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ABSTRACT

ANALYSIS OF THE ROLE OF GRAPE ICE PROTEINS IN THE
CBF PATHWAY AND STOMATAL DEVELOPMENT

Mohammad Atikur Rahman
University of Guelph, 2014

Advisor:
Dr. Annette Nassuth

Arabidopsis ICE (Inducer of CBF expression) transcription factors play a role in freezing
tolerance and stomatal development. This thesis examined the possible functions of ICE
genes from grape. Four ICE genes were isolated and sequenced from both the freezing
tolerant wild species Vitis riparia and the freezing sensitive cultivated species V. vinifera.
All the encoded ICE proteins contain a bHLH domain with an ICE-specific sequence in
their highly conserved C-terminus, and only a few amino acid differences between the
ICE orthologs. RT-PCR analyses and sequencing showed that all genes produced spliced
transcripts in leaves and buds at ambient and low temperature conditions. In addition, the
alternative transcripts ICE1i1, ICE2i2 and ICE4i1 were detected in leaves but only
ICE1i1 in mature buds. The functions of the various ICE variants in the CBF pathway
were analyzed by Agrobacterium-mediated transactivation experiments. The results
showed that all ICE proteins can activate the CBF4 promoter, albeit especially ICE2 and
ICE3, via a MYC2g element. Cold increased activation, presumably because of coldinduced sumoylation that stabilizes these proteins. ICE1 and ICE4 induced the
transcription better from CBF6 promoter, via different MYC elements. The truncated ICE
proteins encoded by alternative transcripts were found to give a lower activation
compared to their corresponding regular proteins. Homologs of the Arabidopsis stomatal
genes SPCH, MUTE and FAMA were isolated and sequenced from wild and wine grape
species. Each of these stomatal genes produced regular spliced transcripts, which for
FAMA included 2 transcripts with different start sites, early FAMA(E) and late FAMA(L).
The sequential presence of SPCH, MUTE and FAMA transcripts in different aged leaves
and the effect of transient overexpression of these genes and of ICE genes on the
formation of stomata and pavement cells supports their respective functions in three
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consecutive stages of stomatal development. The role of proteins encoded on
alternatively spliced transcripts, SPCHi1, MUTEi1 FAMAi1(E) and FAMAi2(L), is as
yet unclear. Transactivation results suggest that grape ICEs interact with grape FAMA(L)
to activate VrCBF4, possibly to regulate both stomatal development and the freezing
tolerance pathway. A model which suggests a role for all ICE and stomatal genes in
either stomatal development or/and the acquisition of freezing tolerance is presented.
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CHAPTER 1

GENERAL INTRODUCTION

CHAPTER 1: General Introduction

1.1 GRAPES
1.1.1 Grapes are an important crop
Grape (Vitis sp.) is one of the most economically important fruit crops in the world.
Although most Vitis species grow best in a Mediterranean-like climate with warm, dry
summers and cold winters (Mullins et al. 1992), some species are grown over wide areas
of the temperate climatic zones extending to 52 o latitude in both the northern and
southern hemispheres (Fennell 2004). The grape species Vitis vinifera, which is native to
the Mediterranean region and southwestern Asia, is cultivated worldwide for making the
finest wines (Winkler 1970). In Canada, grapes for wines are primarily grown in four
provinces, Ontario, British Columbia, Quebec and Nova Scotia (The Canadian
Encyclopedia 2014, http://www.thecanadianencyclopedia.ca/en/article/wine-industry/).
Ontario is the leading grape producer of Canada producing approximately 80,548 tonnes
of grapes from 17,000 acres of vineyards in 2013 i.e. almost 85% of total Canadian
production (Grape growers of Ontario 2014). This grape and wine sector generated
approximately 14,000 jobs and $602 million in tax revenues for the Ontario province in
2012 (Grape growers of Ontario 2014).

1.1.2 Wine grapes are sensitive to freezing temperature
Vitis vinifera cultivars can survive freezing temperatures up to -15 oC, whereas accessions
of the wild species of grape, Vitis riparia, can survive even at freezing temperatures of
-35 to -40 oC (Mullins et al. 1992, Fennell 2004, Nassuth et al. 2014a). About 66% of the
wine produced in Ontario came from vinifera grapes and 34% from hybrid grapes in 2013
(Grape growers of Ontario 2014). The commonly grown V. vinifera cultivars Chardonnay,
Riesling, Cabernet Sauvignon, Merlot and Pinot Noir are very sensitive to Canadian
winter temperatures and the freeze-thaw-freeze cycle of early spring. The grape
production is severely affected by temperatures ranging from ~-6 oC to ~-23 oC, depending on the cultivar (Caprio & Quamme 2002). There are two major types of freezing
injury that normally occur in grape vines viz., bud injury from spring frost and cane and
berry injury from low temperatures during early fall (Caprio & Quamme 2002). When
2

vines exit dormancy during spring, breaking buds and newly emerged tiny shoots may
become injured at just -2.5 oC (Fuller & Telli 1999). If the buds are damaged by freezing,
the crop loss may occur only for that year, but if more of the above ground tissues are
damaged, the whole plant may die and replanting will be necessary (Fennell 2004).

1.1.3 Cold acclimation can protect against freezing injury
Freezing injury in plants primarily occurs in the cell membrane systems due to severe
cellular dehydration associated with freezing (Levitt 1980; Steponkus 1984). Since the
intercellular fluid has a higher freezing point (because of lower solute concentration) than
the intracellular fluid, freezing temperatures (<0oC) initiate ice formation in the
intercellular spaces (Thomashow 1999). The formation of ice in the intercellular space
reduces the water potential outside the cells and, therefore, unfrozen water of the cells
moves down the water potential gradient from inside to the intercellular spaces (Pearce
1999). More than 90% of osmotically active water can move out of the cells at -10 oC,
resulting in complete dehydration of the cells (Thomashow 1999). Freezing-induced
cellular dehydration causes different types of membrane damage such as expansioninduced lysis, lameller-to-hexagonal-II phase transitions and fracture jump lesions
(Steponkus et al. 1993; Uemura & Steponkus 1997). In addition to cellular dehydration,
there are some other factors that contribute to the cellular damage during freezing. For
instance, the intercellular ice adhering to the cell walls and membranes can physically
rupture the cells (Olien & Smith 1977). Freezing temperatures also induce protein
denaturation (Guy et al. 1998) and production of reactive oxygen species (ROS)
(McKersie & Bowley 1997) that contribute to the damage to plants.
Most of the temperate plants including grapes, however, can acquire freezing
tolerance upon a prior exposure to low, non-freezing temperatures in a process called
cold acclimation (Guy 1990; Hughes & Dunn 1996; Browse & Xin 2001). The exposure
of plants to low temperatures induces a number of biochemical and physiological changes
that lead to freezing tolerance. Examples of such changes are the accumulation of
hydrophilic proteins, sugars and compatible solutes, changes in membrane composition,
and the induction of protein chaperones, RNA chaperones and ROS scavenging systems
(Sakai & Larcher 1987; Mohapatra et al. 1989; Guy 1990; Hughes & Dunn 1996; Palva
3

& Heino 1998; Thomashow 1999; Ruelland et al. 2009). Many of these accumulated
cyroprotectants prevent freezing injury by binding the free water and stabilizing the cell
membranes (Zabadal et al. 2007).

1.1.4 The CBF pathway is an important part of the cold acclimation process
Most of these biochemical and physiological changes are regulated by changes in gene
expression at low temperature (Guy et al. 1985; Palva 1994; Thomashow 1998, 1999;
Nuotio et al. 2001). More than 1000 genes have been identified as regulated by low
temperature and about 174 of these genes encode transcription factors (Berardini et al.
2004). This means that the low temperature triggers a complex transcriptional regulation
which involves multiple regulatory pathways (Thomashow 2010; Medina et al. 2011).
The C-repeat binding factor (CBF) cold-responsive pathway plays a central role in the
cold acclimation of Arabidopsis and other plant species by controlling the expression of a
large number of genes which positively affect freezing tolerance (Thomashow 2001,
2010). Research on the CBF pathway, especially on CBF genes, gained a huge
momentum around the world because of its apparent importance, and much knowledge
has been gathered about CBF genes over the last two decades. Briefly, cold activates
transcription factors that regulate the transcription of CBF genes, which in turn encode
transcription factors that activate the expression of many downstream genes whose
products eventually increase the freezing tolerance of plants (Fig. 1.1).

1.2 ICE GENES HAVE ROLE IN FREEZING TOLERANCE
1.2.1 The ICE genes
1.2.1.1 Cold activates ICE proteins
The accumulation of Arabidopsis CBF transcripts starts within 15 minutes of a plant’s
exposure to low temperatures. Gilmour et al. (1998) therefore proposed that the induction
of CBF expression in the cold is due to a transcription factor which is already present in
the cell at the normal growth temperature. This transcription factor, named inducer of
CBF expression 1 or “ICE1” was later identified from Arabidopsis by Chinnusamy et al.
(2003) when working with the AtCBF3 promoter (Fig. 1.1). The activation of CBF genes
by ICE protein is a crucial step in the acquisition of freezing tolerance since the dominant
4

ice1 mutant was unable to cold-acclimate (Chinnusamy et al. 2003). The fact that the ice1
mutation affected the expression of 40% of the cold-regulated genes also attested to the
importance of ICE transcription factor in freezing tolerance (Lee et al. 2005).
AtICE1 is a MYC (Myelocytomatosis)-like basic helix-loop-helix (bHLH) protein
of 494 amino acids with an estimated molecular mass of 53.5 kD. Semi-quantitative RTPCR showed that the AtICE1 gene was constitutively expressed even though AtICE1
could activate the AtCBF3 expression only in the cold (Chinnusamy et al. 2003). The
AtICE1 transcripts were detected in roots, leaves, stems and flowers, but with higher
expression in leaves and stems (Chinnusamy et al. 2003). The AtICE1 protein was
localized in the nucleus under both ambient and low temperature conditions (Chinnusamy
et al. 2003). This suggests that the AtICE1 protein undergoes some sort of modification
in the cold that allows it to bind to the CBF3 promoter and activate CBF3 transcription.
Different hypotheses concerning the activation of AtICE1protein have been
proposed. Initially it was assumed that AtICE1 becomes activated at low temperature by
phosphorylation in the cytoplasm or in the nucleus (Liu et al. 1999), but this hypothesis
was not supported by any convincing evidence later on. Later, Miura et al. (2007)
reported that AtICE1 is activated through sumoylation induced by low temperature. The
SIZ1 protein, a SUMO (Small ubiquitin-related modifier) E3 ligase, mediates the
sumoylation of AtICE1 and stabilizes the protein (Miura et al. 2007). Sumoylated
AtICE1 protein not only activates CBF expression but also represses the expression of
the AtMYB15 and AtHOS1 (High expression of osmotically responsive gene 1) genes
(Miura & Hasegawa 2008). MYB15 is proposed to be a negative regulator of CBF
expression since the expression of CBFs is enhanced in Myb15 mutant plants (Agarwal et
al. 2006) but it is not clear how. The AtHOS1 encodes a RING finger E3 ligase that
targets AtICE1 protein for poly-ubiquitination and subsequent proteasomal degradation
(Lee et al. 2001; Dong et al. 2006) and therefore HOS1 also acts as a negative regulator
of CBF expression.
Thomashow (2010) recently proposed a scheme for the regulation of cold-induced
modification of AtICE1and subsequent AtCBF induction. He hypothesized that low
temperature initiates a cycle of activation and inactivation of AtICE1 by the SIZ1-HOS1
system. At low temperature, AtICE1 is rapidly activated by AtSIZ1-mediated
5

Figure 1.1 Model for the involvement of ICE in the acquisition of freezing tolerance by
Arabidopsis. Note that ICE1 and ICE2 regulate the expression of AtCBF3 and AtCBF1
respectively (see text for details, based on Chinnusamy et al. 2003, Furosova et al. 2009, Miura et
al. 2007; Dong et al. 2006). CBF: C-repeat (CRT) binding factor; CRT: CCGAC (Baker et al.
1994), COR: Cold regulated gene

6

sumoylation followed by inactivation of AtICE1 by the AtHOS1-mediated ubiquitination
and degradation (Thomashow 2010) (Fig. 1.1). The later step is a bit delayed because the
AtHOS1 protein is located in the cytoplasm at ambient temperature and only translocates
to the nucleus upon exposure of plants to low temperature (Thomashow 2010). The
proposed SIZ1-HOS1 system is consistent with the transient nature of CBF expression.
The AtCBF transcripts levels increase rapidly (greater than 10-fold) at low temperature
for about 2 to 3 hrs, followed by a decrease to a few fold over the transcript level found in
warm-grown plants. Thus CBF gene expression is fine-tuned by the SIZ1-HOS1 system.
The ICE genes contain 3 introns, which presents the possibility that these are not
spliced out under certain conditions and produce alternative proteins. Alternative splicing
is considered a common mechanism for the regulation of proteome diversity in
eukaryotes (Filichkin et al. 2010). It has been predicted that 70% of the intron-containing
plant genes produce alternative variants due to alternative splicing and/or alternative
polyadenylation (Staiger & Brown 2013, Reddy et al. 2013). The alternative splicing of a
gene can be developmentally and spatially regulated and is frequently associated with
environmental stress (Brett et al. 2002; Palusa et al. 2007). For instance, salt stress
induced alternative splicing of the pyroxidal kinase gene SOS4 in Arabidopsis (Shi et al.
2002) and the alternative oxidase gene OsIM in rice (Kong et al. 2003). As a result of
cold stress, the potato invertase gene was alternatively spliced by exon skipping (Bournay
et al. 1996), whereas an intron was retained in a low temperature-induced gene, named
CLT, of trifoliate orange (Jia et al. 2004). Intron retention accounts for about 30% of
alternative splicing in Arabidopsis (Ner-Gaon et al. 2004) and is the most prevalent
alternative splicing event especially in stress related genes (Filichkin et al. 2010). Xiao &
Nassuth (2006) also reported intron retention for grape dehydrin1 (DHN1) transcripts at
low temperature.

1.2.1.2 ICE proteins from other plants activate via specific MYC elements
Chinnusamy et al. (2003) showed that the AtICE1 protein binds to the MYC sequence
(CANNTG), preferentially the MYC2 variant (CACATG) in the AtCBF3 promoter, and
thereby activates AtCBF3 expression upon exposure to cold temperature. The ice1 mutant
plants show almost no AtCBF3 expression in the cold while the AtCBF1 and AtCBF2
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expression was lower after 1 and 3 hr of cold stress but were similar or higher than that of
wild-type plants after 6 and 12 hr. This showed that AtICE1 activated AtCBF3
specifically. Later another Arabidopsis ICE, ICE2 was shown to activate the AtCBF1
gene (Furosova et al. 2009), suggesting that ICE proteins are not redundant. The wheat
(Triticum aestivum) TaICE41 and TaICE87 proteins were reported to bind to different
MYC variants in both AtCBF and TaCBF promoters (Badawi et al. 2008). Badawi et al.
(2008) therefore suggested that bases surrounding the MYC elements might play an
important role for the binding specificity of ICE-like protein to CBF promoters. Since the
discovery of Arabidopsis ICE1, its orthologs have been identified in many other plants
including woody plants such as apple and eucalyptus (Badawi et al. 2008; Wang et al.
2012; Wisniewski et al. 2014; Feng et al. 2012, 2013; Lin et al. 2014). It has been shown
in some cases that the overexpression of ICE genes enhanced the chilling or freezing
tolerance of the transformed plants (Badawi et al. 2008; Xiang et al. 2008; Li et al. 2010;
Liu et al. 2010; Feng et al. 2012, 2013; Lin et al. 2014).
The Nassuth lab recently identified 4 putative grape ICE genes in the published
Vitis vinifera Pinot Noir genome (Jaillon et al. 2007; Velasco et al. 2007) based on their
homology to the conserved C terminal protein sequence of AtICE1 (Moody 2009) and
named them Vitis ICEl, 2, 3 and 4. The ICE1, 2 and 3 genes are located on chromosome
1, 14 and 17 respectively, however, Vitis ICE4 is yet to be assigned to any chromosome.

1.2.2 The CBF genes
1.2.2.1 CBF genes in Arabidopsis
The elucidation of the CBF pathway started with the discovery of a cis-acting element in
the promoters of many cold-responsive (COR) genes. This cold regulatory element with a
5-bp core sequence of CCGAC was first identified in Arabidopsis COR15A and referred
to as C-repeat (CRT) (Baker et al. 1994). Thomashow and his associates later isolated a
transcription factor binding to this CRT element from Arabidopsis and named it CRT
binding factor 1 (CBF1) (Stockinger et al. 1997). The CBF1, together with the later
discovered CBF2 and CBF3, are now known to belong to a family of transcription factors
that binds to the CRT element and induce the expression of COR genes (Stockinger et al.
1997; Gilmour et al. 1998). The expression of CBF genes is regulated by low
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temperatures (presumably at least in part because of ICE activation as explained
previously) but not by dehydration or ABA (Medina et al. 1999). The CBF genes do not
contain introns and are organized in tandem on chromosome 4 of Arabidopsis in the order
of CBF1, CBF3 and CBF2 (Medina et al. 1999). The Yamaguchi-Shinozaki and
Shinozaki lab isolated the same 3 genes from Arabidopsis when looking for transcription
factors binding to a dehydration-responsive element (DRE: TACCGACAT), a 9-bp
regulatory element containing the same 5-bp core sequence as CRT, and named them
DREB1B (DRE binding factor 1B), DREB1A and DREB1C respectively (Liu et al. 1998;
Shinwari et al. 1998). Hereafter these three Arabidopsis thaliana (At) genes will be
referred to as AtCBF1, AtCBF3 and AtCBF2 to avoid confusion with CBF genes from
other plants.
The regulatory role of CBF genes over the expression of COR genes was
investigated with transgenic plants. The overexpression of the AtCBF1 gene under the
control of the strong constitutive cauliflower mosaic virus (CaMV) 35S promoter induced
the expression of the COR genes COR6.6, COR15a, COR47 and COR78 at normal
growth temperature (Jaglo-Ottosen et al. 1998). Similar results were also reported with
the constitutive expression of the AtCBF2 and AtCBF3 genes in Arabidopsis without any
cold stimulus (Gilmour et al. 2000; Liu et al. 1998). These transgenic plant experiments
indicate that CBF genes are master regulators of the genes containing CRT/DRE
regulatory elements, or the COR regulon.
The AtCBF expression is also regulated by the CBF protein itself. Guo et al.
(2002) reported higher expression of CBF genes in the Arabidopsis los1 mutant in the
cold but little expression of COR genes. The los1 mutant is defective in protein synthesis
at low temperature. The superinduction of CBF genes in the mutant, therefore, could be
due to the lack of CBF proteins for repressing the expression of CBF genes. The feedback
regulation of different AtCBF genes is also supported by other reports. Chinnusamy et al.
(2003) found reduced expression of AtCBF3 and increased expression of AtCBF2 in the
ice1 mutant plants, suggesting that AtCBF3 normally represses AtCBF2 expression. On
the other hand, the Arabidopsis cbf2 mutant plants showed higher expression of AtCBF1
and AtCBF3 and subsequently higher freezing, salt and dehydration stress tolerance
compared to wild-type. This indicates that AtCBF2 protein represses the expression of
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AtCBF1 and AtCBF3 during cold acclimation (Novillo et al. 2004).
The CBF proteins have a predicted molecular mass of 24 kD, and are
characterized by a highly conserved AP2/EREBP (APETALA2/Ethylene-responsive
element binding protein) DNA-binding domain (Riechmann & Meyerowitz 1998), a
predicted nuclear localization sequence (NLS) and a DSAWR sequence located upstream
and downstream of the AP2 domain respectively, and often a LSWY-like sequence at the
C terminal end (Shinozaki & Yamaguchi-Shinozaki 2000; Thomashow 2001; Dubouzet et al.
2003; Badawi et al. 2007; Xiong & Fei 2006). Another protein with the same amino acid
domains named CBF4, was also identified in Arabidopsis and found to be 63% similar to
AtCBF1-3 (Haake et al. 2002). Unlike the other AtCBF genes, the expression of the
AtCBF4 gene is induced by drought and ABA but not by cold. Two additional CBF
homologues identified in Arabidopsis, viz. DDF1/DREB1F and DDF2/DREB1E, are
induced by salinity but not by cold. However, there is not much further information about
these latter two AtCBFs in the scientific literature (Sakuma et al. 2002, Haake et al. 2002).
The circadian regulation of AtCBF3 and some AtCBF regulon genes at normal
growth temperature turned everybody’s attention towards the influence of the circadian
clock on the CBF pathway at low temperature (Harmer et al. 2000). Later Fowler et al.
(2005) reported a greater induction of the AtCBF1, AtCBF2 and AtCBF3 genes if cold
stress was applied 4 hr after dawn compared to cold stress applied 16 hr after dawn. The
cold-induced expression of tomato CBF genes was also ‘gated’ by the circadian clock
(Pennycooke et al. 2008). The work of Bieniawska et al. (2008) gave an insight into the
interaction between low temperature and the circadian clock, and their effect on COR
genes. They found that low temperature impairs the functions of the circadian clock by
disrupting the normal cycling of certain circadian clock-regulated genes. For instance, the
circadian oscillations of the transcript levels for the clock-genes, PRR7 (pseudo-response
regulator gene7) and CAB2 (chlorophyll a/b-binding gene2) were reduced or eliminated
when Arabidopsis plants grown under a 16-hr photoperiod were transferred to low
temperature (Bieniawska et al. 2008).

1.2.2.2 CBF genes in other plants
After the discovery of CBF genes in Arabidopsis, their orthologs have been identified in
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all monocots and eudicots that have been examined, for instance, wheat, rice, barley, rye,
rapeseed, tomato, rye, tobacco, cotton, capsicum, cherry (Jaglo et al. 2001; Choi et al.
2002; Gao et al. 2002; Owens et al. 2002; Dubouzet et al. 2003; Xue 2003; Skinner et al.
2005; Zhou et al. 2007) and also the woody plant species grape, poplar, eucalyptus, citrus
and birch (Xiao et al. 2006, 2008; Benedict et al. 2006a; Kayal et al. 2006; Champ et al.
2007; Welling & Palva 2008). This suggests that the CBF pathway is a common pathway
that is likely important for stress tolerance in all plants and, therefore, the regulation of
this pathway is of great interest.
Four grape CBF genes were analyzed from both V. riparia and V. vinifera by the
Nassuth lab and named VrCBF1, 2, 3, 4 and VvCBF1, 2, 3, 4 (Xiao et al. 2006, 2008)
based on the order they were isolated and sequenced. The deduced proteins of CBF1 to 4
in V. riparia are 96–99% identical to the corresponding proteins (orthologs) in V. vinifera
(Xiao et al. 2006, 2008). The Vitis paralogs CBF1 to 3 are most identical to each other
(63-70%), less so to CBF4 (45-48%) and even less to AtCBF1 (42-51%). The VrCBF4
protein, however, is 57% identical to AtCBF1. All Vitis CBF proteins contain the CBFspecific amino acid motifs which support their identity as CBF proteins. Compared to
AtCBF1 and VrCBF4, the VrCBF1, 2 and 3 sequences contain 20-29 additional amino
acids within the C-terminal acidic domain and three stretches of serine repeats within
their N terminal sequences.
The expression of the Vitis CBF1 to 4 genes was low or non-detectable at
ambient temperature according to semi-quantitative RT-PCR, but increased upon
exposure to low temperature (4oC) (Xiao et al. 2006, 2008). CBF1, 2 and 3 transcripts
also accumulated in response to drought and exogenous abscisic acid (ABA) treatment.
Upon exposure to cold, the CBF1 expression was detected first (after 15 min.), followed
by CBF2 (after 2 hours) and about 2 days later by CBF3, and their expression levels were
higher in young tissues than in older tissues. The CBF4 gene, on the other hand, was
expressed in both young and mature tissues and was maintained for several days.
Agroinfiltration experiments in tobacco leaves showed that VrCBF1 and VrCBF4 can
activate the expression of reporter genes (Green fluorescent protein, GFP or
Glucuronidase, GUS) driven by a promoter containing 4 copies of the CRT/DRE
sequence TACCGACAT as cis-element (Xiao et al. 2006, 2008). This indicates that these
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newly identified AtCBF-like grape CBFs are functional and likely involved in freezing
tolerance of grape plants. This is further supported by the subsequent analyses of
transgenic Arabidopsis plants: constitutive expression of VrCBF1 or Vr/VvCBF4 in
Arabidopsis or grape plants increased the freezing tolerance of transformed plants
compared to wild type (Siddiqua & Nassuth 2011; Tillett et al. 2012).
The release of the whole grape genome sequence (500 Mb) made possible a
genome-wide search for more grape CBF genes, and 4 additional CBF genes (CBF5,
CBF6, CBF7 and CBF8) were identified by a BLAST search in NCBI (www.ncbi.nlm.
nih.gov/) and Genoscope (www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/)
databases (Nassuth lab, unpublished results). Research on these CBFs is underway.

1.2.3 CBF promoter elements
1.2.3.1 Arabidopsis CBF promoter elements
A promoter is a DNA region that contains regulatory elements for gene expression. It is
located upstream of a gene transcription start site (TSS) and acts as a binding site for a
transcription factor which prompts RNA polymerase to initiate transcription
(Shahmuradov et al. 2003). The suite of regulatory elements present in a promoter direct
the complex processes of cell-, tissue-, organ-, developmental stage- and environmental
factors-specific regulation of transcription. Most of the elements are present close to the
TSS and determine not only the specificity of gene transcription but also the initiation
point (TSS) and the rate of transcription (Shahmuradov et al. 2003). Some plant
promoters (20-30%) contain a TATA box (consensus sequence TTATA A/TAA/T) which
determines the TSS about 30 nucleotides after and can increase the transcription
efficiency (Yamamoto et al. 2009, Molina & Grotewold 2005). Plant promoters can also
contain CAAT (GGG/TCAATCT) and GC box (GGGCGG) sequences which are known
to define the RNA polymerase binding site and affect the level of transcription.
Several conserved sequence domains have been reported for the promoter regions
of Arabidopsis CBF genes. The Arabidopsis CBFs (AtCBF1, AtCBF2 and AtCBF3) have
a TATA box sequence upstream from the TSS (Shinwari et al. 1998). In addition,
Shinwari et al. (1998) found 6 other conserved sequences within 370 bp upstream of the
TSS in the promoters of AtCBF1, AtCBF2 and AtCBF3 genes and named them Box I to
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VI. Their sequences are, for Box I: TTATGTCTA, Box II: ACAATTANNNA CAATTT,
Box III: ACTCA/CTAAAGG, Box IV: GGACACAT/CGG/TCAGA, Box V: ACGTG
G/TCATT and Box VI: CAGAGACANAAACT CCG. The G-box motif (CACGTG),
also known as MYC2g element (Badawi et al. 2008), which is part of the Box V
sequence, is commonly found in the promoter regions of environmentally controlled
genes, including COR genes (Schindler et al. 1992; Williams et al. 1992). Although the
G-box element is the core motif of the ABRE (ABA-responsive element) sequence
(Yamaguchi-Shinozaki et al. 1990; Guiltinan et al. 1990; Mundy et al. 1990), the AtCBF
genes were not induced by ABA treatment suggesting the non-functionality of a G-box
alone as an ABRE. There are 7 putative MYC recognition sequence variants (CANNTG,
where N=A, C, G or T, also known as E-box) in the AtCBF3 promoter, only one in the
AtCBF1 and two in AtCBF2 promoters (Shinwari et al. 1998). Several MYB
(Myeloblastosis, T/CAACNA/G) recognition sequences are also present in each AtCBF
promoter (Shinwari et al. 1998). The presence of both MYC and MYB recognition
sequences in the CBF promoters suggests that ICE and a MYB-like transcription factor
may be important for cold induction of CBF genes (Chinnusamy et al. 2003). This is in
line with the observation that bHLH transcriptional factors (such as ICE) often require a
MYB element and/or WD (tryptophan -aspartate)-repeat containing factors for the
expression of target genes (Spelt et al. 2000; Walker et al. 1999).
The importance of the various elements for CBF expression has been analyzed in
several studies. Zarka et al. (2003) determined that a 125-bp region in the AtCBF2
promoter, containing Box IV, V and VI, is sufficient for expression of this gene.
Mutational analysis of this 125-bp region revealed that concerted action of two sequences
named ICEr1 and ICEr2 (Induction of CBF expression region 1 and 2) can impart coldregulated gene expression. These ICEr1 and ICEr2 elements represent the sequences of
Box IV (GGACACATGTCAGA) containing a MYC2 element (underlined), and the right
part of Box VI (ACTCCG) respectively. Chinnusamy et al. (2003) reported that the
Arabidopsis ICE1 (Inducer of CBF expression 1) transcription factor binds to the MYC2
element present in Box IV/ICEr1 of the AtCBF3 promoter, supporting its potential
importance. Benedict et al. (2006b) reported 2 more potential elements named ICEr3
(HACACGT) and ICEr4 (HCCACGT, where H=A/C/T) for cold induction of the AtCBF
13

genes, based on an extensive computational analysis of the promoters from cold-induced
genes. It is thought that presence of several elements is required to fine-tune the
expression of genes. For example, the Arabidopsis cold inducible TCH4 promoter
contains not only an ICEr1 element but also an AT-rich region, a GGAAAA domain, a
MYB domain and a TATCCAC box which in combination are thought to be important
for induction of expression (Iliev et al. 2002). The induction mechanism of CBF genes
might be conserved between different plants. For example, 8 MYC motifs, 5 MYB motifs
and 3 ABRE cis-elements have been identified in the promoter of the eucalyptus
EguCBF1a gene by in silico analysis (Kayal et al. 2006). This would allow for induction
of CBF gene expression under various conditions.

1.2.3.2 Grape CBF promoter elements
The promoter sequences of the grape CBF1, 2, 3 and 4 genes from both V. riparia and V.
vinifera were analyzed by Nassuth Lab (Siddiqua et al. 2005; Siddiqua et al. 2009). The
CBF promoters in V. riparia were almost identical (95-99%) with that of corresponding
CBF promoters in V. vinifera but different promoters of the same Vitis species differ
considerably except for the CBF1 and CBF2 promoters. CBF1 and CBF2 (i.e. paralogs)
were 51% identical over about 250 nucleotides immediately upstream of the AUG
translational start codon, whereas the CBF3 and CBF4 promoters were less than 15%
identical only with each other (Siddiqua et al. 2009). Grape CBF 2, 3 and 4, but not
CBF1 have TATA boxes 28-38 nucleotides upstream of the TSS. The grape CBF
promoters contain several MYC elements: 3 to 4 MYC elements in CBF1 (MYC1a,
MYC1g, MYC2a (only in Vv), and MYC4c); two MYC2 elements in CBF2 (2 copies of
MYC2g) and CBF3 (MYC2t and MYC2c); and 4 MYC elements in CBF4 (MYC2g,
MYC3c, and 2 copies of MYC4t) (naming according to Badawi et al. 2008) (Siddiqua et
al. 2005; Siddiqua 2007). In silico promoter analysis also revealed 2 longer conserved
regions in the Vitis CBF1-3 promoters: an 18-bp sequence (AAATGTC/AAAC/TGAG
TC), and a 21-bp sequence (CTTTCAAAACGTGGTTTCACA). These regions were
named ICEr2A and ICEr2B respectively based on their similarity to Arabidopsis ICEr2.
The VrCBF4 promoter contains 2 similar but shorter sequences of ICEr2B, ACCGTGG
GTTTCCA and CTTATCAGAACCGTGTTT (Siddiqua et al. 2005). An ICEr1-like
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motif (GGACACATGTCAGA) was identified in the Vitis CBF1 and CBF4 promoters
while an ICEr4 (HCCACGT) motif was found only in the Vitis CBF4 promoter. The
grape CBF4 promoter also contains the combination of elements reported for the AtTCH
promoter: AT-rich region, a GGAAAA domain, a MYB element and a TATCCAC box.
CBF1, 2 and 3 do not have this combination of elements but do have several AT-rich
regions (Siddiqua et al. 2005; Siddiqua 2007). Moody (2009) later discovered another
unique sequence of 14-bp, which she named ICErM (TMCGTGTCCATTTC, where
M=T/C), in all the Vitis CBF promoters.

1.2.4 The CAMTA genes
ICE genes alone are not sufficient to activate all CBF genes. Doherty et al. (2009)
reported that the AtCBF1 and AtCBF2 genes are activated by CAMTA3 (Calmodulin
binding transcription activator3) protein in the cold. This suggestion was based on the
observation that a camta3 mutation in Arabidopsis plants reduced the levels of AtCBF1
and AtCBF2 transcripts approximately by 40% and 50% compared to wild type after cold
treatment (0 C) for 2 hours (Doherty et al. 2009). How the activation occurs became
clearer when promoter analysis of the AtCBF2 gene showed that a 27-bp region
containing the conserved motifs CM1 (GACCCCA) and CM2 (CCGCGT) is sufficient to
impart the cold-induced transcription (Doherty et al. 2009). All the 6 Arabidopsis
CAMTA proteins (Finkler et al. 2007) recognized a promoter element called CG-1
element (vCGCGb, where v=A, G or C and b=T, G or C; da Costa e Silva 1994). The
CG-1 element matches the CM2 sequence (CCGCGT) and overlaps the ICEr2 element
(ACTCCG) present in CBF promoters. Indeed none of the CAMTA genes had a
significant effect on the expression of AtCBF3 which does not have a CG-1 element in its
promoter. However, even though different AtCAMTA proteins bind to the CM2
sequence, only AtCAMTA3 protein induced the AtCBF1 and AtCBF2 genes in the cold.
Interestingly, plants carrying a single camta3 mutation did not show any decrease in
freezing tolerance after cold acclimation whereas plants carrying the double mutation
camta1camta3 did (Doherty et al. 2009). It was therefore suggested both CAMTA1 and
CAMTA3 can confer freezing tolerance, possibly via different CBF genes.
There is a likely explanation for the activation of CAMTA at low temperatures. It
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is known that the calcium levels rapidly increase in the cytosol after exposure of plants to
low temperature (Knight et al. 1991). Calcium spikes in the cytoplasm were later shown
to be required for cold induction of the CBF target genes KIN1 and KIN2 in Arabidopsis
(Knight et al. 1996; Tahtiharju et al. 1997). Therefore, Doherty et al. (2009) put forward
a simple model proposing CAMTA as a possible link between calcium and cold regulated
gene expression. When cytoplasmic calcium levels increase rapidly due to low
temperatures, one or more of the Arabidopsis calmodulin proteins (McCormack et al.
2005) bind to calcium and then interact with one or more of the CAMTA proteins. This is
thought to activate the CAMTA proteins which, in turn, induce the expression of CBF1,
CBF2 and other cold regulated genes via the CG-1 element in their promoters (Doherty et
al. 2009). Further studies are needed to confirm this suggested connection between cold
induced Ca2+-influx and CAMTA mediated gene expression.

1.2.5 bHLH transcription factors
1.2.5.1 bHLH proteins
The basic helix-loop-helix (bHLH) proteins (such as ICE) are the largest group of plant
transcription factors, second to only MYB proteins. There are approximately 162 bHLH
genes in Arabidopsis, 111 in rice and 109 in Vitis vinifera (Feller et al. 2011, Pires &
Dolan 2010; Toledo-Ortiz et al. 2003). The bHLH proteins are defined by the presence of
a bHLH signature domain of 60 amino acids with 2 functionally different regions. The
basic region at the N terminus, consisting of 13-17 amino acids with a high number of
basic residues, determines the DNA binding activity (Massari & Mure 2000). At least 5
basic amino acids and a highly conserved HER motif (His5-Glu9-Arg13) in the basic
region are predicted to bind DNA (Atchley & Fitch 1997; Massari & Murre 2000;
Toledo-Ortiz et al. 2003). The HLH region has 2 α-helices, consisting mainly of
hydrophobic amino acids which are connected by a loop of variable length and
sequences, and acts as a dimerization domain (Nair & Burley 2000, Ferre-D’Amare et al.
1994; Murre et al. 1989). Dimerization is thought to be a prerequisite for DNA
recognition and to determine the DNA-binding specificity of bHLH proteins (Feller et al.
2011). The bHLH proteins generally form homodimers or heterodimers with other bHLH
proteins (Fernandez-Calvo et al. 2011; Toledo-Ortiz et al. 2003). Sometimes they can
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form heterodimers with several different bHLH partners (Littlewood & Evan 1998) or
even with non-bHLH proteins (Herold et al. 2002; Hernandez et al. 2007). For example,
bHLH protein PIF3 (Phytochrome interacting transcription factor 3) can form heterodimers with HFR1 (long hypocotyl in far-red light 1) or PIF4 (Fairchild et al. 2000,
Toledo-Ortiz et al. 2003). What molecular determinants are important for dimerization is
still unknown (Shirakata et al. 1993; Littlewood & Evan 1998; Ciarapica et al. 2003)
although factors such as, hydrophobic interface and interactions between charged amino
acids in the HLH region, seem to affect what partners are bound to (Toledo-Ortiz et al.
2003, Ciarapica et al. 2003). Recently it has been reported that the highly conserved
Leu23 and Leu52 residues are structurally important for dimerization in Arabidopsis
PAR1 (Protease-activated receptor 1) protein (Carretero-Paulet et al. 2010).

1.2.5.2 Functions of bHLH proteins
The bHLH proteins recognize a core hexanucleotide DNA sequence known as E-box or
MYC element (CANNTG, N=A, C, G or T). There are different E-box variants based on
the 2 central bases. The most commonly reported E-box variant is the palindromic G-box
(CACGTG) or MYC2g element (Toledo-Ortiz et al. 2003). The bHLH proteins were also
reported to bind to another E-box variant (CAGCTG, e.g. MyoD) and even a non-E-box
variant (NACGTG or NGCGTG, e.g. Per (Period circadian protein), Sim (Single-minded)
protein) or N-box variants (CACGGC or CACGAC, e.g. HES1 (Hairy and enhancer of
split 1)) (Ledent & Vervoort 2001, Toledo-Ortiz et al. 2003, Badawi et al. 2008).
Nevertheless, 74% of Arabidopsis bHLH proteins are predicted to bind to E-box variants
(Toledo-Ortiz et al. 2003). Each half of the symmetrical E-box is recognized by the three
residues in the so-called HER motif (His, Glu and Arg at positions 5, 9 and 13 or 9, 13
and 17 respectively based on the alignment) in the basic regions of the bHLH proteins
(Toledo-Ortiz et al. 2003, Shimizu et al. 1997). Especially the presence of Glu in the
basic region is very important as it contacts the first CA in the E-box (Ellenberg et al.
1994, Ferre-D’Amare et al. 1994, Ma et al. 1994, Shimizu et al. 1997, Fuji et al. 2000),
and DNA binding was abolished when it was substituted by other residues (Gln, Asp and
Leu) (Fisher and Goding 1992). Toledo-Ortiz et al. (2003) suggested that the bHLH
proteins which lack these E-box binding residues but contain 5 to 8 basic residues in their
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basic region still might bind to DNA but will lose the specificity for E-boxes. Binding
specificity of the bHLH proteins was also affected by the flanking nucleotides of the core
hexanucleotides (Massari & Murre 2000, Atchley et al. 1999, Littlewood & Evan 1998).
The bHLH loop residues, especially lysine, play a role in the binding specificity by
making contact with such flanking nucleotides (Nair & Burley 2000).
Most bHLH proteins that are functionally characterized are from Arabidopsis and
only a few from other plant species. These proteins were reported to be involved in the
regulation of fruit dehiscence, carpel, anther and epidermal cell development, stomatal
differentiation, phytochrome signaling, flavonoid biosynthesis, hormone signaling and
stress response (see review by Feller et al. 2011). The functions of bHLH proteins (i.e.
activation or repression) as well as their regulon size (i.e. broad or restricted) are
influenced by the properties of the dimers they form (Feller et al. 2011). For example, the
bHLH protein AtSPT (Spatula) positively regulates carpel and fruit development as well
as negatively regulates seed germination and expansion of cotyledons, petals and leaves
(Heisler et al. 2001, Penfield et al. 2005, Groszmann et al. 2010, Ichihashi et al. 2010). Gremski et
al. (2007) speculated that this broad spectrum of AtSPT functions might be due to the
dimerization with two other bHLH proteins, HEC1-3 (Hecate1-3) or IND (Indehiscent).
The bHLH proteins regulate gene expression not only by dimerizing with other
bHLH proteins but also sometimes by interacting with MYB proteins. The bHLH protein
ZmR interacts with the R2R3-MYB protein ZmC1 to activate the anthocyanin promoter
(Sainz et al. 1997). Another example of bHLH-MYB association is the interaction of
HFR1 and LAF1 (Long after far-red light 1), which inhibits the ubiquitination of either
HFR1 or LAF1 by E3 ubiquitin ligase COP1 (Constitutive photomorphogenesis protein
1) and thereby allows the regulation of phytochrome A signaling (Jang et al. 2007).
Toledo-Ortiz et al. (2003) suggested that R2R3-MYBs in general most probably function
in combinatorial fashion with bHLH factors.

