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Abstract Basic leucine zipper (bZIP) proteins, which func-
tion as transcription factors and play important regulatory
roles in all eukaryotic organisms, have been identified and
classified in plants based on the sequenced genomes of model
species such as Arabidopsis thaliana and rice (Oryza sativa).
However, far less is currently known about the evolutionary
relationships and expression patterns of bZIP genes in
nonmodel plants. In this study, we performed a genome-
wide analysis and identified a total of 47 bZIP transcription
factors from grape (Vitis vinifera L., cv PN40024).
Phylogenetic analysis of grape bZIP transcription factors
along with their Arabidopsis and rice counterparts indicated
that they can be classified into 13 different groups.
Furthermore, evolutionary analysis of the grape bZIP tran-
scription factors demonstrated that segmental duplications
have contributed substantially to the expansion of this family
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in grape. In addition, synteny analysis between grape and
Arabidopsis suggested that some of the bZIP members were
present in their most recent common ancestor and that the
major expansion occurred before the divergence of the two
species. Gene expression analysis of the grape bZIP transcrip-
tion factor-encoding genes revealed tissue-specific, biotic and
abiotic stress and hormone-responsive expression profiles.
Taken together, the genome-wide identification and character-
ization of grape bZIP transcription factors provide insights
into their evolutionary history and a resource for further
functional characterization in the context of crop improvement
and stress tolerance.
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Introduction

Grapevine (Vitis vinifera L.) is globally the most economically
important perennial fruit crop due to its diverse uses, including
the production of wine, jam, juice and jelly, grape seed ex-
tracts, raisins, vinegar, and grape seed oil. However, grape
production is limited by a range of biotic and abiotic stresses
that cause significant losses in yield every year, as well as a
reduction in berry quality (Ferreira et al. 2004). Consequently,
there is great interest in developing grapes with enhanced
tolerance to different stresses. Most biological responses in
plants to abiotic and biotic stresses are finely controlled at the
transcriptional level by a spectrum of transcription factors
(TFs). These TFs show sequence-specific DNA-binding ca-
pacity and can be classified into families according to the
conserved motifs that code for the characteristic DNA-
binding domains (DBDs) (Yamasaki et al. 2012).
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Here, we focus on the basic leucine zipper (bZIP) TFs,
named after a highly conserved bZIP domain (Hurst 1994),
which contains 40 to 80 amino acids, with two functionally
distinctive regions: the basic region (BR) and the Leu zipper
(LZ) region (Corréa et al. 2008). The BR is highly conserved,
located at the N-terminus of the bZIP domain, consists of
about 16 amino acids, and functions as a DNA-binding motif.
The LZ region is less conserved than the BR and contains an
amphipathic coiled coil domain that confers dimerization
specificity (Nijhawan et al. 2008).

The bZIP proteins (bZIPs) are widely distributed in all
eukaryotes and constitute one of the largest families of TFs
(Amoutzias et al. 2007). In animals, they are involved in
development, metabolism, circadian rhythm, learning, mem-
ory, and response to stress and radiation, as well as in sensing
environmental signals (Deppmann et al. 2006). They also play
numerous roles in plants and have been reported to contribute
to a variety of developmental processes, such as cell elonga-
tion (Fukazawa et al. 2000), organ and tissue differentiation
(Silveira et al. 2007), embryonic and floral development (Zou
et al. 2008; Guan et al. 2009), seed maturation (Jakoby et al.
2002), plant senescence (Sohn et al. 2006), hormone signaling
(Niggeweg et al. 2000; Fujita et al. 2005), and light signaling
(Mallappa et al. 2006). Furthermore, there is growing evi-
dence that bZIP TFs play important roles in plant resistance
to pathogens and responses to biotic and abiotic stresses
(Pontier et al. 2001; Wang et al. 2011a; Xiang et al. 2008).
For example, TGA factors, a conserved family of plant bZIP
TFs, serve both negative and positive regulatory roles in
mediating defense responses (Pontier et al. 2001), and several
genes in the sorghum bZIP TF family have been shown to
regulate responses to various abiotic stresses (Wang et al.
2011a). In addition, overexpression of the rice OsbZIP23 gene
was found to significantly improve tolerance to drought and
high salinity stresses in transgenic rice (Xiang et al. 2008).
There is therefore considerable evidence that bZIP domain
genes represent one of the key regulatory gene families in-
volved in mediating plant growth and stress responses.

