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In grape (Vitis vinifera), abscisic acid (ABA) accumulates during fruit ripening and is thought to play a pivotal role in this process, but the
molecular basis of this control is poorly understood. This work characterizes ABSCISIC ACID RESPONSE ELEMENT-BINDING
FACTOR2 (VvABF2), a grape basic leucine zipper transcription factor belonging to a phylogenetic subgroup previously shown to
be involved in ABA and abiotic stress signaling in other plant species. VoABF2 transcripts mainly accumulated in the berry, from the
onset of ripening to the harvesting stage, and were up-regulated by ABA. Microarray analysis of transgenic grape cells overexpressing
VvABF2 showed that this transcription factor up-regulates and/or modifies existing networks related to ABA responses. In addition,
grape cells overexpressing VoABF2 exhibited enhanced responses to ABA treatment compared with control cells. Among the VvABE2-
mediated responses highlighted in this study, the synthesis of phenolic compounds and cell wall softening were the most strongly
affected. VVABEF2 overexpression strongly increased the accumulation of stilbenes that play a role in plant defense and human health
(resveratrol and piceid). In addition, the firmness of fruits from tomato (Solanum lycopersicum) plants overexpressing VoABF2 was
strongly reduced. These data indicate that VvABF2 is an important transcriptional regulator of ABA-dependent grape berry ripening.

Grape (Vitis vinifera) is a nonclimacteric fruit that is
important worldwide for wine production and fresh
consumption. The ripening of grape berry is a complex
process involving the catabolism of organic acids,
the accumulation of soluble sugars, flavonoids, and
aromatic compounds, and an increase in berry soft-
ness (Seymour et al.,, 1993; Ribéreau-Gayon et al.,,
2000). Berry composition and quality largely depend
on the processes that coordinate these biochemical,
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physiological, and anatomical changes during ripening.
While major progress has been made in the under-
standing of the key mechanisms supporting ethylene-
mediated ripening of climacteric fruits (e.g. tomato
[Solanum lycopersicum]; Adams-Phillips et al., 2004;
Giovannoni, 2004, 2007), the events controlling the
ripening of nonclimacteric fruits are less investigated
and known.

Grape berry ripening involves the integration of
multiple hormone signals. Classical plant hormones
such as abscisic acid (ABA), auxin (indole-3-acetic acid
[IAA]), brassinosteroids, and, to a lesser extent, ethyl-
ene have previously been implicated in this process
(Davies et al., 1997; Chervin et al., 2004, 2008; Symons
et al.,, 2006). ABA content of grape berries gradually
and strongly increases just before the onset of ripening,
called véraison (Coombe and Hale, 1973; Scienza et al.,
1978; Davies et al.,, 1997, Antolin et al., 2003; Deluc
et al., 2009). In relation with its accumulation profile,
numerous reports suggested that ABA may play a
major role in controlling several ripening-associated
processes of grape berry, including coloration, sugar
accumulation, and softening (Coombe, 1992; Davies
et al., 1997; Giovannoni, 2001; Rodrigo et al., 2003; Yu
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et al., 2006; Wheeler et al.,, 2009; Gambetta et al., 2010;
Giribaldi et al., 2010; Gagné et al., 2011).

In recent years, much progress has been made in the
understanding of ABA signal transduction pathways in
Arabidopsis (Arabidopsis thaliana; Umezawa et al., 2009;
Cutler et al., 2010; Weiner et al., 2010). The ABA signal
is perceived by multiple receptors (Shen et al., 2006;
Liu et al., 2007; Fujii et al., 2009; Melcher et al., 2009;
Miyazono et al., 2009; Nishimura et al., 2009; Pandey
etal., 2009; Santiago et al., 2009; Shang et al., 2010; Chai
etal., 2011; Jiaetal., 2011; Sun et al., 2011), which trigger
downstream signaling cascades resulting in physio-
logical effects. Among these ABA receptors, only the
PYRABACTIN RESISTANCE1 (PYR1)/PYRI1-LIKE
(PYL)/REGULATORY COMPONENTS OF ABA
RECEPTORS (RCAR) proteins have been well charac-
terized. ABA promotes the interaction of its receptor
(PYR1) to PROTEIN PHOSPHATASE2C (PP2C), which
results in the inactivation of PP2C and the activation of
SUCROSE NONFERMENTING-RELATED KINASE2
(SnRK2). Activated SnRK2 turns on ABA signaling
through the phosphorylation of downstream targets
such as AREB/ABF (for ABA-response element-binding
factor) transcription factors, which in turn activate sev-
eral sets of genes (Fuijii et al., 2009).

AREB/ABFs are ABA-responsive transcription
factors containing a basic leucine zipper family (bZIP)-
type DNA-binding domain that binds the ABA-
responsive element (T/CACGTGGC) and have a
pivotal role in ABA-dependent gene activation (Choi
et al., 2000; Uno et al., 2000; Hattori et al., 2002; Kang
et al., 2002; Gémez-Porras et al., 2007). Among the
AREB/ABFs, AREB1/ABF2, AREB2/ABF4, and ABF3
were shown to be master transcription factors that
cooperatively regulate ABA response element (ABRE)-
dependent ABA signaling involved in drought stress
tolerance and require ABA for full activation (Yoshida
et al., 2010).

Although the ABA regulation of fleshy fruit devel-
opment has been studied extensively, the molecular
mechanisms underlying ABA perception and signal
transduction in these fruits remain unclear. In this study,
we characterized and functionally studied VVABEF2, an
AREB/ ABF-like transcription factor from grape, previ-
ously described as GRAPE RIPENING-INDUCED
PROTEINS55 (GRIP55; Davies and Robinson, 2000),
which accumulates in cv Cabernet Sauvignon berries
from véraison until the end of the ripening phase.
VvABF2 expression is induced by ABA. A transcriptomic
analysis made on transgenic grape cells overexpressing
VuABF2 treated or not with ABA led to the identification
of putative target genes for VVABF2 mediated by ABA-
dependent or -independent pathways. VvABF2 over-
expression in grape cells also strongly increased the
accumulation of stilbenes. Its overexpression in to-
mato accelerated fruit ripening. Altogether, this work
shows that VVABF2 is involved in the ABA signaling
pathway and may affect grape berry ripening by ac-
tivating several processes, including the synthesis of
some phenolic compounds and fruit softening.
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RESULTS

Identification of VVABF2, a bZIP Transcription Factor
from Grape

Data from the literature describing changes in mRNA
profiles during grape berry ripening led to the identifica-
tion of a number of GRIP complementary DNAs (cDNAs)
whose transcripts accumulate during berry development
(Davies and Robinson, 2000). Among these GRIP genes,
GRIP55 (VIT_18s0001g10450, Q9M4H1), a transcription
factor of the bZIP family, was selected for further analysis.
This choice was driven by the fact that members from this
family are responsive to ABA (Choi et al., 2000; Uno et al.,
2000; Amir Hossain et al., 2010), a hormone playing a
crucial role in grape berry development and ripening
(Giribaldi et al., 2010; Koyama et al., 2010). The GRIP55
full-length cDNA was amplified by PCR using mRNAs
extracted from cv Cabernet Sauvignon grape berries at
véraison. The corresponding transcript is 1,341 bp long
and encodes a protein of 447 amino acids. Amino acid
sequence analysis further confirmed that this protein
belongs to the transcription factors of the bZIP family
characterized by a typical DNA basic-binding region, a
Leu zipper dimerization motif located at the C-terminal
region (amino acids 367-418; Jakoby et al., 2002), and
conserved domains predicted as phosphorylation sites
involved in stress or ABA signaling (Furihata etal., 2006;
Fig. 1). A phylogenetic analysis revealed that this pro-
tein belongs to group A of bZIP transcription factors,
previously shown to be involved in ABA and abiotic
stress signaling (Choi et al., 2000; Uno et al., 2000; Amir
Hossain et al., 2010; Fig. 2). Compared with Arabidopsis,
bZIP group A from grape contains six members, among
which only two belong to the possible groups of ortho-
logs A5 (Corréa et al., 2008; Fig. 1). The close homology of
GRIP55 with AtAREB1/AtABF2 from Arabidopsis led
us to rename this protein as VVABF2 (Figs. 1 and 2).

Expression Analysis of VoABF2 in Grapevine and in
Response to ABA

The expression profile of VoABF2 was determined in
different grapevine organs by real-time reverse tran-
scription (RT)-PCR with RNA extracted from cv
Cabernet Sauvignon roots, stems, leaves, flowers, and
mature berries (11 weeks after flowering [WAF]).
VvABF2 was ubiquitously expressed in the different
grape organs, but its relative expression depended on
the organ (Fig. 3A). In decreasing order, VoABF2 tran-
script accumulation was highest in ripening berries,
stems, leaves, roots, and inflorescences.