1.3 ICE GENES HAVE A ROLE IN STOMATAL DEVELOPMENT
1.3.1 Stomata
The recent discovery that ICE genes also regulate stomatal development prompted an
interest in stomata by the Nassuth lab. Stomata are microscopic pores on the surface of
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land plants surrounded by two specialized epidermal cells called guard cells. Plants
exchange their gas and water vapor with the atmosphere through the stomata during
photosynthesis and transpiration. The mechanism controlling the development of stomata
was extensively studied in the model plant Arabidopsis. The stomatal development starts
at the tip of a eudicot leaf and proceeds towards the base (i.e. basipetally) (Lau &
Bergmann 2012). Specific protodermal cells called meristemoid mother cells (MMC)
initiate the stomatal lineage by an asymmetric ‘entry’ division producing a small
triangular cell called meristemoid and larger sister cell (Nadeau & Sack, 2002; Lucas et
al. 2006). After zero to 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 microscopic pore. The transition
between meristemoid to GMC and GMC to guard cell can occur within 24 hours (Geisler
et al. 2000).

1.3.2 Stomatal differentiation involves SPCH, MUTE, FAMA and ICE
Three closely related basic helix-loop-helix (bHLH) transcription factors, SPEECHLESS
(SPCH), MUTE and FAMA direct the 3 consecutive steps of cell-fate transition from
MMC to guard cell in Arabidopsis (Bergman & Sack 2007; Pillitteri & Torii 2012). The
name of these three bHLH proteins reflects their phenotype as the spch and mute mutants
have no ‘mouth’ or stomata and fama, named after the Roman Goddess of rumor, have
fake ‘mouths’ or stomata (i.e. a single guard cell). SPCH is required for the ‘entry’
asymmetric division that establishes the stomatal lineage by forming meristemoid
(MacAlister et al. 2007). This was evident from the fact that spch loss-of-function
mutants produced an epidermis consisting of interlocking pavement cells only, and SPCH
overexpression produced a highly divided epidermis due to excess divisions (Fig.
1.2A(a); MacAlister et al. 2007; Pillitteri et al. 2007). SPCH function must be very
specific to stomatal development (MacAlister et al. 2007) because the spch mutation did
not have any effect on the asymmetric divisions in roots and embryo. MUTE terminates
the ‘stem cell-like’ properties of a meristemoid and causes it to differentiate into a GMC
(Pillitteri et al. 2007). This was concluded because the mute mutant had arrested
meristemoids with excessive divisions instead of stomata, and overexpression of MUTE
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caused all the epidermal cells to become stomata (Fig. 1.2A(b); Pillitteri et al. 2007,
2008). Observations of loss-of function fama mutants and FAMA overexpressors indicate
that FAMA halts the reiterative division of GMCs and controls the final differentiation of
GMCs into guard cells (Fig. 1.2A(c); Ohashi-Ito & Bergmann 2006).
SPCH, MUTE and FAMA do not act alone but in the form of heterodimers with
other bHLH transcription factors, SCREAM (SCRM) or SCRM2 (Kanaoka et al. 2008,
Fig. 1.2B). The SCRM genes are the same as the already presented ICE genes involved in
the activation of CBF genes during cold-acclimation. SPCH is required for the induction
of ICE1/SCRM gene expression in the stomatal cell lineage and ICE1 plus ICE2/SCRM2
are required for SPCH expression and function (Kanaoka et al. 2008). Consistent with
these notions, Arabidopsis ice1 ice2 double mutants produce epidermis consisting of
solely pavement cells similar to that observed for spch mutant plants without any
accumulation of SPCH transcripts (Kanaoka et al. 2008). A gain-of-function mutation in
the conserved KRAAM motif of ICE1/SCRM (scrm-D, R236H) resulted in constitutive
stomatal differentiation in the epidermis identical to the MUTE overexpression
phenotype (Kanaoka et al. 2008). This can be explained by assuming that the mutation in
the KRAAM motif stabilizes the ICE1-SPCH heterodimers (Kanaoka et al. 2008).
Interestingly, plants with the same mutation have become sensitive to cold, i.e. have a
loss-of-function phenotype in regards to low temperature tolerance (mutants were named
ice1-1D; Chinusammy et al. 2003).
The stomatal genes SPCH, MUTE and FAMA are transiently expressed in
different, specific cells according to analyses with transcriptional reporter constructs.
SPCH was expressed only in a subset of undifferentiated leaf epidermal cells (MacAlister
et al. 2007), MUTE was expressed strongly in meristemoids and weakly in GMC but
never in guard cells (MacAlister et al. 2007; Pillitteri et al. 2007, 2008) and FAMA was
strongly expressed in GMCs and young guard cells but not in meristemoids (MacAlister
et al. 2007; Pillitteri et al. 2007; Ohashi-Ito & Bergmann 2006). On the other hand, the
ICE genes are expressed more broadly. ICE1/SCRM was strongly expressed in
meristemoids and GMCs, moderately in immature guard cells, weakly in mature guard
cells and surrounding SLGCs (stomatal-lineage ground cells), and not in pavement cells
(Kanaoka et al. 2008). ICE2/SCRM2 was expressed in meristemoids, GMCs, and
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b

c

Figure 1.2A Epidermal phenotypes due to mutant or overexpressing Arabidopsis SPCH, MUTE
and FAMA genes (adapted from Pillitteri & Torii 2012). (a) spch mutants produce epidermis
consisting of pavement cells only and ectopic SPCH causes excessive entry divisions producing a
highly divided epidermis. (b) A loss-of-function mute mutation produces an epidermis with
arrested meristemoids after excess divisions, and MUTE overexpression produces an epidermis
solely composed of stomata. It is thought that the excess MUTE causes all epidermal cells to
become guard mother cells (GMCs) and then the endogenous FAMA activity in transgenic
plants, directs these GMCs to differentiate into stomata, (c) fama displays excessive GMC
divisions but no guard cell (GC) transition, whereas FAMA overexpression produces single,
unpaired GCs.

Figure 1.2B Model for the involvement of ICE in the stomatal development in Arabidopsis. Note
that ICE1/2 forms heterodimers with SPCH, MUTE and FAMA to direct cell-fate identity (see
text for details, based on Kanaoka et al. 2008). MMC=meristemoid mother cell, GMC=guard
mother cell.

21

immature guard cells but not in mature guard cells (Kanaoka et al. 2008).
Not much is known about the genes involved in the stomatal development in
plants other than Arabidopsis. However, genome sequence data indicate that SPCH,
MUTE and FAMA are broadly conserved among land plants, suggesting that their
function is conserved (MacAlister & Bergmann 2011). Consistent with this idea is the
observation that poplar SPCH and MUTE transcripts were present at higher levels in
developing leaves versus mature leaves (Wilkins et al. 2009). Similarly, rice FAMA was
expressed mostly in the abaxial epidermis of the leaf elongation zone and fama rice
mutants and OsFAMA overexpressed in Arabidopsis gave the expected phenotypes (Liu
et al. 2009). Slightly unexpected results were obtained with OsSPCH and OsMUTE,
probably because monocots do not utilize stem cell-like division in their stomatal
development (Stebbins & Shah 1960), although the results did support a role in this
process (Liu et al. 2009).

1.3.3 Intercellular signaling controls ICE activity, affecting stomatal differentiation
Stomata are developed across the species in such a way that they are separated from each
other by at least one cell (Peterson et al. 2010; Sachs 1991). This ‘one-cell spacing rule’
ensures efficient opening and closing of stomata, which requires water and ion exchanges
between guard cells and surrounding cells (Pillitteri & Torii 2012). If two meristemoids
are formed next to each other they often divide again by oriented asymmetric division so
that GMCs or stomata stay away from each other (Nadeau & Sack 2002; Geisler et al.
2000), which suggests the presence of cell to cell communications.
This spacing or patterning of stomata on leaves is reported to be affected by
several cell-surface receptors and signaling molecules (Fig. 1.3). The current model
suggests that EPIDERMAL PATTERNING FACTOR2 (EPF2), a putative signaling
ligand which negatively regulates the entry division, is perceived by putative cell-surface
receptors, TOO MANY MOUTH (TMM, a Leucine-rich-repeat receptor-like protein) and
ERECTA family leucine-rich-repeat receptor like kinases (ERECTA, ERRECTA-like1
and ERL2) (Nadeau & Sack 2002; Shpak et al. 2005; Hara et al. 2007; Hunt & Gray
2009). TMM was the first stomatal patterning gene identified in Arabidopsis by Yang and
Sack (1995). The transduction of receptor signals is mediated by the mitogen-activated
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protein kinase (MAPK) cascades including YODA (MAPKKK), MKK4/5/7/9 (MAPKK)
and MPK3/6 (MAPK) to inhibit SPCH-ICE1/2 heterodimers and thereby prevent
stomatal differentiation (Bergman et al. 2004; Wang et al. 2007; Lampard et al. 2009).
As a result the stomata that already have developed are now further way from each other.
STOMAGEN (or EPF-like 9), another putative ligand which is reported to secrete from
mesophyll cells of immature leaves, acts as a positive regulator of stomatal development
possibly through competitive interaction with EPF2 via the same set of receptors (Hunt et
al. 2010; Kondo et al. 2010; Sugano et al. 2010).
The putative ligand EPF1 which negatively regulates GMC differentiation, is
perceived primarily by ERL1 as well as other receptors (ERECTA, ERL2 and TMM) and
the signal is mediated via the MAPK cascade to inhibit the MUTE-ICE1/2 heterodimers
(Hara et al. 2007, Hunt and Gray 2009 Bergman et al. 2004, Wang et al. 2007, Lampard
et al. 2009). A similar MAPK module positively regulates the GMC to GC differentiation
by acting on the FAMA-ICE1/2 heterodimer (Lampard et al. 2009), but in this case the
upstream regulating ligand and receptors are not known. Another regulator of stomatal
patterning, STOMATAL DENSITY AND DISTRIBUTION (SDD1, a subtilisin-like
proteinase) was initially thought to act upstream of TMM (Berger & Altmann 2000; von
Groll et al. 2002). But several genetic studies later indicated that SDD1 acts
independently of other signaling molecules in an as yet unknown fashion (Bergmann et
al. 2004, Hara et al. 2007, 2009; Sugano et al. 2010).
Recently it has been reported that the putative MAPK phosphatase AP2C3, of the
protein phosphatase 2C (PP2C) family, is a positive regulator of stomatal differentiation
by counteracting the MPK3/6 activity by dephosphorylation of the ICE/SPCH,
ICE/MUTE and/or ICE/FAMA dimers (Umbrasaite et al. 2010). Overexpression of
AP2C3 resulted in an epidermis almost covered with stomata which is identical to the
phenotype of mpk3 mpk6 double loss-of-function mutants (Umbrasaite et al. 2010; Wang
et al. 2007).

1.3.4 Environmental control of stomatal development
In response to environmental changes, plants regulate stomatal function (opening and
closing) and stomatal distribution (density) to minimize the effects of environmental
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Figure 1.3 Predicted model of ligand-receptor-kinase mediated signaling pathways controlling
stomatal patterning and differentiation (adapted from Pillitteri & Torii 2012).
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stress. Plants can adjust the stomatal pore quickly according to transient changes in
environment to optimize the CO2 uptake and water loss and the mechanism of stomatal
movement is extensively studied (Shimazaki et al. 2007; Kim et al. 2010). On the other
hand, long-term changes in the environment can modify the stomatal density in
developing leaves and interestingly, the signals of modulating the stomatal density in
developing leaves comes from the mature leaves (Lake et al. 2001; Coupe et al. 2006).
So long-distance systemic signals also affect the stomatal density and patterning like
short-distance intercellular signals, but the molecular mechanism is not yet well
understood.
Light has a strong influence on stomatal development. It has been reported that
light-grown plants have significantly more stomata than dark-grown plants and stomatal
index is increased by high light intensity (Lake et al. 2001; Casson et al. 2009). Bluelight photoreceptors, cryptochrome1 (CRY1) and CRY2 as well as red-light
photoreceptors, phytochrome B (PHYB) and PHYA both were implicated in stomatal
development. The cry1 cry2 double mutant had a lower stomatal index compared to wild
type under blue light condition (Kang et al. 2009). Similarly, phyB and phyA mutants
had lower stomatal index under red and far-red conditions respectively (Boccalandro et
al. 2009; Casson et al. 2009), suggesting that CRY1, CRY2, PHYB and PHYA function
additively for stomatal development. Increased CO2 concentration, on the other hand,
decreased the stomatal densities of Arabidopsis plants (Teng et al. 2006). The high
carbon dioxide (HIC) gene which encodes the 3-Keto acyl CoA synthase involved in the
production of cuticular wax polymers, is reported to modulate the stomatal density based
on the changes in CO2 levels (Gray et al. 2000). The hic mutant showed higher stomatal
density compared to wild type when grown in elevated CO2 levels.
Other environmental factors such as humidity and temperature also affect the
stomatal development but their genetic bases are not known (Casson & Gray 2008; Lake
& Woodward 2008). It has been reported that the MAPK cascade was often activated in
Arabidopsis by different environmental stresses such as low temperature, low humidity,
drought, wounding, pathogens and stress-related molecules and hormones (Colcombet et
al. 2008, Ichimura et al. 2000). The role of the MAPK cascade in stomatal development
is well substantiated as explained previously (Wang et al. 2007). Therefore, MAPK
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signaling has been speculated to be the common mechanism through which environmental signals may be integrated into the developmental process (Pillitteri & Torii 2012).

1.4 HYPOTHESES AND OBJECTIVES
1.4.1 Hypotheses
Based on the information available to date on ICE, the following hypotheses were
developed:
1. The sequences of ICE proteins encoded by V. vinifera and V. riparia ICE genes are
different.
2. Grape ICE genes and stomatal genes (SPCH, MUTE and FAMA) produce more than
one transcript by alternative splicing.
3. Some grape ICE genes encode proteins with a function in the CBF pathway.
4. Some grape ICE genes encode proteins with a function in stomatal development.
5. Different grape ICE proteins have different preferences for promoter elements (and
therefore have different regulons and different functions)

1.4.2 Objectives
To address these hypotheses, my research has the following objectives:
1. To obtain and compare the sequences of the ICE genes from V. vinifera and V. riparia.
2. To identify grape ICE gene transcripts before and after cold treatment.
3. To obtain and compare the sequences of SPCH, MUTE and FAMA genes from both
V. vinifera and V. riparia.
4. To identify transcripts of SPCH, MUTE, FAMA and ICE during stomatal development.
5. To identify different stages of stomatal development on grape leaves and measure the
stomatal density and index of both Vitis species.
6. To test the function of grape SPCH, MUTE, FAMA and ICE proteins in stomatal
development by observing the phenotype upon transient overexpression.
7. To test the functionality of grape ICE proteins in the CBF pathway by transactivation
of CBF promoters and identify their target promoter sequence.
8. To determine if SPCH, MUTE or FAMA can be a dimer partner for ICE in CBF gene
activation.
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CHAPTER 2
GRAPE CONTAINS 4 ICE GENES WHOSE EXPRESSION INCLUDES
ALTERNATIVE POLYADENYLATION, LEADING TO TRANSCRIPTS
ENCODING AT LEAST 7 DIFFERENT ICE PROTEINS

This chapter has been published inRahman M.A., Moody M.A. & Nassuth A. (2014) Grape contains 4 ICE genes whose
expression includes alternative polyadenylation, leading to transcripts encoding at
least 7different ICE proteins. Environmental and Experimental Botany 106, 7078. doi: 10.1016/j.envexpbot.2014.01.003.
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CHAPTER 2: Grape contains 4 ICE genes whose expression includes alternative
polyadenylation, leading to transcripts encoding at least 7 different ICE proteins
2.1 ABSTRACT
ICE (Inducer of CBF expression) transcription factors play a role in cold acclimation, the
low temperature-induced process leading to increased freezing tolerance, of plants from
temperate regions, and stomatal development. Four ICE genes, each containing 4 exons,
were sequenced from both freezing-tolerant V. riparia and freezing-sensitive V. vinifera.
The predicted encoded ICE proteins all contain a bHLH domain with an ICE-specific
sequence in their highly conserved C terminus, with only a few amino acid differences
between orthologs. Putative phosphorylation sites were present in all ICEs, and
sumoylation and ubiquitination motifs were present in ICE2 and ICE3 but not in ICE1
and ICE4. RT-PCR analysis followed by cloning of the predicted ORFs showed that fully
spliced transcripts were common for all grape ICE genes at both ambient and cold
conditions. In addition, these analyses identified alternative transcripts due to
polyadenylation within intron 1 sequence from ICE1 and ICE4, or within intron 2
sequence from ICE2 in leaves but only ICE1 alternative transcript in mature buds. This is
the first time that alternative polyadenylation for ICE genes is reported. These results
imply that regulation of cold acclimation in grape is complicated by the possible
synthesis of at least 5, and stomatal development by at least 7, different ICE-like proteins.

2.2 INTRODUCTION
The CBF pathway is now recognized to be an important component of a plants’ ability to
increase its freezing tolerance (Medina et al. 2011). Various members of the CBF (CRT
binding factor) gene family are expressed after a period of low, non-freezing
temperatures to produce CBF transcription factors which activate the so-called cold
response (COR) genes and ultimately make plants more tolerant to freezing temperatures.
The first inducer of CBF expression (ICE1) gene was identified in Arabidopsis and
encoded a bHLH protein that was shown to activate AtCBF3 via a MYC element in its
promoter (Chinnusamy et al. 2003). This is apparently an important step in the
acquisition of freezing tolerance because 1) the dominant ice-1 mutant line, which does
not cold-induce AtCBF3, is not able to cold acclimate (Chinnusamy et al. 2003), and 2)
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the expression of ~40% of the cold-regulated genes in wild type plants was altered in the
ice1 mutant (Lee et al. 2005). Another ICE, Arabidopsis ICE2, was later reported to
activate AtCBF1 (Furosova et al. 2009). These ICE proteins are thus not redundant but
have distinct functions. Homologous ICE genes have now been identified in many other
plants (Badawi et al. 2008; Wang et al. 2012; Wisniewski et al. 2014), including woody
perennials such as apple (Feng et al. 2012) and eucalyptus (Lin et al. 2014). In many
cases, overexpression of ICE genes improved the chilling and/or freezing tolerance of
transformed plants (Badawi et al. 2008; Xiang et al. 2008; Li et al. 2010; Liu et al. 2010;
Feng et al. 2012; Feng et al. 2013; Lin et al. 2014). Only limited analyses have been
performed to investigate how the ICE proteins function in the freezing tolerance pathway.
AtICE genes, then referred to as scream (SCRM), have also been implicated in stomatal
development (Kanaoka et al. 2008).
The rapid accumulation (within 15 minutes) of AtCBF transcripts upon transfer of
Arabidopsis plants to 2.5 oC prompted Gilmour and coworkers to speculate that AtICE
protein is constitutively produced but needs cold exposure to be activated (Gilmour et al.
1998). In agreement with this, AtICE1 transcripts were detected in roots, leaves, stems
and flowers, and ICE protein localized in nuclei at ambient conditions (Chinnusamy et al.
2003). Different hypotheses concerning the activation of AtICE1 protein have been
proposed. One suggestion is that cold-induced phosphorylation increases the activity of
ICE1 (Chinnusamy et al. 2003), likely as a result of an interaction with PHYA (Benedict
et al. 2006b). This notion is supported by the observation that mutation of a potential
phosphorylation site, Serine 403, increased transactivational activity, prohibited coldinduced degradation of AtICE1 and enhanced freezing tolerance (Miura et al. 2011).
Miura and colleagues (2007) also reported that the low-temperature-induced sumoylation
by the AtSIZ1 protein, a SUMO (small ubiquitin-related modifier) E3 ligase, increases
the activity and/or stability of AtICE1. This modification apparently counteracts the
ubiquitination and subsequent degradation of AtICE1 involving the RING E3 ligase
AtHOS1 ((High expression of osmotically responsive gene1, Dong et al. 2006). There are
indications that a similar regulation exists in other plants. In wheat, ICE transcript
accumulation did not change appreciably before and after cold treatment and potential
sumoylation sites are present in the encoded TaICE41 and TaICE87 (Badawi et al. 2008).
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Also rice (Nakamura et al. 2011), tea (Wang et al. 2012) and eucalyptus (Lin et al. 2014)
ICE genes were constitutively expressed, whereas transcript levels of tomato SlICE1a
increased after transfer to 4oC (Feng et al. 2013). Cold treatment was required to greatly
increase OsICE1 and OsICE2 protein quantities (Nakamura et al. 2011). The presence of
ubiquitination and sumoylation modifications on ICE protein was proven more directly
for MdCIbHLH1 using antibodies (Feng et al. 2012).
The reported ICE genes contain 4 exons, with introns located at similar sites in
the sequence encoding a highly conserved C-terminal domain. It is generally assumed
that all mature ICE transcripts are generated by conservative splicing, in this case splicing
out the 3 introns, and no attempt was made to examine the type of transcripts present
(Badawi et al. 2008; Fursova et al. 2009). This might be prudent to do because up to 70%
of intron-containing plant genes are now predicted to produce both conservative and
alternative transcripts due to alternative splicing and/or alternative polyadenylation
(Staiger & Brown 2013; Reddy et al. 2013). Recent data also point to a key role for
alternative splicing in the regulation of transcripts for transcription factors in response to
temperature changes for a variety of plants (Seo et al. 2013), including the woody
perrenial Populus (Li et al. 2012). In fact, alternative splicing has been proposed as a
main mechanism for plants to modulate transcription factor activity in response to
temperature fluctuations (Barbazuk et al. 2008; Li et al. 2012; Mastrangelo et al. 2012;
Severing et al. 2012). An example of such a low temperature response affecting stress
tolerance involves the wheat WDREB2 gene, which produces three different transcripts
through exon skipping under these conditions (Egawa et al. 2006). Similarly, the rice
DREB2-type gene, OsDREB2B, undergoes alternative splicing to produce two isoforms,
OsDREB2B1 and OsDREB2B2 (Matsukura et al. 2010). In both cases, low temperatureenhanced accumulation of alternatively spliced transcripts is required for the production
of a functional protein.
The grape family Vitaceae includes the freezing sensitive Vitis vinifera L., a
species which originates from Eurasia but it has been spread throughout the world for the
production of fine wines (Velasco et al. 2007). The buds of most varieties of V. vinifera
L. are damaged at temperatures between -15 and -20 °C whereas other grape species such
as the riverbank grape V. riparia Michx. can survive temperatures below about -40 °C
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(Galet, 1993). Consequently, severe reductions in yield after harsh winters impact
significantly the wine and grape Industry in Canada worth $1.2 billion in tax revenues
(Report of the Canadian Vintners Association 2011).
This study is part of our overall aim to generate winegrapes with increased
freezing tolerance, using an understanding of the molecular control mechanisms in V.
riparia. The specific goals were to 1) obtain the sequences of the ICE homologs present
in V. riparia and V. vinifera, and 2) identify transcript levels and types for each of the
ICE genes before and after cold treatment. The results are interpreted with respect to the
possible ICE proteins that are produced and the role these proteins might play in the
acquisition of freezing tolerance and stomatal development.

2.3 MATERIALS AND METHODS
2.3.1 Plant growth
Three to four year old plants were grown from cuttings of V. vinifera cv Riesling and the
Manitoba accession of the wild grape V. riparia in controlled environment Conviron
walk-in chambers programmed to start at 06:00h, with 16hrs of light (100-120 μEm-2 s-1)
and 22°C, followed by 8hrs of dark starting at 22:00h at 20°C.Grape plants were watered
3 times a week and fertilized with 20:20:20 (N:P:K) fertilizer once a week. At regular
intervals the plants were pruned so that about 3-4 new branches per plant would be
available for each experiment. Note that under these conditions the plants do not form the
type of buds that normally overwinter.
For cold treatment, plants were transferred to a smaller chamber with the same
settings and, after acclimation for 1 day, the temperature was decreased to 4°C at 10:00h.
This treatment is similar to that given as in previous experiments when plants were
examined for CBF gene expression (Xiao et al. 2006, 2008) Three young leaves (3rd, 4th
and 5th from the tip) per cane were harvested at 0.5 hr (9:30h) before (ambient control)
and 0.5 hr (10:30h), 2 hr (12:00h), 2 days (10:00h) and 6 days (10:00h) after transfer to
4°C. These time points were chosen to allow us to determine if certain ICE transcripts are
present before and not after the expression of certain CBF genes, according to Xiao et al.
(2006, 2008), and thus if the activation of a CBF gene by a certain ICE gene is suggested.

31

Harvested tissue was quickly frozen in liquid nitrogen and stored frozen at -80 0C until
RNA extraction.
Buds were harvested from wild grape growing in the Arboretum of the University
of Guelph (V. riparia Guelph) on September 15 (12.5°C 4.1/°C max/min temperature,
2nd day with a minimum temperature below 5°C), October 27 (3.9°C /-4.6°C, 3rd day with
a minimum temperature below 0°C) and December 8 (1.8°C /-2°C) , 2011, frozen in
liquid nitrogen and stored frozen at -80 0C until RNA extraction (temperature data for the
nearby located Guelph Turfgrass Institute were obtained from the Land Resource Science
website http://agmet.lrs.uoguelph.ca/wxrecord/).

2.3.2 Cloning and sequencing of grape ICE genes
ICE 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 the conserved C-terminal domain sequences from
Arabidopsis ICE1 as query sequence. Genomic DNA was extracted from leaf tissues of
Vitis vinifera and Vitis riparia according to Xiao et al. (2006). PCR amplification of
ICE1 to 4 was accomplished using KOD Hot Start Polymerase (Novagen) using genespecific primers spanning a region of 1-1.5 kb. Due to the large size of the genes, one to 3
sets of primer pairs were used to amplify overlapping sequences of the different ICE
genes (Table 2.1). PCR product was isolated from 1% agarose gels using the QIAquick
gel extraction kit (Qiagen), A-tailed, ligated into pGEM-T easy vector (Promega) and
transformed into E. coli DH5. Plasmids containing inserts were sequenced at the
Advanced Analysis Center Genomics facility of the University of Guelph. Note that
sequences determined from full-length open reading regions amplified on isolated RNA
(see below) were used to confirm proper annotation and reconstruction of the genomic
sequences.

2.3.3 Identification, analysis and confirmation of ICE transcripts
Total RNA was extracted from harvested grape leaves and buds initially according to the
procedure described in Xiao et al. (2006), but later with the Spectrum Total Plant RNA
kit (Sigma), according to the protocol suggested by Fasoli and coworkers (Fasoli et al.
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Table 2.1 List of primers used for cloning and/or detection of Vitis ICE genes and their
transcripts
primer
pair#
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28
29

Name of
primer pairs

Primer sequence (5’ – 3’)*

ICE1-H-39
ICE1-C1515
ICE1-H1399
ICE1-C2842
ICE2-H-117
ICE2-C1773
ICE2-H1499
ICE2-C2723
ICE2-H2658
ICE2-C4438
ICE3-H-224
ICE3i1-C1270
ICE3e1-H1123
ICE3i2-C2477
ICE3e2-H2293
ICE3-C3708
ICE4-H-47
ICE4-C1490

ATCAATCTCTCTGTAACTCTCTGC
GGATTATCAGTCTATGATCGGTC
GATTTGACGATTAAAGATGAGGA
TACCACAATGCTATGTACAAACC
CAAATCTCTTCAAAACGATGC
AGTTCAAGTAATAGACACATTAATAAACG
GAAAGGATATGCAAAGGACTATG
CATCTCAAAACCATTAAGTAGAAGG
GTCCTGTATCAGTAATTGTTAAGTCTG
AGCATGACTAAGAAAACATATCCC
CAGTAGGTGAATGTAACGTTGC
CACAAAATATGACTGTAATTCATACC
CTCAATGATAGGCTGTACATGC
CAGCGGTAGAAACAGAATGAG
CAACAACCTCCATAATGAACTG
CAGAACAAGGAATAAAGTCATAACTC
GTGGTTTGAGAGGGAGGGAG
CCCAGAGGTTGTAATAATGT

ICE1-H1735
ICE1-C2299
ICE1-H844
ICE1-C1133
ICE1-H1735
ICE1-C1941
ICE1-H2216
ICE1-C2402
ICE2e2-H1958
ICE2e3-C2949
ICE2e1-H923
ICE2i1-C1232
ICE2e2-H1958
ICE2i2-C2094
ICE2e3-H2887
ICE2i3-C3109
ICE3e2-H2293
ICE3e3-C2739
ICE3e1-H1123
ICE3i1-C1270
ICE3e2-H2293
ICE3i2-C2607
ICE1Ae3-H2635
ICE1Ai3-C2848
ICE4e2-H768
ICE4e3-C1162
ICE4e1-H422
ICE4i1-C642
ICE4e2-H768
ICE4i2-C995
ICE4e3-H1140
ICE4e4-C1321

CCAGCCATTGACACCAAC
CCGCCTGTTGAACGTCTA
CGGTCCGGTTTGATATACGATTC
GATAAACGAGGCCCACATCCA
CCAGCCATTGACACCAAC
AGCAATGCAAAACACTGTGAT
CACATGTTTTGTGCTCGTAGAC
AGTATTGTTCAGGGCCTGATG
CGTGTCAAAGAAGAGCTATGC
TCATTGTGGAGAGCAGGAG
GTTTGAATTATGATTCTGATGAG
CTATACACTAACTGAAGATTATCAAGA
CGTGTCAAAGAAGAGCTATGC
TCTAGGACTGACTGGACATAAACT
GAGGTAAGGGTAAGAGAAGGAA
ACTAAAGCATTAAACAAAAAGGAC
CAACAACCTCCATAATGAACTG
GATAACAGCTTGCTGAATGTCTAG
CTCAATGATAGGCTGTACATGC
CACAAAATATGACTGTAATTCATACC
CAACAACCTCCATAATGAACTG
CACAACCGTATAAGATGCCAC
GTTGAAGTTAGGGCAAGAGA
GATTTACACTTAATACCTTAACGTTC
ATGGACAGAACATCTATACTTGGAG
ATTGAAGCAACTTATAACGCACT
TCAACCTAGGTTTGTGTGGAG
GGCAGAATGTGGATAATTATGAT
ATGGACAGAACATCTATACTTGGAG
CTAAGGACTCTGGGTTATTCAGAT
AGTGCGTTATAAGTTGCTTCAAT
TTAGTCTCTGCCTGCTGCTC

ICE1-H-46
ICE1-C2755
ICE1-H1
ICE1-C2714
ICE1-H-46
ICE1i1-C1110
ICE1-H1
ICE1i1-C1092

TGCCATCATCAATCTCTCTGTAAC
TGACTGATGCCTGTACCGAGT
ATGTTACCCAGGTCGAACGA
CTACATCACACCATGGAAGCC
TGCCATCATCAATCTCTCTGTAAC
CAAACCCCACACTGAAATTCA
ATGTTACCCAGGTCGAACGA
TCACCAGAAAATTCTCACCTTG
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Purpose of use
To clone left fragment of ICE1 gene
To clone right fragment of ICE1gene
To clone left fragment of ICE2 gene
To clone middle fragment of ICE2 gene
To clone right fragment of ICE2 gene
To clone left fragment of ICE3 gene
To clone middle fragment of ICE3 gene
To clone right fragment of ICE3 gene
To clone the whole ICE4 gene

To detect spliced transcript of ICE1
To detect ICE1 transcript containing intron1
sequence
To detect ICE1 transcript containing intron2
sequence
To detect ICE1 transcript containing intron3
sequence
To detect spliced transcript of ICE2
To detect ICE2 transcript containing intron1
sequence
To detect ICE2 transcript containing intron2
sequence
To detect ICE2 transcript containing intron3
sequence
To detect spliced transcript of ICE3
To detect ICE3 transcript containing intron1
sequence
To detect ICE3 transcript containing intron2
sequence
To detect ICE3 transcript containing intron3
sequence
To detect spliced transcript of ICE4
To detect ICE4 transcript containing intron1
sequence
To detect ICE4 transcript containing intron2
sequence
To detect ICE4 transcript containing intron3
sequence
Nested PCR for ICE1 coding region, 1st pair
Nested PCR for ICE1 coding region, 2nd pair
Nested PCR for ICE1i1 coding region, 1st pair
Nested PCR for ICE1i1 coding region, 2nd pair

30
31
32
33
34
35
36
37
38
39
40
41

ICE2-H-27
ICE2-C4281
ICE2-H1
ICE2-C4234
ICE2-H-27
ICE2i2-C2094
ICE2-H1
ICE2i2-C2066
ICE2-H-27
ICE1Ci3-C3109
ICE2-H1
ICE1Ci3-C3084
ICE3-H-32
ICE3-C3560
ICE3-H1
ICE3-C3521
ICE4-H-6
ICE4-C1426
ICE4-H1
ICE4-C1382
ICE4-H-6
ICE4i1-C642
ICE4-H1
ICE4i1-C618

CTCAAATCTCTCAAAGCAACTTC
AGTTAGTGCCTTCATCTGTAAGC
ATGCTGTCCAGAGTGAACG
CTACAGCATACCGTGGAAGC
CTCAAATCTCTCAAAGCAACTTC
TCTAGGACTGACTGGACATAAACT
ATGCTGTCCAGAGTGAACG
TTAAATAAGACAATTTATTTCTACTTGCA
CTCAAATCTCTCAAAGCAACTTC
ACTAAAGCATTAAACAAAAAGGAC
ATGCTGTCCAGAGTGAACG
CTAAAGGTGGTGATAAAGGAAGA
ACAAGGGAAAAAGGGTGGAG
TGGCCTGTAAAACCTACCTGAT
ATGTTGTCGGGGGTGAAC
CTACATCATGCCATGGAAACC
AGGGAGATGGAGCCTAGTCA
CAAGCTTGTTGAACCAACTACAT
ATGGAGCCTAGTCAACATGGC
CTACAGACATCTTCCTCCATAGCCT
AGGGAGATGGAGCCTAGTCA
GGCAGAATGTGGATAATTATGAT
ATGGAGCCTAGTCAACATGGC
TTAGAATTGAGAAGAAACTTTGAGTAAACA

ATGGATCCAAGGAGATATAACAATGTTACCC
AGGTCGAACGA
42
GTTGACGAGCTCCTACATCACACCATGGAAG
ICE1-C2714+SacI
CC
ICE1i1ACGTTGACGAGCTCTCACCAGAAAATTCTCAC
43
C1092+SacI
CTTG
ATGGATCCAAGGAGATATAACAATGCTGTCC
ICE2-H1+BamHI
AGAGTGAACG
44
CGTTGACGAGCTCCTACAGCATACCGTGGAA
ICE2-C4234+SacI
GC
ICE2i2CGTGCGTGACGAGCTCTTAAATAAGACAATTT
45
C2066+SacI
ATTTCTACTTGCA
ATGGATCCAAGGAGATATAACAATGTTGTCG
ICE3-H1+BamHI
GGGGTGAAC
46
CCTTGACGAGCTCCTACATCATGCCATGGAAA
ICE3-C3521+SacI
CC
ATGGATCCAAGGAGATATAACAATGGAGCCT
ICE4-H1+BamHI
AGTCAACATGGC
47
CGTTGACGAGCTCCTACAGACATCTTCCTCCA
ICE4-C1382+SacI
TAGCCT
ICE4i1CGTGCGTGACGAGCTCTTAGAATTGAGAAGA
48
C618+SacI
AACTTTGAGTAAACA
*Restriction site sequences are in italics

Nested PCR for ICE2 coding region, 1st pair
Nested PCR for ICE2 coding region, 2nd pair
Nested PCR for ICE2i2 coding region, 1st pair
Nested PCR for ICE2i2 coding region, 2nd pair
Nested PCR for ICE2i3 coding region, 1st pair
Nested PCR for ICE2i3 coding region, 2nd pair
Nested PCR for ICE3 coding region, 1st pair
Nested PCR for ICE3 coding region, 2nd pair
Nested PCR for ICE4 coding region, 1st pair
Nested PCR for ICE4 coding region, 2nd pair
Nested PCR for ICE4i1 coding region, 1st pair
Nested PCR for ICE4i1 coding region, 2nd pair

ICE1-H1+BamHI

34

To clone ICE1 coding region
To clone ICE1i1 coding region (with ICE1H1+BamHI primer)
To clone ICE2 coding region
To clone ICE2i2 coding region (with ICE2H1+BamHI primer)
To clone ICE3 coding region

To clone ICE4 coding region
To clone ICE4i1 coding region (with ICE4H1+BamHI primer)

2012) because the latter gave higher yields (400-500 μg/100 mg leaf tissue; 9-12 μg/100
mg bud tissues) and often does not contain any DNA according to PCR reactions.
Isolated RNA was treated with DNase and cDNA was synthesized using the qScript Flex
cDNA kit (Quanta) according to manufacturer’s protocol with oligo dT and random
primers. ICE transcripts were detected by semi-quantitative PCR with Taq polymerase on
cDNA using specific primers for each ICE gene. Transcripts from malate dehydrogenase
(MDH) or Dehydrin 1 (DHN1) were used as reference for leaf or bud extracts
respectively, using primers VvMDH-H968 plus VvMDH-C1163 (Xiao et al. 2006) or
VitisDHN1-H225 plus VitisDHN1-C578 (Xiao & Nassuth 2006). Semi-quantitative PCR
was chosen as the analysis method because this allows a better assessment of the size of
the amplicons and therefore of alternative polyadenylation. Intron 2-spanning primers
located in exon 2 and exon 3 were used to detect spliced transcripts (For example, see
Fig. 2.1A). Reactions were repeated with shorter and longer elongation times, which
would allow amplification of the smaller and larger fragments to be expected if introns
were spliced out or retained respectively. Primer pairs consisting of a forward primer
annealing in an exon plus a reverse primers annealing in the next intron, just after a
putative readthrough sequence, were used to analyze the presence of transcripts
containing intron sequence (For example, see Fig. 2.1A). All primer pairs that were used
are listed in Table 2.1. Transcript analyses were repeated for 3 technical replicates on
each of 2 biological replicates, with similar results.
Full-length open reading frames predicted for ICE transcripts were amplified from
cDNA, synthesized using oligo dT primer only, with KOD polymerase (Novagen) using
gene-specific primers by nested PCR. For example, to amplify the ORF predicted for the
spliced form of ICE1 with a sequence spanning all 4 ORFs, PCR was performed first
with ICE1-H-46 plus ICE1-C2755 and next with ICE1-H1 plus ICE1-C2714 (Fig. 2.1B).
Similarly, to amplify the predicted ORF on the ICE1 transcript with a readthrough into
intron 1 sequence, PCR was performed first with ICE1-H-46 plus ICE1i1-C1110 and
next with ICE1-H1 plus ICE1i1-C1092 (Fig. 2.1B). The same approach was used for all
predicted open reading frames. All amplicons that could be generated were cloned and
sequenced.
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Figure 2.1 Vitis ICE gene structure and transcript detection by RT-PCR.
A. ICE gene showing exons indicated by boxes (E1-4) and introns by lines. The boxes delineated
by dotted lines represent the gene segment being exon when the proximal poly(A) site is used, but
being intron when the distal poly(A) site is used. Primers are indicated by horizontal arrows, with
pairs used in the same PCR reaction having the same pattern. The primer numbers refer to the
position of the primers in the sequence, with A of the start AUG codon in exon1 being +1. The
primer sequences are presented in a Table 1. Note that in most cases the introns are quite large
compared to exons 2-4.
B. Strategy for the cloning and sequencing of ORFs of predicted conventionally spliced and
intron-sequence retained transcripts.
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Poly(A) tails of ICE transcripts were validated by 3’-RACE (3`-Full RACE core
set; TaKaRa, Japan). Polyadenylation sites were predicted in-silico by submitting the
complete genomic sequence to PASS (PolyA site sleuth; Ji et al. 2007), a program
specific for plant mRNAs, and two other programs, Poly(A) Signal Miner, (Liu et al.
2005), set to detect AATAA and ATTAAA as poly-A signal, and POLYAH (Salamov &
Solovyeb 1997).