Functional diversification in gene families encoding TFs is
emerging as a major source of morphological and physiological
diversity in evolution (Carretero-Paulet et al. 2010; Riechmann
et al. 2000). Several studies have provided genome-wide identi-
fication of bZIP domain genes from plants whose genome
sequence is available. For example, the genomes of
Arabidopsis thaliana, Oryza sativa, Populus trichocarpa (black
cottonwood) and Sorghum bicolor are annotated as having 75,
89, 89, and 92 bZIP TFs, respectively (Jakoby et al. 2002;
Nijhawan et al. 2008; Corréa et al. 2008; Wang et al. 2011a).
In one analysis, the 75 predicted Arabidopsis bZIP-encoding
genes were divided into ten groups (Jakoby et al. 2002), while
in another phylogenetic study, a total of 257 predicted bZIP TFs,
including 76 from Arabidopsis, 92 from rice, and 89 from
P, trichocarpa, were divided into 13 groups (Corréa et al. 2008).
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The release of the grape genome has provided an opportu-
nity to identify protein families at the genome level, to analyze
them, and to utilize the potential genes for grape crop im-
provement (Jaillon et al. 2007). Recently, 132 TF genes in the
AP2/ERF family were identified in the grape genome (Zhuang
et al. 2009), while in a separate study, Licausi et al. (2010)
reported 149 AP2/ERF TF genes containing at least one ERF
domain (Licausi et al. 2010). However, the grape bZIP TF
family has not been analyzed in detail, and the phylogenetic
relationship with other plant bZIP TFs remains poorly under-
stood. In this study, we identified 47 bZIP TF genes from the
grape genome sequence and carried out phylogenetic analyses
to understand their interrelationships. Furthermore, we identi-
fied some of the duplication events that have likely
contributed to the expansion of the grape bZIP family.
Phylogenetic analysis of grape, Arabidopsis, and rice
bZIP TFs allowed the identification of both shared and
specific subgroups and an estimation of their number in
their most recent common ancestor, as well as potential
gene birth-and-death events. Moreover, analysis of gene
and protein features and predicted location provided
evidence for numerous independent intron loss events
in the bZIP family. Finally, expression profile analyses
during grape development and under different stress
inductions revealed that bZIP proteins exhibit a variety
of expression patterns, suggesting diverse functions.
Through these analyses, we have increased the knowl-
edge concerning the evolution and potential function of
grape bZIP TF genes.

Materials and Methods

Identification and Annotation of Grape bZIP Transcription
Factor Genes

A direct search of annotated bZIP transcription factor genes in
the Grape Genome Database (12 X) (http://www.genoscope.
cns.fr) was performed using the Hidden Markov Model
(HMM) profile of the bZIP domain (PF00170) downloaded
from Pfam (http://pfam.sanger.ac.uk/). We did not expand our
study to other datasets beyond the scaffolds of the PN40024
genome. Information about the proteins, genes, and virtual
complementary DNA (cDNA) sequences of all the grape bZIP
TF genes was obtained from the Grape Genome Database (12
X) (www.cns.fr/externe/GenomeBrowser/Vitis). We then
performed manual curation of the predicted gene structures
of the identified 47 grape bZIP genes. We first extracted grape
EST and messenger RNA (mRNA) sequences from GenBank,
as well as Arabidopsis protein sequences (TAIR version 10),
which have been under extensive manual curation. We aligned
these sequences to the grape bZIP genes and manually
checked the alignments. Of the 47 grape bZIP genes, the
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predicted gene structures of 33 were accurate, supported by
grape EST/mRNA and/or Arabidopsis protein sequences. Of
the remaining 14 grape bZIP genes, we were able to correct
the gene models of 13 of them, and the corrected gene models
were also supported by grape EST/mRNA and/or Arabidopsis
protein sequences. The predicted model of the last bZIP gene
(GSVIVT01009846001) appeared to miss at least 400 bp at
the 5" end. However, we were not be able to correct this gene
model as the corresponding genome region contains a lot of
stop codons, thus cannot be translated through. The CDS and
protein sequences of the 13 corrected gene models were
provided in Supplementary Table 1. To confirm the obtained
cDNA sequences, the nucleotide sequences were translated
into amino acid sequences, which were then examined for the
presence of a bZIP domain using the HMM of the SMART
tool (http://smart.embl-heidelberg.de/) (Schultz et al. 1998;
Letunic et al. 2012). Then we associated the 47 bZIP tran-
scription factors, identified in the grape genome, to the acces-
sion numbers of the last annotation of the grape genome on the
CRIBI website (http://genomes.cribi.unipd.it/grape/).

Sequence and Phylogenetic Analysis

The ClustalX (version 2.0) program was used with default
parameters to perform multiple sequence alignments (Larkin
et al. 2007). Phylogenetic trees were created using the MEGA
5.0 software and the neighbor-joining (NJ) method, and the
bootstrap test was replicated 1,000 times (Tamura et al. 2011).

The MEME version 4.9.0 tool (http://meme.nbcr.net/
meme/) was used to identify additional conserved motifs
outside the bZIP domain shared among grape bZIP proteins.
All 47 VvbZIP protein sequences were used as input, and a
limit of 20 motifs was specified with all other parameters set to
default. These motifs were analyzed manually based on e-
value cutoff<e—001 and those considered significant that
were shared by the majority of grape bZIP proteins were
placed into the same group, according to their DNA-binding
site specificity.