VuABF2 transcript accumulation was also assessed
during berry development (Fig. 3B). Interestingly,
VuABF2 expression increased just before the onset of
grape berry ripening (8 WAF). Additionally, VoABF2
transcripts accumulated more than 2-fold during the
ripening stage (9-15 WAF) when compared with the
herbaceous phase (2-7 WAF; Fig. 3B).

VvABF2 gene expression was also analyzed in the
different berry compartments (seeds, pulp, and skin)
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Figure 1. Sequence analysis of VVABF2. Full-length sequence comparison of VVABF2 and its closest orthologs from Arabi-
dopsis, AtABF2 (AF093445), AtABF3 (AF093546), AtABF4 (AF093547), and AtABF1 (AF093544), using the Clustal Omega
program (Sievers et al., 2011). Conserved residues are shaded in black, conserved residues in four out of five of the sequences
are indicated in dark gray shading, and conserved residues in three out of five of the sequences are shown by a light gray
shading. The basic regions and the Leu repeats are indicated by white rectangles and arrows, respectively. The Gln-rich region,
commonly found in transcriptional activation domains, is underlined (dashed line) for VVABF2. The recognition sites for
calmodulin-dependent protein kinase Il (XRXXSX) and casein kinase Il [X(S/T)XX(D/E)X] are indicated, respectively, by gray and
black lines on the top of the alignment. Putative phosphorylated amino acids in the VVABF2 sequence are marked by stars.

after véraison. VoABF2 transcripts were more abun-
dant in both seeds and skin than in pulp (Fig. 3C).
The phylogenetic analysis revealed that this protein
belongs to group A of bZIP transcription factors, previ-
ously shown to be involved in ABA signaling (Amir
Hossain et al., 2010). Therefore, we investigated the effect
of ABA on VvABF2 expression by treating Cabernet
Sauvignon berry (CSB) cell suspensions with 20 um ABA.
In these treated cells, VoABF2 transcripts accumulated
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within the first 2 h of treatment and reached a maximum
at 6 h, before slightly declining until 24 h after ABA

supply (Fig. 3D).
VVABF2 Encodes a Functional Transcription Factor

The presence of a bipartite nuclear localization signal
between amino acids 357 and 373 suggests that VvABF2
is probably targeted to the nucleus (Fig. 1). To confirm
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Figure 2. Phylogenetic analysis of VVABF2. The phylogenetic tree represents VVABF2 (black circle) and its orthologs (boldface)
from the A subgroup of bZIP transcription factors in Arabidopsis (AT) and grape (VIT). The closest ortholog of VVABF2 from
tomato (SIAREB1T; Bastias et al., 2011) and representative Arabidopsis bZIP transcription factors from other bZIP subgroups
(subgroup G, AtGBF2; H, AtHY5; I, AtbZIP29; E, AtbZIP34; D, AtTGA3; S, AtATB2; B, bZIP28; and C, AtBZO2H2) are also
reported according to Jakoby et al. (2002) and Corréa et al. (2008). The gene identifiers as well as synonyms (published names)
are given. Multiple sequence alignments were generated using Clustal Omega (Sievers et al., 2011) on full-length proteins as
implemented by MEGA software, version 5.0 (Tamura et al., 2011). The phylogenetic tree was constructed by neighbor joining
with complete deletions as implemented by MEGA. Reliability values at each branch represent bootstrap samples (2,000

replicates).

this prediction, a GFP was fused in frame to the C termi-
nus of VVABF2, and the resulting protein was expressed
in tobacco (Nicotiana tabacum) mesophyll protoplasts un-
der the control of the cauliflower mosaic virus 35S pro-
moter. Unlike the GFP control, in which green fluorescence
was seen throughout the cell, green fluorescence from
VvABF2-GFP was only detected in the nucleus (Fig. 4A),
consistent with a putative role of this protein in the control
of transcription. In order to examine the transactivation
ability of VoABF2, GUS reporter gene assays were per-
formed by transient expression in tobacco protoplasts.
The promoters of three known ABA up-regulated genes
were selected: VoLEA (V. vinifera LATE EMBRYOGENESIS
ABUNDANT; VIT_08s0007g04240), VoNAC (V. vinifera
NO APICAL MERISTEM [NAM], ARABIDOPSIS TRAN-
SCRIPTION ACTIVATION FACTOR [ATAF], CUP-
SHAPED COTYLEDON [CUC]; VIT_19s0014g03290), and
VvBenzoR (Vitis vinifera Benzodiazepine Receptor;
VIT_07s0005g00140; Wang et al., 2011) and fused to
the GUS reporter gene. Quantitative GUS expression
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analysis was assessed by using these constructs and
VvABEF?2 as an effector protein in protoplasts treated or not
with 20 um ABA (Fig. 4B). All promoters tested displayed
enhanced activities upon ABA treatment. Interestingly,
coexpression of VuABF2 significantly increased all pro-
moter activities in the presence or absence of ABA (Fig. 4B).
As multiple ABRE motifs were found in the pro-
moter regions of these three VVABF2 putative target
genes (Supplemental Table S1), the direct binding
of VVABF2 was tested by electrophoretic mobility
shift assay. Our results showed that VvABF2 binds
specifically to these promoter regions, but only when
ABRE motifs are present (Supplemental Fig. S1, A and
C). Indeed, in the absence of these promoter elements,
VvABEF2 failed to bind to the promoter sequence
(Supplemental Fig. S1B). Taken together, these results
indicate that VVABF2 can recognize the ABRE se-
quences in the target promoters and activate these in
response to ABA, under which activation levels were
strongly enhanced. Therefore, VVABEF2 is a positive

Plant Physiol. Vol. 164, 2014
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Figure 3. Quantitative real-time RT-PCR analysis of VVABF2 expression patterns in grapevine cv Cabernet Sauvignon plants and
ABA-treated cells. A, VWVABF2 expression in grapevine organs: roots (R), stems (S), leaves (L), inflorescences (I), and ripening
berries at 11 WAF (RB). Error bars were calculated as sp for three independent experiments. Gene expression was normalized
with WEFTy (V. vinifera ELONGATION FACTOR1; Q9SPF8). B, VWABF2 expression at different stages of berry development,
from 2 WAF to mature berries at 15 WAF. The arrow indicates the véraison stage. Error bars were calculated as the so for four
replicates from two independent experiments (summer 2006 and 2009). Gene expression was normalized with VVEFTy.
C, WABF2 expression in different tissues from ripening berries at 11 WAF. Error bars were calculated as the sp for three in-
dependent experiments. Gene expression was normalized with VWEF1y. D, VWVABF2 transcript accumulation in cv Cabernet
Sauvignon suspension cells treated with 20 um ABA (gray bars) or with the same amount of ethanol (control; black bars). Error
bars were calculated as sp for three independent experiments. Gene expression was normalized with VWEFTy.

regulator modulating downstream ABA signaling
pathways.

Production of Transgenic Cell Lines
Overexpressing VoABF2

Transgenic grape cells overexpressing VoABF2 were
produced using a 355-driven VvABF2 construct. After
stabilization of the cell suspension by subculture in
glycerol-maltose-naphthoxyacetic acid culture medium
supplemented with paromomycin and cefotaxime, the
expression of VoABF2 was tested by real-time RT-PCR
using VoABF2-specific primers. In cells expressing the
355::VVABF2 construct, VoABF2 transcript accumulated
six times more than in cells expressing the empty vector
(Fig. 5). A 1-h ABA treatment (20 um) of control cells
dramatically stimulated VoABF2 expression. ABA also
further stimulated VvABF2 expression in transgenic cells,
but to a lesser extent (Fig. 5).

Plant Physiol. Vol. 164, 2014

Transcriptomic Analysis of VoABF2-Overexpressing Cell
Lines upon ABA Supply

Total RNAs extracted from 41B cells treated or not
with 20 um ABA for 1 h were hybridized with 60-mer
oligoarrays bearing a set of probes for 29,582 unig-
enes (NimbleGen Gene Expression 12x135K Arrays).
Analysis of differentially expressed genes was per-
formed using a 2-fold expression change and an ad-
justed P < 0.05 (with false discovery rate correction) as a
cutoff from three independent experiments. Differential
gene expression analysis was assessed through micro-
array data comparison of three different experimental
conditions: ABA-treated versus untreated control cell
lines (condition 1), untreated 355::VoABF2 versus un-
treated control cell lines (condition 2), and ABA-treated
355::VvABF2 versus untreated control cell lines (condi-
tion 3). The overlap in genes differentially expressed in
these three conditions was depicted with a three-way
Venn diagram (Fig. 6A). The results showed that 1,722
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Figure 4. Subcellular localization and A
transactivation ability of VVABF2.
A, Nuclear localization of the GFP-
VVABF2 fusion protein in tobacco leaf
protoplasts. These confocal micros-
copy images indicate, from left to right,
protoplast sections analyzed for GFP
fluorescence, the same sections ana-
lyzed for chloroplast autofluorescence,
and the transmission light image from
the same protoplast sections. B, Pro-
moter activation by VVABF2 of selected
ABA-regulated genes (Wang et al.,
2011), VVLEA (VIT_0850007g04240),
VYNAC (VIT_19s0014g03290), and
VvBenzoR (VIT_07s0005g00140), in B

tobacco protoplasts. pr355::GUS was 0 5000

358::GFP

358::VvABF2-GFP

Relative Fluorescence Unit / 30000 protoplasts

10000 15000 20000 25000 30000

used as a positive control. White bars [

] ]

indicate GUS activity without addi-
tional construct or treatment, gray bars
indicate GUS activity after transforma-
tion with the 35S:VWABF2 construct,
dotted bars indicate GUS activity after
20 pum ABA treatment, and black bars
indicate GUS activity after transforma-
tion with the 35S:VWABF2 construct

pr3s8:GUS ==

prLEA:GUS =

coupled with 20 um ABA treatment.
Data from three independent experi-
ments were pooled and analyzed. Error
bars indicate sp. Statistical significance
was assessed by one-way ANOVA fol-
lowed by Tukey’s honestly significant
difference post-hoc test (P = 0.05).

