTGAAAACAAGTCTCTC
GCAGGATCCAAGGAGATATAACAGGTACCTTTATGAAGACTAAT
GGAGAGCTCTTAAAGCTCATCATGTTTGTATAGTTCATCCATGCC
GGCGGATCCAAGGAGATATAACAATGGTGAGCAAGGGC
GCGGAGCTCTTATTTGTACAGCTCGTCC
GCAGGATCCAAGGAGATATAACAGGTACCTTTATGGCCTCCTCCG
GGAGAGCTCGGATCATTAGGCGCCGGTGGAG

Purpose
Cloning DREB2-5 promoter
Sequencing DREB2-5 promoter
Cloning ICE4 promoter
Sequencing ICE4 promoter
Cloning SPCH promoter
Cloning MUTE promoter
Amplifying mGFPer ORF
Amplifying YFP ORF
Amplifying RFP ORF
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Table 4.2 Transient Overexpression (OX) Phenotypes of Vitis DREB1/CBF and DREB2 in Nicotiana benthamiana. Stomatal lineage plus
pavement cells, GMCs and stomata are indicated by index and density. Constructs shown in the same table were tested in the same experiment and
compared to each other by a one-way analysis of variance (ANOVA). Mean differences among the different effectors within an experiment were
determined by the Tukey-Kramer HSD tests (P<0.05).
Stomatal Lineage plus
Stomatal Lineage plus
GMC Index
GMC Density
Stomatal
Stomatal
Pavement Cell Index
Transiently
Pavement Cell Density /mm2
(x100)
/mm2
Index (x100)
Density /mm2
(x100)
OX genes
Mean ± SE
Mean ± SE
Mean ± SE
Mean ± SE
Mean ± SE
Mean ± SE
VrCBF1
79.6 ± 0.8 B
449.2 ± 18.3 B
3.6 ± 0.3 AB
20.3 ± 1.9 AB 16.4 ± 0.7 A
94.0 ± 4.4 A
VrCBF4
79.1 ± 1.2 B
417.4 ± 38.7 B
2.8 ± 0.5 AB
14.5 ± 2.5 B
18.1 ± 1.1 A
92.6 ± 6.4 A
VrDREB2-3
78.1 ± 0.6 B
442.7 ± 45.5 B
4.9 ± 0.5 A
28.9 ± 4.9 AB 17.1 ± 0.8 A
93.7 ± 5.7 A
VrDREB2-5
87.5 ± 0.8 A
731.7 ± 18.3 A
1.7 ± 0.3 B
13.7 ± 2.8 B
10.8 ± 0.6 B
90.1 ± 4.5 A
Empty
77.9 ± 1.0 B
379.4 ± 30.3 B
3.8 ± 0.8 A
18.4 ± 4.1 AB 18.3 ± 0.9 A
87.2 ± 4.8 A

Transiently
OX genes
VrCBF2
VrCBF3
VrCBF8
Empty

Transiently
OX genes
VrCBF5e
VrCBF6
Empty

Stomatal Lineage plus
Pavement Cell Index
(x100)
Mean ± SE
77.1 ± 1.9 A
79.0 ± 1.6 A
80.9 ± 1.6 A
76.9 ± 1.0 A
Stomatal Lineage plus
Pavement Cell Index
(x100)
Mean ± SE
75.5 ± 0.6 A
76.5 ± 0.7 A
77.2 ± 0.5 A

Stomatal Lineage plus
Pavement Cell Density /mm2
Mean ± SE
449.8 ± 57.6 AB
425.7 ± 52.9 AB
542.5 ± 52.9 A
367.1 ± 35.2 B

Stomatal Lineage plus
Pavement Cell Density /mm2
Mean ± SE
405.1 ± 18.7 A
426.8 ± 40.5 A
456.8 ± 24.8 A

GMC Index
(x100)
Mean ± SE
6.3 ± 0.6 A
5.9 ± 0.7 A
6.8 ± 0.7 A
7.5 ± 0.7 A

GMC Index
(x100)
Mean ± SE
7.7 ± 0.8 A
6.1 ± 0.7 A
7.0 ± 0.7 A

GMC Density
/mm2

Stomatal
Index (x100)

Mean ± SE
34.7 ± 2.6 AB
30.4 ± 3.5 B
45.2 ± 3.5 A
36.5 ± 5.2 AB

Mean ± SE
16.6 ± 1.6 A
15.1 ± 1.6 A
12.3 ± 1.6 A
15.7 ± 1.4 A

GMC Density
/mm2

Stomatal
Index (x100)

Mean ± SE
42.0 ± 5.1 A
35.1 ± 5.7 A
42.7 ± 5.4 A

Mean ± SE
16.8 ± 1.1 A
17.5 ± 1.2 A
15.8 ± 0.9 A

Stomatal
Density /mm2
Mean ± SE
91.9 ± 4.1 A
74.5 ± 3.5 A
83.2 ± 3.5 A
71.3 ± 5.3 A

Stomatal
Density /mm2
Mean ± SE
88.3 ± 2.8 A
93.7 ± 4.8 A
92.6 ± 5.6 A
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Table 4.3. Data for Cell-specific expression using Promoter-driven Fluorescence. Data is presented as the percentage of cells of a specific type
that fluoresced (number of fluorescing cells/total number of cells of that type). Cells were classified according to the classes shown below.
Percentages were calculated from the best six pictures out of many taken for each construct. The expectation for both 35S promoter controls
presented was that fluorescence would be present in virtually all epidermal cells.
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Figure 4.1. Promoter element analysis of Vitis SPCH, ICE4, DREB2-5 and CBF8. Promoters were analyzed for various promoter elements
thought to be involved in the CBF and stomatal development pathways. In A, elements found can be seen is their approximate locations. The DRE
is shown in green, MYC elements in navy and guard cell specific elements in red. In B, MYC elements were classified according to their internal
sequence (including both presented sequence and its reverse complement) to observe any similarities between promoters.
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Figure 4.2. Activation of the VrCBF8 promoter by various transcription factors thought to be involved in Vitis stomatal development. The
various transcription factors were expressed from an effector construct and analyzed for activation of a reporter vector containing the VrCBF8
promoter. An empty effector vector was used as a negative control. Activations indicated by different letters are significantly different as
determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values indicate the fold change from the negative control for each effector. Bars
represent the standard error.
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Figure 4.3. Activation of the VrCBF8 promoter by VrICE proteins alone and in combination with Vitis SPCH and FAMA(E). All activity
was measured against the reporter vector containing the VrCBF8 promoter. An empty effector vector was used as a negative control. Activations
indicated by different letters are significantly different as determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values indicate the fold
change from the negative control for each effector. Bars represent the standard error.
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Figure 4.4. Activation of the VrCBF8 promoter by VrICEs alone and in combination with Vitis SPCH. All activity was measured against the
reporter vector containing the VrCBF8 promoter. An empty effector vector was used as a negative control. Activations indicated by different
letters are significantly different as determined by Tukey-Kramer’s HSD test (p < 0.05). Numerical values indicate the fold change from the
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Figure 4.5. Activation of the VrCBF8 promoter by VrICEs alone and in combination with VrICE4. All activity was measured against the
reporter vector containing the VrCBF8 promoter. An empty effector vector was used as a negative control. Activations indicated by different
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Figure 4.6. Activation of the VrDREB2-5 promoter by various Vitis proteins involved in stomatal development. All activity was measured
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Figure 4.7. Activation of the VrDREB2-5 promoter by VrICE proteins. All activity was measured against the reporter vector containing the
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Table 4.4. Transient Overexpression Phenotypes (OX) of proteins involved in the first step of stomatal development both alone and in
combination with Vitis SPCH in Nicotiana benthamiana. Stomatal lineage plus pavement cells, GMCs and stomata are indicated by index and
density. Different effectors and combinations of effectors were compared to each other by a one-way analysis of variance (ANOVA). At least 12
fields were counted for each treatment. Mean differences amongst treatments were determined by the Tukey-Kramer HSD test and different
letters indicate statistically significant differences (P<0.05).