Exon/Intron Structure Analysis of Grape bZIP Transcription
Factors

To obtain information about the intron/exon structure of the
grape bZIP TFs, the coding sequences were aligned with the
corresponding genomic sequences using the est2genome pro-
gram (http://emboss.bioinformatics.nl) (Rice et al. 2000). The
diagram of exon/intron structures was obtained using the
online Gene Structure Display Server (GSDS: http://gsds.
cbi.pku.edu.ch), which gives both exon position and gene
length. Since the introns of several of the analyzed genes
were relatively long, only the exons were drawn to scale.

Chromosome Localization and Synteny Analysis

Each of the grape bZIP TFs was mapped onto their corre-
sponding chromosome using the grape genome browser at the
Grape Genome Database (12 X). Tandem duplications of
grape bZIP TF in the grape genome were predicted by iden-
tifying their physical locations on individual chromosomes.
Tandem duplicated genes were defined as adjacent homolo-
gous bZIP TFs on the same chromosome, with no more than
one intervening gene (Zhang et al. 2012).

For synteny analysis, synteny blocks within the grape
genome and between grape and Arabidopsis genomes were
downloaded from the Plant Genome Duplication Database
(http://chibba.agtec.uga.edu/duplication) and those
containing grape and Arabidopsis bZIP genes were
identified and analyzed. The diagrams were generated by the
program Circos (version 0.63) (http://circos.ca/).

Plant Materials

Grape tissues of young root, stem, leaf, tendril, flower at fully
open stage, and fruit at 33 days after anthesis were harvested
from an 8-year-old ‘Kyoho’ (Vitis labruscax V. vinifera) grape-
vine with normal growth during the 2012 growing season.
Two-year-old ‘Kyoho’ juvenile plants were used for high salt,
drought stress, and exogenous hormone treatments. A Chinese
wild Vitis quinquangularis clone ‘Shang-24’ was used for
powdery mildew inoculation. Both grape species are present
in the grape germplasm resource orchard of Northwest A&F
University, Yangling, China (34° 20" N, 108° 24" E).

Abiotic, Hormone, and Biotic Stress Treatments

Two-year-old ‘Kyoho’ juvenile plants that had previously
been planted in pots were used for all abiotic stress and
hormone treatments. For high salinity stress, seedlings were
irrigated with 2 L 250 mM NacCl solution (Upreti and Murti
2010; Boneh et al. 2012). After treatments for 1, 3, 6, 12, 24,
and 48 h, fully unfolded young leaves were collected. For
drought stress, a similar stage of seedlings was treated by
withholding water for up to 7 days under field environment
in June, until the leaves showed wilting (Peng et al. 2013).
Young leaves of the seedlings were harvested at 24, 48, 72, 96,
120, 144, and 168 h post-treatment. Subsequently, the stressed
plants were rewatered to soil saturation and leaves were col-
lected at 48 h after rewatering (R48). For salt and drought
stress, plants watered every 3 days were used as the control.
For hormone treatments, 100 uM salicylic acid (SA),
100 uM abscisic acid (ABA), 50 uM methyl jasmonate
(MeJA), or 0.5 g/L ethylene (ET)-releasing ethephon was
sprayed on the selected young leaves followed by sampling
at 0.5, 1, 3, 6, 12, 24, and 48 h post-treatment as previously
described (Li et al. 2010; Wang and Li 2006; Xiao and
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Nassuth 2006; Boneh et al. 2012). Leaves sprayed with sterile
water were used as the negative control.

Pathogen treatment was carried out by inoculating the
young leaves of ‘Shang-24" with Erysiphe necator (Schw.)
Burr (powdery mildew) according to the method previously
described (Wang et al. 1995). Leaves sprayed with sterile
water were used as negative controls. At each inoculation
period, leaves were sampled at 6, 12, 24, 48, 72, 96, and
120 h post-inoculation.

The third to fifth fully expanded young grapevine leaves
beneath the apex for hormone treatments were chosen as the
plant samples, at which time the shoots of the vines were 25—
35 cm in length. At each time point of each treatment, six
leaves from six separate plants were combined to form one
sample then immediately frozen in liquid nitrogen and stored
at —80 °C until use. The experiment was repeated to generate
three biological replicates.

Semiquantitative RT-PCR Analysis

Total RNA from grapevine was extracted using the E.Z.N.A.®
Plant RNA Kit (Omega Bio-tek, USA, R6827-01). The integ-
rity of total RNA was assessed by electrophoresis on 1 %
agarose gels and its quantity as well as purity was determined
by a NanoDrop spectrophotometer (ND-7000, NanoDrop
Technologies, USA). For each sample, 1 pg of total RNA
was used to synthesize first-strand cDNA using a mixture of
poly (dT) and random hexamer primers along with
PrimeScript’™ RTase (TaKaRa Biotechnology, Dalian,
China). For subsequent experiments, the reverse transcription
products were diluted six times.