PINAC:GUS |

prBenzoR:GUS ==

genes were differentially expressed in at least one of the
three conditions. More specifically, ABA treatment of
control cell lines (condition 1) regulated 569 (1.9%) of the
29,582 unigenes represented on the microarray slide.
Among these, 424 (74.5%) were up-regulated and 145
(25.5%) were down-regulated. In the absence of ABA
treatment, overexpression of VoABF2 led to the dif-
ferential expression of 662 (2.2%) genes when compared
with the control (condition 2). Three hundred thirty-
eight (51%) genes were up-regulated and 324 (49%) were
down-regulated (Fig. 6A). Treatment of 355:VvABF2
transgenic cells with ABA resulted in the differential ex-
pression of 1,370 (4.6%) genes when compared with the
untreated control cells (condition 3). Eight hundred
eighty-one (64.4%) genes were up-regulated and 489
(35.6%) were down-regulated (Fig. 6A). The comparison of
all three conditions showed that only 10 genes were com-
monly affected. Four hundred forty-one genes were com-
mon between conditions 2 and 3, and 438 genes were
common between conditions 1 and 3. Moreover, 501 genes
were specific for 35S5:VvABF2 cells treated with ABA
(condition 3; Fig. 6A).

The differentially expressed genes identified in our
experiments were clustered based on expression ratios
from conditions 1, 2, and 3 into 10 clusters of specific
expression profiles (Fig. 6B). The clusters A, D, and ]
contained genes regulated by ABA in both control and
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VvABF2-overexpressing cells. Genes were up-regulated
by ABA in clusters A and D and down-regulated in cluster
J. Clusters B, E, G, and I included genes affected by
VvABF2 overexpression (up-regulated [B and E] and
down-regulated [G and I]) independently of the presence
of ABA. Clusters C, F, and H contained genes regulated by
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Figure 5. Relative expression level of VWABF2 in transgenic grape 41B
cells. VWABF2 transcript level was assessed by quantitative real-time PCR
in control (pFB8 empty vector) and VWABF2-overexpressing (355:: VWABF2)
41B cell lines, treated or not with 20 um ABA for 1 h. Gene expression
was normalized with VWEFTy. Data are means of three independent ex-
periments, and error bars are sp.
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Figure 6. Overlap, expression profile clustering, and functional categorization of the 1,722 differentially expressed genes in the
three experimental conditions. A, Three-way Venn diagram showing the overlap of differentially expressed genes in the three
experimental conditions: condition 1 (control + ABA versus control), condition 2 (355:: VWVABF2 versus control), and condition 3
(355::VWABF2 + ABA versus control). B, Ten clusters have been created using MapMan (Thimm et al., 2004) on transcript ratios
for the 1,722 differentially expressed genes under condition 1, condition 2, and condition 3. C, Classification of the 1,722
differentially expressed genes within selected MapMan ontology classes. The x axis indicates the number of genes within the
different functional categories (y axis) for each condition: condition 1, condition 2, and condition 3. MISC, Miscellaneous.
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ABA and/or ABF2. Clusters C and F encompassed genes
significantly stimulated in 355::VoABF2 cells treated with
ABA, whereas cluster H corresponded to genes that were
repressed in the same condition. Thus, clusters C, F, and
H contained genes regulated by ABA in a VvABF2-
dependent manner.

To functionally classify the 1,722 genes differentially
expressed in all three types of conditions, we also per-
formed an analysis using MapMan functional cate-
gories (Thimm et al., 2004; Fig. 6C). This classification
suggested that most transcripts were linked to “sec-
ondary metabolism,” “hormone metabolism,” “pro-
tein metabolism,” “transport,” “signaling,” “stress,”
and “transcription” when cells were supplemented
with ABA (Fig. 6C). Among these ABA-stimulated
groups, overexpression of VvABF2 led to the further
enrichment of most categories and, more particularly, of
the groups linked to secondary metabolism (enrichment
factor 5.5X), transport (4.5X), signaling (3X), stress
(3X), and cell wall modification (3X).

The more altered biological functions with statistical
significance among the 1,722 genes differentially
expressed were identified using a MapMan Wilcoxon test
(Table I). In condition 1, genes involved in calcium sig-
naling (P = 4.4 X 107%), minor CHO (carbohydrate) me-
tabolism (P = 3.19 X 107%), AP2/ERF (for APETALA2/
Ethylene Responsive Element Binding Factor) transcrip-
tion factor family proteins (P = 4.44 X 107", and phe-
nylpropanoid metabolism (P = 5.1 X 10™*) were among
the highest differentially expressed genes (Tables I and II).
These genes followed the expression profile of cluster A
or D (Fig. 6B). In addition, other modulated genes pre-
viously reported to exhibit ABA-regulated expression in
grape berry (Koyama et al., 2010) and other plant species
(Seki et al., 2002; Rabbani et al., 2003; Buchanan et al,,
2005; Matsui et al., 2008), such as LEA and biotic/abiotic
stress-related proteins, were also identified (Table II). In
condition 2, genes involved in secondary metabolism
(P = 1.1 X 10 ®), protein degradation and modification
(P =47 x 10* and 2.2 X 1077, respectively), hormone
metabolism and signaling (auxin and ethylene; P = 7.63 X

107% and 4.1 X 1077, respectively), and cell wall degra-
dation (P = 9.3 X 107°) were significantly affected by
overexpression of VoABF2 (Table I). These genes, which
characterize the effect of VVABE2 on grape cells, belong
to cluster B, E, G, or I (Fig. 6B). Some of these genes are
shown in Table III. Among these (Table III), numerous
genes encode cell wall hydrolytic enzymes (e.g. pectin-
esterases and polygalacturonases), secondary metabo-
lism enzymes (e.g. flavonoid-O-glycosyltransferase,
isoflavone reductases, dihydroflavonol 4-reductase,
and isoflavone 2’'-hydroxylase), hormone metabolism-
and signaling-related proteins (e.g. IAA-amido synthe-
tase and Ser/Thr protein kinase BRASSINOSTEROID
INSENSITIVEL] [BRI1}-like), protein degradation-related
proteins (e.g. F-box protein), sugar transport- and
metabolism-related proteins (e.g. hexose transporter
and invertase), transport-related proteins (e.g. multidrug
and toxic compound extrusion [MATE], amino acids, and
potassium transporter), transcription factors (e.g. ERF,
MYELOBLASTOSIS [MYB], basic HELIX-LOOP-HELIX
[PHLH], and HOMEODOMAIN LEUCINE ZIPPER),
and stress-related proteins (e.g. pathogenesis-related
[PR] protein, endochitinases, and peroxidases). Finally,
in condition 3, the clustering into functional categories
showed that genes involved in the synthesis of secondary
metabolites were dramatically affected (P < 1 X 107%).
The enrichment was also observed for genes (Table I)
corresponding to calcium signaling (P < 1 X 10~%), stress
(P <1 x 107®), hormone metabolism and signaling
(auxin and ethylene; P = 2.5 X 10 and 1.77 X 1078, re-
spectively), and WRKY transcription factor (P = 1.25 X
1077). Clusters C, F, and H contained genes affected by
ABA in VvABF2-overexpressing cells (Fig. 6B; Table IV).
The transcript abundance of key enzymes involved in
secondary metabolism and, more particularly, in the first
steps of the phenylpropanoid pathway was considerably
increased in condition 3. These enzymes correspond to
phenylalanine ammonia lyase (PAL) and cinnamate
4-hydroxylase. Interestingly, several stilbene synthase
genes followed a similar expression pattern (Table IV).
Numerous genes encoding proteins related to hormone

Table I. P values of selected categories identified by the MapMan Wilcoxon test to be significantly different from all other differentially

expressed genes

Category Name P Value, Condition 1

(Control + ABA Versus Control)

P Value, Condition 2
(35S::VWABF2 Versus Control)

P Value, Condition 3
(35S::VWABF2 + ABA Versus Control)

Calcium signaling 4.4 x107'°
Secondary metabolism

Phenylpropanoids/lignins 5.1 x 1077

Flavonoids/stilbenes 1.1x107*
Minor CHO metabolism 32 x1071°
AP2-ERF transcription factor 4.4 x1071°
WRKY transcription factor 9.3 X 107°
Cell wall degradation 1.3 x 107"
Protein degradation/proteasome 26S 42 X 1072
Auxin metabolism and signaling 8.4 X 1072
Ethylene metabolism and signaling 22 %X 107°
Protein modification/kinase 1.3 x 1073
Stress 1.6 X 107°

0.4 X 1072 <1-107%
6.8 X 1078 6.8 X 107°
1.1 x 107" <1-107%
1.9 x 107* 13 x 1078
55 % 1073 6.6 x 107"
8.7 X 1072 1.2 x 1077
93 X 107° 4x107°
4.7 x 1074 1.1 x 1073
7.63 X 107° 25 % 1078
4.1 x 1077 1.77 X 1078
22 %1077 7.1 x 107*
1.3 x 107* <1-107%°
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Table II. Selected ABA-induced genes from clusters A and D associated with minor CHO metabolism, signaling, flavonoid metabolism, stress,

development, and transcription functional categories
Ratio values are presented with P < 0.05.