Transiently
OX Genes
VrSPCH
VrICE4
VrDREB2-5
VrCBF8
VrSPCH+VrICE4
VrSPCH+VrDREB2-5
VrSPCH+VrCBF8
Empty

Stomatal Lineage
plus Pavement
cell Index
(x100)
Mean ± SE
80.6 ± 0.4 AB
80.4 ± 0.6 AB
82.0 ± 0.7 A
77.7 ± 0.6 C
81.4 ± 0.6 A
78.4 ± 0.6 BC
80.0 ± 0.5 ABC
79.8 ± 0.5 ABC

Stomatal Lineage
plus Pavement cell
Density
/mm2
Mean ± SE
533.6 ± 17.0 AB
606.2 ± 46.8 A
620.1 ± 37.2 A
525.5 ± 12.3 AB
448.7 ± 35.4 BC
341.8 ± 17.0 C
495.1 ± 37.8 AB
458.2 ± 23.6 C

GMC Index
(x100)

GMC Density
/mm2

Stomatal Index
(x100)

Stomatal Density
/mm2

Mean ± SE
4.1 ± 0.5 B
4.2 ± 0.5 B
3.4 ± 0.3 B
5.9 ± 0.5 A
2.7 ± 0.4 B
2.5 ± 0.3 B
3.8 ± 0.3 B
3.4 ± 0.3 B

Mean ± SE
27.7 ± 3.6 ABC
33.3 ± 5.0 AB
25.5 ± 2.2 BCD
40.5 ± 3.4 A
16.3 ± 3.4 CD
11.3 ± 1.6 D
24.1 ± 3.1 BCD
19.8 ± 2.1 BCD