Grape Actinl gene (GenBank accession number AY680701),
amplified with primers F (5-GAT TCT GGT GAT GGT GTG
AGT-3") and R (5'-GAC AAT TTC CCG TTC AGC AGT-3),
and grape EF'I-a gene (GenBank accession number EC931777)
with the primers F (5'-AGG AGG CAG CCA ACT TCA CC-3")
and R (5'-CAA ACC CTG CAT CAC CAT TC-3') were used as
the reference genes for normalizing the concentration of the
cDNAs. Gene-specific primers were designed for the grape
bZIP TF genes using Primer Premier 5.0 and optimized using
oligo 7 (Supplementary Table 2). For semiquantitative reverse
transcription-PCR (RT-PCR), a 20-pl reaction volume that in-
cluded 1 pl of cDNA template, 1.6 pl of gene-specific primers
(1.0 uM), 9.8 ul PCR Master Mix (Tiangen Biotech Co. Ltd.,
Beijing, China), and 7.6 wl sterile distilled water was used. The
PCR parameters were 95 °C for 3 min, followed by 3042 cycles
of 95 °C for 30 s, 58-64 °C for 30 s, 72 °C for 25 s, and a final
step at 72 °C for 2 min. PCR products were separated on a 1.5 %
(w/v) agarose gel with ethidium bromide staining and imaging
under UV light for further gene expression analysis. Each PCR
reaction was replicated three times and the three independent
analyses showed the same trends for each gene and treatment.
The results of the semiquantitative RT-PCR reactions were
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quantified using the GeneSnap software. Grape Actinl was used
as an internal control and fold changes were used to indicate
expression levels in treated leaves compared to negative controls.
The Log2-based fold changes of the relative expression levels of
VvbZIP genes under abiotic, hormone, and biotic stress treat-
ments compared to the control were used for hierarchical cluster
analysis with Genesis software to create the heat map (Guo et al.
2013).

Real-Time Quantitative RT-PCR Analysis

To validate the results from the semiquantitative RT-PCR
experiment, the real-time quantitative RT-PCR amplification
of 20 selected genes was conducted using SYBR green
(TaKaRa Biotechnology) on an 1Q5 real time-PCR machine
(Bio-Rad, Hercules, CA, USA). Gene-specific DNA primers
were the same as those used for semi-qRT-PCR
(Supplementary Table S2). Each reaction was performed in
triplicate with a final volume of 20 pl mixture containing
10.0 pul SYBR Premix Ex 7ag II (TaKaRa Biotechnology),
1.0 ul cDNA template, 0.8 pl each primer (1.0 uM), and
7.4 ul sterile distilled H,O. Cycling parameters were 95 °C
for 30 s, 40 cycles at 95 °C for 5 s, and 60 °C for 30 s. At the
end of the PCR cycles, melt-curve analyses were carried out to
examine the amplification specificity by the following pro-
gram: 95 °C for 15 s, followed by a constant increase from 60
to 95 °C. The grape Actinl gene was used as the internal
reference gene. The software IQ5 was used to analyze the
relative expression levels using the normalized expression
method (Gao et al. 2012). Asterisks indicate the correspond-
ing gene significantly up- or downregulated under the differ-
ential treatment by ¢ test (*P<0.05, **P<0.01).

Results and Discussion

Identification and Nomenclature of Grape bZIP Transcription
Factors

To identify the putative bZIP proteins in the Grape (V. vinifera cv
PN40024) Genome Database, an HMM search was utilized, with
the HMM profile of the bZIP domain, which was extracted from
Pfam (accession number PF00170). Based on the SMART tool,
each matching sequence was then examined for the bZIP domain
with an e-value cutoff of 1.0, resulting in a total of 47 potential
genes that could be annotated as encoding putative as grape bZIP
TFs. These VvbZIP genes were manually curated and subse-
quently named as VvbZIP1 to VvbZIP47 according to their
location on chromosomes 1 to 19 and from top to bottom
(Table 1). Similar criteria have previously been adopted for the
nomenclature of bZIP proteins in rice and NAC proteins in
potato (Nijhawan et al. 2008; Singh et al. 2013). The nomencla-
ture and information related to all 47 VvbZIP genes, such as their
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At locus description Sore
(bits)

locus

CDS length Protein length At ortholog
(aa)

(bp)

Accession no. Chromosome

V1 gene locus ID in

CRIBI

Gene locus ID

Table 1 (continued)

Group Gene
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gene locus ID, chromosomal location, coding sequence (CDS),
and protein length, are listed in Table 1 and Supplementary
Table 3. The 47 grape bZIP proteins identified in this study
shared a relatively low level of corresponding nucleotide se-
quence identity and varied in length from 131 to 680 amino
acids (aa), with an average of about 336 aa. This high protein
sequence variability among members of a bZIP TF family has
also been reported in rice, where the size of predicted bZIP
proteins ranges from 143 to 647 aa, with an average of 311 aa
(Nijhawan et al. 2008). In grape, VvbZIP41 (131 aa)
corresponded to the smallest bZIP protein.