Gene Name

Locus Name

Ratio, Condition 1

Ratio, Condition 2
(355::VWABF2
Versus Control)

Ratio, Condition 3
(355::WABF2 + ABA
Versus Control)

(Control + ABA
Versus Control)

Minor CHO metabolism
Raffinose synthase
Trehalose-6-phosphate

synthase

Signaling
PP2C

SNF1-related protein
kinase

Calmodulin-stimulated
protein kinase

Calmodulin

Secondary metabolism
Anthocyanidin 3-O-
glucosyltransferase
Flavanone 3-hydroxylase
Stress
Heat stress transcription
factor
Pathogenesis-related protein
17.2-kD class Il heat shock
protein
Aquaporin TIP1-1
Desiccation-related protein
Senescence-associated protein
Development
Late embryogenesis abundant
protein

Transcription
AP2/ERF transcription factor
DREB protein
NAC transcription factor

ABI5

VIT_1750000g08960
VIT_11s0037g00720

VIT_00s0179g00140
VIT_11s0016g03180
VIT_03s0038g04580

VIT_18s0001g06180

VIT_1750000g02480
VIT_01s0010g02950
VIT_16s0100g00620

VIT_1950085g00750
VIT_18s0001g03510
VIT_00s0179g00150

VIT_06s0004g04010
VIT_09s0002g00640

VIT_08s0007g04780
VIT_0550077g00610
VIT_00s2814g00010

VIT_13s50067g01250

VIT_08s0007g06420
VIT_16s0115g00170

VIT_0750031g00720
VIT_04s0008g02230
VIT_1550046g00310
VIT_18s0001g13320
VIT_1350067g01960
VIT_19s50014g03290
VIT_02s50236g00100
VIT_0350063g00310

5 1.2 4
2.2 1 2.1
4 1 4
4 1 3
3 1.1 4
5 1.1 6
2.3 0.9 2.3
3 0.8 3.5
2 0.9 2
4 1 3
4 1 4
10 0.9 10
3.5 0.8 3.5
2.5 1 2.5
3.2 1.2 3.3
2.1 1 2.1
3 1.1 3
5 1.2 5
3 1.1 3
4.5 1.1 5
34 0.7 34
5 6
2.5 1.1 3
7 1 7
2.3 1 2.3
10 0.9 10
8 0.9 8
2.3 1 2.3

metabolism and signaling (e.g. 1-aminocyclopropane-
1-carboxylate oxidase, GA receptor, and GA 2-oxidase),
protein degradation (e.g. F-box protein, ubiquitin-
protein ligase, and RING-H2 finger protein), and
transport (e.g. ATP-binding cassette [ABC] transporter
G family member and Glu receptor) were also strongly
increased in the same condition. Finally, the transcript
abundance of transcription factors (e.g. dehydration-
responsive element-binding protein [DREB], WRKY,
and MYB) and stress-related proteins (e.g. PR pro-
teins, endochitinases, peroxidases, and receptor-like
kinase) was also increased in VvABF2-overexpressing
cells supplied with ABA (Table IV).

Plant Physiol. Vol. 164, 2014

VVvABF2 Overexpression Stimulates ABA Induction of
Stilbene Production

Stilbenes, resveratrol, and its derivatives such as
trans-piceid (a glycosylated form of resveratrol) repre-
sent some of the major forms of phytoalexins in grape-
vine (Pezet et al., 2004). They are important for plant
defense, and resveratrol also has beneficial effects on
human health (Bradamante et al., 2004; Hofseth et al.,
2010; Szkudelska and Szkudelski, 2010). Stilbene pro-
duction in grapevine transgenic cell suspensions was
monitored after the addition of 20 um ABA. Before
treatment, control and 35S::VvABF2 transgenic cells
secreted different amounts of each stilbene in the culture
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Table Ill. Selected VVABF2-regulated genes from clusters B, E, G, and | associated with cell wall metabolism, secondary metabolism, hormonal
metabolism and signaling, protein degradation, sugar metabolism and transport, transcriptional regulation, transport, and stress response functional

categories
Ratio values are presented with P < 0.05.

Gene Name

Locus Name

Ratio, Condition 1
(Control + ABA
Versus Control)

Ratio, Condition 2
(35S::VVABF2
Versus Control)

Ratio, Condition 3
(35S::VWABF2 + ABA
Versus Control)

Cell wall metabolism
Pectinesterase

Polygalacturonase
Rhamnogalacturonate lyase
Expansin

Endoglucanase

Secondary metabolism
Flavonoid 5,3-O-glucosyltransferase

Isoflavone reductase
Dihydroflavonol 4-reductase

Isoflavone 2’-hydroxylase
Laccase

Hormonal metabolism and signaling
IAA-amido synthetase

AUXIN/IAA family protein

SAUR family protein

PIN family protein
9-cis-Epoxycarotenoid dioxygenase
Ser/Thr protein kinase BRI1-like

Protein degradation
F-box protein
Ubiquitin family protein
Sugar transport and metabolism
Vacuolar invertase
Hexose carrier protein (HT4)
Polyol transporter
Transport
Amino acid permease
Vacuolar amino acid transporter
Peptide transporter PTR2
MATE efflux family protein

Potassium transporter
Potassium channel KAT3
Aquaporin PIP1.1
ABC transporter family protein
MATE efflux family protein
GDP-Man transporter

Transcription
Ethylene-responsive transcription factor
Homeobox-Leu zipper protein HB40
MYB transcription factor MYB36
Transcription factor bHLH68
Dof zinc finger protein

bHLH transcription factor

MYB transcription factor

VIT_18s0001g12670
VIT_1650022g00710
VIT_03s0038g04740
VIT_1450066g01060
VIT_00s0346g00030
VIT_0750005g02310
VIT_02s0087g00930
VIT_1450036g01040

VIT_1850041g00900
VIT_18s0041g00800
VIT_18s0041g00970
VIT_02s0033g00260
VIT_0250025g01260
VIT_01s0011g03480
VIT_09s0002g06450
VIT_18s0164g00170

VIT_12s0134g00230
VIT_01s0150g00300
VIT_0550020g04690
VIT_03s0038g01220
VIT_11s0052g00440
VIT_0250087g0093

VIT_16s0013g01500
VIT_00s0316g00010

VIT_01s0011g0122
VIT_1450219g00210

VIT_1650022g00670
VIT_16s0013g01950
VIT_03s50063g02250

VIT_18s0001g01850
VIT_19s0027g01890
VIT_18s0001g11280
VIT_1350064g00940
VIT_1650100g00460
VIT_01s0011g03020
VIT_04s0008g04510
VIT_13s50067g00220
VIT_1950085g00060
VIT_08s0056g00870
VIT_1650022g00370

VIT_10s0003g00590
VIT_04s0023g01330
VIT_11s0016g02780
VIT_11s0016g03560
VIT_0750255g00020
VIT_10s0003g00040
VIT_00s0274g00070
VIT_0750205g00190
VIT_09s0070g00410

— 00 = = = 4
o N
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5
5.9
3.7
3
0.25
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3.5
3.1

0.3
3.2
3.3
12.5
3.7
6.5
5.8
4.9
0.25
3.2

11
4.6

3.1

3.5

3.6

5.5

10

7.2

3.5
0.01

0.01

0.2

11
8
5
3.5
4
2
0.25
0.25

8.8

4.6
4.3
2.3
0.3
3.7
3.2

0.3
0.4
0.3

(Table continues on following page.)
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Table Ill. (Continued from previous page.)