Mean ± SE
15.3 ± 0.7 B
15.4 ± 0.8 B
14.5 ± 0.6 B
16.3 ± 0.7 AB
15.9 ± 0.6 B
19.1 ± 0.8 A
16.3 ± 0.7 AB
16.8 ± 0.6 AB

Mean ± SE
100.2 ± 3.6 AB
110.2 ± 4.0 A
107.2 ± 3.4 A
109.8 ± 4.5 A
86.5 ± 6.0 BC
81.9 ± 3.0 C
97.4 ± 3.6 ABC
95.8 ± 5.2 ABC
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Figure 4.13 Models of A) Hypothesized interactions of proteins thought to be involved in the first step of the stomatal development
pathway based on initial overexpression data and B) Modified proposed interactions after transactivation and combination
overexpression data. The true mode of action of these proteins is unknown, and further work will be needed to determine which specific
interactions contribute to the first stage of stomatal development.
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Chapter 5: General Discussion
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Currently, a total of seven CBF genes have been identified in Vitis vinifera and Vitis riparia. These
include three not-previously reported members, CBF5, CBF6 and CBF8, as well as CBF1, CBF2, CBF3
and CBF4 reported by Xiao et al. (Xiao et al., 2006; Xiao et al., 2008). All Vitis CBF proteins contain
characteristic predicted nuclear localization and AP2 DNA binding domains. Unlike other plant species
where CBF genes were identified in close proximity on the same chromosome, Vitis CBF genes are
spread across the whole genome with only two of the seven family members, CBF2 and CBF3, clustered
together (Gilmour et al., 1998; Shinwari et al., 1998; Miller et al., 2006; Navarro et al., 2011; Artlip et al.,
2013; Tayeh et al., 2013). The distribution of CBF genes across the genome of Vitis vinifera supports the
idea that Vitis CBFs diverged from each other early on, and suggests that these genes may have
undergone selection to have differing functions in the CBF pathway.
Evidence towards Vitis CBF involvement in the CBF cold stress pathway was gathered in the work
presented here, but exact roles remain unclear, and freezing tolerance tests will need to be completed to
confirm their involvement. Expression data are possibly affected by experimental error and should be
repeated. However, the circadian rhythm likely is also affecting expression levels and from the
expression patterns observed, we hypothesize that CBF1, CBF2, CBF3 and CBF4 contribute to the
response to cold stress in both young and mid-aged leaves. While CBF5, CBF6, and CBF8 do not appear
to be greatly involved in the cold stress response in leaf tissue (as they are weakly expressed or in the case
of CBF6, expressed non-differentially between stress and control conditions), their transcripts are present
during the transition to dormancy in overwintering bud tissue, whereas the others are not. Alternative
transcripts were not found for CBF3 and CBF6 in the conditions sampled, however this does not mean
that they are not present under other untested conditions, where they could function as self-negative
regulators or in other roles. The expression results presented here show that the pattern of expression for
Vitis CBF transcripts is much different than that seen for the Vitis ICE transcripts. Expression of all four
Vitis ICE genes was detected under both under ambient and cold stress conditions (Rahman et al., 2014).
In contrast most CBF genes, with the exception of CBF6, were not detected until after a stress was
applied. In continuing this work, the roles of these genes at these specific expression time points and
what regulons they may be involved in should be investigated. The use of more sensitive detection
methods such as quantitative RT-PCR could determine if the amount of accumulated transcript is
correlated with any changes the expression of other CBFs, or their downstream targets. Further
investigation will be needed to determine if the overexpression of certain Vitis CBF genes result in a more
stress tolerant plant. This work was begun in Arabidopsis with Vitis CBF1 and CBF4, which showed
increased tolerance but especially in the case of CBF4, a dwarfed plant phenotype (Siddiqua and Nassuth,
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2011). This work could be extended to determine targets affected by the overexpression and if different
phenotypes are associated with the overexpression of different CBF genes.
Arabidopsis CBF proteins had been shown to activate via the CRT vs DRE element in the promoters of
their target genes. All Vitis CBFs but CBF5, could activate via both CRT (GCCGAC) and DRE
(ACCGAC) elements. However, there were some preferences for specific sequences. The CRT element
was preferred by CBF3 and CBF4, while CBF2 and CBF6 preferred the DRE element. CBF1 and CBF8
did not show a preference either way. This preference may indicate different roles for each of the CBF
proteins; however the basis of this preference is not known and should be investigated further.
As elaborated on in chapter two, certain protein domains are important for CBF activity, such as the
putative nuclear localization domain or the AP2 DNA binding domain. Others were hypothesized to
contribute to the specific function of individual proteins. The similarity between CBF5 and CBF6 protein
sequences led us to investigate the hydrophobic C-terminal domains in CBF6, and how the lack of these
domains could have affected CBF5 activity. Results showed that the activity of CBF5 was less than that
of CBF6, and in fact not different from a non-activating control. The importance of the hydrophobic
domains on CBF6 was then investigated by site directed mutagenesis. Overall, it appears that the
hydrophobic domains are collectively important for activation, but the removal of certain hydrophobic
residues significantly lowers (but does not completely knockout) activity. Also related to the importance
of protein domains, it was found that the amino acid sequence within the AP2 domain of CBF1 was
important for the level of activation. One amino acid change (E85K) in the VrCBF1 sequence was made
to alter the AP2 domain sequence to that found in VvCBF1. This one change resulted in significantly less
activity against the reporter sequence, suggesting that the amino acid composition of the DNA binding
domain is important. The importance of the AP2 domain sequence may give clues as to why some CBFs
were better activators than others, especially if those with high activation levels had specific amino acid
residues not found in others. From the sequences complied herein, CBF1, CBF2, CBF3 and CBF8 all
showed differences between Vitis species in the AP2 domain (Figure 2.1). The amino acid changes in
these protein sequences could be further investigated, to see if this domain is correlated with increased
cold tolerance.
Similar to CBF proteins, DREB2 proteins also contain a putative NLS, an AP2 DNA binding domain and
activate via the CRT/DRE element. However these two families were thought to have different functions
because DREB2 expression was thought to be more prevalent under drought and heat stress conditions
(Gilmour et al., 1998; Liu et al., 1998). However, expression of DREB2 proteins in certain plant species
was seen at room temperature and under cold conditions, an area which had been thought to be under the
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control of CBF transcription factors. To investigate if differences between promoter element preference,
expression patterns and post-translational regulation were evident between these two families in Vitis we
decided to investigate two of the Vitis DREB2 genes; DREB2-3 and DREB2-5.
Vitis DREB2-3 and DREB2-5 were found to contain putative NLS and AP2 DNA binding domains just
like the Vitis CBFs. Both DREB2s could activate the CRT and DRE elements, although it appeared that
DREB2-5 preferred the CRT element while DREB2-3 didn’t prefer either sequence over the other. They
also contained several of the same type of putative post-translational modification sites found in some
CBFs including PEST and SUMO sites. In Arabidopsis, the removal of a PEST-containing region in a
DREB2 protein made it constitutively active, indicating that this domain had a negative regulatory role
and this could explain the absence of any activity for DREB2 produced under regular conditions (Sakuma
et al., 2006a). Since a putative PEST site was found in several CBFs and DREB2-3, we decided to
determine if this domain showed a negative impact on the transactivation ability of Vitis CBF4 and
DREB2-3. To our surprise, when the PEST site was mutated, the activity of DREB2-3 did not change,
but the activity of CBF4 decreased. Therefore we hypothesize that the PEST site is important for CBF4
activity, potentially as the site for a post-translational stabilizing modification although that is speculative
at the moment and will require further investigation. It appears that the Vitis DREB2-3 is posttranslationally modified in a different way from Arabidopsis DREB2A, and that the PEST site in the Vitis
protein does not function as a negative regulatory domain. This may indicate a difference in posttranslational modifications for these two transcription factor families in Vitis as compared to Arabidopsis.
As mentioned previously, Arabidopsis CBF and DREB2 proteins have been shown to bind to and activate
via CRT and DRE core promoter elements (Sakuma et al., 2006b). The sequences surrounding the
CRT/DRE core were investigated to determine if they had an effect on activation by CBFs and DREB2s.
Three longer sequences containing a DRE element at their core were investigated. The sequence
surrounding the core revealed a difference between Vitis CBF1 and CBF4 as compared to Vitis DREB2-3
and DREB2-5. An AT-rich sequence on either side of the core was preferred by the CBFs but DREB2s
preferred a GC-rich sequence. Therefore, we hypothesize that the CBFs and the DREB2s activate genes
with their preferred type of extended DRE/CRT sequence best. Of course, further experiments will need
to be done to confirm that a preference can be extended to all Vitis CBFs and DREB2s, and to determine
if it is indeed a general AT-rich respectively GC-rich sequence and not a more specific sequence that is
important . In accordance with the findings for the extended DRE/CRT sequences, it was found that the
VrCBF8 promoter, which had a relatively GC rich sequence on either side of a DRE core
(GTGGGACCGACTACCG), was activated by Vitis DREB2s, but not by CBFs. More investigation will
be necessary to determine if the results with the artificial promoters can be used to identify which genes
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are under the regulation of CBF or DREB2 transcription factors, but so far it looks promising that the
identified preferred elements could be used in a genome wide search to identify direct targets of these two
types of transcription factors.
Expression was another area where we found differences between the Vitis DREB2 and CBF transcription
factor families. The transcript detection presented here has shown that the tested DREB2 genes (DREB23 and DREB2-5) are not expressed under the same conditions as CBF transcripts in Vitis. To continue
the investigation into the Vitis DREB2 family and how it differs from the CBF family, other time points,
tissues and stress conditions should be tested for transcripts, including the transcripts of DREB2-1,
DREB2-2 and DREB2-4 which were not covered in the work presented here. Additionally, this
investigation could be extended to identify targets of CBF and DREB2 genes. Transcript abundance
analysis of transgenic Arabidopsis overexpressing CBF or DREB genes could be analyzed to determine
which genes may be directly or indirectly affected by their expression. The transient expression system in
tobacco leaves would offer an advantage in allowing the investigation of genes which are direct targets of
the overexpressed CBF and DREB2 genes. These methods could also give further insight into our brief
look at the expression patterns of Vitis LEA18 and LEA23, the two genes which contained the chosen long
DRE sequences in their promoters. Transcripts from LEA18 were present under both stress and non-stress
conditions, while LEA23 appeared to be more highly expressed after cold stress. It remains unclear
which, if any, CBF genes might be involved in its regulation. A closer look at expression across the Vitis
genome could bring patterns to light to help to clarify these interactions.
It is well documented in many plant species that CBF genes are targeted by ICE proteins under stress
conditions to induce the CBF pathway and cold tolerance (Reviewed in; Chinnusamy et al., 2010;
Wisniewski et al., 2014). However Arabidopsis ICE/SCRM genes have also been identified as key
players in the stomatal development pathway. After it was identified that Vitis ICE genes had various
stomatal development related overexpression phenotypes in tobacco and were likely involved in this
process in some manner (Rahman, 2015), we decided to test the Vitis CBF and DREB2 genes to
determine if they too showed an overexpression phenotype related to stomatal development. While most
of the overexpressed genes did not appear to give a phenotype that is different from the empty control,
Vitis CBF8 and DREB2-5 were shown to induce the same overexpression phenotype as Vitis SPCH and
ICE4; a higher stomatal lineage plus pavement cell density. From these results we formed a hypothesis
where all four proteins were involved in some manner in the first stage of stomatal development.
Individual overexpression results supported this hypothesis, with DREB2-5 and CBF8 exhibiting the
higher stomatal lineage plus pavement cell density phenotype seen with both SPCH and ICE4.
Transactivation experiments confirmed that Vitis SPCH, FAMA(E), FAMA(L) and all four ICE proteins
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could activate the Vitis DREB2-5 and CBF8 promoters. However, an additional initial hypothesis
suggesting that Vitis SPCH and ICE4 act as a heterodimer was not supported by the results of
transactivation experiments with ICE4 and SPCH combinations. Overexpression results of ICE4,
DREB2-5 and CBF8 in combination with SPCH, also did not show an additive interaction but rather a
lower stomatal lineage plus pavement cell density than either alone in the SPCH+ICE4 and
SPCH+DREB2-5 combinations also contradicting this hypothesis. Instead we now hypothesize that
SPCH together with an unknown partner and ICE4 together with a different unknown partner are
involved in the regulation of stomatal lineage plus pavement cell divisions in Vitis. However, we do not
rule out the possibility of other combinations also having an involvement in this process. For example,
FAMA(E) in combination with various ICE proteins resulted in a large increase in activation, leading us
to hypothesize that it may be involved in the stomatal development pathway with various ICE proteins in
an as-of-yet unknown manner. Further work on this project should focus on identifying the partners of
SPCH and ICE4. Additionally, a system where the cellular localization of these proteins could be
observed would be useful to identify if these proposed interactions might happen in planta. The transient
fluorescent localization system we tried to develop in this thesis proved to be ineffective; however other
methods including BiFC and stable tobacco overexpression lines may prove helpful to further clarify
possible protein-protein interactions.
The collective work presented in this thesis indicates that Vitis CBF and DREB2 transcription factors,
while similar, work to regulate different regulons. Evidence from inferred protein sequences, expression
patterns, post-translational regulation and activation via sequence-specific promoter elements supports
this conclusion. The different preferences of these families for longer sequences surrounding DRE
elements should be investigated further to reveal if more exact patterns of activation can be identified.
These results could establish regulons for specific CBF and DREB2 genes, and help to clarify the direct
functions of these transcription factors through the roles of their targets. Investigations into specific
family members are warranted, especially of CBF8 and DREB2-5, where a major focus should be on
identifying their role (if any) in the stomatal development process. This investigation could help us to
further understand the relationship between these two families and where their respective regulons may
overlap.
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Appendix
A2 Appendix Chapter 2
A2.1 Alignment of Vitis riparia CBF protein amino acid sequences. Note that proteins with these
sequences were used for transactivation studies. Predicted sites for phosphorylation are shown in red,
PEST in orange, and sumoylation in blue.
VrCBF1a-G
VrCBF1b-G
VrCBF2-G
VrCBF3-G
VrCBF8-G
AtCBF1
VrCBF4-G
VrCBF5E-G
VrCBF5L-G
VrCBF6-Q