Domain analysis performed using the protein BLAST search
tool in the NCBI database (blast.ncbi.nlm.nih.gov) revealed that
in most members, only one typical bZIP domain was present, but
that 11 of the grape bZIP proteins contained an additional do-
main. Of these 11 proteins, in the case of five (VvbZIP3,
VvbZIP4, VvbZIP11, VvbZIP35, and VvbZIP40), a multifunc-
tional mosaic region (MFMR) was found at the N-terminus of
the bZIP domain. This MFMR has previously been proposed to
be involved in mediating protein-protein interactions (Meier and
Gruissem 1994; Siberil et al. 2001). The remaining six VvbZIP
proteins (VvbZIP1, VvbZIP16, VvbZIP23, VvbZIP24,
VvbZIP31, and VvbZIP37) were predicted to contain a
DELAY OF GERMINATION 1 (DOGT1; PF14144) domain,
which was reported as being present in Arabidopsis DOGI1, a
protein involved in the control of seed dormancy (Bentsink et al.
2006).

Given that the genome sequence of Arabidopsis is the best
studied of any plants, and the functions of many Arabidopsis
bZIP (AthZIP) genes have been well characterized, we predicted
the function of each VvbZIP gene based on the function of its
Arabidopsis ortholog. For each of the 47 VvbZIP genes, the most
similar gene in Arabidopsis was designated as the ortholog by a
BLAST analysis. Interestingly, six of the VvbZIP genes
(WbZIP16, VvbZIP24, VvbZIP19, VvbZIP37, VvbZIP31, and
VwbZIP23) were identified as orthologs of Arabidopsis TGA
factors with strong e-value support. Previously, TGA factors
have been found to regulate the expression of pathogenesis-
related (PR) genes by binding to their promoters (Jakoby et al.
2002). In addition, the predicted ortholog of both VvbZIP17 and
VvbZIP21 was identified as ABIS, which appears to function in
ABA signal transduction both in late seed development and seed
germination (Jakoby et al. 2002). Based on the functions of their
Arabidopsis orthologs (Table 1), we propose that specific
VwbZIP genes have roles in grape development and defense
against pathogens and biotic stresses and will provide targets
for future functional characterization.

All the Major Groups of Land Plants Have Large Numbers
of bZIP Proteins

Phylogenetic analyses of plant bZIP proteins to date have
provided a useful, but somewhat limited, phylogenetic
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framework for their overall classification in green plants
(Corréa et al. 2008). Importantly, little is known about the
evolutionary history of the bZIP family in woody species,
such as grape. To provide a broader evolutionary context,
we evaluated the number of bZIP TF genes of V. vinifera and
nine other plant species (Ostreococcus lucimarinus, Volvox
carteri, Chlamydomonas reinhardtii, Physcomitrella patens,
Selaginella moellendorffi, S. bicolor, O. sativa, P. trichocarpa,
and A. thaliana), one mammal (Homo sapiens), and one
fungal species (Saccharomyces cerevisiae) according to pre-
vious studies (Feller et al. 2011; Wang et al. 2011a; Corréa
et al. 2008). This confirmed the presence of large numbers of
bZIP proteins in a taxonomically diverse set of land plants
whose genomes have been sequenced to date (Fig. 1). The
results of this analysis suggest that most plant bZIP TFs were
already present in early land plants, prior to the divergence of
mosses and vascular plants, which is consistent with the
observation that the plant bHLH TF family diversified before
the divergence of lycophytes from other vascular plants (Pires
and Dolan 2010). By contrast, chlorophytes encoded a few
bZIP proteins, which might indicate that bZIP proteins have
ancient origins and arose before plants transitioned from water
to land. On the other hand, unicellular eukaryotic organism
such as S. cerevisiae also has a small number of bZIP proteins,
whereas H. sapiens has more than 50 bZIP TFs (Fig. 1). Due
to the larger number of bZIP TFs in animals and land plants
than other eukaryotes, we hypothesized that the size expan-
sion of the bZIP family occurred independently during the
evolution of plants and animals. This increase in number in
both plants and animals, compared to other eukaryotes, has
also been observed among members of the bHLH TF family
(Pires and Dolan 2010). We noted that grape has fewer pre-
dicted bZIP TFs compared to other plants with fully se-
quenced genomes, since Arabidopsis, P. trichocarpa,
S. bicolor, and O. sativa have 77, 89, 92, and 92 predicted

Fig. 1 Eukaryotic phylogeny
showing the distribution of

bZIP TFs, respectively (Corréa et al. 2008; Wang et al. 2011a).
While this may reflect a true difference, a possible explanation
is that some VvbZIP genes may be located in gaps in the
current release of the grape genome and so have yet to be
identified. Another explanation may be that there were poten-
tial limitations of our survey since we have not expanded our
study to other datasets beyond the scaffolds of the PN40024
genome.