Gene Name

Locus Name

Ratio, Condition 1
(Control + ABA
Versus Control)

Ratio, Condition 2
(358::VVABF2
Versus Control)

Ratio, Condition 3
(35S::VVABF2 + ABA
Versus Control)

Homeobox-Leu zipper protein KNATT1
Stress response
PR protein

Endochitinase

Peroxidase

Accelerated cell death
Protein kinase resistance-like

VIT_18s0001g08380

VIT_03s50088g00700
VIT_08s0040g02170
VIT_13s0147g00150
VIT_18s0041g02190
VIT_0550094g00280
VIT_16s0050g02210
VIT_07s0104g01100
VIT_10s0116g00340
VIT_11s0016g05280
VIT_14s0081g00350
VIT_1250028g01850

0.8 0.2 0.2
0.8 32 26
1.1 4.5 4.5
4 4.5
0.3 0.3
. 21 20
0.9 4 3.6
1.1 5 3.6
1 5 4.2
0.6 0.3 0.2
1 3 3.3
0.8 0.2 0.2

medium. Indeed, in control cells, trans-resveratrol was
present at concentrations representing 57.6% of its amount
in VoABF2 transgenic cells. By contrast, in nontreated
VvABF2-overexpressing cells, trans-piceid only rep-
resented 56% of that present in nontreated control cells
(Fig. 7). However, the total amount of stilbenes is similar
for both conditions (Supplemental Fig. 52).

After the addition of ABA to control cell suspen-
sions, trans-resveratrol strongly accumulated in the
culture medium (5.6-fold more), whereas the trans-
piceid amount was maintained (Fig. 7). By contrast,
in the culture medium of 355::VvABF2 cell suspensions,
ABA treatment increased both trans-resveratrol and
trans-piceid contents (Fig. 7). Indeed, trans-resveratrol
and trans-piceid contents were multiplied by maximal
factors of 6.2 and of 2.5, respectively. Finally, ABA
treatment increased the total stilbene amount by 2.7-
fold in control cells and by 4.1-fold in the transgenic
cells (Supplemental Fig. S2).

Phenotype of Tomato Fruits Overexpressing VvABF2

To investigate the involvement of VvABF2 in fruit
development and ripening processes, transgenic tomatoes
overexpressing VoABF2 were produced. The full-length
coding region of VvABF2 was cloned downstream of
the cauliflower mosaic virus 355 promoter and used for
transformation. Five independent 35S:VvABF2 trans-
genic plants were selected for their successful integration
of the transgene (Supplemental Fig. S3). VoABF2 over-
expression did not result in apparent developmental
defects. Flowers and fruits developed normally until the
turning stage, with kinetics comparable to the control
plants. By contrast, after the turning stage and at the later
ripening stages, fruits from all 355:VoABF2 lines
exhibited dramatic phenotypes. Indeed, as soon as
20 d after turning, the firmness of the tomatoes from
VuABF2-overexpressing lines was strongly reduced in
comparison with the control fruits. This reduction in
firmness is illustrated in Supplemental Figure S3,
showing the phenotype observations and the Durofel

Plant Physiol. Vol. 164, 2014

indices that were obtained for the control and the
VvABF2-overexpressing fruits 20 or 50 d after turning.

DISCUSSION

Ripening of nonclimacteric fruit is usually associated
with ABA, a phytohormone that gradually accumulates
from the onset of ripening (Coombe, 1992; Giribaldi et al.,
2010; Koyama et al., 2010). Two different ABA receptors
from strawberry (Fragaria spp.) FaCHLH/ABAR (for
Fragaria ananassa H subunit of magnesium chelatase/ ABA
receptor; Jiaetal.,, 2011) and FaPYR1 (Chaietal., 2011), and
one receptor from grape, VVPYL1 (Li et al., 2012), were
recently described as positive regulators of fruit ripening
in response to ABA. In this context, AREB/ABF bZIP
transcription factors that act as regulators of ABA and
stress responses in plants are good candidates for the
regulation of ABA-mediated fruit ripening. Moreover, a
possible role of AREB/ABF transcription factors has been
reported for the ripening climacteric fruits (Bastias et al.,
2011).

This work gives further insight into the role of this
class of transcription factor during the ABA-mediated
ripening of grape berries. In this context, we isolated
and characterized VvABEF2, previously known as
GRIP55 (VIT_18s0001g10450, Q9M4H1). VVABE2 belongs
to group A of bZIP transcription factors, which are in-
volved in ABA and abiotic stress signaling (Choi et al.,
2000; Uno et al., 2000; Amir Hossain et al., 2010). VoABF2
was ubiquitously expressed in different grape organs,
and its transcript accumulated just before the onset of
grape berry ripening (Fig. 3), when ABA concentrations
increase (Coombe, 1992). These data fit well with the
observation that VoABF2 expression was regulated by
ABA (Fig. 3D) and underline a putative role for this
transcription factor in influencing ABA-regulated grape
berry ripening processes. The nuclear localization of
VvABE2 (Fig. 4A) and its ability to transactivate selected
promoters (Fig. 4B) are consistent with its function as
a transcriptional activator. Additionally, the trans-
activation experiments performed in protoplasts further
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Table IV. Selected genes transcriptionally regulated in VvABF2-overexpressing cells treated by ABA, belonging to clusters C, F, and H, and asso-
ciated with secondary metabolism, hormonal metabolism and signaling, protein degradation, transport, transcriptional regulation, and stress re-

sponse functional categories
Ratio values are presented with P < 0.05.

Gene Name

Locus Name

Ratio, Condition 1
(Control + ABA Versus

Ratio, Condition 2
(35S5::VVABF2 Versus

Ratio, Condition 3
(35S::VWABF2 + ABA

Secondary metabolism
Stilbene synthase

Cinnamate 4-hydroxylase

CAD
PAL

Hormonal metabolism and signaling
AUXIN/IAA family protein
1-Aminocyclopropane-1-

carboxylate oxidase
GA receptor GID1
GA 2-oxidase
ABA 8’'-hydroxylase
Cytokinin-O-glucosyltransferase
Ser/Thr protein kinase BRI1-like

Protein degradation
F-box protein

Ubiquitin-protein ligase

Cupin superfamily protein
RING-H2 finger protein

Transport
ABC transporter G family member
Glu receptor
Amino acid transporter

VIT_10s0042g00840
VIT_16s0100g00780
VIT_16s0100g01020
VIT_16s0100g00960
VIT_11s0078g00290
VIT_11s0065g00350
VIT_18s0122g00450
VIT_16s0039g01170
VIT_16s0039g01320
VIT_00s2508g00010
VIT_08s0040g01710

VIT_11s0016g04490
VIT_18s0001g01840

VIT_01s0011g03270
VIT_19s0140g00120
VIT_06s0004g05050
VIT_13s0019g03120
VIT_09s0018g00780

VIT_00s1386g00020
VIT_10s0116g01290
VIT_08s0105g00190
VIT_18s0166g00190
VIT_0750005g04620
VIT_0550077g01970

VIT_06s0061g01490
VIT_0550051g00780
VIT_03s0038g03530

Control) Control) Versus Control)
1.2 2.8 5.5
1.5 2.2 6.5
1.7 1.3 13
1.6 1.3 8
1.8 1.3 7
2 1.3 13
1.4 3.2 5
2 0.9 6
2.1 0.9 5
2.1 0.8 4.5
1.6 0.9 3
1.8 1.5 3

12 19
1.2 3.6 10
3.5 2.3 8
1.9 1.1 3
1.2 1.6 3.5
1.3 1.3 4.5
1.1 1 22
1.2 1 19
2.7 1 11
1.2 0.8 3
1 1.2 3
2 0.8 3.7
1.5 1.1 4
1.5 1 3
1.2 1.1 3

support the hypothesis of the involvement of VVABE2 in
ABA-mediated signaling pathways. Indeed, VvABF2
was able to bind and transactivate several known ABA-
regulated genes (VoLEA, VoNAC, and VvBenzoR), and its
transcriptional activating role was further increased by
ABA supply (Fig. 4B).