2.3.4. Analysis of deduced protein sequences
The SDSC biology workbench (http://workbench.sdsc.edu/) was used to identify the
encoded amino acid sequences on the different ICE transcripts. They were aligned by
CLUSTALW2 (http://www.ebi.ac.uk/Tools/services/web/toolform.ebi?tool =clustalw2)
together with AtICE1 (AT3G26744) and AtICE2 (AT1G12860). The isoelectric point
(pI) and molecular weight (MW) of each ICE protein was calculated using the online
program ‘Isoelectric Point Calculator’ (http://isoelectric.ovh.org). The ‘epestfind’
program developed by Emboss (http://emboss.bioinformatics.nl/cgi-bin/emboss/
epestfind) was used to find PEST motifs; all accepted motifs had a score >9. 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 >0.9.
Putative phosphorylation sites were identified using the Musite program (http://musite.
net/), in the setting for Arabidopsis or green plants (Gao et al. 2010).

2.3.5 GenBank accession numbers
Sequence data from this article can be found in GenBank under the following accession
numbers: VrICE1 genomic DNA (KC242631), VvICE1 genomic DNA (KF999662),
VrICE2 genomic DNA (KF994958), VvICE2 genomic DNA (KF999663), VrICE3
genomic DNA (KF994959), VvICE3 genomic DNA (KF999664), VrICE4 genomic DNA
(KF994960), VvICE4 genomic DNA (KF999665), VrICE1mRNA (KF99461), VrICE2
mRNA (KF99462), VrICE3 mRNA (KF99463), VrICE4 mRNA (KF99464), VrICE1i1
mRNA (KJ024776), VrICE2i2 mRNA (KJ024778), VrICE4i1 mRNA (KJ024780),
3’UTR sequences to determine ployadenylation sites ( KJ024777; KJ024779; KJ024781;
KJ024782; KJ024783).
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2.4 RESULTS
2.4.1 Identification and analysis of grape ICE genes
Four putative ICE genes, each containing 4 exons, were identified in the published Vitis
genome sequence (Fig. 2.1A). Vitis ICE1, ICE2 and ICE3 are localized on respectively
chromosomes 1, 14 and 17, whereas the localization of the Vitis ICE4 sequence has yet to
be assigned. All genes were amplified, cloned and sequenced from both V. vinifera and V.
riparia, in one to three different overlapping clones. Nested PCR was used to amplify the
sequence starting from exon 1 until exon 4 from mRNA present in cold treated tissue.
The sequence of the resulting fragments confirmed the predicted exon-intron structure
and ensured that only genomic sequences belonging to the same allele were combined.

2.4.2 Analysis of predicted ICE protein sequences
Alignment of the amino acid sequences showed that, like other ICE proteins, the grape
ICE proteins have a highly conserved C terminal end containing a bHLH/ZIP domain
with the ICE-specific sequence KMDRASILGDAIEYLKELL (Nakamura et al. 2011)
and the “Ser403” phosphorylation site (Miura et al. 2011; Fig. 2.2A and B). ICE2 and
ICE3, but not ICE1 and ICE4, have putative sumoylation (VKEE/IKEE) and ubiquitination (PEST) motifs. The position of the PEST motifs is not conserved. However, the
positions of the sumoylation motifs are, and in fact are similar to that in the ICE proteins
of Arabidopsis and other plants (Miura et al. 2007). Further comparison with other
eudicot ICE sequences identified four short conserved amino acid domains in the Nterminal end. Domain II (GAQPTLFQK RAALR) corresponds to the conserved Box I
proposed by Badawi and coworkers (Badawi et al. 2008). Domain I (VDSSSSCSPS) and
Domain III (SGLNYDSD) were identified by us previously (Moody, 2009) and box iii
was identified by Wang and colleagues (Wang et al. 2012). Several additional serines (S)
and threonines (T) were identified as putative phosphorylation sites (Fig. 2.2A). Of these,
only the phosphorylation sites in domain I and III and in the putative PEST sequences, if
present, were conserved in all ICE proteins.
The ICE proteins predicted for V. vinifera (Vv) differ in only a few amino acids
from those for V. riparia (Vr). These are, G32D for ICE1, A205T, C265S, K291R and
K522E for ICE2, G34- and E327D for ICE3, and L315V for ICE4 (Fig.2.2B).
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AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

MGLDGNNGGGVWLNGGGGEREEN--EEGSWGRNQEDGSSQFKPMLEGDWFSSNQPHPQDLQMLQ
-----MNSDGVWLDGSGESPEVNNGEAASWVRNPDE-----------DWFN-NPPPPQ----HT
--MLPRSNDVVWTR----------SDAVSWSKNSNDNRFGDGGVDGER----TSSVSALKAIV--MLPRSNDVVWTR----------SDAVSWSKNSNDNRVDDGGGDGER----MSSVPALKAIV--MLSRVNGVVWMDG-------DDEDAVSWTRNNEVEPKDDDMG---------ASLSTFKSML--MLSRVNGVVWMDG-------DDEDAVSWTRNNEVEPKDDDMG---------ASLSTFKSML--MLSGVNGVVWMEGR-----EEEEEAASWIRNSNNNNGGSSCGVVDSSKDDMGSLSTFKSMLD
-------------------------------------------------------------------------------------------------------------------------------

62
43
47
47
45
45
57
0
0

AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

Domain I
NQPDFRYFG---------------------GFPFNPNDN--LLLQHSIDSSSSCSPS-QAFS-L
NQNDFRFNG---------------------GFPLNPSENLLLLLQQSIDSSSSSSPLLHPFT-L
-EEEWLVSG---------------VEMKGNLVSQSQSGAVNS-LLHPMDCSSSCSPAS-AFG-L
-EEEWLVSG---------------VEMKGNLVSQSQSGAVNS-LLHPMDCSSSCSPAS-AFG-L
-EGDWYVNSSMNPAHQDIHAIQNHHDIRDIGFCSNPSAATDSLLLQPLDSSSSCSPSP-AFT-L
-EGDWYVNSSMNPAHQDIHAIQNHHDIRDIGFCSNPSAATDSLLLQPLDSSSSCSPSP-AFT-L
VDDEWYFTG---------NAGQNHQEIRDISFSTNLAGADNL-LLHPVDSSSSCSPSSSVFNNL
-------------------------------MEPSQHGLLEEFLALRRDTCSTFTSAVNEFF--------------------------------MEPSQHGLLEEFLALRRDTCSTFTSAVNEFF--

101
85
92
92
106
106
111
31
31

AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

DPSQQNQ----------FLSTNNNKGCLLNVPSSAN-PFDNAFEFGSESGFLNQIHAPISMG-DAASQQQQQQQQQQEQSFLATKACIVSLLNVPTINNNTFD---DFGFDSGFLGQQFHGNHQS-DPAFQG---------------KSCLS---SMVCGYP--FDGSFDLVCDPGFLEP-IPEIQAPSS
DPAFQG---------------KSCLS---SMVCGYP--FDGSFDLVCDPGFLEP-IPEIQAPSS
DPSQSQP----------FLPPKSCFSSLLNVVCSNP--FDNGFDLGCEPGFLAP-LQGIQSSNS
DPSQSQP----------FLPPKSCFSSLLNVVCSNP--FDNGFDLGCEPGFLAP-LQGIQSSNS
DPSQVQF----------FLPPKPTLSSLLNLISNNP--LEHSFDMGCEQGFLETQAPNSQTLVN
-------------------------------PNGWN------FDAFDENQVLST----------------------------------------PNGWN------FDAFDENQVLST----------

152
144
135
135
157
157
163
48
48

AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

-----------FGSLTQLGNRDLSSVPDFLSARSLLAPESNNNNTMLCGGFTAPLELEGFGSPA
-----------PNSMNFTGLN--HSVPDFLPA-----PE---NSSGSCG--------------SS---LMGFNDLASQPLMGASNLGSNSQFPATHLAGNGG----SAATG--GFNPSGFEGFV-GS
SS---LMGFNDLASQPLMGASNLGSNSQFPATHLAGNGG----SAATG--GFNPSGFEGLV-GS
PG---LMGFTGLSSQTQMGTPELSSSSEFPISRLLPASD----STGSLGAGFTPTGFEGFD-GS
PG---LMGFTGLSSQTQMGTPELSSSSEFPISRLLPASD----STGSLGAGFTPTGFEGFD-GS
RGGEVLPHFADMGSHAQMNTPNLISEPQFGITRVLQLTE----NSAPIGAGFSSSGIRGFEEGS
-------------SNPSFEGFSTPTEPIFECPFSEVYPS-------------------------------------SNPSFEGFSTPTEPIFECPFSEVYPS-------------------------

205
179
191
191
213
213
223
82
82

AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

Box iii
Domain II
NGGFVGNRAKVLKPLEVLASSGAQPTLFQKRAAMRQSS--GSKMGNSESSG------------LSPLFSNRAKVLKPLQVMASSGSQPTLFQKRAAMRQSS--SSKMCNSESSSE-------------SLFVDRCKVLKPLENFPSVGSQPTLFQKRAILRRNS--TERAGNYGVSGQEGSAIPVRVAGE
--SLFVDRCKVLKPLENFPSVGSQPTLFQKRAILRRNS--TERAGNYGVSGQEGSAIRVRVAGE
GNSLFLNRSKVLRPLEVFPPVGAQPTLFQKRAALRQSSSASDKLGNLGFLGSRSSEVQTMVVDG
GNSLFLNRSKVLRPLEVFPPVGAQPTLFQKRAALRQSSSASDKLGNLGFLGSRSSEVQTMVVDG
MNSLFVNRSKLLRPLETFPSVGAQPTLFQKRAALRKNL--ADNGSILGGLGPEGGQVLSGVED-----VDGFTVAEIDSSYHKNDGTPPFPIQEEYPSLVEDEDIGLLNSDLHG-----------------VDGFTVAEIDSSYHKNDGTPPFPIQEEYPSLVEDEDIGLLNSDLHG-------------

254
222
249
249
277
277
284
120
120

AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

PEST
Domain III
-----------MRRFSD--DGDMDETG---IEVSGLNYESD------------EINESGKAAES
-----------MRKSSY--EREIDDTSTGIIDISGLNYESD------------DHNTNN----DKGKRPVVEEEMDKMRKDKSNDEDDMDEASIARSGLIYDSDDAIENHKVEETANDGGDNSNLNG
DKGKKPVVEEEMDKMRKDKSNDEDDMDEASIARSGLIYDSDDAIENHKVEETANDGGDNSNLNG
NWGNR--VDEELEKKRN--KNEEEEIDEGSFDVSGLNYDSD----EPTVDELAKNGGSNSNANS
NWGNR--VDEELEKKRN--KNEEEEIDEGSFDVSGLNYDSD----EPTVDELAKNGGSNSNANS
DKGKREMGEENDRKWRN---SNAEDIEDASIDASGLNYDSDELTDNNKMEENGKNSGNNSNANS
-----------LEERNTSCKVEMEQAMDAPVFNLGLCGERK---------------------------------LEERNTSCKVEMEQAMDAPVFNLGLCGERK-----------------------

290
256
313
313
333
333
345
150
150
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AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

Domain IV: Basic
Helix
Loop
Helix
VQIGGGGKGKKKGMPAKNLMAERRRRKKLNDRLYMLRSVVPKISKMDRASILGDAIDYLKELLQ 354
------NKGKKKGMPAKNLMAERRRRKKLNDRLYMLRSVVPKISKMDRASILGDAIDYLKELLQ 314
SSIGGDRKGKKKGLPAKNLMAERRRRKKLNDRLYMLRSVVPKISKMDRASILADAIEYLKELLQ 377
SSIGGDRKGKKKGLPAKNLMAERRRRKKLNDRLYMLRSVVPKISKVR---IFW----------- 363
TVTGGDQKGKKKGLPAKNLMAERRRRKKLNDRLYMLRSVVPKISKMDRASILGDAIEYLKELLQ 397
TVTGGDQKGKKKGLLAKNLMAERRRRKKLNDRLYMLRSVVPKISKMDRASILGDAIEYLKELLQ 397
TVTGGDHKGKKKGLPAKNLMAERRRRKKLNDRLYMLRSVVPKISKMDRASILGDAIEYLKELLQ 409
-----ARVKKLEGQPSKNLMAERRRRKRLNDRLSMLRSIVPKISKMDRTSILGDTIDYMKELLE 209
-----ARVKKLEGQPSKNLMAERRRRKRLNDRLSMLRSIVPKISKVIYTS-------------- 195
Intron 1 ICE-specific domain
Zip
PEST
SUMO
Ser403 Intron 2
RINDLHNELESTPPGS-LPPTSSSFHPLTPTPQTLSCRVKEELCP-SSLPSPKGQQARVEVRLR 416
RINDLHTELESTPP------SSSSLHPLTPTPQTLSYRVKEELCPSSSLPSPKGQQPRVEVRLR 370
RINDLQNELESITPQSLLQPTSS-FQPLTPTIPTLPCRVREEICP-GSLPSPNSQ-PRVEVRQR 439
---------------------------------------------------------------- 363
RINDLHNELESTPSGSLLAPASTSFHPLTPTPPTLPCRVKEELCP-SSLPSPKSQPARVEVRVR 460
RINDLHNELESTPSGSLLAPASTSFHPLTPTPPTLPCRVKEELCP-SSLPSPKSQPARVNF--- 457
RINNLHNELESTPPGSSLTPTTS-FHPLTPTPPTLPCRIKEELCP-SSLSSPNGQPARVEVRAR 471
KINKLQEEEIEVGSDQTNLMGIFKELKPNEVLVRNSPKFDVERRN------------------- 254
-----------------------------QCLLKVSSQF------------------------- 205

AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

Intron 3
EGRAVNIHMFCGRRPGLLLATMKALDNLGLDVQQAVISCFNGFALDVFRAEQCQEGQEILP--EGKAVNIHMFCGRRPGLLLSTMRALDNLGLDVQQAVISCFNGFALDVFRAEQCQEDHDVLP--EGGAVNIHMFCARRPGLLLSAMRALDGLGLDVQQAVISCFNGFALDVFQAEQSKEGLEVLP-----------------------------------------------------------------EGRAVNIHMFCARRPGLLLSTMRALDNLGLDIQQAVISCFNGFALDVFRAEQCREGQDVLP-------------------------------ISLMQVEINCLI----------------------EGRAVNIHMFCGRRPGLLLSTMRALDSLGLDIQQAVISCFNGFALDIFRAEQSKEGQDVHP----MDTRIEICCAAKPGLLLSTVNTLELLGLEIQQCVISCFNDFSMQASCSDVVEQQAETN-------------------------------------------------------------------

AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

------------DQIKAVLFDTAGYAGMI------------EQIKAVLLDTAGYAGLV------------EQIKAVLLNIAGFHGVM-----------------------------------------EQIKAVLLDSAGFHGML-----------------------------------------EQIKAVLLDSAGFHGMM-----------SEDIKQALFRNAGYGGRCL
------------------------------

AtICE1
AtICE2
VrICE1sp
VrICE1i1
VrICE2sp
VrICE2i2
VrICE3sp
VrICE4sp
VrICE4i1

477
433
499
363
521
469
532
312
205

494
450
516
363
538
469
549
331
205

Figure 2.2A Alignment of the amino acid sequences of all the V. riparia ICE proteins (encoded
by different spliced (sp) and intron-retained (i1 or i2) transcripts) presented in this report with
AtICE1 (AT3G26744) and AtICE2 (AT1G12860). Indicated are conserved C-terminal end with
bHLH domain containing ICE-specific sequence, domains I to III plus box iii at the N-terminus,
PEST (ubiquitination) and SUMO (sumoylation) motifs, and predicted phosphorylation sites
(shaded T or S).
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Figure 2.2B Schematic representation of the amino acid sequences of proteins encoded by Vitis
ICE1 to ICE4. The position of the introns are indicated by vertical arrows. Also indicated are the
conserved C-terminal domain (light grey), with the bHLH domain (dark grey) containing the
ICE-specific sequence (yellow hatched), domains I to III at the N-terminus, and ubiquitination
(PEST) and sumoylation (SUMO) motifs. Amino acid differences between alleles of V. vinifera
and V. riparia are indicated below each protein.
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Vr and VvICE1 are 516 amino acids long with a predicted molecular mass of 55.6 and
55.5 kD respectively, and an isoelectric point of 5.2. Vr and VvICE2 are 538 amino
acids long with a predicted molecular mass of 58.3 kD and an isoelectric point of 5.0 and
5.1 respectively. Vr and VvICE3 are 549 respectively 550 amino acids long with a
predicted molecular mass of 60 kD and an isoelectric point of 5.2. Vr and VvICE4 are
331 amino acids long with a predicted molecular mass of 37.4 kD and an isoelectric point
of 4.5. The grape ICE1, 2, 3 and 4 sequences are 52%, 61%, 56% and 32% identical to
AtICE1 respectively.

2.4.3. Detection of grape ICE transcripts
Transcripts for all ICE genes were detected in leaves with intron 2-spanning primers at
ambient temperatures as well as after cold treatment in more or less similar quantities
(Fig. 2.3A). The fact that amplification with primers spanning all 4 ORFs resulted in
amplicons of the expected size only (data not shown), shows that all ICE genes produce
fully spliced transcripts. In most cases, the transcripts were detected until at least 2 days
after cold treatment and quantities declined by day 6. 3’ RACE confirmed the presence of
a poly-A tail in the sequence after the 4th exons (Appendix 2.1).
The absence of smaller amplicons in the reactions with the primers spanning
exons 1 to 4, suggests that no mature grape ICE transcripts are produced as a result of
exon-skipping. Also retention of complete introns does not seem to occur because no
fragments of the larger size were detected. However, it was possible to amplify DNA
using primer pairs consisting of a forward primer in an exon and a reverse primer located
just after the possible read-through into its neighbouring intron sequence for some genes
(Fig. 2.3B-D). These results suggested that the first intron sequence can be retained in
transcripts from ICE1 and ICE4 (Fig. 2.3B), and the second or third intron sequence in
ICE2 (Fig. 2.3C-D) from V. riparia both before and after cold treatment. Similar results
were obtained for V. vinifera, except intron 1-sequence retaining transcripts for ICE4
were only detected at ambient temperatures. To confirm the presence of the transcripts,
the predicted ORFs were amplified and sequenced. Together the results showed that
indeed transcripts encoding ICE1i1, ICE4i1, and ICE2i2 were present but no sequence
for transcripts encoding ICE2i3 was obtained. To prove that the alternative transcripts
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Figure 2.3 RT-PCR detection of transcripts from each of the 4 grape ICE genes (ICE1, ICE2,
ICE3 and ICE4) in V. riparia (left) and V. vinifera (right), before and after a period of 4 oC.
A. Amplification using primers spanning the 2nd intron to detect spliced transcripts.
B-D. Amplification using a primer pair in exon1 and intron1 (B), in exon2 and intron2 (C) or in
exon3 and intron3 (D), to analyze transcripts with intron sequence. Predicted transcripts that were
confirmed by amplification of their ORF and by 3’RACE are schematically depicted to the right
of the figure, together with the names given to the encoded proteins. (MDH=Malate
dehydrogenase).
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were not degradation products but due to an alternative polyadenylation event, 3’RACE
was performed. The results confirmed the presence of polyA tails within the “intron”
sequences of all (Appendix 2.1). The PASS program predicted too many putative
polyadenylation sites to be useful. However, the POLYAH and Poly(A) signal miner
programs did predict, in most cases, the area where an actual poly A tail was found.
VrICE1i1 contains 363 amino acids which lack the ICE-specific sequence in the
bHLH domain and has a predicted molecular mass of 39.0 kD and an isoelectric point of
5.6 VrICE2i2 contains 469 amino acids which lack a small part of the conserved domain
but still contain the complete bHLH domain, including the ICE-specific sequence, and
the predicted sumoylation and ubiqiuitination domains. VrICE2i2 has a predicted
molecular mass of 50.8 kD and an isoelectric point of 4.8. VrICE1i1, VrICE2i2 and
VrICE4i1 are respectively 38%, 55% and 27% identical to AtICE1.
To determine which of the ICE transcript variants are present in overwintering
tissue, transcript-specific primer pairs were also used for RT-PCR reactions on RNA
extracts from buds harvested at various times in the Fall (Fig. 2.4). Detected were spliced
transcripts of ICE1 to 4 and ICE1i1, but not ICE2i2 and ICE4i1. Detection of DHN1
transcripts (Xiao & Nassuth, 2006) was used as control here because MDH expression is
downregulated in buds (Ophir et al. 2009). In most cases, transcript levels were highest in
the October samples, the first samples that were harvested after a longer period of
temperatures below 5°C and a few days of below 0°C. Transcript levels were virtually
absent in the December samples.

2.5 DISCUSSION
We report here the sequence of 4 different grape ICE genes which were identified
based on the presence of conserved ICE protein sequences, including the ICE-specific
KMDRASILGDAIEYLKELL domain. Most other species have fewer genes (1-2 genes;
Badawi et al. 2008), with the exception of Malus which also has 4 ICE gene homologs
(Wisniewski et al. 2014). However, this higher number of genes does not seem to reflect
an additional regulation specific for woody perennials because only1- 2 ICE genes were
identified in the genome of poplar, eucalyptus and citrus (Wisniewski et al. 2014). Vitis
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Figure 2.4 RT-PCR detection of transcripts from each of the 4 grape ICE genes (ICE1, ICE2,
ICE3 and ICE4) in V. riparia bud extracts harvested on September 15, October 27 or December
8, 2011. The same primers as for Figure 3 were used to detect spliced transcripts for ICE1
(ICEsp), ICE2 (ICE2sp), ICE3 (ICE3sp), ICE4 (ICE4sp), as well as the alternatively
polyadenylated transcripts ICE1i1, ICE2i2 and ICE4i1. All primers had been used for leaf
extracts at the same time to demonstrate that the reactions worked, and the results thus show that
all transcripts except ICE2i2 and ICE4i1 are present in the mature buds. (DHN1= Dehydrin 1).
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ICE4 lacks part of the conserved C-terminal sequence present in all previously reported
ICE proteins, raising the question whether it is a true ICE protein. We propose it is, since
it still contains the bHLH domain which should enable ICE4 to bind DNA and protein
partners similar to the other grape ICE proteins (Heim et al. 2003). Its shorter N-terminus
lacks the other conserved domains I to III,and box iii, but no roles have been attributed
to these yet so it is not known what this means for ICE4 function. The numbering of the
ICE genes was based on the increasing number of the chromosome they are located on.
Dong and colleagues (Dong et al. 2013) recently reported on an ICE gene transcript from
V. amurensis which is nearly identical to, and thus an ortholog of, the VrICE1 and
VvICE1 transcripts presented here. They also showed that transgenic tobacco
constitutively expressing VaICE1 causes an increase in its tolerance to -4oC compared to
wild type tobacco. The location of the grape ICE genes on different chromosomes
supports the notion that they have diverged a long time ago and have acquired different
roles, as has been shown previously for Arabidopsis AtICE1 and AtICE2 (Chinnusamy et
al. 2003; Furosova et al. 2009).
Transcripts of the grape ICE genes were detected before and after cold treatment,
similar to findings in other plants (Chinnusamy et al. 2003; Badawi et al. 2008;
Nakamura et al. 2011; Wang et al. 2012). A notable exception is the absence of
transcripts at ambient temperatures reported for the ICE1 gene of V. amurensis (Dong et
al. 2013). It is not clear why, and we cannot exclude that it reflects a difference between
V. amurensis vs V. riparia and V. vinifera, but RNA extracts in the Dong study were
prepared from 60 day old tissue cultured plants, whereas our study used leaves from 3-4
year old mature plants which were potted in soil. Young leaf tissues were chosen for the
analysis of the ICE transcripts because for those tissues data are available for the coldactivation of Vitis CBF1-4 expression (Xiao et al. 2006, 2008). ICE genes have also been
implicated in the development of leaf stomata in Arabidopsis (then often referred to as
SCRM genes; see Kanoaka et al. 2008; Siddiqua & Nassuth, 2011). The fact that
transcripts for all ICE genes were detected in leaves at least until 2days after the start of
the cold treatment, and only in the case of VvICE4 no longer at 6d, means that all are
present when Vitis CBF1-4 are expressed (Xiao et al. 2006, 2008) and therefore all are in
principle candidates for the activation of any of these Vitis CBF genes, Mature,
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overwintering buds do not form on the plants growing under the chosen controlled
conditions but are available from plants growing outside. Buds from such plants
contained all but the ICE2i2 and ICE4i1 transcripts, suggesting that the ICE2i2 and
ICE4i1 proteins play a role in stomatal development but not in freezing tolerance.
Experiments are under way to test this hypothesis further.
Our analysis into the production of alternative transcripts was initiated because it
is more and more evident that this is a very common process also in plants, especially
after stress (Filchkin et al. 2010; Seo et al. 2013). For grape, intron retention has so far
been reported for one dehydrin gene, DHN1, in response to treatment with low
temperature (Xiao & Nassuth, 2006) or elevated CO2 (Fernandez-Caballero et al. 2012),
and widespread alternative splicing was reported for transcripts in the grape berry
(Zenoni et al. 2010). Our study showed the presence of alternative ICE transcripts, due to
alternative polyadenylation within intron sequence. This was not too unexpected given
that over 4000 Arabidopsis genes are predicted to be polyadenylated within introns,
which has led to the suggestion that there is a link between alternative splicing and the
selection of polyadenylation sites (Wu et al. 2011).
The detection of Vitis ICE transcripts both before and after cold treatment
supports that regulation of their activity occurs at the protein level, presumably by posttranslational modification. Vitis ICE2 and ICE3 (as well as the predicted ICE2i2 protein)
contain putative sumoylation and ubiquitination motifs, suggesting that their activity is
regulated by ubiquitination and sumoylation, similar to what is proposed for Arabidopsis
ICE1 (Thomashow 2010) and in fact for proteins involved in many other physiological
processes in plants (Miura & Hasegawa, 2010). The absence of such motifs in Vitis ICE1
and ICE4, and the proteins produced on their alternate transcripts, suggests that either
their activity is not regulated at the protein level, or it might be regulated by
phosphorylation (Chinnusamy et al. 2003). The ICE proteins were found to have a
putative phosphorylation site in domain I and III, lending support for the idea that such
post-translational modification helps regulate the activity of every Vitis ICE protein. The
conservation of phosphorylation sites in the identified PEST motifs might play a role in
the balance between degradation due to ubiquitination on the one hand, and stability and
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activation due to sumoylation and phosphorylation on the other hand (Wisniewski et al.
2014).
We hypothesize that the biological relevance of the alternative Vitis transcripts
lies in the synthesis of additional ICE-like proteins that interfere with the activity of the
regular ICE proteins. A second function commonly assigned to alternative transcripts is
decreasing transcript stability and therefore amount (Staiger & Brown 2013). This seems
less likely for the alternative ICE transcripts given the fact that those were relatively
abundant since they could be detected by normal RT-PCR, no nested PCR was needed. It
has been shown that alternative transcripts can produce proteins which are targeted to
alternative cellular localizations (Dixon et al. 2009; Lamberto et al. 2010; Remy et al.
2013) or form non-functional dimers and therefore regulate in a dominant-negative
fashion the process they are involved in (Staudt & Wenkel 2011; Seo et al. 2013). On the
other hand, only abiotic stress-induced alternative splicing produces a transcript encoding
a functional wheat DREB2 protein (Egawa et al. 2006) or functional rice DREB2 protein
(Matsukura et al. 2010). It remains to be determined whether the predicted grape ICE
proteins work positively or negatively on the acquisition of cold-stress tolerance.
In conclusion, we report here for the first time that plants produce conservative
and alternative transcripts from ICE genes. Specifically for grape, the various transcripts
from 4 genes encode at least 7 variants of ICE proteins. ICE transcript levels do not seem
to differ substantially between V. riparia and V. vinifera, except for the presence of
ICE4i1 transcripts after cold treatment in V. riparia and not in V. vinifera. The ICE
proteins predicted for the freezing tolerant V. riparia and the more freezing sensitive V.
vinifera differ in a few amino acids which might affect their function. The presence of
ICE2i2 and ICE4i1 transcripts in leaf but not bud tissue suggests that the ICE2i2 and
ICE4i1 proteins play a role in stomatal development but not in freezing tolerance. Future
research needs to determine which ICE proteins are produced and active at low
temperatures and/or regulated by loop-back regulation through cold-induced CBF
proteins (Siddiqua & Nassuth 2011). Such knowledge would give a better understanding
if and how the various ICE proteins influence the acquisition of freezing tolerance.
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CHAPTER 3

MORPHOLOGICAL AND MOLECULAR ASPECTS OF
STOMATAL DEVELOPMENT IN GRAPE LEAVES
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CHAPTER 3: Morphological and molecular aspects of stomatal development in
grape leaves
3.1 ABSTRACT
Information about stomata in grape leaves is limited to observations of mature stomata.
The objectives of this study were to gather information regarding stomata development in
grape leaves, the gene products which are likely to regulate the different steps in this
development, and the effect of cold treatment. Meristemoids, guard mother cells (GMC)
and guard cells (GC) were observed by SEM on the lower surface of leaves from Vitis,
with a marked drop of divisions producing new stomata in the older leaf 10. This drop
coincided with the absence of transcripts for SPCH and MUTE, whereas FAMA and ICE
transcripts were still present. RT-PCR analyses, followed by confirmation by sequencing,
showed that all four genes also produce transcripts with retained intron sequence. These
alternative transcripts are expected to negatively impact the functions of SPCH, MUTE,
FAMA and ICE proteins. Transient overexpression of each ORF in tobacco leaves, a
newly introduced method to analyze involvement of genes in stomatal development,
resulted in increased pavement, GMC and/or GC cells. The higher stomatal index for
leaves of V. riparia compared to those of the less freezing tolerant V. vinifera, or for
leaves of both species after cold exposure compared to regular growth conditions,
supports a shared regulation of stomatal development and freezing tolerance. A model
that incorporates the various findings is presented and discussed.

3.2 INTRODUCTION
Stomata generally consist of two specialized epidermal cells, called guard cells,
surrounding a microscopic pore on the surface of land plants. The pathways controlling
their formation are best studied for Arabidopsis thaliana and revealed that three closely
related basic helix-loop-helix (bHLH) transcription factors, SPEECHLESS (SPCH),
MUTE and FAMA are major players in this process (Bergmann & Sack 2007; Pillitteri &
Torii 2012). First, division-competent protodermal meristemoid mother cells (MMCs)
initiate the stomatal lineage by an asymmetric ‘entry’ division under the control of SPCH
(MacAllister et al. 2007), producing a meristemoid and a larger sister cell (Nadeau &
Sack 2002; Lucas et al. 2006). After zero to three ‘amplifying’ divisions, MUTE
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terminates the ‘stem cell-like’ property of a meristemoid and activates the differentiation
of the meristemoids into round guard mother cells (GMCs) (Pillitteri et al. 2007). These
divisions are oriented such that new meristemoids are kept at least one cell apart from
existing GMCs or stomata (Geisler et al. 2000). The last of the trio, FAMA, causes the
final differentiation of a GMC to guard cells and stops their reiterative division (OhashiIto & Bergmann 2006). The transition between meristemoid to GMC or GMC to guard
cell can occur within 24 hours (Geisler et al. 2000). SPCH, MUTE and FAMA are
thought to act in the form of heterodimers with one of two other, paralogous bHLH
transcription factors that were named SCREAM (SCRM) and SCRM2 (Kanaoka et al.
2008). The SCRM genes turned out to be known already as the ICE genes involved in the
acquisition of freezing tolerance (Kanaoka et al. 2008).
Analyses with transcriptional reporter constructs showed that the stomatal genes
are transiently expressed in specific cells. SPCH was expressed only in a subset of
undifferentiated leaf epidermal cells (MacAlister et al. 2007), MUTE was expressed
strongly in meristemoids and weakly in GMCs but never in guard cells (MacAlister et al.
2007; Pillitteri et al. 2007, Pillitteri et al. 2008) and FAMA was not expressed in
meristomoids but strongly expressed in GMCs and young guard cells (Bergman & Sack
2007; Pillitteri et al. 2007; Ohashi-Ito & Bergmann 2006). SCRM/ICE1 expression was
strong in meristemoids and GMCs, moderate in immature guard cells, weak in mature
guard cells and surrounding SLGCs, and not detectable in pavement cells (Kanaoka et al.
2008). SCRM2 was expressed in meristemoids, GMCs, and immature guard cells but not
in mature guard cells (Kanaoka et al. 2008). The dimers of SPCH, MUTE and FAMA
with another bHLH protein are thought to result from an interaction facilitated by their
HLH domains (Ledent & Vervoort 2001). Phosphorylation is believed to regulate the
choice and affinity for the dimerization partner and the DNA-binding affinity of the
resulting dimer (Pilliteri & Torii 2007). Consistent with this idea is the finding that
mutation of the MAPK phosphorylation sites (Pro-X-Ser/Thr-Pro) upregulates AtSPCH
in vivo activity (Lampard et al. 2008). The regulation of AtFAMA and AtMUTE must be
different because no such phosphorylation sites have been reported for these proteins.
Not much information has been published about stomatal development in plants other
than Arabidopsis. However, genome sequence data indicate that SPCH, MUTE and
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FAMA are broadly conserved among land plants, suggesting that their function is also
conserved (Liu et al. 2009; MacAlister & Bergmann 2011; Vaten & Bergmann 2012; Ran et
al. 2013).
Our lab is interested in the molecular basis of freezing tolerance, which includes
the ICE-CBF-COR gene activation cascade of the CBF pathway (Chinnusmay et al.
2003). The observation that overexpression of Vitis CBF increases stomatal density,
suggested that the pathways regulating stomatal development and freezing tolerance
overlap in grape (Siddiqua & Nassuth 2011). A thorough investigation of this possibility
is only possible if there is sufficient knowledge about stomatal development in grape but,
so far, reports on grape stomata are limited to an assessment of numbers of mature
stomata. Leaf stomatal densities were found to vary and be characteristic for different V.
vinifera cultivars (Swanepoel & Villers 1987; Boso et al. 2011; Monteiro et al. 2013).
Stomatal density was found to be sensitive to stressful environments in that it decreased
with increasing soil temperature and atmospheric CO2, similar to what was observed for
other plants (Rogiers et al. 2011; Moutinho-Pereira et al. 2009). Data on the possible
molecular players in stomatal development in grape leaves is limited to the detection of a
variety of ICE/SCRM transcripts in young leaves (a combined sample of leaves 3, 4 and
5; Chapter 2, Rahman et al. 2014). The current study paid particular attention to the
presence of alternative transcripts because recent analyses have made it clear that the
synthesis of such transcripts constitute an important regulatory mechanism, for plants in
general and Vitis in particular, during development and stress responses (Staiger &
Brown 2013; Mastrangelo et al. 2012, Vitulo et al. 2014). The results on stomatal
development in leaves of V. vinifera and V. riparia presented here provides evidence that
there are regular and alternative transcripts, and thus possibly proteins, for SPCH, MUTE,
FAMA and ICE which are major players in stomatal development.

3.3 MATERIALS AND METHODS
3.3.1 Plant materials and growth conditions
V. vinifera cvs Riesling (RL) and Chardonnay (CH), and wild grape, V. riparia
accessions Manitoba (MB) and Quebec (QC), were grown in a controlled environment
Conviron walk-in chamber at 16hrs of light (100-120 μEm-2 s-1) and 220C starting at
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06:00h followed by 8hrs of dark at 200C starting at 22:00h. Standard management
practices including fertilizing and pruning at regular intervals were followed to keep the
grape plants healthy. For cold treatment, plants were transferred to a growth chamber set
at 40C but otherwise identical conditions for 6 days before leaves were collected.

3.3.2 Investigation of grape epidermal cells by Scanning Electron Microscopy (SEM)
Leaves 1 to 5, 9 and 10 (counting from youngest to oldest; Fig. 3.1) were sampled from 3
plants of each cultivar or accession. Approximately 0.5cm x 0.5cm sections were cut
from leaf positions (Fig. 3.1) that were similar to those suggested by Gokbayrak et al.
(2008; region B) as having stomata counts that are relatively stable under different wind
conditions, and thus presumably are also less susceptible to slight differences in airflow
through the growth chamber. Three images were taken immediately after harvest of the
abaxial (lower) surface of each of these sections (for a total of 9 images per leaf type and
plant species) using a Hitachi TM-1000 Tabletop SEM at 600x magnification and
projected on a computer screen (Fig. 3.1). LSM Image Browser was used to mark the
stomata and pavement cells in one 0.0768 mm2 area per image and then ImageJ was used
to count their number and measure their length. A recognizable guard mother cell (GMC)
or two guard cells were counted as one “stoma” (Fig. 3.3). The length of each stoma in
the image was defined as the length between the junctions of the guard cells at each end
of the stoma (Xu & Zhou 2008). The maximal length of pavement cells was measured for
30 cells per image. The corresponding leaf was also digitally scanned along with a
transparent ruler and individual leaf areas were determined by ImageJ. The obtained data
were used to calculate stomatal density (number of stomata/leaf area) and stomatal index
(number of stomata/ number of stomata plus pavement cells in the same area). The first
and second leaves of the V. vinifera cultivars could not be analyzed due to presence of
many long prostrate hairs on the epidermis (Fig. 3.2A). Mean differences among the
different leaves of grape cultivars/accessions for different leaf parameters were
determined by the Tukey-Kramer HSD tests (P<0.05) using statistical software, JMP 11
(SAS Institute).
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Figure 3.1 Procedure for the examination of grape leaves. Tips of branches of (A) V. vinifera cv.
Riesling (RL) and (B) V. riparia acc. Manitoba (MB). The younger leaves of V. riparia
accessions were still slightly folded, whereas that was no longer the case for the V. vinifera
cultivars. C: Area of leaf that was sampled for observation. D: Counting and measuring cells of
SEM images projected on a computer monitor and E: Picture of a sampled area.

Figure 3.2 SEM pictures showing extensive covering by long coiled prostate hairs (A), trichomes
(erect hairs) (B), 3 types of stomata (1: raised, 2: same level, 3: sunken) on leaf 3 of Manitoba (C)
and leaf 10 of Manitoba (D) or Riesling (E). Arrowheads indicate long coiled hairs (A), trichomes
(B) and striate wax (D). Bar=100 µm
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3.3.3 Cloning and sequencing of Vitis SPCH, MUTE and FAMA genes
SPCH, MUTE and FAMA orthologs were identified in the grape genome at the Phytozome (http://www.phytozome.net/) and Genoscope (http://www.genoscope.cns.fr/spip/
Vitis-vinifera-e.html) sites by a BLAST search with Arabidopsis SPCH, MUTE and
FAMA amino acid sequences. Young leaf tissues (leaf 1 to 3) were harvested from both
Vitis vinifera and Vitis riparia, quickly frozen in liquid nitrogen and stored at -80 0C.
Genomic DNA was extracted according to Xiao et al. (2006) and SPCH, MUTE and
FAMA genes were amplified by PCR using high fidelity KOD Hot Start Polymerase
(Novagen) and gene-specific primer pairs (Table 3.1), using 30 cycles of 20 sec at 95C,
30 sec at an annealing temperature appropriate for primer pair used, and 40 sec/kb
amplicon size at 70C. The amplicons were isolated, A-tailed, ligated into pGEM-T Easy
vector (Promega) and transformed into E. coli DH5. Colonies selected with appropriate
antibiotics (50 µg/ml Amp) were verified by colony PCR. Plasmids containing inserts of
putative interest were isolated and at least 3 colonies of each construct were sequenced at
the Genomics Facility of the Advanced Analysis Centre at the University of Guelph.