-------------------------------------MDSDHEEFSASSSSSSSRTNSNP
-------------------------------------MDSDHEEFSASSSSSSSRTSSNP
--------------------------------------MDLDRESSASSTSSPSRANLVS
-------------------------------------MESERDQSSPSSSSSSSQTKCSI
-----------------------------MNPFECQVTSSFSVESSSSSSFSSSTRAPGS
--------------------------------MNSFSAFSEMFG---------SDYEPQG
--------------------------------MNTTSPPYSDPHPLVCNWDSLNLPDSDG
MAGTGPIPELDNQHFLLSLQIQMDFFNQFCNSYPFPSDSHSVSTPESSSASDWQTRRTIQ
----------------------MDFFNQFCNSYPFPSDSHSVSTPESSSASDWQTRRTIQ
----------------------MDFFNQFCNLYPFPSDSHSVSTPESSSASDWQTRRTIQ
.

VrCBF1a-G
VrCBF1b-G
VrCBF2-G
VrCBF3-G
VrCBF8-G
AtCBF1
VrCBF4-G
VrCBF5E-G
VrCBF5L-G
VrCBF6-Q

SDSLLPLQCIGHKRKAGRKKFRETRHPIYRGVRQRNGNKWVCEVREPLKKSRIWLGTFPT
SDSLLPLQCIGHKRKAGRKKFRETRHPIYRGVRQRNGNKWVCEVREPLKKSRIWLGTFPT
SDPRCPSRCIPHKRKTGRKKFRKTRHPIYRGVRQRNENKWVSEVREPSKKSRIWLGTFPT
SSS------PVHKRKAGRKKFRETRHPVYRGVRQRNGNRWVCEMRDPKNKSRIWLGTFPT
SSQTHEAGSSSQKRKAGRKKFKETRHPLYKGVRQRNG-KWVCELRQPRKRNRIWLGTFPC
GDYCPTLATSCPKKPAGRKKFRETRHPIYRGVRQRNSGKWVSEVREPNKKTRIWLGTFQT
GSEELMLASTHPKKRAGRKKFRETRHPVYRGVRRRNSGKWVCEVREPNKTSRIWLGTFPT
SDEEVLRASDRPKKRACRRKFKETRHPVYRGVRRRNGNMWVCELREPNKKSRIWLGTYPT
SDEEVLRASDRPKKRACRRKFKETRHPVYRGVRRRNGNMWVCELREPNKKSRIWLGTYPT
SDEEVLLASDRPKKRAGRRKFKETRHPVYRGVRRRNGNKWVCELREPNKKSRIWLGTYPT
..
*: : *:**::****:*:***:**
**.*:*:* : .******:

VrCBF1a-G
VrCBF1b-G
VrCBF2-G
VrCBF3-G
VrCBF8-G
AtCBF1
VrCBF4-G
VrCBF5E-G
VrCBF5L-G
VrCBF6-Q

PEMAARAHDVAALALRGRFASLNFPDSAWRLPRPKSSSAEDIQVAALEATKAFNPTAPSS
PEMAARAHDVAALALRGRFASLNFSDSAWRLPRPKSSSAEDIQVAALEATKAFNPTAPSS
PEMAARAHDVAALALRGHFASLNFPDSAWRLPRARSSSAGDVQFAAIQAAKAFQQPPSSS
PEMAARAHDVAALAFRGDFAALNFPDSTSRLPRAKSSSAGDIRVAALAAAMAFRPAAPSS
PDMAARAYDVAALAIKGDSASLNFPESVSQLPRAASSSIEDIRSAALKAAQTFEATE--AEMAARAHDVAALALRGRSACLNFADSAWRLRIPESTCAKDIQKAAAEAALAFQDETCDT
AEMAARAHDVAALALRGRGACLNFADSAWRLHVPSSRDAKDIQKAAAEAAEAFRPMENDG
AEMAARAHDVAALAFRGRKACLNFADSAWSLPVPVSKDSMEIRREIFL-----------AEMAARAHDVAALAFRGRKACLNFADSAWSLPVPVSKDSMEIRR---------------AEMAARAHDVAALAFRGRKACLNFADSAWSLPVPVSKDSMEIRRAAAAAAEAFRPQEFQD
.:*****:******::* *.***.:*. * . *
:::

VrCBF1a-G
VrCBF1b-G
VrCBF2-G
VrCBF3-G
VrCBF8-G
AtCBF1
VrCBF4-G
VrCBF5E-G
VrCBF5L-G
VrCBF6-Q

SSLASALDNMSGVADSKKVLETSPNVESPKLKSQRMVLEVSPVDTKRSEKVGDGSTPVFM
SSLASALDNMSGVADSKKVLETSPNVESPKLKSQRMVLEVSPVDTKRSEKVGDGSTPVFM
SSTPFVMDNMS--AGSRKILETSSVVDTPQLKSQKKVVGVSSMDSKSWEKAGDGFPTAFV
S-----SSYISHVTACSEELETSCSEDSPQLESRKKVVGVALEDSESSEGSPHGSSTVFM
----------------------------------------KEKEKEREDEDSDPCSQLFV
T-----------------------TTDHGLDMEETMVEAIY--------TPEQSEGAFYM
V-----------------------MQDERREESE----------------VRTPENVFVM
----------------------------------------------------------------------------------------------------------------------H-----------------------SSGNARKESVEAAESVARTDRRPESIKTSAQNLLLT