Phylogenetic Analysis of VvbZIP Genes from Three Plant
Species

Genomic comparison can provide a highly efficient method
for transferring genomic knowledge from one taxon in which
the gene function is well established to a less studied taxon
(Paterson et al. 2012). To investigate the phylogenetic rela-
tionship of VVbZIP proteins with eudicot (Arabidopsis) and
monocot (rice, O. sativa) model plants (Corréa et al. 2008), an
unrooted neighbor-joining (NJ) tree was generated using a
multiple alignment of the full-length bZIP protein sequences
(Fig. 2). Among the 47 grape bZIP proteins, 64 % (30)
grouped together with Arabidopsis bZIP proteins rather than
rice proteins, suggesting that the majority of V. vinifera bZIP
proteins are more closely related to those of Arabidopsis than
to those of rice. This result is consistent with the fact that both
grape and Arabidopsis are eudicots and diverged more recent-
ly from a common ancestor than from the lineage leading to
monocots. Based on the topology, clade support values, and
branch length, the phylogenic tree divided the 47 VvbZIP
proteins into 13 distinct groups, which are shown with their
Arabidopsis and rice orthologs (Fig. 2). These groups are in
agreement with groups proposed by previous analyses in
Arabidopsis and other green plants (Jakoby et al. 2002;
Corréa et al. 2008). We adopted the Arabidopsis bZIP group
nomenclature (A, B, C, D, E, F, G, H, 1, and S) proposed by

Species Number of bZIP

members of the bZIP family in 12 Metagoans Homo sapiens 552
species. The total number of bZIP Fungi s o
. . accharomyces cerevisiae 182
proteins found in the genome of
each species is indicated on the Ostreococcus lucimarinus 9a
. , Chlorophyta
right. Superscript letter a, Feller Volvox carteri .
et al. (2011); superscript letter b, —I:: >
Wang et al. (2011a); Superscript Plants Chlamydomonas reinhardltii 242
letter ¢, Corréa et al. (2008) Mosses .
Land Physcomitrella patens 462
Ly hyt
plants| YTOPTYS® Selaginella moellendorffii 552
L | Monocots Sorghum bicolor gob
Vascular __‘_[: .
plants Oryza sativa 92¢
Angiosperms |Eudi- ————— Vijtis vinifera 47
cots
Populus trichocarpa 89¢
Arabidopsis thaliana 77°
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Fig. 2 Phylogenetic analysis of
grape, Arabidopsis, and rice bZIP
proteins. Multiple sequence
alignment of full-length bZIP
proteins from V. vinifera (Vv),

A. thaliana (At), and O. sativa
(Os) was performed using Clustal
X 2.0, and the phylogenetic tree
was constructed using MEGA 5.0
by the neighbor-joining method
with 1,000 bootstrap replicates.
The tree was divided into 13
groups, designated as A to S, as
previously described. Members
from grape, Arabidopsis, and rice
were denoted by diamond, circle,
and friangle, respectively

Jakoby et al. (2002) to label these groups, together with three
groups (J, K, and L) classified by Corréa et al. (2008).

In general, all these 13 groups were present in grape,
Arabidopsis, and rice, indicating that most bZIP TFs in plants
evolved prior to the monocot/eudicot divergence.
Furthermore, no species-specific groups were observed, sug-
gesting that bZIP TFs have been conserved throughout plant
evolution. In addition, bZIP proteins from the same group
tended to cluster together in the phylogenetic tree and were
not equally represented within a given clade, suggesting that
they experienced duplications after the lineages diverged.
Remarkably, the grape, Arabidopsis, and rice bZIP proteins
were distributed uniformly in seven groups (A, E, G, H, J, K,
and L) and contained similar numbers of bZIP genes from
each species, suggesting that major expansion/contraction in
gene number of these groups has not occurred since the
divergence of eudicots (4rabidopsis and grape) and monocots
(rice). Conversely, in the remaining six groups, the number of
genes from each of the three species differed considerably,
indicating that expansion/contraction occurred after the sepa-
ration of each lineage.

@ Springer
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Recently, bZIP genes belonging to groups B, C, D, E, F, G,
I, and J have been identified in the genome of bryophytes
(P. patens), gymnosperms (Pinus taeda and Picea glauca),
and angiosperms (O. sativa, Arabidopsis, and P. trichocarpa)
(Corréa et al. 2008), which suggests that they diverged from
one another very early in land plant evolution. Moreover,
groups D and I have been reported to be particularly important
for the transition from early land plants to angiosperms
(Corréa et al. 2008), and both these groups were also present
in the grape bZIP family. We note that group A, which
probably first appeared in the most recent common ancestor
(MRCA) of spermatophytes (Corréa et al. 2008), is the largest
group and contains 41 homologues (Fig. 2). Group A genes
are absent from the genome of the moss, P. patens (Corréa
et al. 2008), and since members of this group are present in
gymnosperms and angiosperms, it seems that bZIP genes of
group A may have arisen more recently, following the diver-
gence of vascular plants. Recently, members of the group A
bZIPs have been studied in the context of ABA or abiotic
stresses such as cold, drought, and high salinity signaling
(Jakoby et al. 2002). The smallest groups were J and K, which
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both contained only three members. Group J has been
reported to be present in the MRCA of bryophytes and
tracheophytes, while group K is angiosperm specific
(Corréa et al. 2008).