3.3.4 Detection and confirmation of VrSPCH, VrMUTE, VrFAMA and VrICE
transcripts
Total RNA was isolated from the indicated leaves of the Manitoba accession of V. riparia
using the Spectrum Total Plant RNA kit (Sigma), according to the protocol suggested by
Fasoli et al. (2012), and treated with DNaseI (Ambion). First strand cDNA was
synthesized with oligo dT primers using the qScript Flex cDNA kit (Quanta) according to
the manufacturer’s instructions. Semi-quantitative PCR was performed with Taq
polymerase on first-strand cDNAs of different leaf samples using gene-specific primers,
using 35 cycles of 45 sec at 94C, 45 sec at annealing temperature appropriate for the
primer pair used, and 60 sec/kb amplicon size at 72C. Intron-spanning primers were
used to detect regular and alternatively spliced transcripts of SPCH, MUTE and FAMA.
Amplification of Actin1 (ACTIN1, NC_012010) transcripts was used to confirm equal
amplification with the different leaf extracts. See Table 3.1 for a list of most primers and
Table 2.1 for the ICE-specific primers. The PCR products were separated by
electrophoresis on 1.6-1.8% TAE agarose gels and visualized by staining with ethidium
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Table 3.1 List of primers used for detection and/or cloning of Vitis SPCH, MUTE and FAMA
genes and transcripts
Primer
pair#
1
2
3
4
5
6
7
8

Primer name

Primer Sequence (5’ – 3’)*

Purpose of use

S-H202
S-C869
M-H10
M-C587
F-H438
F-C1036
F-H1015
F-C1530
F-H-39
F-C531
ACTIN1-H1
ACTIN1-C742
S-H-38
S-C1705
S-H1+BamHI

TCTACTTCTTCCAGTGCTTTGCA
CTGCAACCTAACAGGCTTGTAAG
ATAGCTGTTGAGAGGAACAGGAG
GCTGATGTTCAGATGGAGGACT
GAACGATAAGTTGCAGGATCATG
CGATGATGAATCTCCCATCTGT
ACAGATGGGAGATTCATCATCG
TCATATGCTGCTGTTTGCATG
GTTAGGGTTTTCAATTGGAGGT
TTCTTCCACAATTCTCGCATC
ATGGCCGATACTGAAGATATCCAG
CAGCAAGGTCAAGACGAAGGATA
GCTATTTTCCATCTGGGTTTC
ATGCAGCCCCTATCAGTAGAG

To detect spliced and alternatively spliced
SPCH transcripts by RT-PCR

ATGGATCCAAGGAGATATAACAATGGG
CGATAGTTTATCCGAC
CGTTGACGAGCTCTTAGCAGAATGTCTG
CTGGAC
GTGGAGAGACTTGTTTTCAACCAC
CATTTGCCCATGATCACGAC

To clone SPCH (sp/as) coding regions
(2nd pair for nested PCR)

ATGGATCCAAGGAGATATAACAATGTC
TCACATAGCTGTTGAG
CGTTGACGAGCTCTCACGACATTATAAG
AACCAG
GTTAGGGTTTTCAATTGGAGGT
TGCAGACCATCTTTCTTCAAC

To clone MUTE (sp/as) coding regions
(2nd pair for nested PCR)

S-C1637+SacI
9
10

M-H-27
M-C1316
M-H1+BamHI
M-C1240+SacI

11
12

F-H-39(E)
F-C1561
F-H1(E)+BamHI

To detect spliced and alternatively spliced
MUTE transcripts by RT-PCR
To detect spliced and alternatively spliced
(intron2) FAMA(L) transcripts by RT-PCR
To detect alternatively spliced (intron3) FAMA
transcript of by RT-PCR
To detect FAMA (E) and alternatively spliced
(intron1) transcripts by RT-PCR
To detect ACTIN1 transcript by RT-PCR
To clone SPCH gene and SPCH (sp/as) coding
regions (1st pair for nested PCR)

To clone MUTE gene and MUTE (sp/as)
coding regions (1st pair for nested PCR)

To clone FAMA coding region with earlier
start site (1st pair for nested PCR)

To clone FAMA coding region with earlier start
ATGGATCCAAGGAGATATAACAATGGA
site (2nd pair for nested PCR)
TAAAGAAGAAAACTACTCG
F-C1530(E)+SacI
CATATACGAGCTCTCATATGCTGCTGTT
TGCA
13
F-H68(L)
To clone FAMA late gene and FAMA (sp/as)
CTGTTGATTGATCTTTTCTCACC
coding regions (1st pair for nested PCR)
F-C1561
TGCAGACCATCTTTCTTCAAC
14
F-H91(L)+BamHI
ATGGATCCAAGGAGATATAACAATGTT
To clone FAMA late (sp/as) coding regions
GTTTCACGCAATACCTC
(2nd pair for nested PCR)
F-C1530(L)+SacI
CGTTGACGAGCTCTCATATGCTGCTGTT
TGCATG
*Restriction site sequences are in italics, sp=spliced transcripts, as=alternatively spliced transcripts
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bromide solution. Transcript analyses were repeated at least 3 times with similar results.
To confirm the presence of the different transcripts, the predicted full-length open
reading frames were amplified from first strand cDNAs generated with oligo dT primer
only. Nested PCR was performed with KOD polymerase (Novagen) using a 1st set of
gene-specific primers outside the ORFs and a 2nd set at the ends of the ORFs or around an
intron, as indicated in the text. PCR products for all predicted open reading frames were
cloned and sequenced as described before.

3.3.5 Analysis of deduced protein sequences
Encoded amino acid sequences were identified by SIXFRAME translation (SDSC
biology workbench version 3.2; http://workbench.sdsc.edu) and aligned by Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) along with AtSPCH (At5g53210;
Q700C7), AtMUTE (At3g06120; Q9M8K6) and AtFAMA (At3g24140; Q56YJ8). PEST
motifs were identified using the ‘epestfind’ program (http://emboss.bioinformatics.nl/cgibin/emboss/epestfind) and accepted if their score was >5. The SUMOplot™ Analysis
Program (http://www.abgent.com/tools) was used to find SUMO conjugation motifs of
high probability (≥0.5). Putative phosphorylation sites were identified using the Musite
program (http://musite.net/), in the setting for Arabidopsis or green plants (Gao et al.
2010). ‘Isoelectric Point Calculator’ (http://isoelectric.ovh.org) was used to calculate the
isoelectric point (pI) and molecular weight (MW) of each putative protein. Putative
nuclear localization signals (NLSs) were identified using the cNLS Mapper (http://nlsmapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_ form.cgi) set at a cut-off score of 5.0.

3.3.6 Analysis of phenotypes in tobacco leaves transiently expressing Vitis SPCH,
MUTE, FAMA and ICE
The recently developed pCAMBIA-based effector plasmid for transactivation (Nassuth et
al. 2014b) was the basis for the plasmids used to overexpress the desired transcription
factors in the current study. To prepare these plasmids, the BamHI/SacI fragment of the
35S::VrCBF4 pCAMBIA effector plasmid [containing a 35S::GUSPlus reporter gene (βglucuronidase gene plus the catalase intron)] was replaced with a similar fragment
containing 5’ ribosome binding site (rbs) and the sequence of interest (Fig. 3.3). The
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Effector constructs (in pCAMBIA)
35S::VrCBF4

35S::VrSPCH

35S::VrMUTE

35S::VrFAMA(E)

35S::VrFAMA(L)

35S::VrICE1

35S::VrICE2

35S::VrICE3

35S::VrICE4

Figure 3.3 Schematic representation of effector constructs (prepared in pCAMBIA 1305.1derived effector plasmid, Nassuth et al. 2014b) used for the transient overexpression of VrSPCH,
VrMUTE, VrFAMA and different VrICE genes in tobacco leaves. The original pCAMBIA 1305.1
plasmid (i.e. without any insert) was used as ‘empty control’. NOS=Nopaline synthase
terminator; 35S= CaMV (Cauliflower Mosaic Virus) 35S promoter; B and S represents the
BamHI and SacI restriction sites.
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desired Vitis SPCH, MUTE, FAMA and different ICE (see Chapter 2) transcription factor
variant-encoding sequences were digested with BamHI and SacI from pGEM-T Easy
constructs (Promega) and subcloned into effector pCAMBIA plasmids as described by
Siddiqua (2007) and introduced into Agrobacterium tumefaciens EHA105. All the
effector pCAMBIA plasmids were verified by restriction digestion as well as by
sequencing with gene-specific and plasmid-specific primers (Tables 2.1 and 3.1). Young,
second and third leaves of three N. bethamiana plants at the 6-8 leaf stage (about 4 weeks
after germination) were infiltrated with one of the Agrobacteria cultures diluted to an
OD600 of 0.5 as described in Nassuth et al. (2014b). The infiltrated plants were incubated
for 4 days at room temperature (22 C) and then images were taken from the abaxial
surface of the tip portion of the infiltrated tobacco leaves by a Hitachi TM-1000 Tabletop
SEM at 300x magnification (at least 3 images per plant to give a total of 9 images per
effector plasmid, n=9). The number of stomata, GMC and pavement cells in each image
(0.3072 mm2) were counted using LSM Image Browser and ImageJ softwares as
described under 3.3.2 and GMC density, stomatal density and index were calculated.
These results were analysed by a one-way analysis of variance (ANOVA) and the
statistical significance of the differences among the means calculated for the different
effectors was determined by the Tukey-Kramer HSD tests (P<0.05) using statistical
software, JMP 11 (SAS Institute).

3.3.7 GenBank accession numbers
The obtained sequences were deposited in Genbank under the following accession
numbers: KM102741 (VrSPCH genomic DNA), KM102740 (VvSPCH genomic DNA),
KM102743 (VrSPCH mRNA), KM102742 (VvSPCH mRNA), KM102744 (VrSPCHi1
mRNA), KM203852 (VrMUTE genomic DNA, QC), KM224873 (VrMUTE genomic
DNA, MB), KM203851 (VvMUTE genomic DNA), KM203854 (VrMUTE mRNA, clone
3), KM224874 (VrMUTE mRNA, clone 4), KM203853 (VvMUTE mRNA), KM203856
(VrMUTEi1 mRNA), KM203855 (VvMUTEi1 mRNA), KM111499 (VrFAMA genomic
DNA, clone 1), KM224875 (VrFAMA genomic DNA, clone 3), KM111498 (VvFAMA
genomic DNA), KM111500 (VrFAMA(E) mRNA, clone 4), KM224876 (VrFAMA(E)
mRNA, clone 3), KM111502 (VrFAMA(L) mRNA, clone 4), KM224877 (VrFAMA(L)
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mRNA, clone 5), KM111503 (VvFAMA(L) mRNA), KM111501 (VrFAMAi1(E) mRNA),
KM111504 (VrFAMAi2(L) mRNA), KM111505 (VvFAMAi2(L) mRNA).

3.4 RESULTS
3.4.1 Grape foliar morphoanatomical characters
Leaf sizes were larger for the V. riparia accessions compared to those for corresponding
leaves of the V. vinifera cultivars (Table 3.3, Fig. 3.5). For example, leaf 9 of V. riparia
MB and QC was at least 1.2 times larger than leaf 9 of V. vinifera cv. RL and CH.
Whereas most of the increase in leaf area took place after leaf 5, the total number of cells
per unit area of the lower epidermis was already reduced to half at leaf 5 in most plants,
except for cv. Riesling, and did not differ much between leaf 9 and 10 in all plants. This
means that cell enlargement and not cell division predominated at later stages. Indeed,
pavement cells were larger in older leaves compared to cells in younger leaves (Fig. 3.2,
C-E), with an average maximal length of 18.2 µm in leaf 10 vs 4.7 µm for leaf 3 of V.
riparia MB and 12.6 µm in leaf 10 vs 5.3 µm for leaf 3 of V. vinifera RL (Table 3.2).
The observation of stomata was impaired for leaf 1 and 2 of the V. vinifera
cultivars by long coiling prostrate hairs present on the lower epidermis, but this was not a
problem with the short erect trichomes on leaves of the V. riparia accessions (see Fig.
3.2A and B). The first sign of stomata development was a small, triangular shaped
meristomoid together with a larger cell which were presumably the result of an
asymmetric division. Slightly larger round cells, encircled by many smaller pavement
cells, are thought to be guard mother cells (GMCs). These cells divided symmetrically
into two guard cells which enlarged and ultimately formed a mature stoma. Figure 3.4
shows this developmental sequence for the V. riparia accession Manitoba (MB), but a
similar pattern of development was observed for V. riparia acc. QC and V. vinifera cvs.
RL and CH (data not shown). There were 3 (MB) to 4 (RL) pavement cells in-between
stomata on older leaves (leaf 10; Fig. 3.2, see also Fig. 3.1E).
The maximal stomatal density (SD) and stomatal index (SI) were higher for
leaves of the V. riparia accessions than for leaves of the V. vinifera cultivars (Table 3.3,
Fig. 3.5). SD increased up to leaf 3 or 4 in V. riparia species and leaf 4 or 5 in V. vinifera
species and decreased thereafter steadily. SI, on the other hand, increased up to leaf 9 for
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Table 3.2 Size of stomata and pavement cells, and number of pavement cells between stomata,
for different grape cultivars/accessions. The length of stomata includes the lengths of all three
different sized stomata: sunken, same level and raised. Values indicated by different letters in the
same column are significantly different as determined by Tukey-Kramer’s HSD test (P<0.05)
(SE=Standard error).

Grape
cultivar/
accession

Leaf
Number

Stomata length (µm)
Mean

SE

Manitoba
(MB)

Leaf 1

11.5 D-G

0.8

Leaf 2

11.5 FG

0.9

Leaf 3

10.3 G

0.4

Leaf 4

11.0 FG

0.3

Leaf 5

13.6 D-G

0.2

Leaf 9

26.7 AB

1.1

Leaf 10

25.9 AB

1.1

Leaf 1

11.3 FG

0.5

Leaf 2

12.2 EFG

1.2

Leaf 3

16.5 C-G

1.9

Leaf 4

20.9 A-D

2.6

Leaf 5

24.4 ABC

2.2

Leaf 9

26.3 AB

0.2

Leaf 10

27.1 A

Leaf 3

Quebec
(QC)

Riesling
(RL)

Length of pavement
cells (µm)

Number of pavement cells
between stomata

Mean

SE

Mean

SE

4.7 C

0.1

7.0 AB

0.3

5.9 C

0.3

3.4 CD

0.5

18.2 A

1.8

3.0 D

0.2

9.2 BC

2.1

2.8 D

0.1

9.9 BC

2.3

3.2 D

0.2

0.9

15.5 AB

0.4

3.3 CD

0.2

13.0 D-G

2.7

5.3 C

0.3

7.8 A

1.0

Leaf 4

18.7 B-F

1.7

Leaf 5

21.0 A-D

1.3

6.3 C

0.6

5.7 A-D

0.7

Leaf 9

20.8 A-D

1.1

Leaf 10

20.4 A-E

1.9

12.6 ABC

2.5

3.7 CD

0.2

Leaf 3

17.0 C-G

1.5

5.4 C

1.1

6.4 ABC

1.6

Leaf 4

15.0 D-G

1.9

Leaf 5

20.4 A-E

0.6

9.3 BC

2.5

4.3 BCD

0.3

Leaf 9

24.6 ABC

1.5

Leaf 10

24.1 ABC

1.1

15.0 AB

1.1

3.0 D

0.2

Leaf 1
Leaf 2

Chardonnay
(CH)

Leaf 1
Leaf 2
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Figure 3.4 The development of a stoma in Vitis. A. Sequence of events proposed for Arabidopsis
stomata development from meristemoid mother cell (MMC) to guard cell (based on Bergmann &
Sack 2007; Pillitteri & Torii 2012). B. Pictures of similar stages in Vitis leaves. bar=10 µm.
Arrowheads point to the indicated cell stages.

Figure 3.5 Stomatal density (
), stomatal index (
) and leaf size (
) for leaves of V.
riparia Manitoba (left) and V. vinifera cv Riesling (right). The vertical bars represent the standard
error.
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Table 3.3 Stomatal density and index of different grape cultivars /accessions grown under regular
and low temperature (40C) conditions. Data shown are the mean of three biological replicates
(SE=Standard error). Values indicated by different letters in the same column are significantly
different as determined by Tukey-Kramer’s HSD test (P<0.05)

Leaf
number

Leaf
Area
(mm2)

Manitoba (MB)
86.7 F
Leaf 1
186.1 F
Leaf 2
292.6 F
Leaf 3
658.5 F
Leaf 4
1755.8 EF
Leaf 5
13699.6 AB
Leaf 9
15478.8 A
Leaf 10
Quebec (QC)
165.2 F
Leaf 1
557.0 F
Leaf 2
1275.7 F
Leaf 3
2698.1 EF
Leaf 4
4391.1 E
Leaf 5
10077.8 CD
Leaf 9
12234.6 BC
Leaf 10
Riesling (RL)
Leaf 1
Leaf 2
258.6 F
Leaf 3
587.5 F
Leaf 4
1349.6 F
Leaf 5
8227.2 D
Leaf 9
9671.1 CD
Leaf 10
Chardonnay (CH)
Leaf 1
Leaf 2
361.3 F
Leaf 3
1037.4 F
Leaf 4
2041.5 EF
Leaf 5
7954.8 D
Leaf 9
10191.7 CD
Leaf 10

Leaf parameters at room temperature (22 0C)
Number
Stomatal density
Stomatal index
of cells
(Stomata/mm2)
(×10000)
/mm2
Mean
SE
Mean
SE
20855.0 ABC

Leaf parameters at low temperature (4 0C)
Number
Stomatal density
Stomatal index
of cells
(Stomata/mm2)
(×10000)
/mm2
Mean
SE
Mean
SE

30.4 F

11.5

14.1 I

4.8

18303.0 A

25894.1 A

130.2 EF

32.8

49.2 HI

9.2

14783.0 ABC

24401.0 AB

247.4 C-F

19.9

111.3 GHI

7.3

8181.4 ABC

10.6

107.2 D

395.0 ABC

65.1 C

54.4

210.5 CD

72.0
53.9

527.3 AB

16.0

511.4 A-D

110.6

23068.6 AB

525.2 ABC

11.5

229.4 E-I

15.3

4969.6 BC

334.2 ABC

61.2

611.2 ABC

29.8

10503.5 C-H

449.2 B-E

69.1

402.7 C-G

119.3

3350.7 C

225.7 BC

23.0

781.3 AB

44.4

3177.1 E-H

227.9 C-F

38.6

699.4 ABC

86.5

2777.8 H

191.0 DEF

26.4

683.5 ABC

20.1

24865.5 AB

342.9 C-F

24.2

138.1 GHI

3.3

17469.6 AB

468.8 AB

162.8

292.9 CD

113.8

15746.5 A-E

729.2 A

81.3

478.9 B-F

53.5

10694.4 ABC

638.0 A

64.2

657.0 ABC

128.5

9192.7 D-H

787.8 AB

111.6

724.5 ABC

55.8

6189.2 ABC

447.1 AB

50.1

736.9 AB

56.6

5672.7 E-H

499.1 A-D

176.3

763.6 AB

40.2

4409.7 C

347.2 ABC

78.2

773.2 AB

42.3

3971.4 FGH

316.8 C-F

37.8

827.3 AB

45.8

3880.2 C

308.2 ABC

11.5

801.6 A

47.9

3802.1 FGH

308.2 C-F

8.7

866.2 A

24.4

3103.3 H

243.1 C-F

11.5

784.6 AB

43.1

17209.2 A-D

123.7 EF

5.3

74.7 GHI

14.5

11480.0 ABC

191.0 BC

24.2

253.9 CD

117.8

17161.5 A-D

130.2 EF

10.6

77.6 GHI

11.1

11744.8 ABC

277.8 BC

44.1

287.1 CD

79.4

14027.8 B-H

234.4 C-F

0.0

165.9 F-I

35.8

9205.7 ABC

286.5 BC

37.6

367.0 B-D

81.0

4097.2 FGH

217.0 C-F

5.3

566.7 A-D

84.8

4392.4 E-H

182.3 C-F

10.6

485.4 B-F

64.4

15230.0 A-F

195.3 DEF

56.8

152.8 GHI

71.9

15056.4 A-G

429.7 A-E

39.8

349.2 D-H

106.7

9674.5 C-H

347.2 B-F

69.4

398.1 C-G

62.9

3663.2 GH

208.3 C-F

15.0

644.5 A-D

15.9

3085.9 H

186.6 DEF

17.4

566.1 A-E

18.1
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both species and had decreased for leaf 10. These results suggest that leaves older than
leaf 9 or 10 no longer initiate divisions producing new stomata. Both Vitis species had all
3 types of stomata namely “sunken”, at the “same level” and “raised” above the other
epidermal cells (Monteiro et al. 2013) in all the leaves, with lengths ranging from 3.8 to
34.5 µm in V. riparia (MB and QC) and from 4.2 to 40.4 µm in V. vinifera (RL and CH),
reflecting size differences among the 3 different types of stomata in grape leaves (data
not shown).

3.4.2 Identification and characterization of Vitis SPCH, MUTE and FAMA genes
The published grape genome sequence (Velasco et al. 2007; Jaillon et al. 2007) contains
one homolog each for AtSPCH (on chromosome 16), AtMUTE and AtFAMA (both on
chromosome 5). Primers designed based on their sequence successfully amplified these
genes from both V. riparia and V. vinifera genomic DNA. Examination of these genomic
sequences as well as their mRNA sequences (see later) revealed a similar structure for
Vitis SPCH and MUTE as proposed for the corresponding Arabidopsis genes (Fig. 3.6).
The grape FAMA was annotated in Genoscope and Phytozome (last accessed July 30,
2014) to have, compared to AtFAMA, an extra intron within exon 2 and to lack the last
intron. However, we found that the putative extra intron sequence was never spliced out
and that Vitis FAMA transcripts were produced from two sites, one before and one inside
intron 1 (Fig 3.7, see also next section). Intron numbering was maintained the same for
the early and late FAMA transcripts to avoid confusion.

3.4.3 Detection of SPCH, MUTE, FAMA and ICE/SCRM transcripts in Vitis leaves.
Young leaves (leaf 1, 3 and 5) and an older leaf (leaf 11) were analyzed for the presence
of transcripts of SPCH, MUTE, FAMA and ICE during and after stomatal initiation
respectively. Initial semi-quantitative PCR analyses were performed with primers
spanning intron 1. Weak bands indicative of spliced transcripts for SPCH and MUTE
were detected in leaf 1 and 3 and a band indicative of intron-retained transcripts were
detected for MUTE, albeit in hardly detectable amounts, in leaf 1 and 3 (Fig. 3.8A).
These results prompted subsequent analyses by nested PCR, this time using primers
spanning the full predicted ORFs (Fig. 3.8B). SPCH transcript amplicons of a size
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Figure 3.6 Vitis SPCH (A) and MUTE (B) gene structures and transcripts. Note that retention of
intron sequence produces alternative transcripts with altered ORFs (new ORF region indicated by
dark shading). ‘*’ indicates stop codon.

Figure 3.7 Vitis FAMA gene structure and transcripts. Note that 2 different start sites and/or
retention of intron 1 or 2 results in four different transcripts for Vitis FAMA. New ORF region
encoded by retained intron sequence is indicated by dark shading. ‘*’ indicates stop codon.

66

expected after splicing out all introns were obtained for leaves 1 and 3 (SPCH). In
addition, a SPCH amplicon of a size expected after retaining intron 1 only was obtained
for leaf 1 (SPCHi1). Amplicons of the even larger size expected for transcripts that
retained intron 2 were not detected. MUTE transcript amplicons of a size expected after
splicing out all introns were obtained for leaves 1 and 3 (MUTE), and of a size expected
after retaining intron 1 only was obtained for leaf 1, 3 and especially for leaf 5 (MUTEi1).
Amplicons of the much larger size expected for transcripts that retained intron 2 were not
detected. The presence of SPCHi1 and MUTEi1 transcripts in these leaves was confirmed
by nested PCR using primers spanning the 1st introns (Fig. 3.8C).
The situation turned out to be more complicated for FAMA transcripts and became
clear only after we realized that transcripts can start at 2 sites (Fig. 3.7). RT-PCR with
primers spanning intron 2 showed that transcripts with spliced out intron 2 were clearly
detectable, and thus relatively abundant, in all leaves (leaf 1, 3, 5 & 11; Fig. 3.8A,
FAMA(L)). In contrast, RT-PCR with primers around intron 1 produced weak bands
indicative of spliced transcripts in leaves 3, 5 and 11 but not in leaf 1 (Fig. 3.8A,
FAMA(E)). An even fainter band indicative of intron 1-retained transcript was also
produced for leaf 11 only. The absence of an amplicon with primers around intron 1 for
leaf 1 while an amplicon for this leaf is produced with other FAMA primers suggested
that there are 2 different transcripts, one initiating before intron 1 (FAMA(E)), and the
other in or after intron 1 (FAMA(L)). To confirm this possibility we performed nested
PCR.
Amplification with primers F-H-39 and F-C1561 flanking exon 1 and exon 4
followed by nested PCR with primers at the ends of these exons (Fig. 3.7) gave bands
representing spliced early transcript FAMA(E) in leaves 3, 5, and 11 but not in leaf 1, and
an intron-retained transcript only in leaf 11 (Fig. 3.8B). Amplification with primers FH68 and F-C1561 flanking the putative FAMA(L) ORF from intron 1 to exon 4,
followed by nested PCR with primers at the ends of this ORF (Fig. 3.7), gave amplicons
representing spliced transcripts in all leaves, including leaf 1, and an amplicon
representing intron-retained transcripts in leaf 5 and especially leaf 11 (Fig. 3.8B). This
means that the first round of amplification with F-H-39 and F-C1561 amplified only
FAMA(E), and therefore subsequent amplifications determine what the fate of the introns
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Figure 3.8 Detection of Vitis SPCH, MUTE and FAMA transcripts by RT-PCR in leaves with and
without stomatal development and subsequent analysis on agarose gels. cDNA prepared with
oligo dT primer on RNA from leaves 1, 3, 5 and 11 were subjected to (A) semi-quantitative PCR
(RT-PCR) with gene-specific intron spanning primers, (B) nested PCR with ORF spanning
primers and (C) nested PCR with intron spanning primers. Control reactions without cDNA were
loaded on the lanes labelled as H2O. See Figs. 5 and 6 and Table 1 for details on the primers.
Open and closed arrowheads indicate position of amplicons for regular spliced and alternative
transcripts respectively.

Figure 3.9 Detection of ICE transcripts by RT-PCR in leaves with and without stomatal initiation
and subsequent analysis on agarose gels. cDNA prepared with oligodT on RNA from leaves 1, 3,
5 and 11 were subjected to PCR with gene-specific primers. Control reactions without cDNA
were loaded on the lanes labelled as H2O.
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are in this transcript only (Fig. 3.8C, FAMA(E)). Nested PCR on early transcript
amplicons with primers around intron 1 resulted in 2 bands for leaf 11. Amplification on
early transcript amplicons with primers around intron 2 or around intron 3 gave one band
only, of the size expected for it being spliced out. Therefore, these data show that
FAMA(E) transcript is either completely spliced or, in leaf 11 only, can also retain intron
1. Next, nested PCR was performed with amplicons obtained with F-H68 and F-C1561,
with the primers pairs around intron 2 or intron 3 (Fig. 3.8C, FAMA(L) ). Only the primer
pair around intron 2 gave a double band, mainly in leaf 11. Together these data show that
FAMA(L) is either completely spliced or, in leaf 11, can also retain intron 2.
The presence of the predicted transcripts was confirmed by cloning and
sequencing (Appendix 3.1).Taken together these results showed the presence of SPCH
and SPCHi1, MUTE and MUTEi1, and FAMA(E), FAMAi1(E), FAMA(L) and FAMAi2(L)
transcripts (Fig. 3.6 and 3.7). SPCH and SPCHi1 are predicted to start translation from
the same site (GATATGGG) but differ in where their translation stops, which is earlier in
SPCHi1 due to stop codons in the retained intron 1 sequence (Fig. 3.6A). A similar
situation exists for MUTE and MUTEi1, both might start at the same site (AACATGTC),
but MUTEi1 would produce a small peptide because of stop codons in its retained intron
1 sequence. Translation might also start at a later start site (CCCATGTT), which in the
case of MUTEi1 would continue through the retained intron into the rest of the MUTE
amino acid sequence (Fig. 3.6B). This second site would only be accessible if at least a
portion of the ribosomes skip the first start site, because the two coding sequences
overlap (Fig. 3.6B). Translation of FAMA(E) is predicted to start from a stronger start site
sequence, GTTATGGA. FAMA(L) transcripts can be translated from a site
(TGTATGTT) within “intron 1” and continue into exon 2 to produce a largely similar
protein (Fig. 3.7), as can FAMAi1(E). However, FAMAi1(E) can start translation already
from the earlier site and then produce a peptide of only 12 amino acids and, therefore, the
larger protein would be produced only if re-initiation occurs. FAMAi2(L) would have the
same start site as FAMA(L) (Fig. 3.7).
Next the presence of the spliced and alternatively polyadenylated ICE transcripts
reported by Rahman et al. (2014) were analyzed (Fig. 3.9). All 7 ICE transcripts (ICE1,
ICE2, ICE3, ICE4, ICE1i1, ICE4i1 and ICE2i2) were detected in leaves initiating new
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stomata (leaf 1, 3 and 5) but the alternative transcripts ICE1i1 and ICE4i1 were absent in
leaf 1 and leaf 5 respectively. All the regular (spliced) ICE transcripts and ICE1i1 were
also present in leaf 11, although the ICE3 transcript was lower in quantity compared to
younger leaves. However, ICE2i2 and ICE4i1 were absent from leaf 11.

3.4.4 Analysis of the predicted SPCH, MUTE and FAMA protein sequences
The deduced amino acid sequences for grape SPCH, MUTE, FAMA(E) and FAMA(L)
have the highly conserved bHLH and SMF (SPCH, MUTE and FAMA) domains at their
C-terminal end (Fig. 3.10, 3.11 and 3.12). In addition, grape SPCH has one putative PEST
motif (PESTfind score: 13.06), two SUMO-conjugation motifs (probability of 0.76 and
0.77), an NLS as well as a highly conserved MAPK target domain (MPKTD). However,
the PEST motif is not within the MPKTD motif as is the case for the Arabidopsis SPCH.
Several other serines (S) and a threonine (T) were identified as putative phosphorylation
sites (with specificity 95% or over). Grape MUTE has one MUTE-specific sequence
immediately before the SMF domain, plus three serines and one threonine as putative
phosphorylation sites (with specificity 95% or over), at and around the NLS sequence.
We did not identify such phosphorylation sites, however, in Arabidopsis MUTE. The
FAMA proteins have two unique sequences, one before the bHLH domain in the Nterminus and the other just before the SMF. Three putative phosphorylation sites were
identified in the grape FAMA(E) and grape FAMA(L) proteins in contrast to 2 sites in
AtFAMA, one of which is conserved in the NLS sequence.
The SPCH protein predicted for V. vinifera (Vv) differs from that for V. riparia
(Vr) only in one amino acid at position 91 (K91R) (Fig. 3.13). Both grape proteins are
338 aa long (vs 364 aa for AtSPCH), with a predicted molecular mass of 37.0 kD and an
isoelectric point (pI) of 5.3. The MUTE proteins predicted for V. vinifera and V. riparia
are both 190 aa long (vs 202 aa for AtMUTE) but differ in 2 amino acids, L137F and
V159I, which leads to a predicted molecular mass of 21.3 kD and 21.4 kD respectively
and a pI of 8.4 (Fig. 3.13). The grape FAMA(E) and FAMA(L) proteins are also a little
shorter than the Arabidopsis ortholog (414 aa), being 397 and 400 aa long respectively
(Fig. 3.13). The VvFAMA differs from VrFAMA in several amino acids, I36M, D137E,
I184V and S382G for FAMA(E), and E32K, I39M, D140E, I187V and S385G for
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AtSPCH
VvSPCH
VrSPCH
VvSPCHi1
VrSPCHi1

MQEIIPDFLEECEFVDTS-------LAGDDLFAILESLEGAGEISPTAASTP--KDG--T
MGDSLSDFFEEPEFGGETSLTGVASPDDLDLFSIFESLEGVSEVPPLEETVLGSKEGEET
MGDSLSDFFEEPEFGGETSLTGVASPDDLDLFSIFESLEGVSEVPPLEETVLGSKEGEET
MGDSLSDFFEEPEFGGETSLTGVASPDDLDLFSIFESLEGVSEVPPLEETVLGSKEGEET
MGDSLSDFFEEPEFGGETSLTGVASPDDLDLFSIFESLEGVSEVPPLEETVLGSKEGEET
* : : **:** **
:
***:*:** **..*: *
:.
*:* *
PEST
NLS
--------TSSKELVKDQDYENSSPKRKKQRLETRKEEDEEEEDGDGEAEEDNKQDGQQK
ARLVSQKSTSSSALQESETELEASPKRKRPKLAAP------------TSSEEGNPDGQQR
ARLVSQKSTSSSALQESETELEASPKRKRPRLAAP------------TSSEEGNPDGQQR
ARLVSQKSTSSSALQESETELEASPKRKRPKLAAP
TSSEEGNPDGQQR
ARLVSQKSTSSSALQESETELEASPKRKRPRLAAP------------TSSEEGNPDGQQR
***. * :.:
::*****: :* :
:.*: : ****:
Basic
HLH
SUMO Intron1
MSHVTVERNRRKQMNEHLTVLRSLMPCFYVKRGDQASIIGGVVEYISELQQVLQSLEAKK
VSHITVERNRRKQMNEHLSVLRSLMPCFYVKRGDQASIIGGVVDYIKELQQVLRSLEAKK
VSHITVERNRRKQMNEHLSVLRSLMPCFYVKRGDQASIIGGVVDYIKELQQVLRSLEAKK
VSHITVERNRRKQMNEHLSVLRSLMPCFYVKRVSLSFISFLSFNTMKLF-LI---LNVNVSHITVERNRRKQMNEHLSVLRSLMPCFYVKRVSLSFISFLSFNTMKLF-LI---LNVN:**:**************:************* . : *
.: :. : :
*:.:
MPKTD
QRKTYAEVLSPRVVPSPRPSPPVLSPRKPPLSPRINHHQIHHHLLLPPISPRTPQPTSPY
QRKVYSEVLSPRVVSSPRP--PPISPRKPPLSPRIS----------LPISPRTPQPTSPY
QRKVYSEVLSPRVVSSPRP--PPISPRKPPLSPRIS----------LPISPRTPQPTSPY
-----------RV---------------------------------------------------------RV----------------------------------------------**

49
60
60
60
60

AtSPCH
VvSPCH
VrSPCH
VvSPCHi1
VrSPCHi1

RAIPPQLPLIPQPPLRSYSSLASCSSLGDPPPYSPASSSSSPSVSSNHESSVINELVANS
KPVRLQQGYLSPT---------IAPS------LEPSPS------SSTSSNDNANELIVNS
KPVRLQQGYLSPT---------IAPS------LEPSPS------SSTSSNDNANELIVNS
-----------------------------------------------------------------------------------------------------------------------

281
255
255
165
165

AtSPCH
VvSPCH
VrSPCH
VvSPCHi1
VrSPCHi1

SMF domain
KSALADVEVKFSGANVLLKTVSHKIPGQVMKIIAALEDLALEILQVNINTVDETMLNSFT
KSAIADVEVKYSCPNVVLKTKSSRIPGQAVKIISALEDLSLEILHVSISSIDETMLNSFT
KSAIADVEVKYSCPNVVLKTKSSRIPGQAVKIISALEDLSLEILHVSISSIDETMLNSFT
-----------------------------------------------------------------------------------------------------------------------

341
315
315
165
165

AtSPCH
VvSPCH
VrSPCH
VvSPCHi1
VrSPCHi1

Intron2
IKIGIECQLSAEELAQQIQQTFC
IKFGIECQLSAEELAHQVQQTFC
IKFGIECQLSAEELAHQVQQTFC
---------------------------------------------

AtSPCH
VvSPCH
VrSPCH
VvSPCHi1
VrSPCHi1
AtSPCH
VvSPCH
VrSPCH
VvSPCHi1
VrSPCHi1
AtSPCH
VvSPCH
VrSPCH
VvSPCHi1
VrSPCHi1

102
108
108
120
108
161
168
168
165
163
221
216
216
165
165

364
338
338
165
165

Figure 3.10 Alignment of the amino acid sequences of the predicted Vitis SPCH proteins
presented in this report with AtSPCH. Indicated are the conserved C-terminal domain with the
bHLH domain and the SMF-specific sequence, and the NLS, ubiquitination (PEST) and
sumoylation (SUMO) motifs in addition to MAPK (MAPKTD), other putative phosphorylation
sites (underlined serines and threonine) and the DNA binding HER motif amino acids ( ). See
text for further details. Identical residues are marked with ‘*’, and conservative and semiconservative substitutions are marked with ‘:’ and ‘.’ respectively.
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AtMUTE
VvMUTE
VrMUTE
VvMUTEi1
VrMUTEi1
AtMUTE
VvMUTE
VrMUTE
VvMUTEi1
VrMUTEi1
AtMUTE
VvMUTE
VrMUTE
VvMUTEi1
VrMUTEi1
AtMUTE
VvMUTE
VrMUTE
VvMUTEi1
VrMUTEi1
AtMUTE
VvMUTE
VrMUTE
VvMUTEi1
VrMUTEi1

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------MFLYQKGNRLISLSRSLYLYLLHLSAFFTEEFIKELHHFYPLLTCWFWFLFFHIK----MFLYQKGNQLISLSRSLYLYLLHLSAFFTEEFIKELHHFYPLLTCWFWFLFFHFK----Basic
HLH
Intron1
NLS
MSHIAVERNRRRQMNEHLKSLRSLTPCFYIKRGDQASIIGGVIEFIKELQQLVQVLESKK
MSHIAVERNRRRQMNEHLKVLRSLTPCFYIKRGDQASIIGGVIEFIKELHQVLQSLESKK
MSHIAVERNRRRQMNEHLKVLRSLTPCFYIKRGDQASIIGGVIEFIKELHQVLQSLESKK
--------------------------------GDQASIIGGVIEFIKELHQVLQSLESKK
--------------------------------GDQASIIGGVIEFIKELHQVLQSLESEK
*****************:*::* ***:*
NLS
MUTE unique
RRKTLNRPSFPYDHQTIEPSSLGAATTRVPFSRIENVMTTSTFKEVGACCNSPHANVEAK
RRKSLSPSPGPSPRP----LQL--------TSQPDTPFGLENFKELGACCNSSVADVEAK
RRKSLSPSPGPSPRP----LQL--------TSQPDTPFGLENFKELGACCNSSVADVEAK
RRKSLSPSPGPSPRA----LQL--------TSQPDTPFGLENFKELGACCNSSVADVEAK
RRKSLSPSPGPSPRP----LQL--------TSQPDTPFGLENFKELGACCNSSVADVEAK
***:*.
* :
.*
*: :. : ..***:** *** *:****
SMF domain
Intron2
ISGSNVVLRVVSRRIVGQLVKIISVLEKLSFQVLHLNISSMEETVLYFFVVKIGLECHLS
ISGSNVILRIISRRIPGQIVKIINVLEKLSFEVLHLNISSMEETVLYSFVVKIGLECQLS
ISGSNVILRIISRRIPGQIVKIINVLEKFSFEVLHLNISSMEETVLYSFVIKIGLECQLS
ISGSNVILRIISRRIPGQIVKIINVLEKLSFEVLHLNISSMEETVLYSFVVKIGLERQLS
ISGSNVILRIISRRIPGQIVKIINVLEKFSFEVLHLNISSMEETVLYSFVIKIGLECQLS
******:**::**** **:*** .****:**:*************** *:***** :**
LEELTLEVQKSFVSDEVIVSTN
VEELALEVQQSFRSDAVYANEI
VEEPALEVQQSFRSDAVYANEI
VEELALEVQQSFRSDAVYANEI
VEELALEVQQSFRSDAVYANEI
:** :****:** ** * ..

0
0
0
55
55
60
60
60
83
88
120
108
108
131
131
180
168
168
191
191

202
190
190
213
213

Figure 3.11 Alignment of the amino acid sequences of the predicted Vitis MUTE proteins
presented in this report with AtMUTE. Indicated are the conserved C-terminal domain with the
bHLH domain and the SMF-specific sequence, and the NLS (nuclear localization signal), putative
phosphorylation sites (underlined serines and threonine) and the DNA binding HER motif amino
acids ( ). See text for further details. Identical residues are marked with ‘*’, and conservative and
semi-conservative substitutions are marked with ‘:’ and ‘.’ respectively.
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Figure 3.12 Alignment of the amino acid sequences of the predicted Vitis FAMA proteins
presented in this report with AtFAMA. Indicated are the conserved C-terminal domain with the
bHLH domain and the SMF-specific sequence, and the NLS, ubiquitination (PEST) and
sumoylation (SUMO) motifs, DNA binding HER motif amino acids ( ) in addition to putative
phosphorylation sites (underlined serines and threonine). Identical residues are marked with ‘*’,
and conservative and semi-conservative substitutions are marked with ‘:’ and ‘.’ respectively.
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FAMA(L). FAMA(E) of both species has a predicted molecular mass of 44.9 kD and a pI
of 4.9 while VvFAMA(L) and VrFAMA(L) have a predicted molecular mass of 45.2 kD
and a pI of 5.0 and 5.2, respectively. Grape SPCH, MUTE, and FAMA (E & L) are 63%,
72-73% and 65-66% identical to their Arabidopsis orthologs.