VrCBF1a-G
VrCBF1b-G
VrCBF2-G
VrCBF3-G
VrCBF8-G
AtCBF1

DEEAMFNMQGLINSMAEGLLLTPPAMCKGFSWDDATDSHIDLSLWNDD--DEEAMFNMQGLINSMAEGLLLTPPAMCKGFSWDDATDSHIDLSLWNDD--DEEAVFNMPGLIDSMAEGLLLTPPAMCEGFSWDDAVS-HIDLSLWNHDFLS
DEEALFNMPGLINSMAEGLLLAPPTMLGGFSWDDTTS-YTDLSLWNDD--DEEALFNMPTLLDSMAEGLILTPLALKKGFNWNSIKD-AEDFTLWTD---DEETMFGMPTLLDNMAEGMLLPPPSVQWN--HNYDGEGDGDVSLWSY----

NLS

AP2 DNA Binding Domain

DSAWRL
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VrCBF4-G
VrCBF5E-G
VrCBF5L-G
VrCBF6-Q

DEEDVFGMPGLLVNMAEGLLMPPPHSVADGYGGDDMAADADMSLWSYSI-----------------------------------------------------------------------------------------------------REELIFDTAGLLITMAEEPLHSPPPCLGDGFMWEDVELDADMSLWSYSI--

A2.2 Alignment of Vitis vinifera CBF amino acid sequences.
Note that these were not used for further study. Predicted sites for phosphorylation are shown in red,
PEST in orange, and sumoylation in blue. Sequences encoded by predicted introns for CBF3 and CBF6
(CRIBI, V1) are highlighted in grey.
AtCBF1
VvCBF4-CH
VvCBF1-CH
VvCBF2-CH
VvCBF3-CH
VvCBF8-R
VvCBF5-R
VvCBF6-R

-----------------------MNSFSAFSEMFG---------SDYEPQGGDYCPTLAT
-----------------------MNTTSPPYSDPHPLVCNWDSLNLPDSDGGSEELMLAS
----------------------------MDSDHEEFSASSSSSSSRTNPNSSDSLLPLQC
--------------------------MDLDRESSASSSSSTSSPSRANAASSDSRCSSRC
----------------------------MESERDQSSPSSSSSSSQTKCSISSS-----MLPAAMAAAGIRLWIQGDITMNPFECQVTSSFSVESSSSSSFSSSASAPGSSSQTHEAGS
-------------MDFFNQFCNSYPFPSDSHSVSTPESSSASDWQTRRTIQSDEEVLRAS
-------------MDFFNQFCNSYPFPSDSHSVSTPESSSASDWQTRRTIQSDEEVLLAS
.
..

NLS
AtCBF1
VvCBF4-CH
VvCBF1-CH
VvCBF2-CH
VvCBF3-CH
VvCBF8-R
VvCBF5-R
VvCBF6-R

AP2 DNA Binding Domain

SCPKKPAGRKKFRETRHPIYRGVRQRNSGKWVSEVREPNKKTRIWLGTFQTAEMAARAHD
THPKKRAGRKKFRETRHPVYRGVRRRNSGKWVCEVREPNKTSRIWLGTFPTAEMAARAHD
IGHKRKAGRKKFRETRHPIYRGVRQRNGNKWVCEVREPLKKSRIWLGTFPTPKMAARAHD
ISHKRKTGKKKFRKTRHPIYRGVRQRNENKWVSEVREPSKKSRIWLGTFPTPEMAARAHD
PVHKRKAGRKKFRETRHPVYRGVRQRNGNRWVCEVRDPKTKSRIWLGTFSTPEMAARAHD
SSQKRKSGRKKFKETRHPLYKGVRQRNG-KWVCELRQPCKRNRIWLGTFPCPDMAARAYD
DRPKKRACRRKFKETRHPVYRGVRRRNGNMWVCELREPNKKSRIWLGTYPTAEMAARAHD
DRPKKRAGRRKFKETRHPVYRGVRRRNGNKWVCELREPNKKSRIWLGTYPTAEMAARAHD
*: : ::**::****:*:***:**
**.*:*:* . .******: ..*****:*

DSAWRL
AtCBF1
VvCBF4-CH
VvCBF1-CH
VvCBF2-CH
VvCBF3-CH
VvCBF8-R
VvCBF5-R
VvCBF6-R

VAALALRGRSACLNFADSAWRLRIPESTCAKDIQKAAAEAALAFQDETCDTTTT-----VAALALRGRGACLNFADSAWRLHVPSSRDAKDIQKAAAEAAEAFRPMENDGVMQ-----VAALALRGRFASLNFPDSAWRLPRPKSSSAEDIQVAALEATKAFNPTAPSSSSLASALDN
VAALALRGHFASLNFPDSAWRLPRARSSSAGDVQFAAIQAAKAFQQPPSSSSSTPFIMDN
VAALAFRGNFAALNFPDSASRLPRAKSSSAGDIQVAALAAAMAFRPAAPSSS-----SSY
VAALAIKGNSASLNFPESVSQLPRAASSSIEDIRSAALKAAQTSEATE-----------VAALAFRGRKACLNFADSAWSLPVPVSKDSMEIR-------------------------VAALAFRGRKACLNFADSAWSLPVPVSKDSMEIRRAAAAAAEAFRPQEFQDHSS-----*****::*. *.***.:*. * . *
:::

AtCBF1
VvCBF4-CH
VvCBF1-CH
VvCBF2-CH
VvCBF3-CH
VvCBF8-R
VvCBF5-R
VvCBF6-R

-------------------------DHGLDMEETMVEAIYTPEQSEGAFYMDEETMFGMP
-------------------------DERREESEVRT--------PDNVFVMDEEDVFGMP
MSGVADSKKVLETSPNVESPKLKSQRMVLEVSPVDTKRSEKVGDGSTTVSMDEEAMFNMQ
MS--AGSRKILETSSVVDTPQLKSQKKVVGVSPVDSKSWEKAGDGFPTAFVDEEAVFNMP
ISHVTPCSEELETSCSEDSPQLESRKKVVGVALEDSESSEGAPYGSSTVFMDEEALFNMP
-----------------------------KEKEREKEREDEDSDPCSQLFVDEEALFNMP
---------------------REIFLEIFNIILNHPKICFYYNLNNFNIIEVYLLIFHST
-----------------GDARKESVEAAESVARTDRRPESIKTSAQNLLLTREELIFDTA
:*

AtCBF1
VvCBF4-CH
VvCBF1-CH
VvCBF2-CH
VvCBF3-CH
VvCBF8-R
VvCBF5-R
VvCBF6-R

TLLDNMAEGMLLPPPSVQWN--HNYDGEGDGDVSLWSY---GLLVNMAEGLLMPPPHSVADGYGGDDMAADADMSLWSYSI-GLINSMAEGLLLTPPAMCKGFSWDDATDSHIDLSLWNDD--GLIDSMAEGLLLTPPAMCEGFSWDDAVS-HIDLSLWNHDFLS
GLINSMAEGLLLAPPTMLGGFSWDDTTS-YTDLSLWNDD--TLLDSMAEGLILTPLALKKGFNWNSIKD-AEDFTLWTD---YLYLSF-----------------------------------GLLITMAEEPLHSPPPCLGDGFMWEDVELDADMSLWSYSI-* .:
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A2.3 Predicted 3D structure of the AP2 domain of Vitis CBF proteins using Phyre2.
Using the Phyre2 tool (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index), the AP2 domain of
all of the CBF proteins modelled with 99.9% confidence (this includes the beta sheets and alpha helix
seen). The rest of the protein was disordered and did not map to any model in the current protein
database (PDB). Proteins are coloured from red at the N-terminus to blue at the C-terminus.
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A3 Appendix Chapter 3
A3.1 Alignment of Vitis riparia DREB2 protein amino acid sequences. Note that these protein
sequences were used for transactivation studies. Predicted sites for phosphorylation are shown in red,
PEST in orange and sumoylation in blue. (V. riparia var. Gloire de Montpellier)
CMIV-1
AtDREB2A
AtDREB2B
AtDREB2C
VrDREB2-5
VrDREB2-3