Structural and Phylogenetic Analysis of Grape bZIP Proteins

Multiple sequence alignment of the bZIP domain (51 aa)
revealed that most of the 47 bZIP proteins contain a highly
conserved bZIP domain with an invariant N-x,-R/K motif in
the basic region and a heptad repeat of Leu or other bulky
hydrophobic amino acids, typically positioned nine amino
acids upstream of R/K toward the C-terminus, as previously
described (Fig. S1). Exceptions were provided by VvbZIP47,
where the heptad repeat of Leu is 16 amino acids instead of the
usual nine amino acids toward the C-terminus, and
VvbZIP22, where the conserved Arg/Lys in the basic region
is replaced by an Ile residue. This is similar to the previously
reported rice bZIP TF OsZIP34, where the heptad repeat of
Leu is positioned 16 amino acids toward the C-terminus, and
OsZIP80 that also has the conserved Arg/Lys replaced by an
Ile residue in the basic region (Nijhawan et al. 2008). In
addition, there were two other VvbZIP TFs that were identi-
fied with unusual structures: VvbZIP28 and VvbZIP45,
which both have a Lys in place of the conserved Asn in
the basic region. This atypical basic domain has also
been found in the rice bZIP TF OsZIP21 and OsZIP§2 TF
(Nijhawan et al. 2008).

Phylogenetic analysis was also performed using a multiple
sequence alignment containing only the protein sequences of
the 47 grape bZIP TFs identified here (Fig. 3a). The topology
was similar to that constructed with all the bZIP protein
sequences from the three plant species in Fig. 1, and as
expected, bZIP proteins from the same group tended to cluster
together, with bZIP proteins divided into 13 distinct groups.
Group A contained the greatest number (13) of VvbZIP
proteins, which is similar to the result of the multispecies
analysis (Fig. 1), while groups B, F, J, and K each contained
only one VvbZIP protein. In similar studies, phylogenetic
analyses divided both sorghum bZIPs and rice bZIPs into
ten groups (Wang et al. 2011a; Nijhawan et al. 2008). These
observations may suggest that grape bZIP proteins have been
more conserved during plant evolution.

To provide further confirmation of the evolutionary rela-
tionships among the grape bZIP genes, conserved motifs were
predicted using the MEME program. Although the number of
amino acids in the grape bZIP protein sequences varied from
131 to 680 (Table 1), proteins that clustered in the same group
tended to contain the same number of amino acids and share a
similar motif composition, which further supported the group
definitions, indicating that the molecular structures of the
members in the same group were highly conserved during
evolution (Fig. 3b). A total of 20 motifs, including the bZIP

domain, were analyzed and the multilevel consensus sequence
and the amino acid length of these conserved motifs are given
in Supplementary Table 4. The existence of highly conserved,
group-specific motifs outside of the bZIP domain also indi-
cates a common origin, despite variability among the different
groups (Du et al. 2013). A part of the conserved TLED/E
sequence and [TN][LV][DE][ED] in motif 6 represent poten-
tial casein kinase II (CKII)-like phosphorylation sites
(S/TxxD/E, where x represents any amino acid), which have
been identified in members of bZIP transcription factors in
Arabidopsis and rice (Jakoby et al. 2002; Nijhawan et al.
2008). The identification of conserved motifs outside the
conserved domains is in agreement with sequence analysis
of other TF families, such as ERF and NAC (Nakano et al.
2006; Singh et al. 2013).

Since exon/intron structure can also provide important
evidence to support phylogenic relationships in a gene family
(Li et al. 2006), we investigated the exon/intron organization
of the 47 VvbZIP genes to obtain further insight into their
possible structural evolution. Among the 47 genes, the num-
ber of introns ranged from 0 to 11 and most introns showed
conserved positions and phases (Fig. 3c). Two VvbZIP genes
had no introns, accounting for 4 % of the total V'vbZIP genes,
which was less than the total percentages of bZIP transcription
factor genes predicted to be without introns based on studies
in rice and sorghum where in each case they accounted for
19 % (Nijhawan et al. 2008; Wang et al. 2011a). Our analysis
proved a strong correlation between the phylogenetic relation-
ships of the genes and the exon/intron structure (Fig. 3) and
VvbZIP genes that clustered together possessed a similar gene
structure. As a result, five sets of genes (VvbZIP11/VvbZIP40,
VvbZIPY9/VvbZIP12, VvbZIP25/VvbZIP46, VvbZIP19/
VvbZIP37, and VvbZIP23/VvbZIP31) contained the same
number of exons with nearly identical exon length (Fig. 3c),
indicating that they may be the products of segmental or
tandem duplication events. These results were confirmed with
the conserved motifs analysis since V'vbZIP genes that fell into
different groups showed a large degree of sequence diver-
gence, whereas those in the same group bore a closer relation-
ship. However, intron/exon loss/gain within the same VvbZIP
gene clade was also observed. For example, VvbZIP21 is
comprised of six exons, whereas its paralog VvbZIP17 has
only three, indicating that it may have acquired three more
exons during evolution. In addition, compared to its paralog
VvbZIP34, VvbZIPI18 has lost its final intron in the course of
its evolutionary history.