The function of VVABF2 and its role in ABA signaling
were further analyzed by a transcriptomic approach
comparing the response to ABA of transgenic grape
cells that overexpressed VoABF2 with that of control
cells. Overexpression of VvABF2 (condition 2) modu-
lates the expression of many grape genes in the absence
of ABA. Only a few (10) genes were common with those
observed in ABA-treated control cells (condition 1). This
might be the consequence of an ABA treatment (1 h)
that was too short to affect all ABA-regulated genes in
control cells. This hypothesis was strengthened by the
fact that many of the VvABF2-regulated genes (condition
2) belong to families previously shown to be involved in
ABA responses. This also indicates that the ectopic ex-
pression of VoABF2 was sufficient to affect some of the
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ABA-dependent genes. In addition, ABA treatment of
355::VvABF2 transgenic cells (condition 3) regulated many
other genes, including 438 genes that were common with
ABA-treated control cells (condition 1). This represents
77% of the total number of genes affected by the ABA
treatment in the control cells (among which 65.4% were
up-regulated and 11.6% were down-regulated). By com-
parison, ABA treatment of 355::VvABF2-overexpressing
cells resulted in the modification of the expression of 32%
of all the genes affected by VVABF2 overexpression
(27.2% up-regulated and 4.8% down-regulated). These
results indicated that the expression of some genes that
follow an ABA-dependent pathway were mainly medi-
ated by VVABF2, whereas others were specifically de-
pendent on VVABF2 and independent of ABA treatment.
The identification and in silico analysis of 1,344 bp of the
VuABF2 promoter region using the Genomatix suite of
programs (Quandt et al., 1995) led to the identification of
several putative cis-acting regulatory elements within the
5’ regulatory region of VoABF2 (Supplemental Table S2).
These transcription factor-binding sites were associated
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Figure 7. Time course of stilbene production (nmol g™' dry weight
[DW]) in the culture medium of control and 355::VWABF2 transgenic
cells supplied with 20 um ABA. Total trans-piceid (gray bars) and trans-
resveratrol (black bars) were measured in the extracellular medium.
Values represent means = sp of triplicate assays of one representative
experiment out of three.

with plant development, hormonal regulation, and biotic
and abiotic stress responses. Their presence occurred at
different frequencies and are described in Supplemental
Table S2. This result suggests the existence of both ABA-
dependent and -independent pathways in the control of
VuABF2 expression.

ABA treatment of grape cells led to the regulation of
many genes known to be ABA and stress related. For
instance, genes specifically affected by the ABA treatment
encode (1) proteins involved in osmotic stress, desiccation
(raffinose synthase and LEA), and biotic stress (PR pro-
tein) responses, (2) proteins known to improve stress
tolerance to abiotic stresses (AP2-DREB, bZIP, and NAC),
and (3) members of ABA signaling (PP2C) and calcium
signaling (calmodulin and calmodulin-stimulated protein
kinase; Desikan et al., 2001; Yu et al., 2006; Nishimura
et al., 2007; Nakashima et al., 2009; Park et al., 2009; Wang
et al., 2011; Table II). Our results confirm data from the
literature and validate these experiments.

As mentioned before, VvABF2 overexpression can af-
fect some ABA-dependent genes in the absence of ABA
treatment (Table III). For instance, several transcripts en-
coding PR proteins such as endochitinases were strongly
up-regulated in VoABF2 transgenic cells. These genes are
induced during berry development and ripening (Davies
and Robinson, 2000; Pilati et al., 2007). Genes encoding
potassium transporters and channels were also strongly
up-regulated (Table III). These genes are known ABA
targets that are also important for berry ripening (Davies
et al, 2006). Indeed, together with sugar accumulation,
K" influx might help the turgor-driven berry expansion
(Davies et al., 2006), and the K" channel VvK1.1 may play
a major role in K" loading into berry tissues, especially
upon drought stress (Cuéllar et al.,, 2010, 2013).

Effects on Ripening-Associated Processes

ABA promotes sugar metabolism and accumulation in
fleshy fruits (Yamaki and Asakura, 1991; Kobashi et al.,

Plant Physiol. Vol. 164, 2014

A Basic Leucine Zipper Protein Mediates ABA Signaling in Grape

1999; Richings et al., 2000; Pan et al., 2005). In tomato,
overexpression of SIAREBI stimulates hexose accumula-
tion in correlation with increased expression of vacuolar
invertases (Bastias et al., 2011). In VoABF2-overexpressing
cells, the stimulated expression of vacuolar invertase and
hexose transporter genes is consistent with this hypothesis
(Table III).

The softening that accompanies the last stages of fle-
shy fruit ripening is typically attributed to changes in
cell wall properties (Li et al., 2010). Several studies have
underlined the role of ABA in enhancing softening
in both tomato (Zhang et al., 2009b) and grapevine
(Gambetta et al., 2010). Indeed, it was suggested by
Koyama et al. (2010) that in grape berry, the modifica-
tion of cell walls occurring under ABA treatment may be
reflected by the differential transcript abundances of cell
wall proteins and pectin-modifying enzymes. The high
transcript levels of genes encoding cell wall hydrolytic
enzymes (pectinesterase, polygalacturonase, and
rhamnogalacturonase) in VoABF2-overexpressing cells
suggest a role for VVABF2 in fruit softening (Table III).
This hypothesis is further strengthened by the obser-
vation that in tomato fruits overexpressing VoABF2,
the softening process is dramatically accelerated
(Supplemental Fig. S3).

Responses to oxidative stress have been reported
during fruit development in several species, including
tomato (Jiménez et al.,, 2002), strawberry (Aharoni and
O’Connell, 2002), and grape (Pilati et al., 2007). Reactive
oxygen species (ROS) amounts are accurately controlled
by both their production and the antioxidant systems.
During grape berry development, Pilati et al. (2007)
showed that oxidative processes and enzyme-mediated
scavenging systems are activated during the ripening
stage. In agreement with this work, our microarray data
showed that both ROS production and scavenging sys-
tems were affected (Supplemental Table S4). Indeed, in
at least one condition (in the presence of ABA and/or
VvABF2), the expression of 30 genes involved in ROS
production was significantly affected. These genes be-
long to the RBOH (respiratory burst oxidase homologue)
and secretory peroxidase (class III) families that are re-
sponsible for the production of ROS and of some sec-
ondary metabolites leading to the synthesis of antifungal
products or the reinforcement of cell walls. In the same
conditions, the expression of more than 80 genes related to
ROS scavenging systems was also altered. These include
ascorbate and glutathione peroxidases, peroxiredoxins,
thioredoxins, glutaredoxins, and glutathione S-transferases.
The fine-tuned control of this gene network by ABA
and/or VVABF2 may contribute to the regulation of the
redox balance and to the production of some metabolites
that are necessary for ripening.

The role of ABA in enhancing the synthesis of phenolic
compounds during fruit ripening has been reported ex-
tensively (Ban et al, 2003; Jeong et al, 2004; Peppi
et al., 2006; Wheeler et al., 2009; Gambetta et al., 2010).
Our transcriptomic analysis revealed that ABA reg-
ulates some genes encoding secondary metabolism
enzymes and that VoABF2 overexpression does it as
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well: for example, treatment of control cells with
ABA up-regulated genes involved in flavonoid/
anthocyanin biosynthesis (Table II). Among these,
flavanone 3-hydroxylase was previously shown to be
induced in berry skin after ABA treatment (Koyama
et al., 2010). Likewise, VvABF2 overexpression also
led to the stimulation of this pathway (Table III).
Indeed, the expression of genes encoding proteins
involved in the biosynthesis of anthocyanins (UDP-
glucose:flavonoid 3-O-glucosyltransferase and dihydro-
flavonol reductase) and isoflavones (isoflavone hydroxylase
and isoflavone reductase) is modulated by VVABE2. Fi-
nally, treatment of 35S::VvABF?2 cells by ABA also up-
regulated secondary metabolism and, more particularly,
the first steps of the phenylpropanoid pathway (PAL
and cinnamic acid 4hydroxylase), the lignin biosynthesis
pathway (cinnamyl alcohol dehydrogenase [CAD]), and
the phytoalexin pathway (stilbene synthase). The strong
up-regulation of these genes in ABA-treated 355::VvABF2
cells by comparison with ABA-treated control cells
suggests that their expression depends on both ABA
and VvABF2. Measurements of stilbene production in
355::VuABF2 transgenic cells corroborate our micro-
array data. Indeed, ABA treatment of control and
VvABF2-overexpressing cells stimulated this pro-
duction and particularly that of trans-resveratrol (Fig. 7).
Therefore, trans-resveratrol secretion is stimulated by
ABA in both control and 35S::VoABF2 cells (5.6- and 6.2-
fold increases, respectively, when compared with non-
treated cells). By contrast, trans-piceid amounts did not
significantly change in ABA-treated control cells, whereas
its amount was more than doubled in 35S::VvABF2
transgenic cells treated with ABA.

Overexpression of VoABF2 also affected the accumula-
tion of MATE transporter transcripts. Since this gene
family is involved in the transport of flavonoids
(Gomez et al., 2009; Zhao and Dixon, 2009), these data
indicate that VVABF2 may also be involved in the reg-
ulation of flavonoid transport.