MAVYDQSGDRNRTQIDTSRKRKSRSRGDGTTVAERLKRWKEYNETVEEVSTK-------K
MAVYEQTG------TEQPKKRKSRARAGGLTVADRLKKWKEYNEIVEASAVKEGEKP--K
--------------MPSEIVDRKRKSRGTRDVAEILRQWREYNEQIEAESCIDGGGPKSI
-----------------------MLKSPSMGVGERKQ----------------------A
--------------------------------------------------------MENN

CMIV-2 (NLS)

AP2 DNA Binding Domain

AtDREB2A
AtDREB2B
AtDREB2C
VrDREB2-5
VrDREB2-3

RKVPAKGSKKGCMKGKGGPENSRCSFRGVRQRIWGKWVAEIREPNRGSRLWLGTFPTAQE
RKVPAKGSKKGCMKGKGGPDNSHCSFRGVRQRIWGKWVAEIREPKIGTRLWLGTFPTAEK
RKPPPKGSRKGCMKGKGGPENGICDYRGVRQRRWGKWVAEIREPDGGARLWLGTFSSSYE
KKTAQASSRKGCMRGKGGPENAMCTYKGVRQRTWGKWVAEIREPNRGARLWLGTFDTSYE
RKSPLKPWKKGPTRGKGGPQNATCEYRGVRQRTWGKWVAEIREPKKRTRLWLGSFATAEE
:* .
:** :*****:*. * ::***** ***********. :*****:* :: :

AtDREB2A
AtDREB2B
AtDREB2C
VrDREB2-5
VrDREB2-3

AASAYDEAAKAMYGPLARLNFPRSD------------ASEVTSTSSQSEVCTVETPGCVH
AASAYDEAATAMYGSLARLNFPQSV------------GSEFTSTSSQSEVCTVENKAVVC
AALAYDEAAKAIYGQSARLNLPEITNRSSSTAATATVSGSVTAFSDESEVCAREDTNASS
AAIAYDAAARKLYGPEAKLNLPELC--------------AQPSANTQFTHNQIPPNPNIT
AAMAYDEAARRLYGPDAYLNLPHLQS-------------NFNPPNKSQKLKWFPSKNFVS
** *** ** :** * **:*.
. . .

AtDREB2A
AtDREB2B
AtDREB2C
VrDREB2-5
VrDREB2-3

----VKTEDPDCESKPFSGGVEPMYCLENG------AEEMKRGVKADKHWLSEFEHNYWS
GDVCVKHEDTDCESNPFSQILDVREESCGTRPDSCTVGHQDMNSSLNYDLLLEFEQQYWG
GFGQVKLEDCSDEYVLLDSSQCIKEELKGKE-----EVREEHNLAVGFGIGQDSKRETLD
SPSVTALPRPNIQTPPYHKKYSVVPP----------------------PATQEVPPHAKP
MLPSCGLLNINAQPSVHVIHQRLQELKKNGVLNQ--SSSSSSSSCDSKTDAQNMNDKAPN
. :
:
.

AtDREB2A
AtDREB2B
AtDREB2C
VrDREB2-5
VrDREB2-3

DILKEKEKQKEQGIVETCQQQQQ-------DSLSVADYGWPN----DVDQSHLDSSDMFD
QVLQEKEKPKQEEEEIQQQQQEQQQQQLQPDLLTVADYGWPWSNDIVNDQTSWDPNECFD
AWLMGNGNEQEPLEFGVDETFDINELLGILNDNNVS--GQETMQYQVDRHPNFSYQTQFP
TAINEKNGENDDGMEGVWANMNVT--------LPKVDDSLWTETLMSMDFPAFDDTEIFG
KTHEESPRTNNKDVEFSSEQIPEEREEKPQIDLNEFLQQLGILKDECQSEGSNAAEGFAA
.
::

AtDREB2A
AtDREB2B
AtDREB2C
VrDREB2-5
VrDREB2-3

VDELLRDLNGDDVFAGLNQDRYPGNSVANGSYRPESQQSGFDPLQSLNYGIPPFQLEGKD
INELLGDLNEPGPHQSQDQN----------------------HVNSGSYDLHPLHLEPHD
NSNLLGSLNPMEIAQPGVDYGCP----------------YVQPSDMENYGIDLDHRRFND
SN--LVDGNSWEMLQSPWRT---------------------------------------PESSLKDDDELVGFAEESFNWDALIEMRG---------------IEDHQGTDASSFQGYG
. * . :

AtDREB2A
AtDREB2B
AtDREB2C
VrDREB2-5
VrDREB2-3

GNGFFDDLSYLDLEN--G-HEFNGLSSLDI----LDIQDLDFGGDKDVHGST
-----------------MYEEPAFPPSIWNF----
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A3.2 Alignment of Vitis vinifera DREB2 protein amino acid sequences. Note that the sequences for
VvDREB2-3 and VvDREB2-5 came from Vitis vinifera cv. Chardonnay and were cloned as part of this
study. Those from VvDREB2-1, VvDREB2-2 and VvDREB2-4 came from the sequenced Vitis vinifera
cv. Pinot Noir genome. These sequences were not used for further study. Predicted sites for
phosphorylation are shown in red, PEST in orange and sumoylation in blue.
CMIV-1
VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

--------------------------------MEDAGKKV---------------------------------------------MLKSPSMGVGERKQ------------------------------MSSGVIERKRKSRSRRSGPNSVAETLARWKQYNDILD-----------S
-----------MPSEIVDRKRKSR----GTRDVAEILRQWREYNEQIEAESCIDGGGPKS
MAVYDQSGDRNRTQIDTSRKRKSRSR-GDGTTVAERLKRWKEYNETVEEVSTK------MAVYEQTG------TEQPKKRKSRAR-AGGLTVADRLKKWKEYNEIVEASAVKEG--EKP
---------------------------------------------------------MEN
------------------------------------------------------------

CMIV-2 (NLS)

AP2 DNA Binding Domain

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

VKRSAMGRSRKGCMKGKGGPENALCSYRGVRQRTWGKWVAEIREP-------NRGARLWL
AKKTAQASSRKGCMRGKGGPENAMCTYKGVRQRTWGKWVAEIREP-------NRGARLWL
VRKAPAKGSKKGCMKGKGGPENSICGYRGVRQRTWGKWVAEIREP-------NRGSRLWL
IRKPPPKGSRKGCMKGKGGPENGICDYRGVRQRRWGKWVAEIREP-------DGGARLWL
KRKVPAKGSKKGCMKGKGGPENSRCSFRGVRQRIWGKWVAEIREP-------NRGSRLWL
KRKVPAKGSKKGCMKGKGGPDNSHCSFRGVRQRIWGKWVAEIREP-------KIGTRLWL
NRKSPLKPWKKGPTRGKGGPQNATCEYRGVRQRTWGKWVAEIREP-------KKRTRLWL
-------------MPGKGGPENSGCSYRGVRQRTWGKWVAEIREPNTLRELGKGRRRLWL
*****:*. * ::***** ***********
.
****