3.4.5 Analysis of predicted alternative Vitis SPCH, MUTE, FAMA and ICE protein
variants
Grape SPCHi1, MUTEi1, FAMAi1(E) and FAMAi2(L) have a stop codon in their
retained introns and therefore are predicted to direct the synthesis of shorter protein
variants (Figs. 3.6, 3.7). SPCHi1 is predicted to encode a 165 aa protein which lacks part
of the HLH domain, the MPK and the SMF domains, but still contains the basic part of
the bHLH, the PEST and SUMO motifs, the NLS and the putative phosphorylation sites
(Figs. 3.6, 3.10 and 3.13). Grape SPCHi1 has a predicted molecular mass of 18.3 kD and
a pI of 4.7, and is 45% identical to AtSPCH. Translation on MUTEi1 from its first start
site produces a peptide of only 32-35 amino acids (MSHIAVERNRRRQMNEHLKVL
RSLTHVSISKG/PCFYIKRVID, last amino acids specific for MB/RL) without any
recognized domains. Alternatively, translation from a later start codon in exon1 can be
read through into exon 2 and 3 (Fig. 3.6A). The resulting protein MUTEi1 consists of
213 aa which lacks the basic and first helix part of the bHLH domain only (Figs. 3.11 and
3.13). VvMUTEi1 and VrMUTEi1 have a predicted molecular mass of 24.3 and 24.4 kD
and a pI of 7.3 and 6.0 respectively, and they are 59 and 58% identical to AtMUTE. As
mentioned previously, FAMAi1(E) encodes a 12 aa peptide without any recognized
domains (MDKEENYSVQNL for both MB and RL). A later, second ORF encodes a
protein which is the same as FAMA(L) (Figs. 3.7 and 3.12). FAMAi2(L) protein contains
only 248 aa. It lacks the helix part of the bHLH domain, one of the FAMA-unique
sequences and the SMF domain, but still contains the basic and first helix part of the
bHLH domain, one FAMA-unique sequence and the NLS sequence (Figs. 3.12 and 3.13).
VvFAMAi2(L) and VrFAMAi2(L) are 53% identical to AtFAMA with a predicted
molecular mass of 28.5 and 28.6 kD respectively and a pI of 5.6.
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Figure 3.13 Schematic representation of the proteins encoded by Vitis SPCH, MUTE and FAMA
transcripts. The positions of the introns are indicated by vertical arrows and the protein sequences
encoded on retained introns are indicated as red boxes. Also indicated are the conserved Cterminal domain (light gray), with the bHLH domain (dark gray) and the SMF-specific sequence
(green), and ubiquitination (PEST) and sumoylation (SUMO) motifs. Amino acid differences
between V. vinifera and V. riparia are indicated below each protein (Vv-Vr). Note that the amino
acid differences between FAMA(E), FAMA(L) and FAMAi2(L) are probably caused by
differences in alleles.
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3.4.6 Analysis of stomatal density and stomatal index after low temperature
treatment
The stomatal density and index of young leaves from plants that were placed at 4C for
six days increased substantially (Table 3.3). For example, leaf 3 from V. riparia acc.
Manitoba had a SD and SI of 527 and 511 x 103 respectively when grown at 4C for six
days, compared to 247 and 111 x 103 when grown under regular conditions. Similarly,
leaf 3 from V. vinifera cv. Riesling had a SD and SI of 191 and 254 x 103 compared to 75
and 124 x 103. These increases were no longer observed for leaves 4 and 5. These results
show that low temperatures increase the number of asymmetrical divisions leading to the
formation of more stomata.

3.4.7 Phenotypes of transiently overexpressed grape SPCH, MUTE, FAMA and ICE
genes in tobacco leaves
The SEM pictures of tobacco leaves transiently overexpressing grape SPCH, MUTE or
FAMA showed that, compared to control leaves, all had an increased total epidermal cell
density, due to an increase in both pavement cell and stomatal cell density (Fig. 3.14;
Table 3.4). The leaves differed however in respect to their stomatal index (SI).The
epidermis of grape SPCH overexpressing tobacco leaves had a lower SI but often smaller
cells next to stomata or among pavement cells, indicating active divisions without an
efficient conversion into guard mother cells or mature stomata (Fig. 3.14). The epidermis
of grape MUTE overexpressing tobacco leaves showed a higher SI due to especially a
higher number of guard mother cells (GMC), compared to the epidermis of empty control
or SPCH expressing leaves (Fig. 3.14, Table 3.4). The stomatal index of FAME(E)
overexpressing leaves had not changed from the observed SI on empty control leaves,
indicating that the increase in cell density did not affect the fate of the new cells. The
situation was different for FAMA(L) over expressing leaves which had the lowest
increase in cell density compared to empty control leaves but a higher stomatal index,
suggesting that the extra divisions were more often leading to new stomata.
Grape ICE overexpressing tobacco leaves showed that all the ICEs increased the
density of total epidermal cells and stomata and gave a higher stomatal index except
ICE4, indicating their involvement in different stages of stomatal development (Table 3.5).
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CONTROL

SPCH

MUTE

77

FAMA(E)

FAMA(L)

Figure 3.14 SEM pictures of tobacco leaves showing the phenotypes of transiently overexpressed
SPCH, MUTE, FAMA(E) and FAMA(L) (from vectors present in infiltrated Agrobacteria).
Phenotypes were compared with leaves infiltrated with Agrobacteria containing an empty vector
(CONTROL). Indicated are divisions producing more pavements cells (open arrowheads) or
meristemoids (closed arrowheads), GMCs (open arrow) and mature stomata (closed arrow).
Bar=300 m (left figure); pictures in the right panels show 2x enlargements of the indicated areas
(300 µm2).

78

Table 3.4 Stomatal density and index of tobacco leaves transiently overexpressing SPCH, MUTE,
FAMA(E) or FAMA(L)(from vectors present in infiltrated Agrobacteria, 2nd leaves infiltrated).
Agrobacteria containing an empty effector plasmid were used as negative control. “Pavement
cells” includes all epidermal cells except GMCs or mature stomata and stomata includes mature
stomata and GMC. Data are the means of 3 biological replicates (3 SEM pictures from each).
Values indicated by different letters in the same column are significantly different as determined
by Tukey-Kramer’s HSD test (P<0.05) (SE=Standard error).

Transiently
overexpressed
Genes

Pavement
cells/mm2
Mean
SE

Stomatal density
(Stomata/mm2)
Mean
SE

Guard Mother
Cells/mm2
Mean
SE

Total
cells/mm2
Mean
SE

Stomatal index
(×100)
Mean
SE

SPCH

466.9 A

12.6

126.6 A

11.3

35.4 BC

1.3

593.5 A

16.1

21.3 B

0.1

MUTE

428.5 A

5.5

147.9 A

10.4

73.4 A

5.5

576.4 A

8.7

25.6 A

0.6

FAMA(E )

396.1 A

4.1

127.7 A

FAMA(L)

231.5 B

1.8

84.3 B

2.2

43.0 B

1.1

523.7 A

4.7

24.4 AB

0.3

7.8

14.5 CD

0.4

315.8 B

3.9

26.6 A

1.5

Empty control

163.5 B

0.8

52.1 B

2.5

9.0 D

0.1

215.6 B

0.9

24.2 AB

1.0

Table 3.5 Stomatal density and index of tobacco leaves transiently overexpressing ICE1, ICE2,
ICE3 and ICE4 (from vectors present in infiltrated Agrobacteria, 3rd leaves infiltrated).
Agrobacteria containing an empty effector plasmid were used as negative control. “Pavement
cells” includes all epidermal cells except stomata (which includes GMCs and mature stomata).
Data shown are the means of 3 biological replicates (3 SEM pictures from each). Values indicated
by different letters in the same column are significantly different as determined by TukeyKramer’s HSD test (P<0.05) (SE=Standard error).

Transiently
overexpressed
Genes

Pavement
cells /mm2
Mean
SE

Stomatal density
(stomata/mm2)
Mean
SE

Total
cells/mm2
Mean
SE

ICE1

273.4 A

6.5

93.7 AB

5.1

367.1 A

8.1

25.6 AB

0.5

ICE2

311.1 A

10.7

15.3

425.7 A

15.3

26.8 A

0.6

ICE3

242.3 A

3.2

88.6 AB

5.2

330.9 A

4.5

26.8 A

0.8

ICE4

287.2 A

12.3

81.4 AB

10.4

368.6 A

15.4

22.2 C

0.6

Empty control

230.0 A

12.3

59.7 B

13.4

303.1 A

16.5

24.0 BC

0.2

114.7 A
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Stomatal index
(×100)
Mean
SE

However, the specific effect of the different ICE proteins differed. The highest cell
density, indicating activation of cell division, was found for ICE2, whereas the highest
stomatal index, indicating an increase in stomatal fate, was found for ICE2 and ICE3.
ICE4 actually lowered the SI by promoting more cell divisions and ICE1 gave a medium
increase in both cell density and SI.

3.5 DISCUSSION
The development of stomata has been most extensively studied at the genetic level for
Arabidopsis and was found to include three stages: meristemoids, guard mother cells
(GMCs) and guard cells (Bergmann & Sack 2007, Pillitteri & Torii 2012). This study
reports similar stages for Vitis. The three types of mature stomata reported previously for
grape leaves, sunken, at the same level, and raised above the other epidermal cells (Pratt
1974; Swanepoel & Villers 1987), were separated by 3-4 pavement cells which is in
agreement with the ‘one-cell spacing rule’ (Sachs 1991; Geisler et al. 2000). The
stomatal densities for leaf 9 are in the same range as the 207-286/mm2 reported for leaf 8
of V. vinifera cultivars by Monteiro et al. (2013). Total cell density was lower and
pavement cell size was larger in older leaves compared to younger leaves, suggesting that
cells no longer divide but elongate instead. Older leaves also do not produce stomata de
novo as reflected by their decreased stomatal index. Therefore an examination was
undertaken of the expression of the Vitis orthologs of AtSPCH, AtMUTE and AtFAMA in
both young (leaf 1, 3 and 5) and older (leaf 11) leaves.
SPCH spliced transcripts were present in leaves 1 and 3 and encode proteins with
similar domains as reported for AtSPCH. The youngest leaf also produced transcripts
containing intron 1. SPCHi1 contains premature termination codons (PTCs) in the
retained intron and therefore would be translated into a truncated protein with a DNA
binding domain but lacking an interacting HLH domain. Such protein would be expected
to compete with active dimers for binding sites in the promoters of downstream genes
and thereby act as a dominant-negative regulator. Another possibility is that SPCHi1 is
degraded by the Nonsense-Mediated Decay (NMD) pathway-an RNA surveillance
mechanism (Kurihara et al. 2009; Rebbapragada & Lykke-Andersen 2009) reported to
act on at least 13% of the Arabidopsis genes (Kalyna et al. 2012; Dreschel et al. 2013;
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Kwon et al. 2014).). Both truncated protein and NMD are expected to reduce SPCH
activity in leaf 1.
MUTE spliced transcripts were present in leaves 1 and 3 whereas transcripts with
retained intron 1 (MUTEi1) were detected in leaves 1, 3 and especially leaf 5. Translation
of MUTEi1 from the same site as MUTE is expected to terminate quickly at the PTCs
present in intron 1, and MUTEi1 might therefore be targeted by the NMD pathway.
However, it is likely that leaky scanning causes some ribosomes to skip the start codon
(Daras et al. 2014) because it does not have the optimal start sequence for plants (AAA
or ACA followed by AUGGC; Lukaszewicz et al. 2000). This allows these ribosomes to
produce, from a later start site, protein MUTEi1 which lacks the DNA binding domain
but still contains the protein-protein interacting domain. This protein could form nonfunctional dimers and cause a dominant-negative regulation of stomatal development,
similar to other plant transcription factors (Seo et al. 2013). For example, the splice
isoform of Arabidopsis INTERMEDIATE DOMAIN 14 (IDD14 β) encodes a truncated
variant that lacks the DNA binding motif but retains domains for dimerization and
transcriptional regulation. Transgenic plants overexpressing IDD14 β had a high starch
content probably because the non-functional dimers cannot induce the starch degrading
QQS (Qua-Quine starch) gene (Seo et al. 2011). Whatever the fate of the alternative
MUTE transcripts, they would likely reduce MUTE activity especially in leaf 5.
We speculate that the grape FAMA gene lacks the last intron present in its
Arabidopsis ortholog because: (1) a cDNA sequence lacking this putative intron was
never obtained in our analyses, (2) FAMA genes from all other investigated plants have a
predicted gene structure like the one we propose for Vitis (MacAlister & Bergmann
2011), (3) analysis of upto 2000 nucleotides downstream did not reveal a coding
sequence that is similar to the AtFAMA C-terminus. We also do not think that the
additional intron inside exon 2, suggested by the current annotation of the grape genome
at Phytozome and Genoscope (last accessed July 30, 2014), exists because we never
detected a transcript lacking this putative intron, and it can be translated into amino acid
sequence which is present in AtFAMA (Ohashi-Ito & Bergmann 2006). Both grape
FAMA(E) and FAMA(L) spliced transcripts encode proteins with similar domains like
AtFAMA but slightly different N-termini (Fig. 3.12and 3.13). FAMA(E) and FAMA(L)
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transcripts with retained intron 1 and intron 2 sequence respectively were also detected in
leaf 11. The alternative transcript FAMAi1(E) has two PTCs in the intron 1 sequence and
therefore probably translates into a small peptide from the early start codon with a
relatively strong sequence context. Upstream open reading frames, present in
approximately 20% of plant genes (Kochetov et al. 2002; von Arnim et al. 2014), can
result in lower translation of the main ORF by imposing the need for re-initiation (Kozak
1987) and/or by enhancing NMD (Saul et al. 2009). The situation for FAMAi2(L) is
similar in that it might be degraded by the NMD pathway due to presence of a PTC in
intron 2 or be translated into a truncated protein. In this case, FAMAi2 retains the DNAbinding basic domain but only part of the HLH and thus can act as dominant-negative
repressor. Taken together this means that the alternative FAMA transcripts would reduce
FAMA activity in leaf 11.
The detection of SPCH, MUTE and FAMA transcripts in stomatal cells has, to our
knowledge, only been reported for Arabidopsis, but different results for other plants are
consistent with a similar role for these genes (MacAlister & Bergman 2011). Rice FAMA
expression occurred mainly in the leaf elongation zone and OsFAMA overexpression
gave the expected phenotypes (Liu et al. 2009). Poplar SPCH and MUTE transcript levels
were higher in developing leaves compared to mature leaves (Wilkins et al. 2009). The
different transcript complements reported here for leaves developing new stomata (leaves
1, 3 and 5) or not (leaf 10) also is in agreement with a sequential role for SPCH, MUTE
and FAMA proteins in the development of stomata on grape leaves. The phenotypes
observed upon transient overexpression of SPCH, MUTE or FAMA(E) in tobacco leaves
(a newly introduced analysis method) support this idea. SPCH seems mainly to promote
increased divisions in step 1 (see Fig. 1.2A(a) and Fig. 3.14), MUTE develops
proportionally more GMCs in step 2 (see Fig. 1.2A(b) and Fig. 3.14), and FAMA(L)
completes the development of newly divided cells into mature stomata (see Fig. 1.2A(c)
and Fig. 3.14). Interestingly, FAMA(E) did not promote development into mature
stomata as much even though it still promoted more divisions. The presence of PEST,
SUMO and phosphorylation motifs suggests that post-translational modification of these
proteins regulates their activity but further research is needed to confirm this. The
question remains with which ICE protein they form an active dimer. Vitis contains 4 ICE
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genes which produce regular as well as 3 alternative transcripts (ICE1i1, ICE4i1 and
ICE2i2) (Chapter 2, Rahman et al. 2014). ICE1i1 and ICE4i1 have the DNA binding
domain but lack the complete HLH domain and thus could, like SPCHi1, compete with
active dimers. ICE2i2 has both domains but lacks part of the C-terminus and this could
lower the activation strength of dimers formed with this protein. The detection of all
regular ICE transcripts in all leaves prevents us from hypothesizing which specific ICE
protein would be interacting with SPCH, MUTE or FAMA. ICE1, ICE2 and ICE3
increased both pavement cell divisions and the development of stomata. The differences
between the effect of the different ICE proteins was not sufficiently clear to suggest an
involvement in a specific step of the stomatal development pathway. An interaction of
ICE4 with SPCH should be investigated because both gave a lower SI. The absence of
the transcripts ICE4i1 and ICE2i2 from leaf 11 (this report) and over-wintering buds
(Chapter 2, Rahman et al. 2014) suggests that also their encoded proteins might be
involved in the regulation of stomatal initiation.
As mentioned earlier, it is known that ICE/SCRM is also involved in the
acquisition of freezing tolerance via its activation of the CBF pathway (Chinnusamy et al.
2003, Wisniewski et al. 2014). Interestingly, V. riparia accessions have a higher
tolerance for frost (Galet 1993) and a higher stomatal index and density than V. vinifera
cultivars (this report). Also, V. vinifera and V. riparia leaves exposed to low
temperatures, which activates ICE, gain a higher number of stomata (Table 3.3). These
results suggest that the possibility that grape stomatal index can be used as an indicator of
freezing tolerance would be worth investigating.
In conclusion, this report shows that grapes contain at least one gene each for
SPCH, MUTE and FAMA. The sequential presence of their transcripts in young to old
leaves and the effect of overexpression on pavement cell divisions and stomatal index
support the general model proposed for plants, whereby ICE-SPCH, ICE-MUTE and
ICE-FAMA dimers orchestrate different steps towards the formation of mature stomata.
However, the detection of alternative transcripts prompts us to speculate on a more
intricate control of the stomatal development process. It would not surprise us if
regulation of stomata development by splice variants is a more universal phenomenon.
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The model presented in Figure 3.15 shows our current hypothesis of how the different
steps in the formation of guard cells from protoderm cells in grape leaves is regulated by
proteins encoded by the SPCH, MUTE, FAMA and ICE/SCRM genes.

Figure 3.15 Model for the involvement of SPCH, MUTE, FAMA and ICE1-4 encoded proteins in
the stomatal development in grape leaves (see text for further details)
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CHAPTER 4

FUNCTIONAL ANALYSIS OF GRAPE ICE PROTEINS
USING TRANSACTIVATION ASSAY
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CHAPTER 4: Functional analysis of grape ICE proteins using transactivation assay

4.1 ABSTRACT
The possible involvement of different grape ICE proteins in the CBF pathway was
analyzed using an Agrobacterium mediated transactivation system. Transactivation by
ICE effectors was higher with effector and reporter bacteria at an OD600 of 0.25 and 0.5
respectively and a 4 day period of incubation at 22 C. CBF4 and CBF6 promoters were
used as reporter because both genes are abundantly expressed in overwintering mature
grape buds and thought to be important for freezing tolerance in grape. All the grape
ICEs activated the CBF4 promoter but the highest activation was found with ICE2 and
ICE3. On the other hand, the highest activation of CBF6 promoter was found with ICE1
and ICE4. An additional 2 hours of cold treatment increased the activation by ICE2 and
ICE3 which contain a putative sumoylation site, but not by ICE1 and ICE4 which do not.
This supports the notion that low temperature stabilizes ICE2 and ICE3 protein by
sumoylation. Using a 5’ deletion series of the CBF4 promoter it was found that the region
between -281 to -342 bp contains elements sufficient for activation by the different ICE
proteins. Further transactivation analyses using a shorter promoter region with or without
mutated sequence identified a MYC2g element for activation by ICE2 and ICE3. ICE1
and ICE4 activated via different MYC elements, possibly MYC2t or MYC2c and
MYC3c respectively. The higher activation by ICE2 and ICE3 when also the stomatal
gene product FAMA(L) is present suggests that FAMA(L) could be a dimerization
partner for ICE in CBF4 activation. Alternative ICE proteins (ICE1i1, ICE2i2 and
ICE4i1) were found to give lower activation values than their corresponding regular ICE
proteins.

4.2 INTRODUCTION
The ICE (Inducer of CBF Expression) transcription factor is an important regulator of the
CBF (C-repeat binding factors) pathway which confers freezing tolerance to temperate
plants. ICE protein is constitutively synthesized but needs a brief exposure to low, nonfreezing temperatures to be activated (Gilmour et al. 1998). ICE then activates CBF
genes which, in turn, activate the cold-responsive (COR) genes and in that way
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eventually help plants to become freezing tolerant (Chinnusamy et al. 2003; Furosova et
al. 2009). The importance of ICE proteins is evident from the fact that AtICE1 controls
the expression of around 40% of the Arabidopsis COR genes (Lee et al. 2005). The
activation by ICE proteins is specific. Arabidopsis ICE1 was reported to activate the
AtCBF3 gene (Chinnusamy et al. 2003), whereas Arabidopsis ICE2 was shown to
activate the AtCBF1 gene (Furosova et al. 2009). ICE genes have now been identified in
many other plants, including woody plants, and in some cases shown to be involved in
the CBF pathway and/or in the acquisition of freezing tolerance (Badawi et al. 2008;
Xiang et al. 2008, Li et al. 2010; Liu et al. 2010; Feng et al. 2012; Wang et al. 2012; Lin
et al. 2014; Wisniewski et al. 2014; Rahman et al. 2014/Chapter 2). Four ICE genes have
been identified and cloned from grapes and found to produce regular as well as
alternative transcripts in leaves at both ambient and low temperature conditions and in
buds collected in the Fall, after cold acclimation is thought to have occurred (Rahman et
al. 2014; Chapter 2). Increased levels of CBF transcripts were detected after cold
acclimation, supporting their activation by ICE (Xiao et al. 2006, 2008; Siddiqua &
Nassuth 2011).
ICE has also been reported to be a regulator of another biological process, namely
stomatal development in Arabidopsis (Kanaoka et al. 2008). AtICE (also known as
SCREAM or SCRM) and/or AtICE2 (SCRM2) were shown to determine the fate of
epidermal cells by forming heterodimers with 3 closely related bHLH transcription
factors, SPCH, MUTE and FAMA. SPCH/ICE, MUTE/ICE and FAMA/ICE direct 3
consecutive steps of stomatal development: initiation, transition from meristemoids to
guard mother cells and formation of guard cells respectively (Kanaoka et al. 2008).
SPCH, MUTE and FAMA were reported to be expressed only in the cells they are
affecting (MacAlister et al. 2007, Pilliteri et al. 2007, Bergman & Sack 2007, Ohashi-Ito
& Bergmann 2006) and thus are often referred to as stomata specific genes. SPCH,
MUTE and FAMA sequences are very conserved in the range of plants that have been
investigated, suggesting that the process of stomata formation is also quite conserved
(Liu et al. 2009; MacAlister & Bergmann 2011; Vaten & Bergmann 2012, Ran et al.
2013). Phylogenetic analyses suggest that more primitive plants used only one
SPCH/MUTE-like protein plus a FAMA-like protein in the pathway leading to stomatal
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cells and that this evolved into a pathway using SPCH, MUTE and FAMA proteins with
unique functions (MacAlister & Bergmann 2011; Ran et al. 2013). I found that grape has
one of each stomata-specific gene SPCH, MUTE and FAMA which produce completely
spliced transcripts, which for FAMA could start early or late (producing FAMA(E) or
FAMA(L) transcripts; Chapter 3). The sequential detection of ICE, SPCH, MUTE and
FAMA transcripts in different aged grape leaves containing different stomata
developmental stages, and the stomatal phenotypes produced upon overexpressing SPCH,
MUTE, FAMA or ICE1-4, suggested that grape has a similar pathway for stomatal
development as Arabidopsis (Chapter 3). This implies that one or more ICE proteins are
likely to form dimers with SPCH, MUTE and/or FAMA to activate expression of
downstream genes.
ICE is a MYC-like basic helix-loop-helix transcription factor. This type of protein
is characterized by the presence of a bHLH domain of about 60 amino acids. The basic
region of the bHLH domain provides sequence-specific DNA binding whereas the HLH
region, which consists of 2 α-helices separated by a loop region of variable length and
composition, is required for dimerization between bHLH proteins (Toledo-Ortiz et al.
2003; Nair & Burley 2000; Ferre-D’Amare et al. 1994). In general bHLH proteins can
form homodimers as well as heterodimers, some can even form heterodimers with several
different partners (Fernandez-Calvo et al. 2011; Toledo-Ortiz et al. 2003, Littlewood &
Evan 1998). The bHLH protein recognizes a core hexanucleotide sequence known as Ebox, MYC recognition sequence or MYC element (CANNTG, where N=A, C, G or T).
The palindromic G-box or MYC2 element (CACGTG) is the most commonly reported
recognition sequence, but binding of bHLH proteins to other E-box variants (non-G-box)
or non-E-box variants such as N-box variants (CACGGC and CACGAC) have also been
reported (Ledent & Vervoort 2001; Toledo-Ortiz et al. 2003; Badawi et al. 2008). The
basic region of each dimer partner binds to one half of the symmetrical E-box (Shimizu et
al. 1997). The flanking nucleotides outside the E-box have been reported to also affect
binding specificity (Fernandez-Calvo et al. 2011; Massari & Murre 2000, Littlewood &
Evan, 1998). Nair & Burley (2000) showed that residues in the loop region, especially
lysine, make contact with nucleotides outside of the core DNA recognition sequence and
thereby significantly contribute to the binding specificity. In the case of ICE proteins it
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has been reported that AtICE1 binds to a MYC2 element of AtCBF3 promoter
(Chinnusamy et al. 2003). Kanaoka et al (2008) also reported that AtICEs do not form
homodimers.
The involvement of ICEs in both freezing tolerance and stomatal development
processes brings up the question whether all the ICE proteins are involved in both
processes, or that some are specific to a particular process. Do all the regular and
alternative ICE variants bind to the same MYC element or, like AtICE1 and AtICE2, to
different MYC variants? We assume that AtICE, being a bHLH transcription factor,
functions as a heterodimer (Kanaoka et al. 2008) but we do not know who the
dimerization partner is during the induction of CBF genes. We do know however, that
AtICE forms heterodimers with SPCH, MUTE and FAMA during the course of stomatal
development in Arabidopsis (Kanaoka et al. 2008), but in that case no downstream genes
that are activated by these heterodimers have been reported so far. This raises the
question whether ICE alone or in combination with SPCH, MUTE or FAMA can activate
one or more CBF genes. To address these questions, we used a dual luciferase
transactivation system developed by Nassuth lab (Nassuth et al. 2014b) with all the ICE
variants alone or in combination with SPCH, MUTE or FAMA in effector plasmids and
the CBF4 promoter and its mutants or the CBF6 promoter in a reporter plasmid.
The CBF4 promoter was selected as reporter because 1) CBF4 is expressed not
only in young and mature leaves, but also in the cold-hardy part of the grapevine, mature
buds, whereas CBF1, 2 and 3 are expressed in young leaf tissue only (Xiao et al. 2006,
2008); 2) The VrCBF4 overexpressor lines of Arabidopsis had the highest freezing
tolerance and better membrane stability compared to VrCBF1 overexpressor lines
(Siddiqua & Nassuth 2011) and VvCBF4 overexpressing grape also showed an increased
freezing tolerance (Tillett et al. 2011); 3) the CBF4 promoter contains almost all the
putative regulatory elements so far reported to induce cold regulated genes in different
plants (Siddiqua et al. 2005): namely MYC variants (Badawi et al. 2008; Chinnusamy et
al. 2003), ICEr1 and ICEr2B (Zarka et al. 2003) and ICEr4 (Benedict et al. 2006b).
Recently CBF6 transcripts were reported to be abundantly present, along with CBF4
transcripts, in mature bud tissues (Fasoli et al. 2012) and may therefore also be important
for freezing tolerance. The transactivation results suggest that all ICE proteins can
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activate CBF4 and CBF6 promoters via MYC elements and can do so even more if
together with FAMA.

4.3 MATERIALS AND METHODS
4.3.1 Isolation and analysis of Vitis CBF4 and CBF6 promoters
Genomic DNA was extracted from leaf tissues (leaf 3, 4 and 5) of both V. vinifera cv.
Chardonnay and V. riparia accession Guelph according to Xiao et al. (2006) and CBF6
promoters were amplified by PCR using KOD hot start polymerase (Novagen) and gene
specific primers (Table 4.1). PCR product was isolated from 1% agarose gel (QIAquick
gel extraction kit, Qiagen), A-tailed, ligated into pGEM-T Easy vector (Promega) and
transformed into E. coli DH5α. After selection with antibiotics (50µg/ml Amp) and
verification by colony PCR, the colonies were grown overnight and plasmids containing
inserts were isolated (PureLink quick plasmid miniprep kit, Invitrogen) and sequenced (at
least 3 clones each) at the Advanced Analysis Center Genomics facility of the University
of Guelph. CBF4 promoters had been cloned previously into pGEM-T and sequenced
(Siddiqua 2007).
The promoter sequences of VvCBF4, VrCBF4, VvCBF6 and VrCBF6 were
aligned by Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). The program,
DiAlign (http://bibiserv.techfak.uni-bielefeld.de/dialign/submission.html) was used to
identify the sequences with high identity between CBF4 and CBF6 promoters. The two
programs PLACE (http://www.dna.affrc.go.jp /PLACE/signalscan.html) and PlantCARE
(http://bioinformatics.psb.ugent.be /webtools/plantcare/html/) were used to locate cisacting regulatory DNA elements specific to plants. Potential RNA polymerase II
transcription start sites (TSS) were predicted by TSSP using the RegSite database of plant
regulatory elements developed by Softberry Inc. (http://linux1.softberry.com/berry.
Phtml?topic =tssp&group=programs&subgroup=promoter), based on the
recommendation for plant promoters by Siddiqua et al. (2005).

4.3.2 Preparation of pCAMBIA transactivation vectors
The recently developed pCAMBIA-based plasmids for transactivation (Nassuth et al.
2014b) were the basis for the effector and reporter plasmids used in the current study.
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The pCAMBIA effector plasmids containing the Vitis SPCH, MUTE, FAMA and
different ICE transcription factors-encoding sequences had been prepared previously
(Chapter 3, Fig. 3.3). Alternative ICE variant effector constructs were prepared in the
same manner (Fig. 4.1). The original pCAMBIA plasmid 1305.1 (empty vector) or
pCAMBIA carrying CBF4 coding sequence (Nassuth et al. 2014b) was used as a
negative control effector.
The pCAMBIA reporter plasmid (pCAMBIA 4xCRTmin35S::RiLUC,
35S::FiLUC) developed by the Nassuth Lab contains 2 reporter genes, RiLUC (Renilla
reniformis luciferase gene containing a modified intron from the castor bean catalase
gene; Cazzonelli & 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. Reporter plasmids for the current study were constructed by replacing the
4xCRTmin35S promoter with promoter fragments of interest between HindIII and
BamH1 recognition sites (Fig. 4.1). “Full length” VrCBF4 promoter (951 bp), as well as
5’ deletion constructs of the VrCBF4 promoter (135 bp, 236 bp, 280 bp, 342 bp and 462
bp) which had been amplified with primers adding HindIII and BamHI restriction sites
and cloned into the pGEM-T Easy vector (Siddiqua 2007), were digested with HindIII
and BamHI and subcloned into reporter pCAMBIA plasmids. The (281-342)bp region of
the VrCBF4 promoter plus min35S promoter, hereafter called CBF4p(281-342), was also
amplified with HindIII- and BamH1-site containing primers (Table 4.1) and cloned into
the pGEM-T Easy vector and later subcloned into reporter plasmid. Similarly, reporter
plasmid containing the “full length” VrCBF6 promoter (1013 bp) was prepared by
subcloning into pCAMBIA from pGEM-T Easy vector. All the effector and reporter
pCAMBIA plasmids were verified by restriction digestion as well as by sequencing with
gene-specific (Tables 2.1 and 3.1) and plasmid-specific primers (Table 4.1).
A QuickChange reaction was performed on pGEM-T plasmid DNA containing
the 281-342 fragment of the CBF4 promoter plus min35S promoter, to mutate the
MYC2g element (CACGTG) into ACCGGT (called hereafter CBF4p(281-342)m ) using
the QuickChange site-directed mutagenesis kit (Stratagene). The mutant strand was
synthesized using pfu DNA polymerase (2.5 U) and mutagenic primers designed
according to the instruction manual (Table 4.1) and the reaction was run for 18 cycles.
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Table 4.1 List of primers used to clone Vitis CBF4 and CBF6 promoter regions and their mutants
into reporter plasmid and to verify their sequences
Primer
pair#
1
2
3

Primer name

Primer Sequence (5’ – 3’)*

Purpose of use

CBF6-H-1020
CBF6-C185
CBF6p-H-1013+HindIII
CBF6p-C-1+BamHI
CBF4p(281-342)min35SH-46+HindIII

AGTGATGTGCAAACCTCTCC
GTCTCCTTAAACTTCCTCCTACC
CGCAAGCTTAGTGATGTGCAAACCTCTCCA
CGAGGATCCTTGAATTTGCAGTGAGAGAAGGA
CCGAAGCTTCATAGACCAAGTCAGGCTTACAAT
ATCCACGTCACTTTCATGACACGTGTTGTACAA
CCATCCGCAAGACCCTTCCTCTA
CGGGGATCCTCTAGAGTC
GTCACTTTCATGAACCGGTTTGTACAACCATC
GATGGTTGTACAAACCGGTTCATGAAAGTGAC
ACCACTGCGGACCAGTTATC

To clone the CBF6 promoter

35S-C+BamHI/Xba1
MYC2m-H
MYC2m-C
5
RiLUC-C61 (H primer)
LacZ-C148 (C primer)
ATGTGCTGCAAGGCGATTAAG
*Restriction site sequences are in italics, mutated sequence is underlined
4

To subclone the CBF6 promoter
into pCAMBIA reporter plasmid
To clone the 281-342 region of the
CBF4 promoter with min35S
[CBF4p(281-342]
QuickChange primers to mutate
MYC2 in CBF4p(281-342)
Reporter plasmid-specific primer to
verify the insert sequence

Reporter constructs (in pCAMBIA)

Effector constructs (in pCAMBIA)

4×CRTmin35S::RiLUC

35S::VrCBF4

VrCBF4p(FL)::RiLUC

35S::VrICE1i1

VrCBF6p(FL)::RiLUC

35S::VrICE2i2

VrCBF4p(135)::RiLUC

35S::VrICE4i1

VrCBF4p(236)::RiLUC
VrCBF4p(280)::RiLUC
VrCBF4p(342)::RiLUC
VrCBF4p(462)::RiLUC
VrCBF4p(281-342)
min35S::RiLUC
Figure 4.1 Schematic representation of reporter constructs (prepared in pCAMBIA 1305.1derived dual luciferase reporter plasmid) and alternative ICE effector constructs (in pCAMBIA
1305.1-derived effector plasmid) used in transactivation study (See Nassuth et al. 2014b for
details). NOS=Nopaline synthase terminator; 35S= CaMV (Cauliflower Mosaic Virus) 35S
promoter; E, S, B and H represents the EcoRI, SacI, BamHI and HindIII restriction sites.
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The QuickChange primer Tm Calculator (http://depts.washington.edu/bakerpg/
primertemp/primertemp.html) was used to calculate the annealing temperature of the
mutagenic primers setting mismatched bases=4. After completion of the PCR, the
methylated parental plasmid DNA was digested by adding Dpn1 (6 U) and incubating at
37 C for 1 h. and the mutated DNA was transformed into E. coli DH5α. The
transformants were selected on appropriate antibiotic (50µg/ml Amp) and cultured
overnight. Isolated plasmid DNA was verified by restriction digestion with EcoR1 and
sequencing of at least 3 clones. Finally, correct CBF4p(281-342)m was digested with
BamH1 and HindIII and subcloned into reporter pCAMBIA plasmid.

4.3.3 Preparation of Agrobacterium liquid cultures
Effector and reporter plasmids were introduced into Agrobacterium tumefaciens
strain EHA105 according to the freeze-thaw method described by Höfgen & Willmitzer
(1988). The kanamycin resistance gene present on the pCAMBIA vectors and the
rifampicin resistance gene on endogenous plasmid with vir genes were used for selection
of transformed bacteria using kanamycin (50 µg/ml) and rifampicin (10 µg/ml)
respectively.
The preparation of Agrobacteria cultures for infiltration was done slightly
different from that described in Nassuth et al. (2014b). Briefly, Agrobacterium cells
containing individual constructs were grown overnight at 30oC with shaking at 280 rpm
as a small starter culture by inoculating 10-20 µl of permanent culture of each construct
in 3 ml LB medium containing kanamycin (50 µg/ml, to maintain the pCAMBIA
plasmid) and rifampicin (10 µg/ml, to maintain the endogenous plasmid containing vir
genes). Then 1-3 ml of overnight culture was used to inoculate 25 ml of LB medium
supplemented with kanamycin (50 µg/ml), rifampicin (10 µg/ml), MES (2morpholinoethane sulfonic acid, 10 mM, pH 5.6) and acetosyringone (40 µM) and
incubated again for 3-4 hrs at 30oC and 280 rpm until the optical density at 600 nm
(OD600) reached 1.0. The bacteria were pelleted at 4000 rpm (3000×g) for 10 min 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 (150 uM) was added and the bacterial suspensions were
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incubated at ambient temperature for a minimum of 3 hrs to ensure the expression of vir
genes. Just before infiltration, Agrobacterium harbouring an effector was mixed with
Agrobacterium harbouring a reporter in a 1:2 ratio, unless indicated otherwise, to get a
final OD600 of 0.5 for the reporter and of 0.25 for each of the effector bacteria wanted for
the experiment.

4.3.4 Agroinfiltration of tobacco leaves
Tobacco plants (Nicotiana benthamiana) were grown in Conviron walk-in growth
chambers programmed for 16 hours of light (100-120 uEm-2s-1, starting at 6 am) at 22°C
alternating with 8 hours of dark at 20°C for up to 5 weeks. The plants were grown to
reach a 6 leaf stage in small pots (4size), while being watered 3 times a week and
fertilized with 20:20:20 (N:P:K) fertilizer once a week.
Agroinfiltration was performed based on the procedure described by Nassuth et
al. (2014b). Initially different variations of the procedure were compared to determine
when activation by ICE was highest (see results section) but then most experiments were
according to the following procedure. The two youngest fully expanded leaves (usually
3rd and 4th leaves from the tip of the shoot) of three 3-4 weeks old tobacco plants per
treatment were infiltrated from the lower epidermis (between 5 and 6 pm) with the
Agrobacterium suspensions using 3 ml needleless syringes. Infiltrated tobacco plants
were incubated at 22o/20oC, day/night, for 4 to 5 days after which 1 disc (6 mm) per
infiltrated leaf was harvested between 10 and 11 a.m., for a total of 6 discs from 3
different plants per treatment, frozen immediately in liquid N2 and stored at -80oC until
use for dual luciferase and glucuronidase assays. Three or more samples were collected
per treatment and each experiment was repeated at least 2 times.

4.3.5 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. 2014b). Each sample of 6 frozen leaf
discs was ground to powder with liquid N2 using frozen kontesTM pellet pestles and
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subsequently extracted with 300 µl of 1X CCLR. Leaf extracts were incubated at 4 oC (on
ice) for 1 hour after which cell debris was pelleted by centrifugation at 4oC for 10 min at
12000×g (SpeedFuge ® SFR13K, Savant). The supernatant was then stored at -80 oC or
used immediately for GUS and luciferase assays after diluting to 75× with 1X PLB (See
Nassuth et al. 2014b for details).
GUS activity was measured according to Jefferson (1987), essentially as
described in Nassuth et al. (2014b). 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 4-methylumbellifery β-D-glucuronide (4-MUG)] and incubated at 37oC 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 fluorescence (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 fluorescence (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 florescence measurement was repeated for
the next treatments until measurement for all treatments of the experiment were
completed.
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4.3.6 Quantification of promoter activation
The relative expression of the RiLUC reporter gene driven by the different
promoters will identify the activity of the transcription factor(s) expressed from the
effector plasmid(s) on these different promoters. The expression of the FiLUC reporter
gene driven by 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-promoter combination. This will normalize for different infiltration efficiencies,
and different effector and reporter plasmid ratios between the various samples (for
details, see Nassuth et al. 2014b).