Effects on Genes Controlling Hormonal Balance

Hormone balance is important for fruit development
and ripening. For example, the maintenance of precise
amounts of cytokinins is needed to achieve fruit ripen-
ing (Mok, 1994). Low levels of free IAA (maintained by
Gretchen Hagen3 [GH3]) are also needed to allow berry
ripening (Bottcher et al., 2010, 2011), and ABA stimu-
lates this conjugating enzyme (Seo et al., 2009). Ethylene
plays an important role in climacteric fruit ripening
(Giovannoni, 2007), and ABA is thought to control the
ripening of climacteric fruit through the activation of
ethylene biosynthesis (Zhang et al., 2009b). Although
the role of ethylene in nonclimacteric fruits remains
unclear, its involvement in grapevine berry ripening has
been suggested (Chervin et al., 2004, 2008). Finally, bras-
sinosteroids are positive hormonal regulators of berry
ripening (Symons et al.,, 2006) that interact with other
phytohormones (ABA and auxin) to achieve their bio-
logical function (Hardtke, 2007; Zhang et al., 2009). Our
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results suggest a fine-tuning of hormone amounts and
signaling pathways by ABA and underline a putative role
of VVABF2 in this control. Indeed, VoABF2-overexpressing
cells accumulated transcripts of genes involved in hor-
mone biosynthesis and/or signaling (Tables III and IV).
Two sets of genes could be identified. The first one corre-
sponded to genes stimulated by ABA in control cells, and
their expression was further induced by VovABF2 over-
expression. The second set included genes that were already
affected in 355::VvABF?2 cells and whose accumulation was
further affected by ABA supply, including many genes in-
volved in the control of hormone amounts and, more par-
ticularly, their biosynthesis (9-CIS-EPOXYCAROTENOID
DIOXYGENASE and 1-AMINOCYCLOPROPANE-1-
CARBOXYLATE OXIDASE) and catabolism (GH3, GA
2-OXIDASE, ABA 8'-HYDOXYLASE, and CYTOKININ-
O-GLUCOSYLTRANSFERASE; Tables III and IV). Other
genes corresponding to proteins involved in hormone
signaling were also affected, including genes involved in
hormone sensing (Gibberellin Insensitive Dwarfl [GID1] and
BRI1) and transduction (AUXIN/IAA and small auxin up
RNA [SAUR]).

The ubiquitin/26S proteasome pathway plays a key
role in the perception and transmission of environmental
and hormonal signals (Smalle and Vierstra, 2004; Liu and
Stone, 2010; Antoni et al., 2011). In this work, the im-
portance of this pathway in ABA signaling is highlighted
by the response of several genes encoding F-box proteins
and other components of the proteasome pathway in
355::VuABF2 transgenic lines and after ABA supply
(Table III).

Effects on Genes Involved in Stress Responses

Numerous transcription factors are regulated by
ABA or ABA-regulated stresses, even though their
specific roles in ABA signaling remain unknown
(Nemhauser et al., 2006; Yamaguchi-Shinozaki and
Shinozaki, 2006). ABA-regulated members of the
DREB, WRKY, and MYB transcription factor families
were up-regulated when VvABF2 was overexpressed
(Table III), reinforcing the role of this transcription factor
in regulating ABA-mediated pathways. Thus, among the
known homologs of the transcription factor genes iden-
tified, AtWRKY28 and AtWRKY40 are involved in oxi-
dative stress, cold, high-salinity, and osmotic stress
responses (Seki et al.,, 2002) and AtWRKY33 and
AtWRKY53 are involved in hydrogen peroxide and
ozone responses (Tosti et al., 2006; Vanderauwera
et al., 2007). Additionally, it has been suggested that
AtWRKY33 may regulate plant responses to both
abiotic stress and ABA (Jiang and Deyholos, 2009). In
addition, AtWRKY40 binds the promoters of several
members of the AREB/ABF transcription factor sub-
family, and its activity is inhibited by ABA perception
by the magnesium-chelatase H subunit receptor (CHLH/
ABAR; Shang et al., 2010).

Taken together, these data show that VoABF2 over-
expression not only activates new gene networks but
mainly functions by exacerbating and/or modifying
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existing networks related to ABA responses. Indeed,
ABA treatment of VoABF2-overexpressing cells often led
to an enhanced response compared with ABA treatment
of control cells (Fig. 6B, clusters C, F, and H). This was
particularly observed for genes involved in the phenyl-
propanoid pathway. Several genes encoding enzymes
involved in the first step of this pathway (PAL and C4H)
and several stilbene synthases were strongly induced.
These data indicate that in the presence of ABA,
VVABF2 is an important regulator of the phenyl-
propanoid pathway leading to stilbene biosynthesis.
This result is consistent with data from the literature
showing an up-regulation of several stilbene synthase
genes paralleling an increase in resveratrol concentra-
tions in ABA-treated berries (Koyama et al., 2010). In
addition, VvABF2 seems to affect lignin biosynthesis by
the stimulation of CAD and laccase genes (Tables III
and IV). The induction of lignin biosynthetic genes
by ABA was previously illustrated in Arabidopsis
(Ostergaard et al., 2001; Seki et al., 2002)

Finally, several reports indicate that fruit softening
is hormonally regulated by ABA and ethylene (Jiang
et al., 2000; Zhang et al., 2009a, 2009b). Inhibitors of
ABA biosynthesis delay tomato ripening and softening
(Zhang et al., 2009a, 2009b). Treatment of berries with
ABA or ethephon (an ethylene analog) increases soft-
ening (Peppi et al., 2006). In this work, ABA treatment
led to modification of the expression of some softening-
related genes. Among these, we can cite various xylo-
glucan endotransglycosylase genes, cellulose synthase
genes, and pectinesterase genes. Additionally, genes
involved in galactinol (galactinol synthase, stachyose syn-
thase, and seed imbibition protein) and trehalose (trehalose-
6-P phosphatase and trehalose-6-P synthase) metabolism
were up-regulated. Both microarray data and the re-
sults obtained with transgenic tomatoes strongly indi-
cate the involvement of the ABA-regulated transcription
factor VVABF2 in stimulating fruit maturation and
softening.

In summary, this work characterizes VvABF2, a tran-
scription factor of the AREB/ABF family sensitive to
ABA. This transcription factor mediates at least in part
several ABA-mediated pathways controlling both mat-
uration processes and responses to environmental
stresses. These include the regulation of secondary
metabolism, cell wall metabolism, hormone metabo-
lism and signaling, and stress responses. In addition to
its putative role in fruit maturation and because of its
general pattern of expression, VVABF2 could be a key
component of ABA-mediated grape development and
adaptation to environmental cues.

MATERIALS AND METHODS

VoABF2 cDNA Isolation and Production of Constructs for
Plant Transformation

A full-length VoABF2 clone was produced from a ¢cDNA library isolated from
grape (Vitis vinifera ‘Cabernet Sauvignon’) berries at the véraison stage. PCR was
performed using synthetic oligonucleotide primers designed to begin and end at
the start and stop codons of the open reading frame of VoABF2 (forward primer,
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5-ATGGGGAGTAATTTGAACTTCAAAAACTTC-3'; reverse primer,
5'-CCAGGGGCCAGTCAGTGTGCGTCTCAAGCAA-3'). The complete open
reading frame was amplified and cloned into the pGEM-T Easy vector
(Promega) for DNA sequencing, prior to subcloning into a stable expression
binary vector downstream of the 35S promoter of the Cauliflower mosaic virus.
pFB8 and Pk7m34GW binary vectors (Gateway; Karimi et al., 2002) were used
to generate VoABF2-overexpressing 41B cells and tomato (Solanum lycopersi-
cum) plants, respectively.

Plant Transformation and Culture Conditions

Grapevine transformations were made in 41B rootstock (cv Chasselas X Vitis
berlandieri) according to Lecourieux et al. (2010). An embryogenic cell suspension
culture was initiated as described previously (Coutos-Thévenot et al., 1992a,
1992b). This cell suspension was subcultured weekly in 25 mL of glycerol-
maltose culture medium (Coutos-Thévenot et al., 1992b) supplemented with
synthetic auxin (naphthoxyacetic acid) at 1 mg L™" in the dark. Embryogenic
cells were transformed using an Agrobacterium tumefaciens cocultivation method
(Mauro et al., 1995), and after selection, the transgenic cells were subcultured in
the same condition in a medium supplemented with paromomycin at 2 mg mL " and
cefotaxime at 200 mg mL ™" (Duchefa).

Transgenic tomato plants (cv Wval06) were generated by A. tumefaciens-mediated
transformation of tomato cotyledons as described by Gonzalez et al. (2007). Tomato
plants were grown in a culture chamber with a 14-h-day/10-h-night cycle. The tem-
perature was 25°C during the day and 20°C during the night. Individual flowers were
tagged on the day of anthesis (flower opening).

Quantification of Stilbenes

Stilbenes from the culture medium were obtained by a triple ethyl acetate
extraction using 5 mL of culture medium. Stilbenoid samples were filtered
through 0.45-um polytetrafluoroethylene membrane filters (Fioroni). Analysis of
stilbenes was performed by HPLC on a 250- X 4-mm Prontosil C18 (5 um)
reverse-phase C18 column (Bischoff Chromatography) protected by a guard
column of the same material. The HPLC device was coupled to an Esquire 3000
Plus ion-trap mass spectrometer using an electrospray ionization source (Bruker-
Daltonics). The chromatographic conditions were not modified, and the HPLC
output was split 1:10 in the mass spectrometry detector. Data analysis was
performed with Bruker Data Analysis 3.2 software. Separation was performed at
a flow rate of 1 mL min ' with a mobile phase composed of water:1% tri-
fluoroacetic acid (97.5:2.5, v/v; A) and acetonitrile:A (80:20, v/v; B). The run was
set as follows: 0 to 1 min, 20% B; 1 to 8 min, from 20% to 24% B; 8 to 10 min, from
24% to 25% B; 10 to 13 min, 25% B; 13 to 18 min, from 25% to 30% B; 18 to
35 min, from 30% to 50% B; 35 to 37 min, from 50% to 100% B; 37 to 41 min,
100% B; 41 to 42 min, from 100% to 20% B; and then 20% B for 4 min. UV
detection was performed at 286 and 306 nm. Absolute trans-resveratrol and
trans-piceid contents were estimated from calibration curves prepared with pure
standards. Trans-resveratrol and trans-piceid were purchased from Sigma.