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

GTFNTSYEAAMAYDMAAQKLYGPSAKLNLPHDSSPLSTTPTATTSAVPSNFDGVGGRTET
GTFDTSYEAAIAYDAAARKLYGPEAKLNLPELCAQPPANTQFTHNQIPPNPN-------GTFPTAIEAALAYDEAARAMYGSSARLNLPNYTTSLKDSSSAPTTSVSDSTTTTSNYSEV
GTFSSSYEAALAYDEAAKAIYGQSARLNLPEITN--RSSSTAATATVSGSVTAFSDESEV
GTFPTAQEAASAYDEAAKAMYGPLARLNFPRSDASEVTSTSSQSEVCTVETPGCVH---GTFPTAEKAASAYDEAATAMYGSLARLNFPQSVGSEFTSTSSQSEVCTVENKAVVCGDVC
GSFATAEEAAMAYDEAARRLYGPDAYLNLPHLQSNFNPSNKSQKLKWFPSKNFISMFPSC
GSFSTAEEAARAYDEAARAMYGSSARLNFPEDSQQSVEFSQDSTSTTTSTSPPKSIERPN
*:* :: :** *** ** :** * **:*.

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

SNSVKTT-----------------------------------------------------ITSPSV----------------------------------------------------CAYEDSKKPVLPSIKHEKNGHSLDAMYFKNEDGGQDFLEGFPMDEMFDVDEFLRAIDSDP
CAREDTN----------------------------------------------------VKTEDPD----------------------------------------------------VKHEDTD----------------------------------------------------GLLNINAQP--------------------------------------------------KFGTSFAEE---------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------LASYGTRQELGHDSGQVGSFETDNMQWEKPTDLSYQLQNPDAKLLGSLNHMEQVPSDFDY
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C

----------------------------------------------------------------------------------------------------------------------CYGFLQPGKQLDPSSPESGFTLAVFSVLQVYHLIPFAAVNIEEIELTLETICGRGIYVKT
------------------------------------------------------------
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AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

-----------------------------------TSNWVCGVQEVKYDHEENFWES-------------------------------------TPLPRPNIQTPPYHNKYSVVP---SIHFMHTRNLCRNQHPFHAHPFEAFYFGSWQAIELMRIEDGTVALHLAESEYVIEEKSPI
-----------------------------------ASSGFGQVKLEDCSDEYVLLDSSQC
----------------------------------CESKPFSGGVEPMYCLENG------A
----------------------------------CESNPFSQILDVREESCGTRPDSCTV
------------------------------------SVHVIHQRLQELKKNGVLNQSSSS
----------------------------------SSVEPECPVVCPKDNNSTPSDEVEVE

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

------------------------------SSMFDEIQTENWVEFPIEGD-----------------------------------------------LPATQEVPPHAK---------PNLRIRPRKATLSDCTCFLRPGTEITVLWTLQQSESSDEENREPVWIDAKISSIERRPHE
IKEELKGK--------------------------EEVREEHNLAVGFGIGQDSK-----EEMKRGVKAD------------------------KHWLSEFEHNYWSDILKEKE-----GHQDMNSSLN------------------------YDLLLEFEQQYWGQVLQEKE-----SSSSCDSKTD---------------------------AQNMNDKAPNKTHESPR-----TPMDEENCEN-------------------ATDTGGCYGSGNELEYFQNLLTQETYDFG--

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------PECSCQFFVNFYITQDPLGTEKGTLSKDISVVELDQISILQKLGKYPCEDEHYRWKFSED
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------CSLLQRTKLFLGKFSSDLSWLVVTSVLKQAVFDVRSVQNRIVYQIVGGDHDKVSLNAVNF
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2
VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

---------------------------------------------------PFGIDNLGT
---------------------------------------------------PTAINEKNG
RVDNGISTPVIFPFVPADTIEADPLNGTNEAGPLPFCDIVDLRRSKRRNVQPDRFFSLGG
----------------RETLDAWLMGNGNEQEPLEFG----------VDETFDINELLGI
----------------KQKEQGIVETCQQQQQ------------------DSLSVADYGW
----------------KPKQEEEEIQQQQQEQQQQQL-----------QPDLLTVADYGW
--------------------------------------------------TNNKDVEFSS
-------------------QLPIVTSPSNDVEFKTPIIWQANNEELEESPENSDHHGFNK
.
GVDGEEVMDWDGVQVTWSL----------------------------------------ENDDGMDGVWANMNVTLPKVDDSLWTETLMSMDFPAFD---------------------FSESDIGSVRAGIHKVDYWRKEEMPLALPDEGDVHSIFSEKHIIDYEKGAHSLQIDSYED
LNDNNVSGQETMQYQVDRHPNFSYQTQFPNSNLLGSLN---------------------PN----DVDQSHLDSSDMFDVDELLRDLNGDDVFAGLNQDRY-----------------PWSNDIVNDQTSWDPNECFDINELLGDLNEPGPHQSQDQN-------------------EQIPEEREEKPQIDLNEFLQQLGILKDECQSEGSNAAEGFAAP----------------GFWDLLLGGPSDIEPLNLIGTDNPALEQSGKYNFGDFSFTTMSWTG--------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C

----------------------------------------------------------------------------------------------------------------------FLVCKSKDRSREVKPILAAQNEDQHQFAIVPVPLIIEPIAHGEDHLHDETPWNESGEIGE
--------------PMEIAQPG--------------------------------------
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AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------DTEIFGSNLVDGNSWEMLQSPWRT------ISPKYYCTNGVPKLQRKNMSDLYMEVESRWEGKGPIRKLRRKRGFTIRTKTESYGEVRPH
------VDYGCPYVQPSDMENYGIDLDHRRFNDLDIQDLDFGGDKDVHGST----------PGNSVANGSYRPESQQSGFDPLQSLNYGIPPFQLEGKDGNGFFDDLSYLDLEN--------------------------HVNSGSYDLHPLHLEPHDG-HEFNGLSSLDI-------------ESSLKDDDELVGFAEESFNWDALIEMRGIEDHQGTDASSFQGYGMYEEPAFPP
---YEVETPGMKEEKKEQLEGITDYSGHHGFYDKHSHFRAFEETINSKGSEAINTDKSWT

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------KKRPFSEPGYKEVIEAYMKNIESTINKEQPLVIDQWKELQVRNDLNQRRDCNSPSSVGDQ
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------SIWNF------------------------------------------------------QEGNYDDDQLLLPLEGHMQFGRPSDCCPQSQNPDAQPLRELHHIGETDASVDYKLDSLEP

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------EESSETEMLWREMEFSIASSYLLEENEGSNVEVLKEVVQESSNISEQVCQHEYILDEEIG
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ESSLDFNDPKLLESWFPDLGF---------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------VLCQLCGFVSTEIKDVSPPFFQPTGWITNREWRDEENSKRKQAENDGFNLFSIPASSDTP
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------LSEGNDNVWALVPDLRKKLRLHQKKAFEFLWKNIAGSMVPALMEQEVKRRGGCVISHSPG
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------AGKTFLVISFLVSYLKLFPGKRPLVLAPKTTLYTWYKEIIKWKVPVPVYQIHGCRTYRYE
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C