4.3.7 Statistical analyses
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) using
statistical software, JMP 11 (SAS Institute).

4.3.8 Genbank accession numbers
VrCBF4 promoter (DQ339112), VvCBF4 promoter (DQ339116), VrCBF6 promoter
(KP114208) and VvCBF6 promoter (KP114209)

4.4 RESULTS
4.4.1 Analysis of the grape CBF4 and CBF6 promoters identifies various putative
regulatory elements
The CBF6 promoters (1013 bp, including the untranslated region) of both V. vinifera and
V. riparia were sequenced and compared with the CBF4 promoter sequences (Siddiqua
2007). There is not much difference between the CBF6p V.vinifera and V. riparia
orthologs (97% nucleotide similarity) but the CBF4 and CBF6 promoters have only 48%
nucleotide similarity (Appendix 4.1, 4.2 and Fig. 4.2 ). Computer predicted transcription
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start sites (TSS) and TATA boxes suggested a 5’untranslated region of 101 and 81
nucleotides with a TATA box 29 and 13 nucleotides upstream for the CBF4 and CBF6
promoter respectively (Fig. 4.2). The promoter sequences were analyzed for regulatory
elements, first for MYC elements because bHLH transcription factors are reported to
bind to MYC elements (Toledo-Ortiz et al. 2003). The Vitis CBF4 promoters contain 4
MYC elements (CANNTG), namely, one copy each of MYC2g (CACGTG) and MYC3c
(CAGCTG), and 2 copies of MYC4t (CATTTG) (naming according to Badawi et al.
2008). The Vitis CBF6 promoters contain 5 MYC elements: 2 copies of MYC2t
(CACTTG), 1 copy each of MYC2c (CACCTG), MYC3c (CAGCTG) and MYC4t
(CATTTG). This means that two MYC variants, MYC3c and MYC4t, are present in both
promoters.
Next the CBF4 and CBF6 promoters were analyzed for a number of other
promoter elements. Variations of ICEr1 (GGACACATGTCAGA) and 2 shorter
variations of ICEr2B (CTTTMAAAACGTGGTTTCACA, where M=C/A), which were
reported to regulate strong cold-induced gene expression in Arabidopsis (Zarka et al.
2003), are present in the CBF4 promoter (Siddiqua 2007) but not in the CBF6 promoter.
Of the ICEr3 (HACACGT) and ICEr4 (HCCACGT, where H=A, C or T) motifs, which
were correlated with COR gene induction in Arabidopsis (Benedict et al. 2006b), only
ICEr4 is present in the CBF4 promoters whereas both are found in the CBF6 promoters.
The ICErM element (TMCGTGTCCATTTC, where M=T/C), a unique sequence for
grape CBF promoters identified by Moody (2009), is present in both CBF4 (TCCAC
GTCACTTTC, 10/14) and CBF6 (CTCGCTTCCATTTC, 11/14). The CBF4 promoter
also contains a combination of promoter elements reported to be important for coldinduced genes such as AtTCH4: an AT-rich region, a GGAAAA domain, a MYB domain
(TAACT/CG) and a TATCCAC box (Iliev et al. 2002). The CBF6 promoter does not
contain this combination but still contains an AT-rich element/sequence and a GGAAAA
domain. However, the CBF4 and CBF6 promoters, like the AtCBF1, 2 and 3 promoters,
do not contain any CBF binding CRT/DRE element (A/GCCGAC). The V. riparia and V.
vinifera CBF4 and CBF6 (orthologous) promoter sequences did not differ with respect to
the identified putative regulatory elements.
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VrCBF4p (954 bp)

VrCBF6p (996 bp)

AGCTTTATTGAGTCAAAGTATCGTGTTTTAGCTTCTACCACTAC

ACCTATATGAGAAAAAAAAACTAAAAACATGGGACACTAAAGTATTT
AT-rich sequence(-)
TAAAAACAGAAATATATCTTTAATTAAGAGATTACAAGATGAACATT

ATAATTGATTTGGATTCAATCTTTGTTTCATGAGTTGGGTCTTT
CTCTTGAAAAAACATTCAATGTTATGGTGTGATGACGTTGGTGC
MYC4t
TACTGTTTTAGCTTCAAATCTTATTTTTCAAACCAAAACATTTG
AATCATGAATATTATTCTTAATAAATAAATAATTTATTTACTAA

AAAGTTTTGTTTTTAAAAAACATTAATGGCCCTAAAATTAATACAAT
GGAAAA
AATAAGTATCTTAAAATTATGGAAAAGAAGTATTGTTTCATAGATTA
AT-rich element(-)
AGGGAATCAAATATTATTAATTTTTAATTTCTATTGACTTAAAATAT

ATTTTAAATTATTGAATAATTTCTAGATATAACTAATTATATGA
AT-rich
TAAATTTAAAAAAATTTAATAGCAAATATTGGAATGTAATATAA
domain
AT-rich sequence(-)
TTTTTATTTTAAACAAATATCAAGAAATTAAAAATAGTATTTTA

TATTAATATATGATTACTATTAACTTATGAAAGTATGTTTGATTTTA
ICEr4
CGTACTTTTATGATTTTTTACATTTTTATTATTATTTTCATTCCACG

TTTATTTTATAAATTAAATATATGCATAATATAATAATATTGTA
AT-rich domain
TCATTAAGATATGATTTCCTCCGTTAAATATATAATATATGTAC

GATAAAAATTTGAGATTCTAAATTTAAATGTATTGAAAGAAAAATTT

CCTTCCAACTCATGAAGAATTTATAAATTCTTCAAGACTTATAA
-462
GGAAAA
TGACTGATCGGAATAGAATCGGCGAGGAATTGGAAAATGAAGTA

AATTTATTAGTAGTGTTAAAAAAATATATGCGGACGCAGAGTTTTTT
MYC2t MYC2c
TTTTATAAAAAAAAATGGTTTACCGAATCACATCACTTGTCACCTGC
GGAAAA
TGAAAGGAAAAATTGGACTGGGTCATGATAGAACTTTCCTTTTTCTG
MYC2t
CTTTGTTAAGCAATAGACCACTTGATGTTAGATGACGAAGGGGCCAC

TGGTAGCACATCACTGACATTGACTCTGACAGCCAGAGGGACAG
MYC4t
-342
CATTTGATACAGATACATTGGACCCATCAGTCAACATCATAGAC
ICEr4/ICErM
ICEr1/MYC2g
CAAGTCAGGCTTACAATATCCACGTCACTTTCATGACACGTGTT
-281
MYC3c
GTACAACCATCGCTCCACAACTTGGCCACCAGCCTACAGCTGTA
-236
AT-rich
TTCAAGTCAGCCCCACTTCGATTCTCTTAAAAAAAAGAAAAAAA
domain
MYB/ICEr2B
TAATAATAATTATGATAATTATGTAACCGTGGGTTTCCAGCCTG
ICEr2B
-135
TATA
TCTCCTTATCAGAACCGTGTTTGGGAACCATATATATAAAACTC
GTTAATTACTTTGTACCCAAATCTCCACACAAAAAGGGCTTCAC
MYB
TCAGCACTCAAATCAGTTACCGTTCTCCTTAACTGCTCTTACTA
-1
AATCTCGACACTTCAGTCTTCACCGTTATG

TCTTGTCATTCTCTATCCTCTTACTTTTTTTTTAATTAAAAAGAAGT

GTGCTTTCAATTTTTAATTCTTTTGTGGTTTTTTTTACATGTATTTA

GGTCTCGCGGAAGTCCGACAACCCCTCACTTTCCTTAGGAGATATGC
ICEr3
MYC4t
GGGCGACCCATGTAGAAAGAACACGTTTTCATTTGTTAAATGTAGGA
AATGATGCCACGTAGGCAGCTAGTCAAAGTGTCAAAATAGTGTGTTC
MYC3c
CCACTTACTTAGTAGGAGCCGTGGCCCTCCTTACCCAGCTGGTATCT
AGTGGAACCCGTGTGCGCGTCCTAATCGCTTCTACTTTGGGACAACT
TATA
ICErM
CAACCTATATATTCTTTCCCACCCTCGCTTCCATTTCTTTTAAACGA
TAACAGAACAATTCCAGCTCTACCAACACTTCCTTCTCTCACTGCAA
-1
ATTCAAATG

Figure 4.2 Analysis of VrCBF4 and VrCBF6 promoter sequences (up to the ATG start codon
thus including the 5’ untranslated region). MYC variants, ICEr1, ICEr2B, ICEr3, ICEr4, ICErM
and AT-rich elements/sequence (PlantCARE) are indicated. A putative transcription start site
predicted by the TSSP program is also indicated ( ). The CBF4 promoter region between -342
and -281 is highlighted as are the nucleotides delineating the various deletion constructs (1st
nucleotide of deletion construct is underlined).
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4.4.2 Optimization of the transient transactivation assay for grape ICE transcription
factors on the VrCBF4 promoter
I wanted to use a transient agroinfiltration system (Nassuth et al. 2014b) to analyze the
transactivation capabilities of each of the grape ICE transcription factors (Chapter 2,
Rahman et al. 2014). Variations in the length of the 22C incubation period after
infiltration with ICE2 and ICE3 showed that after 2 days (40 hrs) of incubation they gave
similar activation on the VrCBF4 promoter containing reporter as on reporter alone (i.e.
negative control) whereas an incubation for 4 or 5 days gave higher activation values.
Therefore, all further experiments were conducted with a 4 or 5 day incubation period at
22C unless stated otherwise.
To optimize the density of the Agrobacterium suspensions used for infiltration,
the effect of different densities (0.1, 0.25, and 0.5 OD600) of bacterial suspension
containing effector plasmid with ICE2 on the activation of CBF4 promoter sequence in
reporter plasmid (reporter bacteria at 0.5 OD600) were tested. The 462 bp CBF4 promoter,
which contains most MYC elements, was chosen for this experiment. Higher activation
was observed with effector bacteria at an OD600 of 0.25 or 0.50 compared to an OD600 of
0.1 (Fig. 4.3). An OD600 of 0.25 was used for the effector plasmid bacteria in all
subsequent experiments to accommodate the addition of more than one effector plasmid
without increasing the total bacterial OD600 to more than 1.

4.4.3 Activation of the VrCBF4 and VrCBF6 promoters by different grape ICE
proteins
The ability of all 4 grape ICE proteins to activate the VrCBF4 full length promoter was
tested by the transient expression assay. All the grape ICE proteins activated the
CBF4p(FL) promoter, expressed in terms of RiLUC/FiLUC/GUS values (Fig. 4.4).
Approximately 6 to 7 times higher activation was found with ICE2 and ICE3 compared
to control whereas the activation by ICE1 and ICE4 was somewhat lower (4-5 times; see
also Fig. 4.9). These data showed that all the grape ICEs can function as activators of the
VrCBF4 promoter.
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Figure 4.3 Optimization of the density of the bacterial suspension containing effector plasmid.
Different densities (0.1, 0.25, and 0.5 OD600) of bacterial suspension containing ICE2 effector
plasmid were co-infiltrated with reporter plasmid containing VrCBF4 promoter sequence
(CBF4p(462), at OD of 0.5) and activation was measured after 5 days of incubation. Plants coinfiltrated with the empty pCAMBIA effector plasmid (i.e. without any effector) and CBF4p(462)
reporter plasmid were used as control. Error bars represent the standard error.
RiLUC/FiLUC/GUS activation values indicated by different letters are significantly different as
determined by Tukey-Kramer’s HSD test (P<0.05).
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Figure 4.4 Activation of the “full length” VrCBF4 promoter, CBF4p(FL), by different grape ICE
proteins after 4 days of incubation at 220C. Tobacco leaves were infiltrated with Agrobacterium
suspensions containing ICE1, 2, 3 or 4 effector plasmid (OD600 of 0.25) and CBF4p(FL) reporter
plasmid (OD600 of 0.5). Control plants were co-infiltrated with CBF4 effector plasmid and
CBF4p(FL) reporter plasmid. Error bars represent the standard error. Activation indicated by
different letters are significantly different as determined by Tukey-Kramer’s HSD test (P<0.05).

Figure 4.5 Activation of the “full length” VrCBF6 promoter, CBF6p(FL), by different grape ICE
proteins after 4 days of incubation at 220C. Tobacco leaves were infiltrated with Agrobacterium
suspensions containing ICE1, 2, 3 or 4 effector plasmid (OD600 of 0.25) and CBF6p(FL) reporter
plasmid (OD600 of 0.5). Control plants were co-infiltrated with the empty pCAMBIA effector
plasmid (i.e. without any ICE coding region) and CBF6p(FL) reporter plasmid. Error bars
represent the standard error. Activation indicated by different letters are significantly different as
determined by Tukey-Kramer’s HSD test (P<0.05).
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The activation of the full length VrCBF6 promoter was analyzed next in a similar
way. The results showed that Vitis ICE1 and ICE4 activated CBF6p(FL) at least 5 times
higher than control, whereas activation by ICE2 and ICE3 was lower (Fig. 4.5). The
highest activation of the CBF6 promoter was found with ICE1 which, interestingly, had
one of the lowest activation values on the CBF4 promoter. Activation by ICE4 of the
CBF6 or CBF4 promoter was at a similar level (5 times higher than control on both
promoters).

4.4.4 VrCBF4 promoter region important for activation by ICE proteins
The activation by ICE2 of five 5’ deletion constructs of the VrCBF4 promoter (135 bp,
236 bp, 280 bp, 342 bp and 462 bp), along with that of full length VrCBF4 promoter (951
bp), was analyzed to identify which CBF4 promoter region is important for the
activation. These sizes had been chosen so that at least one putative cold-regulated
element is lost going from one size to a smaller size, so that changes in transactivation
might indicate which elements can direct activation by the ICE effector. Plants infiltrated
with a mixture of Agrobacterium suspensions carrying empty effector plasmid and the
respective promoter deletion reporter plasmid were used as controls to determine
background activation values for each promoter construct. The 342 bp, 462 bp and full
length promoters gave the highest and statistically similar transactivation activities
(RiLUC/FiLUC/GUS values of 10.4-11.1), which were almost 10x higher than the
activation obtained with the135 bp (1.07) and 236 bp (1.08) promoters (Fig. 4.6). The
transactivation value for the 280 bp promoter was a little higher than for the 236 bp
promoter, but both were about 2x higher than their respective background activation
value. Taken together these results suggest that the CBF4 promoter region between -281
to -342 bp contains important elements for the activation by ICE2.
This brought up the question whether all the grape ICE proteins can activate the
CBF4 promoter via the same region. To address this question we used the 342 bp
promoter as reporter with each of the ICEs as effector in the transactivation assay. A
CBF4 effector plasmid was used together with reporter plasmid as negative control. All
the grape ICEs activated the 342 bp promoters more than the control to a similar extent as
the full length (951 bp) CBF4 promoter (Fig. 4.7 compare with Fig. 4.4). These results
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Figure 4.6 Identification of VrCBF4 promoter region important for activation by ICE2 protein.
The 5’ deletion constructs (135 bp, 236 bp, 280 bp, 342 bp and 462 bp) and full length (FL)
VrCBF4 promoter (951 bp) were used as reporter plasmid along with the ICE2 effector plasmid
and infiltrated plants were incubated for 5 days at 22 C. Control plants were co-infiltrated with
the empty pCAMBIA effector plasmid (i.e. without any ICE coding region) and the respective
promoter deletion construct as reporter plasmid. Error bars represent the standard error.
Activation indicated by different letters are significantly different as determined by TukeyKramer’s HSD test (P<0.05).

Figure 4.7 Activation of CBF4p(342) by different grape ICE proteins after 4 days of incubation
at 220C. Tobacco leaves were infiltrated with Agrobacterium suspensions containing ICE1, 2, 3
or 4 effector plasmid (OD600 of 0.25) and CBF4p(342) reporter plasmid (OD600 of 0.5). Control
plants were co-infiltrated with the pCAMBIA effector plasmid with CBF4 coding region and
CBF4p(342) as reporter plasmid. Error bars represent the standard error. Activations indicated by
different letters are significantly different as determined by Tukey-Kramer’s HSD test (P<0.05).
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suggest that the CBF4 sequence in the 342 bp before the AUG contains the elements that
can be used by all ICE proteins for activation of the CBF4 promoter.

4.4.5 Incubation at 4C increases the transactivation by ICE2 and ICE3
A cold treatment might increase the activation because it has been reported that AtICE
becomes sumoylated and thereby stabilized and/or activated under low temperature
conditions (Miura et al. 2007). However, incubation at 4C for 2 or 5 days resulted in
GUS and FiLUC activities of Vitis ICE protein plus CBF4 promoter similar to CBF4
promoter alone, i.e. low background activity (Appendix 4.3). This suggests that the 35S
promoter driving GUS and FiLUC expressions is not active at 4C and therefore that
experiments with longer low temperature incubation periods are of no value since no ICE
effector RNA and protein would be made from its 35S promoter either. However, when
infiltrated plants were incubated for 4 days of 22C followed by 2 hrs of 4 C ICE2 and
ICE3, but not ICE1 and ICE4, showed higher activation as compared to 4 days of
incubation at 22 C (Fig. 4.8). This result shows that an incubation at 4C does increase
the activation by some ICE proteins but only to a minor extent. Because the experimental
set-up would then be more involved, it was decided to conduct further experiments
without the additional 4 C incubation period.

4.4.6 FAMA(L) but not SPCH and MUTE, also activates the VrCBF4 promoter
alone and in combination with ICE
Transactivation experiments with grape FAMA(L) alone or in combination with grape
ICE proteins were performed next. FAMA(L) alone activated CBF4p(FL) promoter (Fig.
4.9) or CBF4p(462) promoter (Fig not shown) at a 4 times higher value compared to the
empty effector plasmid control, which was a bit lower than the activation with ICE1,
ICE2 and ICE3 alone. However, FAMA(L) in combination with ICE proteins (ICE1, 2, 3
and 4) activated the CBF4p(FL) promoter to higher levels than activation by FAMA or
any of the ICE proteins alone. These results suggest that the stomatal transcription factor
FAMA(L) could be a dimerization partner of ICE or that each activates via different
elements present in the promoter region of VrCBF4.
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Figure 4.8 Activation of full length VrCBF4 promoter, CBF4p(FL), by grape ICE proteins
analyzed after 4 days of incubation at 220C (light bars) or a combination of 4 days at 220C and 2
hrs at 40C (C; dark bars). Tobacco leaves were infiltrated with Agrobacterium suspensions
containing different ICE effector plasmid (OD600 of 0.25) and CBF4p(FL) reporter plasmid
(OD600 of 0.5). Control plants were co-infiltrated with the CBF4 effector plasmid and
CBF4p(FL). Error bars represent the standard error. Activations indicated by different letters are
significantly different as determined by Tukey-Kramer’s HSD test (P<0.05).

Figure 4.9 Activation of VrCBF4 full length (FL) promoter by grape FAMA(L) or different ICE
proteins alone or by a combination of both after 4 days of incubation at 220C. Tobacco leaves
were infiltrated with Agrobacterium suspensions containing FAMA or different ICE effector
plasmid (OD600 of 0.25) or both together along with CBF4p(FL) reporter plasmid (OD600 of 0.5).
Control plants were co-infiltrated with the pCAMBIA effector plasmid without any ICE coding
region and CBF4p(FL) as reporter plasmid. Error bars represent the standard error. Activations
indicated by different letters are significantly different as determined by Tukey-Kramer’s HSD
test (P<0.05).
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Increased transactivation on CBF4p(462) was not observed with a combination of
ICE and either SPCH or MUTE effector plasmids compared to the activation by the
respective ICE alone, whereas the combination of ICE and FAMA did (Fig.4.10).

4.4.7 VrCBF4 promoter region important for activation by FAMA
The discovery that FAMA activates CBF4p(462) and CBF4(FL) alone prompted the
question whether FAMA does so via to the same region as ICE. Activation results with
the 5’ deletion series (236 bp, 280 bp, 342 bp and 462 bp) as well as full-length (FL)
constructs of the CBF4 promoter showed that the RiLUC/FiLUC/GUS value due to
FAMA sharply increased when comparing the 280 bp promoter (1.8) to the 342 bp
promoter (5.54) and did not increase substantially further for the longer 462 bp and FL
promoters (Fig. 4.11). Therefore, it can be assumed that the 281-342 bp region of the
CBF4 promoter has sequence elements sufficient for the activation by FAMA, and thus
that FAMA can activate via regulatory elements in the same region of the CBF4 promoter
as the ICE proteins.

4.4.8 Do all ICE and FAMA proteins activate via the same MYC element?
Analysis of the CBF4 promoter shows that the 281-342 region of the Vitis CBF4
promoter has one copy of a MYC variant, MYC2g (CACGTG), one ICEr1 element and
one ICEr4 element. To confirm that the 281-342 region is sufficient for activation by the
ICE and FAMA proteins, only this region of the CBF4 promoter, a CBF4p(281342)min35S promoter, was used as reporter for a subsequent transactivation study. To
address the question whether activation occurs due to the MYC2g element present in this
sequence, the same promoter with a mutated myc2g element, CBF4p(281-342)m, was
also used. Only ICE2, ICE3 and FAMA alone significantly activated the CBF4p(281342) and their activation on CBF4p(281-342)m with mutated myc2g element was reduced
to values similar to or lower than the activation obtained with empty vector control (Fig.
4.12). This suggests that ICE2, ICE3 and FAMA each bind to the same MYC2g element
but that ICE1 and ICE4 do so less. All the ICEs activated the 280 bp promoter,
presumably because they all can activate via the only MYC element, a MYC3c, present
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Figure 4.10 Activation of VrCBF4(462) promoter by grape SPCH, MUTE or FAMA(L) in
combination with different ICE proteins after 4 days of incubation at 220C. Tobacco leaves were
infiltrated with Agrobacterium suspensions containing SPCH, MUTE or FAMA(L) (OD600 of
0.25) and one of the different ICE effector plasmids (OD600 of 0.25) together along with
CBF4p(FL) reporter plasmid (OD600 of 0.5). Control plants were co-infiltrated with the
pCAMBIA effector plasmid without any ICE coding region (empty) and CBF4p(FL) as reporter
plasmid. Error bars represent the standard error. Activations indicated by different letters are
significantly different as determined by Tukey-Kramer’s HSD test (P<0.05).

Figure 4.11 Identification of VrCBF4 promoter region important for activation by FAMA
protein. The 5’ deletion constructs (236 bp, 280 bp, 342 bp and 462 bp) and full length (FL)
VrCBF4 promoter (951 bp) were used as reporter plasmid along with the FAMA effector plasmid
and infiltrated plants were incubated for 5 days at 22 C. Control plants were co-infiltrated with
the pCAMBIA effector plasmid without any ICE coding region (i.e. empty) and the respective
promoter deletion construct as reporter plasmid. Error bars represent the standard error.
Activations indicated by different letters are significantly different as determined by TukeyKramer’s HSD test (P<0.05).
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in this region (Fig. 4.13). In the case of ICE4 it seems this activation is the only one that
occurs on the CBF4 promoter because this transcription factor had a similar activation on
the 280 bp promoter as on the 342 bp promoter (~5 times higher over control) (compare
Fig. 4.7 and 4.13) .

4.4.9 Can alternative ICE variants activate the CBF4 promoter?
To investigate whether the incomplete, alternative variants ICE1i1, ICE2i2 and ICE4i1
(Rahman et al. 2014; Chapter 2), can function as a transcription factor, each was
analyzed in a transactivation assay as effector and CBF4p(342) as reporter. The “regular”
proteins ICE1, ICE2 and ICE4 effectors were also included as positive control for their
corresponding alternative variants. The activations by all the ICE alternative variants,
ICE1i1, ICE2i2 and ICE4i1 were significantly lower compared to the activation given by
their regular counterparts (Fig. 4.14). This suggests that the ICE alternative variants are
compromised in activating expression from the CBF4 promoter.

4.5 DISCUSSION
To test the transactivation ability of Vitis ICE factors alone or in combination with
stomata-specific genes it was decided to use the VrCBF4 and VrCBF6 promoters because
VrCBF4 and VrCBF6 transcripts were reported to be abundant in the cold hardy part of
the grapevine, mature buds (Fasoli et al. 2013), and may therefore be important for
freezing tolerance. The idea was that transactivation analysis using both promoters would
enhance the chance to identify an ICE-CBF promoter combination that shows activation,
and to learn something about the preference of ICE transcription factors for one over the
other promoter.
The transient transactivation system (Nassuth et al. 2014b) was first optimized to
analyze the transactivation abilities of grape ICE proteins. It has been reported that a cold
period is needed to activate and/or stabilize AtICE (Gilmour et al. 1998), and therefore a
2 or 5 day incubation period at 4C was tested. However, the low GUS and FiLUC
activities from the effector and reporter plasmid containing a 35S::GUS and 35S::FiLUC
reporter respectively, equal to the activities from tissues infiltrated with reporter plasmid
only (Appendix 4.3), suggests that the 35S promoter is not active at low temperatures
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Figure 4.12 Activation of VrCBF4p(281-342) with regular MYC2g and VrCBF4p(281-342)m
with mutated myc2g by grape ICE or FAMA(L) proteins after 4 days of incubation at 220C.
Tobacco leaves were infiltrated with Agrobacterium suspensions containing different ICE
effector plasmid or FAMA (OD600 of 0.25) along with CBF4p(281-342) or CBF4p(281-342)m
(OD600 of 0.5) as reporter plasmid. Error bars represent the standard error. Activations indicated
by different letters are significantly different as determined by Tukey-Kramer’s HSD test
(P<0.05). Note relatively high background activation value on this promoter with the empty
control effector plasmid.

Figure 4.13 Activation of CBF4p(280) by different grape ICE proteins after 4 days of incubation
at 220C. Tobacco leaves were infiltrated with Agrobacterium suspensions containing ICE1, 2, 3
or 4 effector plasmid (OD600 of 0.25) and CBF4p(280) reporter plasmid (OD600 of 0.5). Control
plants were co-infiltrated with the empty pCAMBIA effector plasmid (i.e. without any ICE
effector) and CBF4p(280) as reporter plasmid. Error bars represent the standard error. Activations
indicated by different letters are significantly different as determined by Tukey-Kramer’s HSD
test (P<0.05).
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Figure 4.14 Activation of VrCBF4p(342) promoter by grape ICE1i1, ICE2i2 and ICE4i1 after 4
days of incubation at 220C. Tobacco leaves were infiltrated with Agrobacterium suspensions
containing ICE1i1, ICE2i2 ICE4i1, ICE1, ICE2 or ICE4 effector plasmid (OD600 of 0.25) along
with CBF4p(342) (OD600 of 0.5) as reporter plasmid. Regular ICE1, ICE2 and ICE4 effector
plasmids were used as a positive control for their corresponding alternative variants. Plants coinfiltrated with the CBF4 effector plasmid and CBF4p(342) reporter plasmid were used as
negative control. Error bars represent the standard error. Activations indicated by different letters
are significantly different as determined by Tukey-Kramer’s HSD test (P<0.05).
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which also means that no ICE protein would be synthesized under these conditions.
Stomatal development occurs also at regular temperature which means that at least some
ICE proteins were expected to be active without a cold period. Indeed, activation by ICE
effectors on reporter (CBF4pFL) was obtained with incubation at 220C (RT) but it
required a period of 4-5 days to obtain significant RiLUC/FiLUC/GUS activation values
(Fig. 4.4). Badawi et al. (2008) also needed a longer incubation period for transactivation
by wheat ICE proteins: they used 5 days at 24 C for the activation of a TaCBF promoter
by TaICEs.
A short, 2 hour cold period after 4 days of incubation at 22 C increased the
activation on CBF4pFL by grape ICE2 and ICE3, but not by grape ICE1 and ICE4,
compared to 4 days of incubation at 22 C only (Fig. 4.8). Because only ICE2 and ICE3
proteins have a sumoylation motif, the findings supports the notion proposed by
Thomashow (2010) that low temperatures prevent ubiquitin-related degradation and
activate and/or stabilize ICE proteins through sumoylation (Miura et al. 2007) and thus
induce the CBF genes. Apparently the high amount of ICE protein produced due to the
35S promoter is already active as it is and cold-induced sumoylation only adds a
relatively small additional amount of protein by preventing ubiquitination and subsequent
degradation. Further experiments were conducted with a 220C incubation only because
the more labor-intensive additional 40C incubation had no major effect. Lowering the
final OD600 of effector Agrobacterium to 0.25 would allow the accommodation of more
than one effector while keeping the final Agrobacterium OD at 1, and was found to still
give good activation values. Wydro et al. (2006) also reported that GFP fluorescence was
higher 4 days after agroinfiltration and that lower Agrobacterium densities could be used.
Therefore, a mixture of Agrobacterium suspensions carrying effector plasmid of 0.25
OD600 along with reporter plasmid of 0.5 OD600 was used for agroinfiltration and
incubated for 4 days at 22 C, if not indicated otherwise, for all subsequent
transactivation assays with ICE.
Control infiltrations with empty pCAMBIA effector plasmid (i.e. without any ICE
effector) had different levels of activations as background depending on the VrCBF4
promoter region used (in reporter plasmid). The highest background activation was
obtained with the CBF4p(281-342) promoter, whereas the CBF4p(342) promoter had a
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lower background activation compared to that with the 462 bp and FL CBF4 promoters.
The use of the CBF4p(281-342) promoter was therefore limited to the MYC2g mutation
analysis. The background activation in control plants was probably due to the activation
by endogenous, tobacco transcription factors.
Transient expression analysis with the different grape ICE proteins showed that
ICE1, ICE2, ICE3 and ICE4 all can activate the VrCBF4 promoter, with somewhat lower
activation values for ICE1 and ICE4 (Figs. 4.4, and 4.9). In contrast, the VrCBF6
promoter was activated best by ICE1 and ICE4 but less so by ICE2 and ICE3 (Fig. 4.5).
The fact that each ICE protein can activate might be because it forms dimers with
endogenous tobacco bHLH transcription factors, forms dimers with itself or can act as a
monomer. More research is needed to distinguish between these possibilities but it has
been reported that both AtICE proteins do not form homodimers and are not active as
monomers (Kanaoka et al. 2008). The difference in relative activation on VrCBF4pro and
VrCBF6pro suggests that the Vitis ICE proteins differ in preference for a particular
promoter element. Various experiments were performed to gain more insight into what
such elements could be.
All the grape ICEs activated the 342 bp promoter to a similar extent as the full
length CBF4 promoter (Fig. 4.7). This suggested that the 342 bp promoter contains all the
necessary elements to be activated by all ICEs. Using a 5’ deletion series of the VrCBF4
promoter (135 bp, 236 bp, 280 bp, 342 bp, 462 bp and 951 bp=“FL” promoter) as
reporter, it was discovered that the region between 281 to 342 bp contains sequences that
are recognized by ICE2 (Fig. 4.6). Of the identified elements in this region, ICEr1,
MYC2g, and ICEr4, it was thought most likely that the MYC element was involved since
bHLH proteins are known to recognize such elements. Transactivation assays with only
the 281-342 region of the CBF4 promoter containing wild type or mutated MYC2g
element as reporter confirmed that the 281-342 bp region is sufficient for the activation
by ICE2, ICE3, and possibly ICE1, and that they do so via the MYC2g element (Fig.
4.12). A MYC2g element is absent from the CBF6 promoter and this could thus explain
its lower activation by ICE2 and ICE3. In this context it is interesting to note that the
MYC2g element or G-box motif (Badawi et al. 2008) is commonly found in the promoter
of environmentally controlled genes, including COR genes (Schindler et al. 1992;
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Williams et al. 1992). The activation by ICE4 on the 280 bp promoter was almost similar
to its activation on the 342 bp promoter which suggests that ICE4 binds to an element
present in the 280 bp promoter, possibly MYC3c (CAGCTG). ). This suggestion is
supported by the similar activation by ICE4 on the MYC3c element-containing CBF6
promoter. The same element might also be recognized by the other ICE proteins because
all ICE proteins gave some activation on the 280 bp promoter. Results with the CBF6
promoter suggest that it contains elements that are preferred by ICE1 in particular. This
in combination with the less pronounced activation by ICE1 on the CBF4 promoter
suggests that it prefers the MYC2t or MYC2c element present in the CBF6 promoter
only. Further experiments with mutated promoter sequences are needed to confirm these
suggestions. A specificity of different ICE proteins for different MYC elements is in line
with previous reports in the literature. Badawi et al. (2008) showed that TaICE41 and
TaICE87 activate the TACBFIVd-B9 promoter by binding to two different MYC variants,
MYC2a and MYC4g respectively.
Transactivation results for alternative ICE variants showed that ICE2i2 and
ICE4i1, but not ICE1i1, also activated the CBF4 promoter, albeit to lower values than
their corresponding regular ICE proteins (Fig. 4.14). These results are what one could
expect for ICE1i1, which misses its dimerization domain, and ICE2i2, which misses only
part of its C-terminus. However, the result was unexpected forICE4i1 because this
protein is also missing the putative dimerization domain. Nevertheless, all alternative ICE
variants are less active and thus likely act to reduce normal CBF4 gene expression.
AtICE forms dimers with SPCH, MUTE and FAMA to direct consecutive steps of
stomatal development (Kanaoka et al. 2008), presumably by activating the expression of
downstream genes. It is not known what genes these might be, but it was thought possible
that these include one or more CBF genes. Therefore, transactivation assays were
performed with the CBF4 promoter and ICE plus SPCH, MUTE or FAMA as effector.
The results showed that FAMA(L), but not SPCH and MUTE, activates the CBF4
promoter together with any one of the ICE proteins. FAMA(L) alone was found to
activate the CBF4 promoter through the same MYC2g element in the 281-342 region as
ICE2 and ICE3 (Fig. 4.11). The activation was much higher when ICE and FAMA(L)
were used together compared to activation by either one alone (Fig. 4.9). It is assumed
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that this is because ICE and FAMA form dimers because preliminary results with ICE2
and ICE3 showed only a slightly higher increase in activation when these two proteins
were used together compared to either one alone. Taken together these results support the
hypothesis that ICE2 and ICE3 activate the CBF4 promoter by forming a dimer with
FAMA, and thus suggests that FAMA is the dimerization partner of ICE in the freezing
tolerance and/or stomatal development pathway(s). Further experiments such as BiFC are
needed to confirm the formation of the proposed ICE-FAMA dimers. The presence of
activation when only a single effector (ICE or FAMA(L)) is infiltrated with a reporter
construct could be attributed to dimer formation with an endogenous tobacco
transcription factor. However, the fact that protein missing a dimerization domain
(ICE4i1) still can activate leaves open the possibility that ICE proteins can (also) act as
monomers.
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GENERAL DISCUSSION
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CHAPTER 5: General discussion