RNA and ¢cDNA Production

Roots, shoots, leaves, and inflorescences were collected from cv Cabernet
Sauvignon fruit cuttings grown in a greenhouse. Berries (cv Cabernet Sauvignon)
were harvested in Domaine de la Grande Ferrade, Villenave d’Ornon, France. In
order to compare berries at the same developmental stage, berries were sorted
by weight before véraison and on a NaCl density gradient after véraison.

All collected samples were quickly frozen in liquid nitrogen, ground to a fine
powder with a Dangoumau blender, and stored at -80°C prior to use. Total RNA
from grape organs and berries was extracted according to Lecourieux et al. (2010).
Total RNA from grape cells was extracted from 100 mg of starting tissue using the
Spectrum Plant Total RNA Kit (Sigma) following the manufacturer’s protocol.
RNA isolation was followed by DNasel treatment. For each sample, RT was
performed from 2 ug of purified RNA using Moloney murine leukemia virus
reverse transcriptase (Promega) according to the manufacturer’s instructions. The
cDNA obtained was diluted (1:20) in distilled water.

Gene Expression Analysis

Quantitative real-time RT-PCR expression analysis was carried out using
the CFX96 Real-Time PCR Detection system (Bio-Rad). Ten-microliter reaction
mixes were prepared, which included 5 uL of iQ SYBR Green Supermix (Bio-
Rad), 0.2 um of each primer, and 2 uL of diluted cDNA. Gene transcripts were
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quantified with normalization to VoEF1y (grape experiments [Q9SPF8];
Nicolas et al., 2013) and SIEiF4a (tomato experiments [SGN-U578071]) as in-
ternal standards. All biological samples were tested in triplicate, and sp values
were calculated using standard statistical methods. Specific oligonucleotide
primer pairs were designed with Beacon Designer 7 software (Premier Biosoft
International). Specific annealing of the oligonucleotides was controlled by
dissociation kinetics performed at the end of each PCR run. The efficiency of
each primer pair was measured on a PCR product serial dilution. Quantitative
real-time RT-PCR primer sequences are listed in Supplemental Table S1.

Protoplast Isolation and Transient Expression Assays

The coding sequence of VoABF2 was cloned as a C-terminal fusion in frame
with the GFP into the pRT101 vector (Kiegerl et al., 2000) and expressed under
the control of the cauliflower mosaic virus promoter.

The promoter regions of VoLEA (VIT_08s0007g04240), VoNAC (VIT_19s0014g03290),
and VvBenzoR (VIT_07s0005g00140) were inserted upstream of the GUS reporter
gene into pAM35 (Guerineau et al., 2003). Primer sequences used for promoter
cloning are listed in Supplemental Table S1.

Tobacco (Nicotiana tabacum ‘SR1’) in vitro plants used for protoplast
preparation were cultivated in a growth chamber with a constant temperature
of 25°C and a 14-h/10-h day/night photoperiod. Protoplasts were obtained
from young leaves of 15-d-old subcultured plants according to Hosy et al.
(2005). A 10-ug aliquot of each plasmid DNA was used for polyethylene
glycol-mediated cotransformation. Transfected protoplasts were incubated for
16 h at 25°C.

GFP fluorescence was analyzed by confocal microscopy. A fluorometric
GUS assay was performed following the protocol described by Jefferson et al.
(1987). Protoplasts were centrifuged briefly for 30 s and vortexed with a GUS
extraction buffer containing 50 mm sodium phosphate (pH 7.0), 10 mm
B-mercaptoethanol, 10 mm Na,-EDTA (pH 8.0), and 0.1% Triton X-100. The
extracts were centrifuged for 15 min in a microcentrifuge at 4°C, and the super-
natants were incubated at 37°C for GUS assay using 1 mm 4-methylumbelliferyl-
B-D-glucuronide as a substrate. The reaction was stopped with 0.2 M Na,CO,.
The amount of methylumbelliferone production was determined using a fluo-
rometer (Versafluor fluorometer; Bio-Rad). Total protein content of the samples
was determined by the method of Bradford (1976).

Microarray Experiments and Analyses

Three biological replicates of each sample (untreated control, control + ABA,
355:VvABF2, and 355:VvABF2 + ABA) were hybridized on NimbleGen
microarray 090818 Vitis exp HX12 (Roche, NimbleGen), bearing a set of
probes for 29,582 unigenes based on the 12X grapevine V1 gene model pre-
diction (http:/ /genomes.cribi.unipd.it/). The chip probe design is available at
http:/ /ddlab.sci.univr.it/ FunctionalGenomics/. Robust multiarray average-
processed data are available at PLEXdb (Wise et al., 2007) with accession
number VV30:VVABFOx. Data analyses were performed using R/Bioconductor
(Gentleman et al., 2004). Expression intensities were background corrected,
quantile normalized, and summarized using the robust multiarray average
function of the oligo package (Carvalho and Irizarry, 2010). Differentially
expressed genes were identified using the Limma package (Smyth, 2004) for
the following contrasts: 355::VvABF2 versus control, 355::VoABF2 + ABA ver-
sus control, and control + ABA versus control. Genes with absolute log,-fold
changes above 1 (ratio of 2) and false discovery rate (Benjamini and Hochberg,
1995)-corrected P values below 0.05 were considered significant. Expression
profiles of these genes were clustered using the MapMan software (Thimm
et al., 2004). Gene models were aligned against the UnirRef100-2011-07 data-
base (Suzek et al., 2007) using the BLAST program (Altschul et al., 1997). Genes
considered as differentially expressed were associated with the MapMan On-
tology (Thimm et al., 2004) using the Mercator Online tool (http://mapman.
gabipd.org/web/guest/app/mercator). The most extreme categories within
these differentially expressed genes were identified using a Wilcoxon rank-sum
test implemented in the MapMan tool (Usadel et al., 2005).

Sequence Analysis

Full-length amino acid sequences of bZIP transcription factors from several
species were retrieved from public databases. Multiple amino acid sequence
alignment was generated using the Clustal Omega alignment algorithm with
default parameters (Sievers et al., 2011; http:/ /www.ebi.ac.uk/Tools/msa/
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clustalo/). The phylogenetic tree was constructed from the Clustal Omega
alignment using the MEGA5 package (Tamura et al., 2011). The evolutionary
history was inferred using the neighbor-joining method. The optimal tree was
drawn to scale, with branch lengths in the same units as those of the evolu-
tionary distances used to infer the phylogenetic tree. The evolutionary dis-
tances were computed using the Poisson correction method and were in units
of the number of amino acid substitutions per site. All positions containing
gaps and missing data were eliminated from the data set (complete deletion
option). There were a total of 117 positions in the final data set.

In Silico VoABF2 Promoter Region Identification
and Analysis

The identification and in silico analysis of the VoABF2 promoter region
were conducted using the Genomatix suite of programs (http://www.
genomatix.de [Genomatix Software]; Quandt et al., 1995). The Gene2promotor
program from the Genomatix software package was used to define 1,344 bp
upstream of the transcription start site of the VoABF2 promoter region. The
corresponding sequence was then used as the target sequence for transcription
factor recognition site identification using the MatInspector version 8.06 pro-
gram (Cartharius et al., 2005). The parameters used were the Matrix Family
Library version 8.4 (June 2011), the standard (0.75) core similarity, and the
optimized matrix similarity.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. VVABEF2 binds to promoter fragments containing
ABRE motifs.

Supplemental Figure S2. Time course of total stilbene production (nmol g ' dry
weight) in the culture medium of control and 35S::VvABF2 transgenic cells
after the addition of 20 um ABA.

Supplemental Figure S3. Mature fruit phenotypes of VoABF2-overexpressing
tomato plants.

Supplemental Table S1. Potential ABRE cis-acting elements identified in
the 5’ regulatory region of VoLEA, VvBenzoR, and VoNAC.

Supplemental Table S2. Potential cis-acting elements identified in the
5' regulatory region of VoABF2.

Supplemental Table S3. Genes involved in the response to oxidative stress
and affected in the response to ABA and/or VvABF2 overexpression.

Supplemental Table S4. PCR primers used to amplify gene- and
promoter-specific regions for cloning and expression analyses.
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