----------------------------------------------------------------------------------------------------------------------IYKHKVETSPGIPRPNQDVMHVLDCLEKIQKWHAHPSILLMGYTSFLSLMREDSKFIHRR
------------------------------------------------------------
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AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------YMGEVLRQSPGILVLDEGHNPRSTGSRLRKALMKVKTNLRILLSGTLFQNNFSEYFNTLC
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------LARPKFVNEVLRELDPKFKRNKNRRKRRYSSTESRARKFFTDEIAKRINSNVPEEQIEGL
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------NMLRNLTSKFIDVYEGGSSDNLPGLQVYTLLMKSTTIQQQFLSKLQKKKDEYKGYPLELE
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------LLVTLGSIHPWLITTAACADKYFSREELLELKKHKDDVKKGSKVKFVLSLVNRCIIRKEK
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------ILIFCHNISPINLFVDIFDKLYKWKKGEDVLVLQGDLELFERGRVMDQFEEPGGASKVLL
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

----------------------------------------------------------------------------------------------------------------------ASITACAEGISLTAASRVILLDTEWNPSKQKQAVARAFRPGQERVVYVYQLLETDTLEEE
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C

----------------------------------------------------------------------------------------------------------------------KNSRTNWKEWVSSMIFSEAFVEDPSCWQAEKIEDDLLREIVEEDWAKSIHMIMKNEKASN
------------------------------------------------------------
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AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

VvDREB2-1
VvDREB2-5
VvDREB2-4
AtDREB2C
AtDREB2A
AtDREB2B
VvDREB2-3
VvDREB2-2

--------------------------------------------------------------------------------------GLIRDVVKEMSLQNIQHIMVIMCVYCIISMYNMHNFVCIQNSLV
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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A4 Additional details for selected methods and overall general appendix
A4.1 Strategy used to clone ORFs or promoters into pCAMBIA effector or reporter plasmids
In general, the following strategy was used to amplify, clone and subclone the open reading frame or
promoter of interest into the appropriate end expression vector.
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A4.2 RNA extraction from Vitis tissues
Adapted from the Sigma Spectrum Plant Total RNA kit procedure developed by Fasoli et al (2012). In
brief:
Tissue type indicated the amount of Lysis buffer mixture to use for each sample. Lysis buffer was
prepared with 10µl 2-mercaptoethanol added for each 1ml of buffer used. For bud and young leaf tissues
500µl of this prepared buffer was added to each 100mg of frozen ground tissue and vortexed immediately
for at least 30 seconds. In the case of mature leaves or seed, 700µl of the buffer was used and likewise
vortexed immediately for at least 30 seconds. Samples were then incubated at 56⁰C for five minutes with
800 rpm gentle shaking. Following this, the samples were centrifuged at maximum speed in a
microcentrifuge (13400 rpm) for three minutes in order to pellet cellular debris. In the next step, the
supernatant was carefully removed and pipetted into a filtration column without disturbing the pellet. It
was again centrifuged at maximum speed for one minute. The flow through was saved and 750µl of
binding solution (as supplied in the kit) was added to it. The solutions were thoroughly mixed by
pipetting. 700µl of this mixture was placed onto a binding column at a time and centrifuged at maximum
speed for one minute. This was repeated until everything was filtered onto the same binding column,
emptying the collection tube for each new spin. In a new collection tube, 500µl of wash solution 1 was
added to the column and it was centrifuged at maximum speed for one minute. Following decantation of
the flow through, 500µl of wash solution 2 (prepared with ethanol as directed in the kit) was added to the
column and it was centrifuged at maximum speed for 30 seconds. This step was repeated and the column
was centrifuged for an additional 1 minute to dry following the second 30 second wash. To elute the
RNA, 45µl of elution solution was pipetted directly onto the centre of the filter inside the column and was
incubated at room temperature for one minute. Then the column was centrifuged at maximum speed for
one minute, eluting the RNA. RNA was immediately quality checked via nanodrop and subjected to
further processing to produce cDNA or stored in smaller aliquots at -80⁰C for the long term.

A4.3 Crude Genomic DNA extraction from Vitis tissues
Adapted from Sigma REDExtract-N-Amp Plant DNA Extraction kit (Meeks and Nassuth, unpublished).
In brief:
A 1.5mm disc of leaf tissue was punched from the fourth fully expanded leaf from the tip on a branch
using a wide orifice pipette tip. The disc was covered with 20µl of cold extraction buffer as provided in
the kit. Vortexed samples were heated to 95⁰C for 10 minutes during which they were vortexed three
additional times at regular intervals. Following heating, samples were cooled on ice and 20µl of cold
dilution buffer from the kit was added before vortexing the sample a final time. Samples were stored with
leaf disc in at 4⁰C for up to 16 weeks, or longer if held at -20⁰C.
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A4.4 Plasmids used in this study
Effector plasmids (see Nassuth et al., 2014 for details)
Name of
Construct in pCAMBIA effector
Effector plasmids
with 35S::GUSPlus
VrCBF1
VrCBF1E85K
VrCBF2
VrCBF3
VrCBF4
VrCBF5E
VrCBF5L
VrCBF6
VrCBF6MW
VrCBF6LW
VrCBF6MW+LW
VrCBF8
VrDREB2-3
VrDREB2-5
VrSPCH
VrMUTE
VrFAMA(E)
VrFAMA(L)
VrICE1
VrICE2
VrICE3
VrICE4
Empty

35S::VrCBF1
35S::VrCBF1E85K
35S::VrCBF2
35S::VrCBF3
35S::VrCBF4
35S::VrCBF5E
35S::VrCBF5L
35S::VrCBF6
35S::VrCBF6MW
35SVrCBF6LW
35SVrCBF6MW+LW
35S::VrCBF8
35S::VrDREB2-3
35S::VrDREB2-5
35S::VrSPCH
35S::VrMUTE
35S::VrFAMA(E)
35S::VrFAMA(L)
35S::VrICE1
35S::VrICE2
35S::VrICE3
35S::VrICE4
35S::

Purpose for presented work:
Transactivation (T)
Overexpression phenotype (OE)
T and OE
T, more like VvCBF1
T and OE
T and OE
T and OE
T and OE
T and OE
T and OE
T, hydrophobic domain variant
T, hydrophobic domain variant
T, hydrophobic domain variant
T and OE
T and OE
T and OE
T and OE
T and OE
T and OE
T and OE
T and OE
T and OE
T and OE
T and OE
T and OE, negative control

Reporter plasmids (see Nassuth et al., 2014 for details)
Name of
Construct in pCAMBIA reporter with
Reporter plasmids
35S::FiLUC
4xDRE (M1)
4XCRT (M2)
M7
M10
M11
LEA18
LEA23

4x GACCGACAA min35s::RiLUC
4X TGCCGACAT min35S::RiLUC
4X TGAAGACAT min35S::RiLUC
4X TCCCGACAT min35S::RiLUC
4X TTCCGACAT min35S::RiLUC
4X ATAATACCGACTCAAT
min35S::RiLUC
4X CATGGACCGACAACAA

Purpose in presented
work:
Transactivation (T)
T
T
T, negative control
T, DRE/CRT variant
T, DRE/CRT variant
T, long DRE/CRT variant
T, long DRE/CRT variant
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GC variant (EGU)
VrCBF8 promoter
VrICE4 promoter
VrDREB2-5
promoter

min35S::RiLUC
4X TCCAAACCGACCATCG
min35S::RiLUC
VrCBF8 promoter::RiLUC
VrICE4 promoter::RiLUC
VrDREB2-5 promoter::RiLUC

T, long DRE/CRT variant
T
T
T
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