Four ICE genes were identified (ICE1, ICE2, ICE3 and ICE4) and sequenced from both
the wine grape species V. vinifera and the wild grape species V. riparia (Rahman et al.
2014, Chapter 2). Most other plants that have been examined, including woody
perennials such as poplar, eucalyptus and citrus, have 1-2 ICE genes (except Malus
which has also 4 ICE genes) (Wisniewski et al. 2014). The higher number of ICE genes
in grapes therefore does not suggest any additional regulation specific for woody
perennials but might point to a specialization event for grape and apple only. The
conserved domains of the N-terminus (domains I to III and box iii) and the more
conserved C-terminus for ICE proteins (Badawi et al. 2008; Moody 2009; Nakamura et
al. 2001; Wang et al. 2012) are missing from ICE4. However, Vitis ICE4 was still
proposed to be a functional ICE protein because it contains the complete bHLH domain
reported to be necessary for binding DNA and a dimeric protein partner (Heim et al.
2003). The location of the grape ICE genes on different chromosomes supports the notion
that they have diverged a long time ago and might have acquired different roles over the
time. In other words, it suggests that grape ICE genes are not redundant as shown also for
Arabidopsis ICE1 and ICE2 (Chinnusamy et al. 2003, Furosova et al. 2009). Functions in
both freezing tolerance and stomatal development have been proposed for Arabidopsis
ICE genes (Chinnusamy et al. 2003; Kanaoka et al. 2008; Furosova et al. 2009) and the
question was what functions could be assigned, if any, to each of the Vitis ICE genes.
Arabidopsis ICE1 and ICE2 were reported to be involved in the acquisition of
freezing tolerance through the activation of AtCBF3 and AtCBF1 respectively
(Chinnusamy et al. 2003, Furosova et al. 2009). Recently it was reported that the V.
amurensis ortholog of Vv/VrICE1 likely also plays a role in frost tolerance. Dong et al.
(2013) showed that transgenic tobacco overexpressing VaICE1 had increased freezing
tolerance compared to wild type plants. I performed a series of experiments to determine
which of the V. riparia ICE proteins could be involved in a CBF pathway leading to
increased freezing tolerance. This included a determination as to whether the presence of
ICE transcripts was consistent with a role in the CBF pathway, and whether they could
activate CBF expression. Regular spliced transcripts of the different grape ICE genes
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were detected in young grape leaves before and after cold treatment, similar to what was
found for other plants (Chinnusamy et al. 2003, Badawi et al. 2008, Nakamura et al.
2011, Wang et al. 2012). Grape ICE1, ICE2, ICE3 and ICE4 transcripts were detected in
leaves at least up to 2 days or even as long as 6 days after cold treatment. This means that
the ICE transcripts are present when the CBF1 to 4 genes are expressed (Xiao et al. 2006,
2008), indicating that all ICE genes might regulate the activation of any of the CBF1 to 4
genes. Because the grape CBF4 gene is expressed in young and old leaves (Xiao et al.
2008) as well as in mature buds (Fasoli et al. 2013), was shown to be sufficient to
increase freezing tolerance in transgenic Arabidopsis (Siddiqua and Nassuth 2011) and
grape (Tillett et al. 2012), and contains many putative cold regulatory elements including
multiple MYC variants in its promoter, it was decided to use the CBF4 promoter for
transient transactivation analyses (Nassuth et al. 2014b) with the ICE proteins. An
Agrobacterium-mediated transactivation study (Chapter 4) showed that all 4 ICE proteins
can activate the VrCBF4 “full length” promoter (951 bp taken upstream from the AUG
translational start codon). However, DNA-protein binding analyses such as, Chromatin
Immunopricipitations (ChIP) or gel retardation assays have to be performed to determine
whether direct interaction of ICE protein with CBF4 promoter sequence is responsible for
the activation. Using a 5’ deletion series of the CBF4 promoter (135bp, 236bp, 280bp,
342bp, 462bp and 951bp=FL) it was found that the region between 281 to 342 bp
contains important elements for the activation by ICE2. Later transient expression assays
showed that all ICE proteins can activate the 342bp promoter in a similar manner as the
CBF4 full length promoter. That means that the 342bp sequence of the CBF4 promoter
contains sufficient elements for activation by all the ICEs.
Additional transactivation experiments were performed to pinpoint better what
those elements might be. ICE, as all bHLH transcription factors, was thought to activate
via a MYC element (Toledo-Ortiz et al. 2003). Therefore the 281-342 region of the CBF4
promoter, which contains the putative cold-inducible elements ICEr1, MYC2g and
ICEr4, was mutated in its MYC2g element (myc2g) and used in a transactivation study in
addition to an unaltered element as control. The activation by ICE1, ICE2 and ICE3
reduced to be similar or lower than that obtained without Vitis ICE protein (empty vector
control) when CBF4p(281-342)m with myc2g element was used as reporter, suggesting
117

that these ICE proteins activate via the MYC2g element. ICE4 seems to activate the
CBF4 promoter via another MYC element, possibly MYC3c. Activation by ICE proteins
via different MYC elements was also reported for other plants. Arabidopsis ICE1
activates AtCBF3 via a MYC2 element but AtICE2 does not (Chinnusamy et al. 2003).
Badawi et al. (2008) reported that wheat TaICE41 and TaICE87 activate TACBFIVd-B9
by binding to MYC2a and MYC4g respectively.
Activation preference for different promoter elements would mean that different
ICE proteins might preferentially activate different downstream genes containing one or
the other element in their promoter. Like CBF4, the CBF6 gene is also reported to be
abundant in mature buds, the cold hardy part of the grape vine (Fasoli et al. 2013), and
have multiple MYC variants, and therefore the activation of the CBF6 promoter by the
ICE proteins was also checked by transactivation analysis. Now a higher activation of the
CBF6 promoter was found with ICE1 and ICE4 compared to that by ICE2 and ICE3, in
contrast to the higher activation of the CBF4 promoter by ICE2 and ICE3 compared to
that by ICE1 and ICE4. Besides having MYC elements similar to those in the CBF4
promoter (i.e. MYC3c and MYC4t), the CBF6 promoter also contains MYC2t and
MYC2c elements. ICE4 possibly activates via the MYC3c element because it activated
similarly on the 280 bp and 342 bp CBF4 promoters as well as on the CBF6 promoter, all
of which have this element in common. ICE1 is more likely to activate via the MYC3c or
MYC4t element unique to CBF6. However, further analyses to confirm this with mutated
MYC elements, and by DNA-protein interaction assays (ChIP, gel retardation) have not
yet been performed. Such studies should consider the finding by Chinnusamy et al.
(2003) that even though the same MYC element (MYC2a) is present in the promoters of
AtCBF2 and AtCBF3, AtICE1 could not activate the AtCBF2. This suggests that also
sequences surrounding a MYC element can have important effects on the binding
specificity or affinity of ICE proteins for a particular MYC element.
An analysis for alternative ICE transcripts was initiated because the production of
alternative transcripts is very common in plants especially after stress (Filchkin et al.
2010), and was found to exist also in grape. Alternative grape transcripts due to intron
retention has been reported for the dehydrin gene, DHN1 in response to low temperature
(Xiao & Nassuth 2006) or elevated CO2 (Fernandez-Caballero et al. 2012). Grape ICE1,
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ICE2 and ICE4 genes indeed produced alternative transcripts, due to alternative
polyadenylation within intron sequence, namely ICE1i1, ICE2i2 and ICE4i1, and these
were detected at room temperature as well as after cold treatment. In Arabidopsis over
4000 gene are predicted to be polyadenylated within introns (Wu et al. 2011), so the
production of alternatively polyadenylated transcripts from grape ICE genes was not very
unexpected. The alternative ICE transcripts, ICE1i1 and ICE4i1 encode truncated
proteins that miss HLH domain sequence and thus are not likely to form functional
dimers. The ICE2i2 truncated protein, in contrast, contains the whole bHLH domain and
therefore should be active but perhaps less efficient because it is lacking part of the Cterminus. The transactivation results show that all alternative ICE variants still activated
the CBF4 promoter, albeit to a lower level than their regular counterparts. These results
suggest that the ICE proteins might function as monomers to activate transcription but
less efficient than dimers (formed with tobacco TFs in case of the transient
transactivation studies). The alternative ICE variants might reduce the regular ICE
protein activation of CBF4 gene expression.
It has been shown that Arabidopsis ICE proteins are produced at ambient
temperature but become stabilized and/or activated after cold-induced sumoylation
(Thomasow 2010). The detection of ICE transcripts before and after cold treatment
suggests that also grape ICE activity is regulated at the protein level, conceivably by
cold-induced post-translational modification. This idea is supported by the observation
that the CBF4 promoter is activated more after 4 days of incubation at 22 C followed by
a 2 hour cold treatment, compared to 4 days of 22 C only. This increase in activation
was observed with ICE2 and ICE3, proteins containing putative sumoylation and
ubiquitination motifs, and not with ICE1 and ICE4, proteins that do not have such motifs.
The transactivation ability at room temperature of the presumably unsumoylated ICE
proteins can be explained if one assumes that unmodified ICE proteins are active but
normally ubiquitinated and degraded quickly whereas the high amount of protein
produced from the 35S promoter ensures that a sufficient amount of undegraded protein
is available in the transactivation experiments. ICE1 and ICE4 proteins seem to be
equally active at regular or low temperatures and it might therefore be these ICE proteins
that direct the formation of stomata under regular conditions.
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Because virtually nothing was known about stomatal development in grape, a
study was undertaken to first observe the morphoanatomical development of stomata in
grape leaves through SEM and then to identify the molecular players involved in the
process. Similar stages of stomatal development in Arabidopsis namely, meristemoids,
guard mother cells and guard cells (Bergmann & Sack 2007; Pillitteri & Torii 2012) were
found in grape leaves and these were separated from each other by 3-4 pavement cells on
older leaves, in accordance with the ‘one-cell spacing rule’ (Sachs 1991, Geisler et al.
2000). Three different types of stomata: “sunken”, at the “same level” and “raised” above
the other epidermal cells (as previously reported by Pratt 1974, Swanepoel & Villers
1987) were identified on grape leaves. It was therefore prudent not to rely on stomatal
sizes to determine when new stomata were no longer formed but to determine when
stomatal numbers no longer increased. Stomatal density and stomatal index values for
grape leaves from young (leaf 1, 2, 3, 4, 5) to old (leaf 8, 9, 10) showed that stomata were
no longer produced in leaf 9 and older.
One homolog of each of the Arabidopsis stomatal genes, SPCH, MUTE and
FAMA were identified in the grape genome and sequenced from both grape species V.
vinifera and V. riparia (Chapter 3). Grape SPCH and MUTE have a similar structure as
their Arabidopsis ortholog, containing 3 exons and 2 introns, but grape FAMA is
different, missing the last exon present in AtFAMA. Because these stomata development
genes are expressed at very specific stages of stomatal development, different aged leaves
were included in their transcript analysis. Three young leaves (leaf 1, 3 and 5) and an
older leaf (leaf 11) were analyzed by semi-quantitative PCR to identify the presence of
SPCH, MUTE and FAMA transcripts during and after stomatal initiation respectively.
Grape SPCH and MUTE spliced transcripts were detected in leaf 1 and 3 (Fig. 3.8). The
grape FAMA gene was found to produce two spliced transcripts with two different start
sites, early FAMA(E) and late FAMA(L), which were present in leaf 3, 5, 11 and leaf 1, 3,
5, 11 respectively. The grape SPCH, MUTE, FAMA(E) and FAMA(L) spliced transcripts
encode proteins with similar domains as reported for their orthologs in Arabidopsis and
other plants, indicating that their functions are conserved across different plants (Liu et
al. 2009, Vaten & Bergmann 2009, MacAlister & Bergmann 2011, Ran et al. 2013).
Transient overexpression of grape SPCH, MUTE, FAMA(E), and FAMA(L) in developing
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tobacco leaves was performed to determine if the resulting phenotype with respect to
stomata would confirm their functions in stomatal development. The number of
epidermal divisions increased in the tobacco leaves with transiently overexpressed grape
SPCH which resulted in an increased density of pavement cells and a decreased stomatal
index compared to those for leaves infiltrated with empty vector control. This is in line
with the excessive epidermal divisions in leaves of transgenic Arabidopsis plants induced
by overexpression of Arabidopsis SPCH in Arabidopsis (MacAlister et al. 2007). The
transient overexpression of grape MUTE in tobacco leaves increased the number of guard
mother cells and therefore the stomatal density compared to empty vector control, SPCH
or FAMA expressing tobacco leaves, which is consistent with the phenotype observed
upon AtMUTE overexpression in transgenic Arabidopsis (Pillitteri et al. 2007). FAMA(L)
overexpressing leaves had the highest stomatal index, indicating that cells produced by
epidermal cell divisions often form stomata as expected for its proposed role in the last
step of stomatal development. FAMA(E) did not have such an effect on stomatal index
but still increased cell divisions according to the higher densities for all the types of cells.
This suggests that FAMA(L), not FAMA(E), is involved in the last step of stomatal
development, whereas FAMA(E) has a role more similar to that of a SPCH/MUTE hybrid
protein. The sequential presence of the different stomatal gene transcripts and the
phenotypes observed upon their overexpression therefore support a role of SPCH, MUTE
and FAMA(L) proteins in the three consecutive stages of stomatal development in grape
leaves. Further experiments are required to determine what role the truncated proteins
encoded on the alternatively spliced transcripts might play.
The Arabidopsis ICE genes (also referred to as SCRM, Kanaoka et al. 2008) form
heterodimers with SPCH, MUTE and FAMA to direct the three consecutive steps of
stomatal development (Kanaoka et al. 2008). Since there are 4 ICE genes in grapes
(Rahman et al. 2014), the question arose which grape ICE proteins can form
heterodimers with the grape SPCH, MUTE or FAMA proteins. Overexpression of the
ICE1, ICE2 and ICE3 genes resulted in a modest increase in pavement and stomatal cells,
supporting a role for these ICE proteins in stomatal development but not necessarily in
one particular step. Also the presence of all regular spliced transcripts in different aged
leaves made it difficult to predict which ICE proteins are likely to form heterodimers with
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SPCH, MUTE and FAMA. However, the fact that only ICE4 or SPCH expression leads
to a decrease in stomatal index, while still increasing divisions, suggests that ICE4 might
be involved in the initiating divisions directed by SPCH. It would be interesting to test if
ICE4 and SPCH can form dimers and increase transcription via a specific promoter
element. As mentioned earlier, ICE1 and ICE4 might not need any activation and be in
charge of the formation of stomata under regular conditions. Because ICE2 and ICE3
increase their activity upon cold treatment, I speculate that they are responsible for the
increased stomata numbers seen after this treatment.
As mentioned earlier, AtICE1 and 2 activate the CBF genes to confer freezing
tolerance to plants but it is not known who the dimerization partner of the different ICEs
are during the acquisition of freezing tolerance. On the other hand, the genes activated by
the ICE-SPCH, ICE-MUTE and ICE-FAMA dimers for the differentiation of stomata are
not known. It is conceivable that the CBF pathway and stomatal development pathway
overlap with each other more than just having common ICE genes because
overexpression of grape CBF genes in Arabidopsis resulted in an increase in stomatal
index (Siddiqua & Nassuth 2011). This idea is supported by some more additional data
presented in this thesis. The freezing tolerant Vitis riparia accessions were found to have
a higher stomatal index and density than the freezing sensitive V. vinifera cultivars. After
exposure of V. vinifera leaves to low temperatures, which activates ICE, a higher
stomatal density and index was observed (Chapter 3). Transactivation assays showed that
FAMA(L) activates the CBF4 gene and that this activation is higher when ICE and
FAMA(L) were used together compared to the activation by either one alone. FAMA(L)
activated the CBF4 promoter via the same MYC2g region as ICE2 and ICE3 did, which
supports the hypothesis that ICE2 and ICE3 activate the CBF4 promoter by forming a
dimer with FAMA(L). The activation observed when only one partner is present (ICE or
FAMA(L)) can be explained by assuming that they form a dimer with the (lower amount
of) tobacco homolog of FAMA or ICE respectively. This suggests that FAMA(L) is the
dimerization partner of ICE in the freezing tolerance pathway and/or the stomatal
differentiation pathway. The latter case implies that the resultant CBF4 is involved in the
differentiation of stomata. The absence of CBF4 promoter activation by SPCH or MUTE
does not have to mean that they do not form any activating dimers with ICE protein.
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SPCH and MUTE dimers might activate different (CBF) genes through a different MYC
variant. The transcripts for grape CBF1, CBF2, CBF3 and CBF4, interestingly, have also
been detected at 22 C without cold acclimation, especially in young leaf tissues (Xiao et
al. 2006, 2008). Therefore, heterodimers of an ICE with SPCH, MUTE and FAMA
possibly activate one or more of these CBFs at a different stage in stomatal development.
However, at this point this is purely speculation and further research is required to
confirm the proposed interactions. This should include assays to determine whether
proposed interacting proteins are expressed in the same cell (using transcriptional
reporter constructs) and can form dimers (by BiFC), and can inteact with the proposed
promoter elements (by ChIP or Gel retardation assays). A working model incorporating
the various suggestions is presented in Fig. 5.1.

Figure 5.1 A working model for the involvement of grape ICE proteins in freezing tolerance and
stomatal development. Grape ICE2 and ICE3 become stabilized and/or active after cold treatment
via sumoylation and activate the CBF4 transcripts (either directly or indirectly) which in turn
leads to transcription of COR genes and eventually to freezing tolerance. Grape ICE1 and ICE4
which do not have sumoylation or ubiquitinatation motifs are active without cold acclimation and
probably involved in stomatal development. Because the stomatal density and index increase after
cold treatment, we popose that grape ICE2 and ICE3 also contribute to stomatal development
under this condition.
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Appendix 2.1 Sequences for V. riparia and V. vinifera ICE transcripts. Note that only sequences
longer than 200 nucleotides are accepted by Genbank.
> KF99461Vitis riparia inducer of CBF expression 1 (VrICE1) mRNA
ATGTTACCCAGGTCGAACGACGTCGTTTGGACGCGAAGCGACGCCGTTTCCTGGTCGAAGAACAGCAACGACAACAGG
TTTGGTGATGGCGGCGTTGATGGTGAGAGGACGAGTTCGGTGTCTGCGTTGAAGGCCATTGTTGAGGAGGAGTGGTTG
GTGAGCGGTGTCGAAATGAAAGGAAATTTGGTGTCTCAGAGTCAGAGCGGAGCGGTGAATTCACTGTTGCATCCAATG
GACTGCTCGTCGTCGTGCTCGCCGGCGTCGGCGTTTGGTCTGGACCCGGCCTTTCAGGGCAAATCTTGCTTGTCCTCGAT
GGTTTGTGGGTACCCATTTGATGGCTCTTTTGATTTGGTATGTGACCCGGGGTTTCTTGAGCCGATACCCGAAATTCAGG
CTCCGAGTTCGAGTTCTTTGATGGGTTTCAACGATTTGGCTTCGCAGCCCCTGATGGGTGCTTCAAATCTGGGCTCGAAT
TCGCAGTTTCCGGCTACCCATTTGGCGGGAAACGGCGGGAGTGCGGCCACCGGTGGGTTTAATCCATCGGGTTTTGAGG
GTTTTGTGGGGAGTTCTCTGTTTGTGGACAGGTGTAAGGTGTTGAAACCGCTCGAGAACTTCCCTTCAGTTGGGTCACA
GCCCACGCTGTTCCAGAAGAGAGCGATTCTCCGGCGAAATTCGACAGAAAGAGCGGGGAATTATGGAGTTTCGGGCCA
AGAAGGCAGTGCAATTCCGGTTAGAGTTGCCGGAGAAGATAAGGGTAAGAGGCCGGTGGTGGAAGAAGAAATGGACA
AGATGAGAAAGGACAAGAGCAATGATGAGGATGATATGGACGAAGCCAGCATTGCTCGGTCCGGTTTGATATACGATT
CTGATGATGCAATTGAGAACCACAAGGTGGAGGAGACTGCAAATGATGGTGGAGACAACTCAAATTTGAATGGATCTT
CCATTGGAGGAGATCGAAAAGGGAAGAAAAAGGGGCTGCCGGCGAAGAATTTGATGGCTGAGAGGCGCCGGAGAAAG
AAGCTGAACGATAGGCTCTACATGCTGAGGTCTGTTGTTCCAAAGATCAGCAAGATGGATAGAGCTTCAATCCTGGCG
GATGCTATTGAGTACTTGAAGGAGTTACTGCAGAGGATCAACGACCTCCAGAATGAACTGGAGTCTATCACACCTCAAT
CTTTATTGCAGCCTACTTCAAGTTTCCAGCCATTGACACCAACTATTCCTACCTTGCCCTGCCGTGTTAGGGAGGAAATC
TGCCCGGGCTCATTGCCAAGTCCTAATAGTCAGCCAAGGGTTGAAGTGAGGCAAAGAGAAGGGGGAGCTGTCAACATC
CACATGTTTTGTGCTCGTAGACCCGGCCTTTTGCTCTCCGCCATGAGAGCTTTGGATGGCCTTGGGCTAGACGTTCAACA
GGCGGTCATCAGCTGTTTCAATGGGTTTGCGCTGGATGTCTTCCAAGCTGAGCAATCCAAGGAAGGTTTGGAGGTCCTG
CCTGAGCAAATTAAAGCTGTACTTTTGAACATAGCCGGCTTCCATGGTGTGATGTAG
> KF99462 Vitis riparia inducer of CBF expression 2 (VrICE2) mRNA
ATGCTGTCCAGAGTGAACGGCGTCGTCTGGATGGATGGGGATGACGAGGACGCTGTTTCTTGGACCAGAAACAATGAA
GTTGAGCCCAAGGACGATGACATGGGGGCCTCTCTTTCAACCTTCAAATCCATGCTCGAAGGTGACTGGTACGTCAACA
GCAGTATGAACCCGGCTCACCAAGATATCCACGCCATCCAAAACCACCATGATATCAGAGACATTGGTTTTTGTTCGAA
TCCCTCTGCGGCAACTGATTCTCTGCTGTTGCAGCCGCTGGACTCCTCCTCTTCGTGTTCTCCCTCACCGGCGTTCACTCT
CGACCCCTCACAGTCGCAGCCCTTCTTGCCCCCGAAGTCGTGCTTCTCTTCGCTGCTCAACGTCGTCTGCAGCAACCCTT
TTGACAATGGCTTCGATTTGGGCTGCGAACCTGGGTTTCTCGCACCGTTACAGGGAATTCAGAGCTCGAATTCGCCTGG
TTTGATGGGTTTCACCGGTCTCAGTTCGCAAACTCAGATGGGAACTCCCGAGCTCAGCTCCAGTTCCGAGTTTCCGATTT
CTCGTTTGTTGCCGGCGTCAGACAGTACTGGAAGCTTAGGCGCTGGTTTTACTCCGACCGGCTTTGAGGGTTTCGATGGT
TCTGGTAACTCCCTTTTCCTCAACAGGTCCAAGGTTTTGAGGCCGCTCGAAGTTTTCCCTCCAGTTGGCGCACAGCCAAC
TCTTTTTCAGAAGCGAGCAGCGCTTCGACAAAGCTCCAGTGCGAGCGATAAATTGGGGAATTTAGGGTTTTTGGGTTCT
AGAAGTAGTGAAGTACAGACGATGGTGGTTGATGGGAATTGGGGAAACAGAGTGGATGAAGAACTGGAGAAGAAAAG
GAATAAAAATGAAGAGGAAGAGATCGACGAGGGGAGCTTCGACGTCTCGGGTTTGAATTATGATTCTGATGAGCCCAC
CGTGGATGAGCTCGCCAAGAACGGTGGAAGTAACTCAAATGCTAATAGTACTGTGACTGGTGGAGATCAGAAAGGGAA
GAAGAAGGGGCTTCCGGCCAAAAATCTTATGGCTGAGAGGCGGCGGAGGAAGAAGCTTAATGACAGGCTCTACATGCT
TAGGTCTGTCGTGCCCAAGATCAGCAAGATGGATAGAGCTTCTATCCTTGGGGATGCTATTGAGTACTTGAAGGAGCTT
TTGCAAAGGATCAATGATCTCCATAATGAACTGGAATCAACCCCATCTGGCTCTTTGCTGGCACCAGCTTCTACAAGCT
TCCATCCTTTGACACCCACACCCCCTACCCTTCCCTGCCGTGTCAAAGAAGAGCTATGCCCTAGCTCATTGCCAAGTCCT
AAAAGTCAACCAGCAAGGGTGGAGGTAAGGGTAAGAGAAGGAAGGGCTGTAAACATTCATATGTTTTGTGCCCGCAG
ACCAGGTCTCCTGCTCTCCACAATGAGGGCTCTGGACAACCTTGGATTGGACATCCAGCAGGCTGTCATCAGCTGCTTC
AATGGGTTTGCATTGGATGTATTCAGAGCTGAGCAATGCAGGGAAGGCCAGGATGTACTGCCTGAACAAATCAAAGCA
GTACTTCTGGATTCGGCAGGCTTCCACGGTATGCTGTAG
> KF99463 Vitis riparia inducer of CBF expression 3 (VrICE3) mRNA
ATGTTGTCGGGGGTGAACGGCGTGGTGTGGATGGAGGGGAGAGAAGAGGAGGAGGAGGCTGCTTCATGGATCAGAAA
CAGCAATAACAACAACGGCGGCAGCAGCTGTGGAGTGGTGGACAGTAGTAAAGATGATATGGGTTCTCTTTCTACCTT
CAAATCCATGCTTGATGTTGATGATGAGTGGTACTTTACTGGCAATGCCGGTCAGAATCACCAGGAAATTAGAGATATT
TCCTTCTCTACTAACCTAGCTGGAGCTGATAATTTGCTGCTGCACCCAGTGGACTCGTCGTCTTCGTGTTCTCCGTCGTCT
TCAGTGTTCAACAATCTCGACCCATCTCAGGTGCAGTTCTTCTTGCCTCCAAAACCCACCTTATCTTCACTCCTCAACCT
CATTTCCAACAACCCTTTAGAGCATAGCTTTGATATGGGTTGCGAGCAGGGGTTTTTGGAGACTCAAGCTCCAAATTCT
CAGACTTTGGTTAATCGGGGAGGTGAGGTTTTGCCCCATTTCGCCGATATGGGCTCGCATGCCCAGATGAACACTCCTA
ATCTGATCTCTGAGCCTCAATTTGGAATCACCCGGGTGCTCCAACTGACCGAAAACAGTGCTCCTATTGGCGCTGGGTT
CAGTTCATCGGGGATTCGAGGTTTTGAGGAGGGTTCTATGAACTCTTTGTTTGTGAATAGGTCTAAGTTGCTGAGGCCTC
TCGAAACTTTCCCTTCAGTGGGTGCACAGCCCACTCTCTTTCAGAAGAGAGCAGCTTTGAGGAAGAATTTAGCTGATAA
TGGCAGCATTTTGGGGGGTTTGGGGCCTGAAGGTGGTCAGGTTTTGAGTGGGGTTGAGGATGATAAGGGAAAGAGGGA
AATGGGTGAAGAAAATGATAGGAAGTGGAGAAACAGCAATGCAGAAGATATTGAGGATGCCAGCATTGATGCGTCGG
GTTTGAATTATGATTCGGATGAGCTTACAGACAATAACAAGATGGAGGAGAATGGCAAGAACAGTGGGAACAACTCAA
ATGCAAATAGCACTGTTACTGGTGGAGATCACAAGGGGAAGAAGAAAGGTCTCCCTGCTAAAAATTTAATGGCAGAGA
GGCGCCGCCGGAAGAAGCTCAATGATAGGCTGTACATGCTGCGATCTGTTGTCCCAAAAATTAGCAAGATGGATAGGG
CTTCAATCCTTGGGGATGCAATTGAGTACTTGAAGGAACTTCTGCAAAGGATCAACAACCTCCATAATGAACTGGAGTC
CACCCCTCCTGGCTCGTCACTGACACCTACCACAAGCTTCCACCCTTTGACACCAACCCCTCCTACCCTTCCCTGCCGTA
TCAAGGAAGAACTTTGCCCAAGCTCATTATCAAGCCCGAATGGCCAACCTGCAAGGGTTGAAGTTAGGGCAAGAGAGG
GAAGAGCTGTAAACATCCACATGTTCTGTGGCCGCAGACCAGGTCTATTGCTCTCCACCATGAGGGCTCTGGACAGCCT
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TGGGCTAGACATTCAGCAAGCTGTTATCAGCTGTTTCAATGGGTTTGCTTTGGATATTTTTCGAGCTGAGCAAAGCAAG
GAAGGGCAGGACGTCCATCCTGAGCAAATCAAAGCAGTGCTCTTAGATTCAGCAGGTTTCCATGGCATGATGTAG
> KF99464 Vitis riparia inducer of CBF expression 4 (VrICE4) mRNA
ATGGAGCCTAGTCAACATGGCCTCTTAGAAGAGTTTCTAGCTCTAAGAAGAGACACTTGCAGCACTTTCACTTCTGCAG
TGAATGAGTTCTTCCCCAATGGGTGGAACTTTGATGCTTTTGATGAGAACCAAGTTTTGTCCACATCAAATCCTTCATTT
GAAGGATTCTCCACCCCAACAGAACCTATCTTCGAATGTCCTTTCAGTGAAGTCTATCCTTCTGTCGATGGGTTCACCGT
AGCAGAGATTGATTCATCTTACCACAAGAATGACGGCACACCCCCATTTCCAATTCAAGAAGAGTACCCTTCACTGGTT
GAGGATGAAGATATCGGTCTCCTCAACAGTGATCTTCATGGGTTGGAAGAGAGGAATACCAGCTGTAAAGTTGAGATG
GAACAAGCCATGGACGCTCCAGTTTTCAACCTAGGTTTGTGTGGAGAGAGAAAGGCTCGAGTTAAGAAGCTTGAGGGT
CAGCCCTCCAAGAATCTAATGGCAGAAAGAAGGCGAAGGAAGCGACTCAATGATCGCCTTTCCATGCTCAGATCAATT
GTTCCTAAGATCAGCAAGATGGACAGAACATCTATACTTGGAGATACCATAGATTATATGAAAGAGCTCCTAGAGAAA
ATCAACAAGTTGCAAGAAGAAGAAATCGAAGTGGGCTCGGATCAAACCAACCTAATGGGCATCTTCAAGGAGCTAAA
GCCAAATGAAGTACTAGTGAGAAATTCTCCCAAGTTTGATGTGGAAAGGAGAAACATGGATACCCGGATCGAGATTTG
CTGTGCAGCAAAGCCAGGACTGTTGCTGTCGACAGTGAACACACTGGAACTTCTAGGCCTTGAAATTCAACAGTGCGTT
ATAAGTTGCTTCAATGATTTTTCAATGCAAGCATCTTGTTCAGACGTAGTGGAGCAGCAGGCAGAGACTAATTCTGAAG
ATATAAAGCAAGCATTATTCAGAAATGCAGGCTATGGAGGAAGATGTCTGTAG
> KJ024781 Vitis vinifera spliced inducer of CBF expression 1 (VvICE1sp) mRNA partial cds plus 3’UTR
CACATGTTTTGTGCTCGTAGACCCGGCCTTTTGCTCTCTGCCATGAGAGCTTTGGATGGCCTTGGGCTAGACGTTCAACA
GGCGGTCATCAGCTGTTTCAATGGGTTTGCTCTGGATGTCTTCCAAGCTGAGCAATCCAAGGAAGGTTTGGAGGTTCTG
CCTGAGCAAATTAAAGCTGTACTTTTGAACATAGCCGGCTTCCATGGTGTGATGTAGCTTTTGCATGGATCGGAAGGAC
TCGGTACAGGCATCAGTCAATGGGTATTCCAACTGTAAAACTTATCACATTCTCATTTCCATGGGTAAATGTTGTTTTTA
ACAGGTTTGTACATAGCATTGTGGTAGAGTAGTGGTGAAGTGTTGTGTTGAAGCGGTCTGTAGATAGAATTGTATTACT
GAAGTTTTATTGCCTTTTTCAGGCATTTGAATCACAGGATATAATGGGTTATTTCATAAAAAAAAAAAAAAA
> KJ024782 Vitis riparia spliced inducer of CBF expression 2 (VrICE2sp) mRNA partial cds plus 3’UTR
GAGGTAAGGGTAAGAGAAGGAAGGGCTGTAAACATTCATATGTTTTGTGCCCGCAGACCAGGTCTCCTGCTCTCCACA
ATGAGGGCTCTGGACAACCTTGGGTTGGACATCCAGCAGGCTGTCATCAGCTGCTTCAATGGGTTTGCATTGGATGTAT
TCAGAGCTGAGCAATGCAGGGAAGGCCAGGATGTACTGCCTGAACAAATCAAAGCAGTACTTCTGGATTCGGCAGGCT
TCCACGGTATGCTGTAGCTCAAACGGCCCGAAAATGAAACCCGCTTACAGATGAAGGCACTAACTGTAGTTCTATACAT
CGAGGAGTTCATAAATGCAGCCCTCTTCTCATTTCCCAGTAGTATAGGCTGTGTTCAGGCCAAATTCAAGTAGGTCAGC
AAATGTTAAATGAGAACGGTAGGTTGGATAAATTGTCAGCGGGATATGTTTTCTTAGTCATGCTTTAGAAGCATTGAAA
ACAGTATTTTCATTAGTAATTCCAGCTTTAGAGCAAAAAAAAAAAA
> KJ024783 Vitis vinifera spliced inducer of CBF expression 4 (VvICE4sp) mRNA partial cds plus 3’UTR
AGTGCGTTATAAGTTGCTTCAATGATTTTTCAATGCAAGCATCTTGTTCAGACGTAGTGGAGCAGCAGGCAGAGACTAA
TTCTGAAGATATAAAGCAAGCATTATTCAGAAATGCAGGCTATGGAGGAAGATGTCTGTAGAAGAAAAGGGATGAAA
AATAAATGTAGTTGGTTCAACAAGCTTGAAGAGATGGATCTCAAAGCTGTTCTTGGTGGAATTAGTTTTCAACCCAGAG
GTTGTAATAATGTAGTCTCTCTAAATAACACCAGAGCCATCTCACAAGTCCCCATGATGTATTATCTGCTCCCATTGAGG
TTGCTTATTAATATAAGGGTCATTTGTTCCGAAAAAAAAAAAAAAA
> KJ024776 Vitis riparia intron1-retained inducer of CBF expression 1 (VrICE1i1) mRNA
ATGTTACCCAGGTCGAACGACGTCGTTTGGACGCGAAGCGACGCCGTTTCCTGGTCGAAGAACAGCAACGACAACAGG
GTTGATGATGGCGGCGGTGATGGTGAGAGAATGAGTTCGGTGCCTGCGTTGAAGGCCATTGTTGAGGAGGAGTGGTTG
GTGAGCGGTGTCGAAATGAAAGGAAATTTGGTGTCTCAGAGTCAGAGCGGAGCGGTGAATTCACTGTTGCATCCAATG
GACTGCTCGTCGTCGTGCTCGCCGGCGTCGGCGTTTGGTCTGGACCCGGCCTTTCAGGGCAAATCTTGCTTGTCCTCGAT
GGTTTGTGGGTACCCATTTGATGGCTCTTTTGATTTGGTATGTGACCCGGGGTTTCTTGAGCCGATACCCGAAATTCAGG
CTCCGAGTTCGAGTTCTTTGATGGGTTTTAACGATTTGGCTTCGCAGCCCCTGATGGGTGCTTCAAATCTGGGCTCGAAT
TCGCAGTTTCCGGCAACCCATTTGGCGGGAAACGGCGGGAGTGCGGCCACCGGTGGGTTTAATCCATCGGGTTTTGAGG
GTTTGGTGGGGAGTTCTCTGTTTGTGGACAGGTGTAAGGTGTTGAAACCGCTCGAGAACTTCCCTTCAGTTGGGTCACA
GCCCACGCTGTTCCAGAAGAGAGCGATTCTCCGGCGAAATTCGACAGAAAGAGCGGGGAATTATGGAGTTTCAGGCCA
AGAAGGCAGTGCAATTCGGGTTAGAGTTGCCGGAGAAGATAAGGGTAAGAAGCCGGTGGTGGAAGAAGAAATGGACA
AGATGAGAAAGGACAAGAGCAATGATGAGGATGATATGGACGAAGCCAGCATTGCTCGGTCCGGTTTGATATACGATT
CTGATGATGCAATTGAGAACCACAAGGTGGAGGAGACTGCAAATGATGGTGGAGACAACTCAAATTTGAATGGATCTT
CGATTGGAGGAGATCGAAAAGGGAAGAAAAAGGGGCTGCCGGCGAAGAATTTGATGGCTGAGAGGCGCCGGAGAAA
GAAGCTGAACGATAGGCTCTACATGCTGAGGTCTGTTGTTCCAAAGATCAGCAAGGTGAGAATTTTCTGGTGA
>KJ024777 Vitis vinifera intron1-retained inducer of CBF expression 1 (VvICE1i1) mRNA partial cds plus 3’UTR
AGATCAGCAAGGTGAGAATTTTCTGGTGAATTTCAGTGTGGGGTTTGCTTGGATGTGGGCCTCGTTTATCTGAAAATTTT
CTTTTCTTTTTTAAATTTTCTCTAGCCTTTGACAGTTAGTTGCATCTACACATTGGTTTATTTTCTGGGTCCCTCTGCCTTT
TCTCGAGAATCCTGGTTCCACTTTGCCTCAAAAGGCCTCAGAACTACACCTGAGAATTATCCTTATTTTAGCCCAGAATT
GTAATTGAAACCAAAAAAAAAAAAAA

> KJ024778 Vitis riparia intron2-retained inducer of CBF expression 2 (VrICE2i2) mRNA
ATGCTGTCCAGAGTGAACGGCGTCGTCTGGATGGATGGGGATGACGAGGACGCTGTTTCTTGGACCAGAAACAATGAA
GTTGAGCCCAAGGACGATGACATGGGGGCCTCTCTTTCAACCTTCAAATCCATGCTCGAAGGTGACTGGTACGTCAACA
GCAGTATGAACCCGGCTCACCAAGATATCCACGCCATCCAAAACCACCATGATATCAGAGACATTGGTTTCTGTTCGAA
TCCCTCTGCGGCAACTGATTCTCTGCTGTTGCAGCCGCTGGACTCCTCCTCTTCGTGTTCTCCCTCACCGGCGTTCACTCT
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CGACCCCTCACAGTCGCAGCCCTTCTTGCCCCCGAAGTCGTGCTTCTCTTCGCTGCTCAACGTCGTCTGCAGCAACCCTT
TTGACAATGGCTTCGATTTGGGCTGCGAACCTGGGTTTCTCGCACCGTTACAGGGAATTCAGAGCTCGAATTCGCCTGG
TTTGATGGGTTTCACCGGTCTCAGTTCGCAAACTCAGATGGGAACTCCCGAGCTCAGCTCCAGTTCCGAGTTTCCGATTT
CTCGTTTGTTGCCGGCGTCAGACAGTACTGGAAGCTTAGGCGCTGGTTTTACTCCGACCGGCTTTGAGGGTTTCGATGGT
TCTGGTAACTCCCTTTTCCTCAACAGGTCCAAGGTTTTGAGGCCGCTCGAAGTTTTCCCTCCAGTTGGCGCACAGCCAAC
TCTTTTTCAGAAGCGAGCAGCGCTTCGACAAAGCTCCAGTGCGAGCGATAAATTGGGGAATTTAGGGTTTTTGGGTTCT
AGAAGTAGTGAAGTACAAACGATGGTGGTTGATGGGAATTGGGGAAACAGAGTGGATGAAGAACTGGAGAAGAAAAG
GAATAAAAATGAAGAGGAAGAGATCGACGAGGGGAGCTTCGACGTCTCGGGTTTGAATTATGATTCTGATGAGCCCAC
CGTGGATGAGCTCGCCAAGAACGGTGGAAGTAACTCAAATGCTAATAGTACTGTGACTGGTGGAGATCAGAAAGGGAA
GAAGAAGGGGCTTCTGGCCAAAAATCTTATGGCTGAGAGGCGGCGGAGGAAGAAGCTTAATGACAGGCTCTACATGCT
TAGGTCTGTCGTGCCCAAGATCAGCAAGATGGATAGAGCTTCTATCCTTGGGGATGCTATTGAGTACTTGAAGGAGCTT
TTGCAAAGGATCAATGATCTCCATAATGAACTGGAATCAACCCCATCTGGCTCTTTGCTGGCACCAGCTTCTACAAGCT
TCCATCCTTTGACACCCACACCCCCTACCCTTCCCTGCCGTGTCAAAGAAGAGCTATGCCCTAGCTCATTGCCAAGTCCT
AAAAGTCAACCAGCAAGGGTAAATTTCATTAGTTTGATGCAAGTAGAAATAAATTGTCTTATTTAA
>KJ024779 Vitis riparia intron2-retained inducer of CBF expression 2 (VrICE2i2) mRNA partial cds plus 3’UTR
ACCAGCAAGGGTAAATTTCATTAGTTTGATGCAAGTAGAAATAAATTGTCTTATTTTATTAAAGTTTATGTCCAGTCAGT
CCTAGAAAAAATAGGTTCTACAATTTGATCGCACATCTTTTAGTTTGTCATGCTTAATATGTTTGTAAATTGCTTTATGTT
TGAGTTGAAGTCTCCTATTAAAAATCACTCTTACGCCAAAAAAAAAAAAAA
> KJ024780 Vitis riparia intron1-retained inducer of CBF expression 4 (VrICE4i1) mRNA
ATGGAGCCTAGTCAACATGGCCTCTTAGAAGAGTTTCTAGCTCTAAGAAGAGACACTTGCAGCACTTTCACTTCTGCAG
TGAATGAGTTCTTCCCCAATGGGTGGAACTTTGATGCTTTTGATGAGAACCAAGTTTTGTCCACATCAAATCCTTCATTT
GAAGGATTCTCCACCCCAACAGAACCTATCTTCGAATGTCCTTTCAGTGAAGTCTATCCTTCTGTTGATGGGTTCACCGT
AGCAGAGATTGATTCATCTTACCACAAGAATGACGGCACACCCCCATTTCCAATTCAAGAAGAGTACCCTTCACTGGTT
GAGGATGAAGATATCGGTCTCCTCAACAGTGATCTTCATGGGTTGGAAGAGAGGAATACCAGCTGTAAAGTTGAGATG
GAACAAGCCATGGACGCTCCAGTTTTCAACCTAGGTTTATGTGGAGAGAGAAAGGCTCGAGTTAAGAAGCTTGAGGGT
CAGCCCTCCAAGAATCTAATGGCAGAAAGAAGGCGAAGGAAGCGACTCAATGATCGCCTTTCCATGCTCAGATCAATT
GTTCCTAAGATCAGCAAGGTGATCTACACTTCCCAATGTTTACTCAAAGTTTCTTCTCAATTCTAA
>Vitis vinifera intron1-retained inducer of CBF expression 4 (VvICE4i1) mRNA partial cds plus 3’UTR
GATCAGCAAGGTGATCTACACTTCCCAATGTTTACTCAAAGTTTCTTCTCAATTCTAACATCATAATTATCCACATTCTG
CCCAAAATATTGGATCATCTATTTCCTCCTCAGAGTCTGTAGATAATTCTTCTTCACATAATGTTGATTTTGAACAACTA
AAAAAAAAAAAAA
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Appendix 3.1 Sequences of all discovered SPCH, MUTE and FAMA transcripts
>KM102743 VrSPCH mRNA(MB)
ATGGGCGATAGTTTATCCGACTTCTTTGAAGAGCCTGAGTTTGGTGGCGAAACCAGCTTGACTGGCGTAGCTTCCCCCG
ACGATCTCGATCTCTTCAGCATTTTCGAGAGTCTGGAGGGTGTCTCCGAGGTTCCTCCATTGGAGGAGACTGTGTTGGG
CTCCAAAGAAGGTGAGGAAACAGCAAGATTGGTCTCTCAAAAATCTACTTCTTCCAGTGCTTTGCAGGAGTCCGAGAC
GGAGCTCGAAGCTTCCCCGAAGAGGAAGAGGCCCAGGCTCGCCGCACCCACTTCGTCCGAAGAGGGGAACCCAGATG
GACAACAGAGGGTGTCGCATATAACTGTGGAGAGGAACCGCAGAAAGCAAATGAACGAGCATTTATCAGTGTTGAGGT
CCCTCATGCCTTGCTTCTATGTCAAAAGAGGAGATCAAGCATCCATAATAGGCGGGGTGGTGGATTACATCAAGGAGTT
GCAGCAAGTTCTACGGTCACTTGAAGCCAAGAAGCAACGAAAAGTTTACAGTGAAGTTCTAAGCCCTAGGGTTGTTTC
AAGTCCAAGGCCTCCGCCAATCAGCCCTAGAAAGCCACCATTAAGCCCTAGAATAAGCTTACCCATAAGCCCAAGAAC
CCCGCAACCAACCAGCCCTTACAAGCCTGTTAGGTTGCAGCAGGGTTACCTTTCCCCGACCATAGCTCCTTCCCTCGAA
CCATCTCCTTCTTCTTCAACCTCCTCCAATGACAACGCCAACGAGCTCATCGTAAATTCAAAATCAGCCATTGCTGACGT
AGAGGTGAAGTACTCCTGCCCAAACGTTGTTTTGAAGACAAAATCTTCACGGATTCCCGGCCAAGCAGTGAAAATCATT
TCCGCTCTAGAGGACCTTTCGCTTGAAATTCTCCATGTTAGCATCAGCTCAATCGATGAAACCATGCTCAATTCCTTCAC
TATCAAGTTTGGAATTGAATGCCAACTTAGCGCCGAGGAACTCGCTCACCAAGTCCAGCAGACATTCTGCTAA
>KM102742 VvSPCH mRNA(RL)
ATGGGCGATAGTTTATCCGACTTCTTTGAAGAGCCTGAGTTTGGTGGCGAAACCAGCTTGACTGGCGTAGCTTCCCCCG
ACGATCTCGATCTCTTCAGCATTTTCGAGAGTCTGGAGGGTGTCTCCGAGGTTCCTCCATTGGAGGAGACTGTGTTGGG
CTCCAAAGAAGGTGAGGAAACAGCAAGATTGGTCTCTCAAAAATCTACTTCTTCCAGTGCTTTGCAGGAGTCCGAGAC
GGAGCTCGAAGCTTCCCCGAAGAGGAAGAGGCCCAAGCTCGCCGCACCCACTTCGTCCGAAGAGGGGAACCCAGATG
GACAACAGAGGGTGTCGCATATAACTGTGGAGAGGAACCGCAGAAAGCAAATGAACGAGCATTTATCAGTGTTGAGGT
CCCTTATGCCTTGCTTCTATGTCAAAAGAGGAGATCAAGCATCCATAATAGGCGGGGTGGTGGATTACATCAAGGAGTT
GCAGCAAGTTCTACGGTCACTTGAAGCCAAGAAGCAAAGAAAAGTTTACAGTGAAGTTCTAAGCCCTAGGGTTGTTTC
AAGTCCAAGGCCTCCGCCAATCAGCCCTAGAAAGCCACCATTAAGCCCTAGAATAAGCTTACCCATAAGCCCAAGAAC
CCCGCAACCAACCAGCCCTTACAAGCCTGTTAGGTTGCAGCAGGGTTACCTTTCCCCGACCATAGCTCCTTCCCTCGAA
CCATCTCCTTCTTCTTCAACCTCCTCCAATGACAACGCCAACGAGCTCATCGTAAATTCAAAATCAGCCATTGCTGACGT
AGAGGTGAAGTACTCCTGCCCAAACGTTGTTTTGAAGACAAAATCTTCACGGATTCCCGGCCAAGCAGTGAAAATCATT
TCCGCTCTAGAGGACCTTTCGCTTGAAATTCTCCATGTTAGCATCAGCTCAATCGATGAAACCATGCTCAATTCCTTCAC
TATCAAGTTTGGAATTGAATGCCAACTTAGCGCCGAGGAACTCGCTCACCAAGTCCAGCAGACATTCTGCTAA
>KM102744 VrSPCHi1 mRNA(MB)
ATGGGCGATAGTTTATCCGACTTCTTTGAAGAGCCTGAGTTTGGTGGCGAAACCAGCTTGACTGGCGTAGCTTCCCCCG
ACGATCTCGATCTCTTCAGCATTTTCGAGAGTCTGGAGGGTGTCTCCGAGGTTCCTCCATTGGAGGAGACTGTGTTGGG
CTCCAAAGAAGGTGAGGAAACAGCAAGATTGGTCTCTCAAAAATCTACTTCTTCCAGTGCTTTGCAGGAGTCCGAGAC
GGAGCTCGAAGCTTCCCCGAAGAGGAAGAGGCCCAGGCTCGCCGCACCCACTTCGTCCGAAGAGGGGAACCCAGATG
GACAACAGAGGGTGTCGCATATAACTGTGGAGAGGAACCGCAGAAAGCAAATGAACGAGCATTTATCAGTGTTGAGGT
CCCTCATGCCTTGCTTCTATGTCAAAAGAGTAAGTCTATCCTTTATATCATTTCTCTCCTTTAATACCATGAAGCTTTTCT
TGATTCTCAACGTCAATCGAGTATGACTTCTAACTGAACTGCATGTAGAGAAAAATTAAAAATGAAAAAAGAAAATAT
ATTATTTTCCTATAGAACTTTTGAATTAATTTATATGGGTTATGTCTAATATTTTGATTTTGATTTGGATTAGGGAGATCA
AGCATCCATAATAGGCGGGGTGGTGGATTACATCAAGGAGTTGCAGCAAGTTCTACGGTCACTTGAAGCCAAGAAGCA
ACGAAAAGTTTACAGTGAAGTTCTAAGCCCTAGGGTTGTTTCAAGTCCAAGGCCTCCGCCAATCAGCCCTAGAAAGCCA
CCATTAAGCCCTAGAATAAGCTTACCCATAAGCCCAAGAACCCCGCAACCAACCAGCCCTTACAAGCCTGTTAGGTTGC
AGCAGGGTTACCTTTCCCCGACCATAGCTCCTTCCCTCGAACCATCTCCTTCTTCTTCAACCTCCTCCAATGACAACGCC
AACGAGCTCATCGTAAATTCAAAATCAGCCATTGCTGACGTAGAGGTGAAGTACTCCTGCCCAAACGTTGTTTTGAAGA
CAAAATCTTCACGGATTCCCGGCCAAGCAGTGAAAATCATTTCCGCTCTAGAGGACCTTTCGCTTGAAATTCTCCATGTT
AGCATCAGCTCAATCGATGAAACCATGCTCAATTCCTTCACTATCAAGTTTGGAATTGAATGCCAACTTAGCGCCGAGG
AACTCGCTCACCAAGTCCAGCAGACATTCTGCTAA
> KM203854 VrMUTE mRNA (MB)
AACATGTCTCACATAGCTGTTGAGAGGAACAGGAGAAGACAGAAGAATGAGCATCTCAAGGTTTTACGCTTCTTGACC
CCATGTTTCTATATCAAAAGGGGAGATCAAGCATCTATAATAGGGGGAGTGATAGAATTCATCAAGGAGCTGCACCAA
GTGCTGCAGTCTTTGGAGTCCAAGAAACGGAGGAAAAGTCTTAGCCCAAGCCCTGGTCCTAGCCCCAGGCCATTGCAG
CTGACTTCTCAACCCGACACCCCCTTTGGATTGGAGAACTTCAAGGAACTAGGAGCATGTTGCAACTCTTCAGTTGCTG
ATGTTGAAGCAAAGATCTCCGGATCCAATGTCATCTTGAGAATAATATCTCGCCGAATACCGGGCCAAATCGTGAAAAT
AATCAATGTGTTGGAGAAACTTTCATTTGAAGTCCTCCATCTGAACATCAGCAGCATGGAGGAAACTGTCCTATACTCC
TTTGTGATAAAGATAGGACTCGAATGCCAGCTGAGTGTGGAGGAACCAGCTCTTGAAGTCCAGCAAAGCTTCCGCTCG
GATGCTGTTTATGCCAATGAGATATAACCTATTAAAACTAAAATGGTACTGGCTTTTATAAT
> KM203853 VvMUTE mRNA (RL)
AACATGTCTCACATAGCTGTTGAGAGGAACAGGAGAAGACAGATGAATGAGCATCTCAAGGTTTTACGCTCCTTGACC
CCATGTTTCTATATCAAAAGGGGAGATCAAGCATCTATAATAGGGGGAGTGATAGAATTCATCAAGGAGCTGCACCAA
GTGCTGCAGTCTTTGGAGTCCAAGAAACGGAGGAAAAGTCTTAGCCCAAGCCCAGGTCCTAGCCCAAGGCCATTGCAG
CTGACTTCTCAACCCGACACCCCCTTTGGATTGGAGAACTTCAAGGAACTAGGAGCATGTTGCAACTCTTCAGTTGCTG
ATGTTGAAGCAAAGATCTCCGGATCCAATGTCATCTTGAGAATAATATCTCGCCGAATACCGGGCCAAATCGTGAAAAT
AATCAATGTGTTGGAGAAACTTTCGTTTGAAGTCCTCCATCTGAACATCAGCAGCATGGAGGAAACTGTCCTGTACTCC
TTTGTGGTAAAGATAGGACTCGAATGCCAGCTAAGTGTGGAGGAACTAGCTCTTGAAGTCCAGCAAAGCTTCCGCTCG
GATGCTGTTTATGCCAATGAGATATAACCTATTGAAACTAAAATGGTACTGGTTCTTATAAT
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>KM203856 VrMUTEi1 mRNA(MB)
AACATGTCTCACATAGCTGTTGAGAGGAACAGGAGAAGACAGATGAATGAGCATCTCAAGGTTTTACGCTCCTTGACC
CATGTTTCTATATCAAAAGGGTAATCAATTAATCTCTCTTTCTAGATCTCTATATCTATATCTTCTCCATCTATCAGCTTT
CTTCACAGAAGAATTCATCAAGGAGTTGCACCACTTCTATCCACTTTTAACCTGCTGGTTTTGGTTTTTATTTTTTCATTT
TAAGGGAGATCAAGCATCTATAATAGGGGGAGTGATAGAATTCATCAAGGAGCTGCACCAAGTGCTGCAGTCTTTGGA
GTCCGAGAAACGGAGGAAAAGTCTTAGCCCAAGCCCTGGTCCTAGCCCAAGGCCATTGCAGCTGACTTCTCAACCCGA
CACCCCCTTTGGATTGGAGAACTTCAAGGAACTAGGAGCATGTTGCAACTCTTCAGTTGCTGATGTTGAAGCAAAGATC
TCCGGATCCAATGTCATCTTGAGAATAATATCTCGCCGAATACCGGGCCAAATCGTGAAAATAATCAATGTGTTGGAGA
AATTTTCGTTTGAAGTCCTCCATCTGAACATCAGCAGCATGGAGGAAACTGTCCTATACTCCTTCGTGATAAAGATAGG
ACTCGAATGCCAGCTGAGTGTGGAGGAACTAGCTCTTGAAGTCCAGCAAAGCTTCCGCTCGGATGCTGTTTATGCCAAT
GAGATATAACCTATTAAAACTAAAATGGTACTGGTTCTTATAAT
>KM203855 VvMUTEi1 mRNA(RL)
AACATGTCTCACATAGCTGTTGAGAGGAACAGGAGAAGACAGATGAATGAGCATCTCAAGGTTTTACGCTCCTTGACC
CCATGTTTCTATATCAAAAGGGTAATCGATTAATCTCTCTTTCTAGATCTCTATATCTATATCTTCTCCATCTATCAGCTT
TCTTCACAGAAGAATTCATCAAGGAGTTGCACCACTTCTATCCACTTTTAACCTGCTGGTTTTGGTTTTTATTTTTTCATA
TTAAGGGAGATCAAGCATCTATAATAGGGGGAGTGATAGAATTCATCAAGGAGCTGCACCAAGTGCTGCAGTCTTTGG
AGTCCAAGAAACGGAGGAAAAGTCTTAGCCCAAGCCCAGGTCCTAGCCCAAGGGCATTGCAGCTGACTTCTCAACCCG
ACACCCCCTTTGGATTGGAGAACTTCAAGGAACTAGGAGCATGTTGCAACTCTTCAGTTGCTGATGTTGAAGCAAAGAT
CTCCGGATCCAATGTCATCTTGAGAATAATATCTCGCCGCATACCGGGCCAAATCGTGAAAATAATCAATGTGTTGGAG
AAACTTTCGTTTGAAGTCCTCCATCTGAACATCAGCAGCATGGAGGAAACTGTCCTGTACTCCTTTGTGGTAAAGATAG
GACTCGAACGCCAGCTGAGTGTGGAGGAACTAGCTCTTGAAGTCCAGCAAAGCTTCCGCTCGGATGCTGTTTATGCCAA
TGAGATATAACCTATTGAAACTAAAATGGTACTGGTTCTTATAAT
>KM111500 VrFAMA(E) mRNA(MB)
ATGGATAAAGAAGAAAACTACTCGGCGGCGTTGCCGGCGAGTTTTACTGGCCTGGATTATACTCTAAATCAGCAACAA
CAGCAGGAACAGCTCATGAAGCCTCGAATGGGTGAAAGTTCTGATGATAATAACCATGGAGTGGTGGATTACATGTTG
AGTAATCCTCAACATCAACAGCTAACGTCATCAGGGTTTTGCAGTTCTTCTTTCGATAAACTAAGCTTTGCTGATGTGAT
GCAATTTGCAGATTTTGGCCCCAAGTTGGCCTTAAATCAGACCAAGGTTTCTGAAGAAGAAACTGGGATCGATCCCGTT
TACTTCCTTAAGTTTCCGGTTTTGAACGATAAGTTGCAGGATCATGATTCTCTTATGGTTCCTCAACCTGTCGTAGGAGG
CGAAGAGAGGTATGAGGAGGCGAGAATTGTGGAAGAAATTGGGGAAGGTGAGGAGGAAGAAGAAAATACCTCGGTG
CAACTCCAGTTTCTGGGCGAAAATCTGCAGAAAAACACAGTAATGGATGCCAAAAACAAACGAAAGAGACCAAGGAC
CATCAAGACAAGCGAAGAAGTAGAGAGCCAGCGGATGACTCATATCGCAGTAGAAAGAAACAGAAGGAAGCAAATGA
ATGAGCATCTTCGAGTCTTGAGGTCTCTCATGCCCAGCTCATACGTACAAAGGGGAGATCAAGCATCCATTATTGGTGG
AGCAATCGAGTTTGTTCGAGAGTTGGAGCAGCTTCTCCAATGCTTGGAATCTCAGAAGCGGCGAAGGCTATTCGGGGAT
GCCCCCAGACAGATGGGAGATTCATCATCGCTTGCAATCCAACAGCCACAACAACCGCCATTCTTTCCTCCTTTGCCTC
TCCCCAATGATCAAATCAATTTTGGCACCGGACTGCGAGAGGAAACAGCTGAGAACAAGTCTTGCTTGGCCGACGTAG
AAGTGAGGCTGTTAGGGTTTGATGCCATGATCAAGATCCTCTCTAGACGAAGGCCAGGCCAACTCATTAAGACCATTGC
AGCCCTAGAAGACTTGCAGCTCAACATCCTCCACACCAACATCACTACCATTGAACAAACTGTCCTTTATTCCTTCAAC
GTCAAGATTGCCAGCGAGTCCAGATTCACCGCGGAAGACATAGCGAGCTCCGTTCAACAGATCCTCAGTTTTGTTCATG
CAAACAGCAGCATATGA
>KM111501 VrFAMAi1(E) mRNA(MB)
ATGGATAAAGAAGAAAACTACTCGGTACAAAACCTCTAAATCTTTCAGCTCTGTTGTTTGTATGTTTCTGTTGATTGATC
TTTTCTCACCATGTTGTTTCACGCAATACCTCAACTTTTTCAGGCGGCGTTGCCGGCGAGTTTTACTGGCCTGGATTATA
CTCTAAATCAGCAACAACAGCAGGAACAGCTCATGAAGCCTCGAATGGGTGAAAGTTCTGATGATAATAACCATGGAG
TGGTGGATTACATGTTGAGCAATCCTCAACATCAACAGCTAACGTCATCAGGGTTTTGCAGTTCTTCTTTCGATAAACTA
AGCTTTGCTGATGTGATGCAATTTGCAGATTTTGGCCCCAAGTTGGCCTTAAATCAGACCAAGGTTTCTGAAGAAGAAA
CTGGGATCGATCCCGTTTACTTCCTTAAGTTTCCGGTTTTGAACGATAAGTTGCAGGATCATGATTCTCTTATGGTTCCT
CAACCTGTCGTAGGAGGCGAAGAGAGGTATGAGGAGGCGAGAATTGTGGAAGAAATTGGGGAAGGTGAGGATGAAGA
AGAAAATACCTCGGTGCAACTCCAGTTTCTGGGAGAAAATCTGCAGAAAAACACAGTAATGGATGCCAAAAACAAACG
AAAGAGACCAAGGACCGTCAAGACAAGCGAAGAAGTTGAGAGCCAGCGGATGACTCATATCGCAGTAGAAAGAAACA
GAAGGAAGCAAATGAATGAGCATCTTCGAGTCTTGAGGTCTCTCATGCCCAGCTCATACGTACAAAGGGGAGATCAAG
CATCCATTATTGGTGGAGCAATCGAGTTTGTTCGAGAGTTGGAGCAGCTTCTCCAATGCTTGGAATCTCAGAAGCGGCG
AAGGCTATTCGGGGATGCCCCCAGACAGATGGGAGATTCATCATCGCTTGCAATTCAACAGCCACAACAACCGCCATT
CTTTCCTCCTTTGCCTCTCCCCAATGATCAAATCAATTTTGGTACCGGACTGCGAGAGGAAACAGCTGAGAACAAGTCT
TGCTTGGCCGACGTAGAAGTGAGGCTGTTAGGGTTTGATGCCATGATCAAGATCCTCTCTAGACGAAGGCCAGGCCAA
CTCATTAAGACCATTGCAGCCCTAGAAGACTTGCAGCTCAACATCCTCCACACCAACATCACTACCATCGAACAAACTG
TCCTTTATTCCTTCAACGTCAAGATTGCCAGCGAGTCCAGATTCACCGCGGAAGACATAGCGGGCTCCGTTCAACAGAT
CCTCAGTTTTATTCATGCAAACAGCAGCATATGA
>KM111502 VrFAMA(L) mRNA(MB)
ATGTTGTTTCACGCAATACCTCAACTTTTTCAGGCGGCGTTGCCGGCGAGTTTTACTGGCCTGGATTATACTCTAAATCA
GCAACAACAGCAGAAACAGCTCATGAAGCCTCGAATGGGTGAAAGTTCTGATGATAATAACCATGGAGTGGTGGATTA
CATGTTGAGCAATCCTCAACATCAACAGCTAACGTCATCAGGGTTTTGCAGTTCTTCTTTCGATAAACTAAGCTTTGCTG
ATGTGATGCAATTTGCAGATTTTGGCCCCAAGTTGGCCTTAAATCAGACCAAGGTTTCTGAAGAAGAAACTGGGATCGA
TCCCGTTTACTTCCTTAAGTTTCCGGTTTTGAACGATAAGTTGCAGGATCATGATTCTCTTATGGTTCCTCAACCTGTCGT
AGGAGGCGAAGAGAGGTATGAGGAGGCGAGAATTGTGGAAGAAATTGGGGAAGGTGAGGATGAAGAAGAAAATACC
TCGGTGCAACTCCAGTTTCTGGGAGAAAATCTGCAGAAAAACACAGTAATGGATGCCAAAAACAAACGAAAGAGACC
AAGGACCGTCAAGACAAGCGAAGAAGTTGAGAGCCAGCGGATGACTCATATCGCAGTAGAAAGAAACAGAAGGAAGC

156

AAATGAATGAGCATCTTCGAGTCTTGAGGTCTCTCATGCCCAGCTCATACGTACAAAGGGGAGATCAAGCATCCATTAT
TGGTGGAGCAATCGAGTTTGTTCGAGAGTTGGAGCAGCTTCTCCAATGCTTGGAATCTCAGAAGCGGCGAAGGCTATTC
GGGGATGCCCCCAGACAGATGGGAGATTCATCATCGCTTGCAATTCAACAGCCACAACAACCGCCATTCTTTCCTCCTT
TGCCTCTCCCCAATGATCAAATCAATTTTGGCACCGGACTGCGAGAGGAAACAGCTGAGAACAAGTCTTGCTTGGCCGA
CGTAGAAGTGAGGCTGTTAGGGTTTGATGCCATGATCAAGATCCTCTCTAGACGAAGGCCAGGCCAACTCATTAAGAC
CATTGCAGCCCTAGAAGACTTGCAGCTCAACATCCTCCACACCAACATCACTACCATTGAACAAACTGTCCTTTATTCC
TTCAACGTCAAGATTGCCAGCGAGTCCAGATTCACCGCGGAAGACATAGCGAGCTCCGTTCAACAGATCCTCAGTTTTG
TTCATGCAAACAGCAGCATATGA
>KM111503 VvFAMA(L) mRNA(RL)
ATGTTGTTTCACGCAATACCTCAACTTTTTCAGGCGGCGTTGCCGGCGAGTTTTACTGGCCTGGATTATACTCTAAATCA
GCAACAACAGCAGGAACAGCTCATGAAGCCTCGAATCGGTGAAAGTTCTGATGATAATAACCATGGAGTGGTGGATTA
CATGTTGAGTAATCCTCAACATCAACAGCTAACGTCATCAGGGTTTTGCAGTTCTTCTTTCGATAAACTAAGCTTTGCTG
ATGTGATGCAATTTGCAGATTTTGGCCCCAAGTTGGCCTTAAATCAGACCAAGGTTTCTGAAGAAGAAACTGGGATCGA
TCCCGTTTACTTCCTTAAGTTTCCGGTTTTGAACGATAAGTTGCAGGATCATGATTCTCTTATGGTTCCTCAACCTGTCGT
AGGAGGCGAAGAGAGGTATGACGAGGCGAGAATTGTGGAAGAAATTGGGGAAGGTGAGGATGAAGAAGAAAATACC
TCGGTGCAACTCCAGTTTCTGGGCGAAAATCTGCAGAAAAACACAGTAATGGATGCCAAAAACAAACGAAAGAGACC
AAGGACCATCAAGACAAGCGAAGAAGTTGAGAGCCAGCGGATGACTCATATCGCAGTAGAAAGAAACAGAAGGAAGC
AAATGAATGAGCATCTTCGAGTCTTGAGGTCTCTCATGCCCAGCTCATACGTACAAAGGGGAGATCAAGCATCCATTAT
TGGTGGAGCAATCGAGTTTGTTCGAGAGTTGGAGCAGCTTCTCCAATGCTTGGAATCTCAGAAGCGGCGAAGGCTATTC
GGGGATGCCCCCAGACAGATGGGAGATTCATCATCGCTTGCAATCCAACAGCCACAACAACCGCCATTCTTTCCTCCTT
TGCCTCTCCCGAATGATCAAATCAATTTTGGTACCGGACTGCGAGAGGAAACAGCTGAGAACAAGTCTTGCTTGGCCGA
CGTAGAAGTGAGACTGTTAGGGTTTGATGCCATGATCAAGATCCTCTCTAGACGAAGGCCAGGCCAACTCATTAAGAC
CATTGCAGCCCTAGAAGACTTGCAGCTCAACATCCTCCACACCAACATCACTACCATCGAACAAACTGTCCTTTATTCC
TTCAACGTCAAGATTGCCAGCGAGTCCAGATTCACCGCGGAAGACATAGCGAGCTCCGTTCAACAGATCCTCAGTTTTA
TTCATGCAAACAGCAGCATATGA
>KM111504 VrFAMAi2(L) mRNA(MB)
ATGTTGTTTCACGCAATACCTCAATTTTTTCAGGCGGCGTTGCCGGCGAGTTTTACTGGCCTGGATTATACTCTAAATCA
GCAACAACAGCAGGAACAGCTCATGAAGCCTCGAATGGGTGAAAGTTCTGATGATAATAACCATGGAGTGGTGGATTA
CATGTTGAGTAATCCTCAACATCAACAGCTAACGTCATCAGGGTTTTGCAGTTCTTCTTTCGATAAACTAAGCTTTGCTG
ATGTGATGCAATTTGCAGATTTTGGCCCCAAGTTGGCCTTAAATCAGACCAAGGTTTCTGAAGAAGAAACTGGGATCGA
TCCCGTTTACTTCCTTAAGTTTCCGGTTTTGAACGATAAGTTGCAGGATCATGATTCTCTTATGGTTCCTCAACCTGTCGT
AGGAGGCGAAGAGAGGTATGAGGAGGCGAGAATTGTGGAAGAAATTGGGGAAGGTGAGGAGGAAGAAGAAAATACC
TCGGTGCAACTCCAGTTTCTGGGCGAAAATCTGCAGAAAAACACAGTAATGGATGCCAAAAACAAACGAAAGAGACC
AAGGACCATCAAGACAAGCGAAGAAGTAGAGAGCCAGCGGATGACTCATATCGCAGTAGAAAGAAACAGAAGGAAG
CAAATGAATGAGCATCTTCGAGTCTTGAGGTCTCTCATGCCCAGCTCATACGTACAAAGGGTATATAAAAAAGTTTATG
TATATATATTGCACTCACAGGTCACCCAAACCCCAAAATAGCTTCAATCGTTGATTTTCTCCTTTGAAATGAAATCCACG
TTGATTTTTACATGTTCAATTTACAGGGAGATCAAGCATCCATTATTGGTGGAGCAATCGAGTTTGTTCGAGAGTTGGA
GCAGCTTCTCCAATGCTTGGAATCTCAGAAGCGGCGAAGGCTATTCGGGGATGCCCCCAGACAGATGGGAGATTCATC
ATCGCTTGCAATCCAACAGCCACAACAACCGCCATTCTTTCCTCCTTTGCCTCTCCCCAATGATCAAATCAATTTTGGCA
CCGGACTGCGAGAGGAAACAGCTGAGAACAAGTCTTGCTTGGCCGACGTAGAAGTGAGGCTGTTAGGGTTTGATGCCA
TGATCAAGATCCTCTCTAGACGAAGGCCAGGCCAACTCATTAAGACCATTGCAGCCCTAGAAGACTTGCAGCTCAACA
TCCTCCACACCAACATCACTACCATTGAACAAACTGTCCTTTATTCCTTCAACGTCAAGATTGCCAGCGAGTCCAGATTC
ACCGCGGAAGACATAGCGAGCTCCGTTCAACAGATCCTCAGTTTTGTTCATGCAAACAGCAGCATATGA
>KM111505 VvFAMAi2(L) mRNA(RL)
ATGTTGTTTCACGCAATACCTCAACTTTTTCAGGCGGCGTTGCCGGCGAGTTTTACTGGCCTGGATTATACTCTAAATCA
GCAACAACAGCAGGAACAGCTCATGAAGCCTCGAATCGGTGAAAGTTCTGATGATAATAACCATGGAGTGGTGGATTA
CATGTTGAGTAATCCTCAACATCAACAGCTAACGTCATCAGGGTTTTGCAGTTCTTCTTTCGATAAACTAAGCTTTGCTG
ATGTGATGCAATTTGCAGATTTTGGCCCCAAGTTGGCCTTAAATCAGACCAAGGTTTCTGAAGAAGAAACTGGGATCGA
TCCCGTTTACTTCCTTAAGTTTCCGGTTTTGAACGATAAGTTGCAGGATCATGATTCTCTTATGGTTCCTCAACCTGTCGT
AGGAGGCGAAGAGAGGTATGACGAGGCGAGAATTGTGGAAGAAATTGGGGAAGGTGAGGATGAAGAAGAAAATACC
TCGGTGCAACTCCAGTTTCTGGGCGAAAATCTGCAGAAAAACACAGTAATGGATGCCAAAAACAAACGAAAGAGACC
AAGGACCATCAAGACAAGCGAAGAAGTTGAGAGCCAGCGGATGACTCATATCGCAGTAGAAAGAAACAGAAGGAAGC
AAATGAATGAGCATCTTCGAGTCTTGAGGTCTCTCATGCCCAGCTCATACGTACAAAGGGTATATAAAAAAGTTTATGT
ATATATATTGCACTCACAGGTCACCCAACCCCCAAAATAGCTTCAATCGTTGATTTTCTCCTTTGAAATGAAATCCACGT
TGATTTTTACGTGTTCAATTTACAGGGAGATCAAGCATCCATTATTGGTGGAGCAATCGAGTTTGTTCGAGAGTTGGAG
CAGCTTCTCCAATGCTTGGAATCTCAGAAGCGGCGAAGGCTATTCGGGGATGCCCCCAGACAGATGGGAGATTCATCA
TCGCTTGCAATCCAACAGCCACAACAACCGCCATTCTTTCCTCCTTTGCCTCTCCCGAATGATCAAATCAATTTTGGTAC
CGGACTGCGAGAGGAAACAGCTGAGAACAAGTCTTGCTTGGCCGACGTAGAAGTGAGACTGTTAGGGTTTGATGCCAT
GATCAAGATCCTCTCTAGACGAAGGCCAGGCCAACTCATTAAGACCATTGCAGCCCTAGAAGACTTGCAGCTCAACAT
CCTCCACACCAACATCACTACCATCGAACAAACTGTCCTTTATTCCTTCAACGTCAAGATTGCCAGCGAGTCCAGATTC
ACCGCGGAAGACATAGCGAGCTCCGTTCAACAGATCCTCAGTTTTATTCATGCAAACAGCAGCATATGA

157

VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p

AT-rich sequence
ACCTATATGAG-AAAAAAAAACTAAAAACATGGGACACTAAAGTATTTTAAAAACAGAAA
ACCTATATGAGAAAAAAAAAACTAAAAACATAGGACATTAAAGTATTTTAAAAACAGAAA
*********** ******************* ***** **********************

59
60

TATATCTTTAATTAAGAGATTACAAGATGAACATTAAAGTTTTGTTTTTAAAAAACATTA
TTTAT-CTTTATTAAGAGATTACAAGATGAACATTAAAGTTTTGTTTTTAAAAAACATTA
* *** ** **************************************************
GGAAAA
ATGGCCCTAAAATTAATACAATAATAAGTATCTTAAAATTATGGAAAAGAAGTATTGTTT
ATGGCCCTAAAATTAATACAATAATAAGTATCTTAAAATTATGGAAAAGAAGTATTGTTT
************************************************************
AT-rich element
CATAGATTAAGGGAATCAAATATTATTAATTTTTAATTTCTATTGACTTAAAATATTATT
CATAAATTAAGGGAATCAAATATTATTAATATTTAATTTCTATTGACTTAAAATATTATT
**** ************************* *****************************

119
119

AATATATGATTACTATTAACTTATGAAAGTATGTTTGATTTTACGTACTTTTATGATTTT
AATATATGATTGCTATTAACTTATGAAAGTATGTTTGATTTTATGTATTTTTATGATTTT
*********** ******************************* *** ************
ICEr4
TTACATTTTTATTATTATTTTCATTCCACGTCTTGTCATTCTCTATCCTCTTACTTTTTT
TTACATTT-TATTATTATTTTCATTCCACGTCTTGTCTTTCTCTATCCTTTTGCTTTTTT
******** **************************** *********** ** *******

299
299

VrCBF6p
VvCBF6p

-TTTAATTAAAAAGAAGTGATAAAAATTTGAGATTCTAAATTTAAATGTATTGAAAGAAA
TTAAAATTAAAAAGAAGTGATAAAAATTTGAGATTCTAAATTTAAATGTATTGAAAGAAA
* ********************************************************

418
418

VrCBF6p
VvCBF6p

AATTTGTGCTTTCAATTTTTAATTCTTTTGTGGTTTTTTTTACATGTATTTAAATTTATT
ATTTTGTGCTTTCAATTTTTAATTCTTTTGTGGTTTTTTTTACATGTATTTAAATTTATT
* **********************************************************

478
478

VrCBF6p
VvCBF6p

AGTAGTGTTAAAAAAAT-ATATGCGGACGCAGAGTTTT----TTTTTTATAAAAAAAAAT
AGTAGTGTTAAAAAAAATATATGCGGACGCAGAGTTTTTTTTTTTATAAAAAAAAAAAAT
**************** ********************
*** * * **********
MYC2t MYC2c
GGAAAA
GGTTTACCGAATCACATCACTTGTCACCTGCTGAAAGGAAAAATTGGACTGGGTCATGAT
GGTTTACCGCATCACATCACTTGTCACCTGCTGAAAGGAAAAATTGGACTGGGTCATGAT
********* **************************************************
MYC2t
AGAACTTTCCTTTTTCTGCTTTGTTAAGCAATAGACCACTTGATGTTAGATGACGAAGGG
AGGACTTTCCTTTTTCTGCTTTGTTAAGCAATAGACCACTTGATGTTAGATGACGAAGGG
** *********************************************************

533
538

-GCCACGGTCTCGCGGAAGTCCGACAACCCCTCACTTTCCTTAGGAGATATGCGGGCGAC
GGCTACGGTCTCGCGGAAGTCCGACAACCCCTCACTTTCCTTAGGAGATATGCGCCCGAC
** ************************************************** ****
ICEr3
MYC4t
CCATGTAGAAAGAACACGTTTTCATTTGTTAAATGTAGGAAATGATGCCACGTAGGCAGC
CCATGTAGAAAGAACACGTTTTCATTTGTTAAATGTAGGAAATGATGCCACGTAGGCAGC
************************************************************

712
718

TAGTCAAAGTGTCAAAATAGTGTGTTCCCACTTACTTAGTAGGAGCCGTGGCCCTCCTTA
TAGTCAAAGTGTCAAAATAATGTGTTCCCACTTACTTAGTAGGAGCCGTGGCCCTCCTTA
******************* ****************************************
MYC3c
CCCAGCTGGTATCTAGTGGAACCCGTGTGCGCGTCCTAATCGCTTCTACTTTGGGA-CAA
TCCAGCTGGTATCTAGTAGAACCCGTGTGCGCGTCCTAATCGCTTCTACTTTGGGCATAC
**************** *************************************
*
TATA
IECrM
CTCAACCTATATATTCTTTCCCACCCTCGCTTCCATTTCTTTTAAACGATAACAGAACAA
CTCAACCTATATATTCTTTCCCACCCTCGCTTCCATTTCTTTTAAACGATAACAGAACAA
************************************************************
-42
-1
TTCCAGCTCTACCAACACTTCCTTCTCTCACTGCAAATTCAAATG
996
TTCCAGCTCTACCAACACTTCCTTCTCTCACTGCAAATTCAA ATG
1003
*********************************************

832
838

VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p

VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p
VrCBF6p
VvCBF6p

179
179
239
239

359
358

593
598
653
658

772
778

891
898
951
958

Appendix 4.1 Alignment of the sequences of VrCBF6 (996 bp, up to the ATG start codon
including the 5’ untranslated region) and VvCBF6 promoter (1003 bp). MYC variants, ICEr3,
ICEr4, ICErM, AT-rich elements are indicated. The putative transcription start site predicted by
the TSSP program is also indicated here (
).
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VrCBF4p
VvCBF4p

AGCTTTATTGAGTCAAAGTATCGTGTTTTAGCTTCTACCACTACATAATTGATTTGGATT
AGCTTTATTGAGTCAAAGTATCGTGTTTTAGCTTCTACCACTACATAATTGATTTGGATT
************************************************************

60
60

VrCBF4p
VvCBF4p

CAATCTTTGTTTCATGAGTTGGGTCTTTCTCTTGAAAAAACATTCAATGTTATGGTGTGA
CAATCTTTGTTTCATGAGTTGGGTCTTTCTCTTGAAAAAACATTCAATGTTATGGTGTGA
************************************************************
MYC4t
TGACGTTGGTGCTACTGTTTTAGCTTCAAATCTTATTTTTCAAACCAAAACATTTGAATC
TGACGTTGGTGCTACTGTTTTAGCTTCAAATCTTATTTTTCAAACCAAAACATTTGAATC
************************************************************

120
120

VrCBF4p
VvCBF4p

ATGAATATTATTCTTAATAAATAAATAATTTATTTACTAAATTTTAAATTATTGAATAAT
ATGAATATTATTCTTAATAAATAAATAATTTATTTACTAAATTTTAAATTATTGAATAAT
************************************************************

240
240

VrCBF4p
VvCBF4p

TTCTAGATATAACTAATTATATGATAAATTTAAAAAAATTTAATAGCAAATATTGGAATG
TTCTAGATATAACTAATTATATGATAAATTTAAAAAAATTTAATAGCAAATATTGGAATG
************************************************************

300
300

VrCBF4p
VvCBF4p

TAATATAATTTTTATTTTAAACAAATATCAAGAAATTAAAAATAGTATTTTATTTATTTT
TAATATAATTTTTATTTTAAACAAATATCAAGAAATTAAAAATAGTATTTTATTTATTTT
************************************************************

360
360

VrCBF4p
VvCBF4p

ATAAATTAAATATATGCATAATATAATAATATTGTATCATTAAGATATGATTTCCTCCGT
ATAAATTAAATATATGCATAATATAATAATATTGTATCATTAAGATATGATTTCCTCCGT
************************************************************

420
420

VrCBF4p
VvCBF4p

TAAATATATAATATATGTACCCTTCCAACTCATGAAGAATTTATAAATTCTTCAAGACTT
TAAATATATAATATATGTACCCTTCCAACTCATGAAGAATTTATAAATTCTTCAAGACTT
************************************************************
-462
GGAAAA
ATAATGACTGATCGGAATAGAATCGGCGAGGAATTGGAAAATGAAGTATGGTAGCACATC
ATAATGACTGATCGGAATAGAATCGGCGAGGAATTGGAAAATGAAGTATGGTAGCACATC
************************************************************
MYC4T
ACTGACATTGACTCTGACAGCCAGAGGGACAGCATTTGATACAGATACATTGGACCCATC
ACTGACATTGACTCTGACAGCCAGAGGGACAGCATTTGATACAGATACATTGGACCCATC
************************************************************
-342
ICEr4/ICErM
ICEr1/MYC2g
AGTCAACATCATAGACCAAGTCAGGCTTACAATATCCACGTCACTTTCATGACACGTGTT
AGTCAACATCATAGACCAAGTCAGGCTTACAATATCCACGTCACTTTCATGACACGTGTT
************************************************************
-281
GTACAACCATCGCTCCACAACTTGGCCACCAGCCTACAGCTGTATTCAAGTCAGCCCCAC
GTACAACCATCGCTCCACAACTTGGCCACCAGCCTACAGCTGTATTCAAGTCAGCCCCAC
************************************************************
AT-rich element
ICEr2B
TTCGATTCTCTTAAAAAAAAGAAAAAAATAATAATAATTATGATAATTATGTAACCGTGG
TTCGATTCTCTTAAAAAAAAGAAAAAAATAATAATAATTATGATAATTATGTAACCGTGG
************************************************************
ICEr2B
TATA
GTTTCCAGCCTGTCTCCTTATCAGAACCGTGTTTGGGAACCATATATATAAAACTCGTTA
GTTTCCAGCCCGTCTCCTTATCAGAACCGTGTTTGGGAACCATATATATAAAACTCGTTA
********** *************************************************

480
480

ATTACTTTGTACCCAAATCTCCACACAAAAAGGGCTTCACTCAGCACTCAAATCAGTTAC
ATTACCTTGTACCCAAATCTCCACACAAAAAGGGCTTCACTCAGCACTCAAATCAGTTAC
***** ******************************************************
-1
CGTTCTCCTTAACTGCTCTTACTAAATCTCGACACTTCAGTCTTCACCGTT ATG
CGTTCTCCTTAACTGCTCTTACTAAATCTCGACACTTCAGTCTTCACCGTT ATG
******************************************************

900
900

VrCBF4p
VvCBF4p

VrCBF4p
VvCBF4p
VrCBF4p
VvCBF4p
VrCBF4p
VvCBF4p
VrCBF4p
VvCBF4p
VrCBF4p
VvCBF4p
VrCBF4p
VvCBF4p
VrCBF4p
VvCBF4p
VrCBF4p
VvCBF4p

180
180

540
540
600
600
660
660
720
720
780
780
840
840

954
954

Appendix 4.2 Alignment of the sequences of VrCBF4 (951 bp, up to the ATG start codon
including the 5’ untranslated region) and VvCBF4 promoter (951 bp). MYC variants, ICEr4,
ICErM, AT-rich elements are indicated. The putative transcription start site predicted by the
TSSP program is also indicated here (
). The CBF4 promoter region between -342 and -281 is
highlighted.
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Appendix 4.3 GUS and FiLUC activities of different ICE proteins after 2 days (40 hrs) or 5 days
of incubation at 4 C. Tobacco leaves were infiltrated with Agrobacterium suspensions containing
ICE2 or ICE3 effector plasmid (OD600 of 0.5) combined with Agrobacterium suspensions
containing CBF4p(FL) (OD600 of 0.5) as reporter plasmid. Plants infiltrated with CBF4p(FL)
reporter plasmid only were used as negative control.
Different ICE
proteins alone or
combined

R1

R2

R3

Average

R1

R2

R3

Average

ICE2+CBF4p(FL)

5795.5

5941.5

5264.0

5667.0

1772

1448

1457

1559.0

ICE3+CBF4p(FL)

5569.5

5943.0

5981.0

5831.2

2115

1534

1468

1705.7

Only CBF4p(FL)

6143.0

5607.5

5520.5

5757.0

1349

1390

2067

1602.0

GUS values at 4 °C after 2 d

FiLUC values at 4 °C after 2 d

GUS values at 4 °C after 5 d

FiLUC values at 4 °C after 5 d

R1

R2

R3

Average

R1

R2

R3

Average

ICE2+CBF4p(FL)

15465.0

17057.5

21565.0

18029.2

2795

2921

3545

3087.0

ICE3+CBF4p(FL)

16140.0

16541.0

17805.0

16828.7

2299

2130

2334

2254.3

Only CBF4p(FL)

15736.0

15571.5

16797.0

16034.8

3333

2824

3057

3071.3
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