Chromosomal Distribution and Duplication Events
Among V'vbZIP Genes

The VvbZIP genes were assigned to the 19 grape chromo-
somes based on the annotation of the grapevine genome,

revealing that they are distributed unevenly and that not all
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Fig. 3 The VvbZIP genes. a Phylogenetic analysis of grape bZIP pro-
teins. Numbers above or below the branches of the tree indicate bootstrap
values. b Schematic representation of the conserved motifs in the grape
bZIP proteins as revealed by MEME analysis. Gray lines represent the
nonconserved sequences, and each motif is represented by a box

19 chromosomes contain a VvbZIP gene. Chromosomes 9, 10,
11, 16, and 17 have no VvbZIP gene, whereas relatively high
densities are present in certain chromosomes and chromosom-
al regions, including the top of chromosomes 3 and 4, the
bottom of chromosomes 6, 8, 12, and 13, and the central
sections of chromosome 18 (Fig. 4). Notably, nine bZIP
members are located on chromosome 18, the largest number
on any chromosome, while one gene, V'vbZIP45, is not located
on any of the defined chromosomes, but rather the random
chromosome 18.

Genome duplications, among which tandem and segmental
duplication events are thought to be two of the main processes,
have contributed to gene family expansions throughout plant
evolution (Cannon et al. 2004; Li et al. 2006). Grapevine, one
of the oldest land plants, appearing approximately 65 million
years ago (This et al. 2006), has undergone abundant gene
duplication throughout its evolutionary history and 17,922
duplicated genes in the grapevine genome have been identi-
fied. Of these, 2,039 and 628 were identified as being pro-
duced by genome-wide and tandem duplications, respectively
(Wang et al. 2013). To detect a possible relationship between
the VvbZIP genes and potential genome duplications, both
segmental and tandem duplication events were examined.
We identified only two pairs of tandem duplications
(VWbZIP16/VvbZIP17 and VvbZIP37/VvbZIP38) on grape
chromosomes 6 and 18, respectively (Fig. 4), indicating the
limited contribution of tandem duplication to this gene family
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expansion. Similar results were obtained from the analysis of
the sorghum genome, where only three pairs of tandem dupli-
cates were identified (Wang et al. 2011a). We then examined
the segmentally duplicated genes within the grapevine ge-
nome and determined that there are ten pairs of V'vbZIP genes
(VvbZIP18/VvbZIP34, VvbZIP37/VvbZIP19, VvbZIP38/
VvbZIP27, VvbZIP39/VvbZIP7, VvbZIP40/VvbZIP11,
VvbZIP41/VvbZIPS5, VvbZIP46/VvbZIP25, VvbZIP3/
VvbZIP35, VvbZIP14/VvbZIP29, VvbZIP21/VvbZIP17) in-
volved in segmental duplications, accounting for 43 % of
the total VvbZIP genes (Supplementary Table 5). It is worth
noting that the VvbZIP40 paralog, GSVIVT01031924001,
does not belong to the bZIP transcription factor gene family,
but is predicted to encode a protein with a coiled coil region.
This domain was also detected in VvbZIP40, thus providing
evidence of a segmental duplication. Interestingly, all V'vbZIP
genes that located to the duplicated segments of chromosomes
belong to the same group and the majority have highly similar
exon/intron structures (Fig. 3), such as VvbZIPI19 and
VvbZIP37, which both belong to group C (Fig. 3a). These
results are consistent with a study that showed that all rice
OsbZIP genes that located to the duplicated segments of
chromosomes belong to the same group (Nijhawan et al.
2008). In summary, 20 out of the 47 VvbZIP genes were
associated with segmental duplication events, indicating that
such duplications have played an important role in the expan-
sion of the grape bZIP family. Moreover, similar contribution
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Fig. 4 Distribution and synteny
analysis of VvbZIP genes on the
grape chromosomes. bZIP genes
are indicated by vertical orange neon
lines. Colored bars connecting
two chromosomal regions denote
syntenic regions of the grape
genome
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rates of segmental duplication to the bZIP family expansion
have been reported in Arabidopsis, rice, and sorghum, sug-
gesting that segmental duplication can be regarded as a major
mechanism contributing to the expansion of plant bZIP fam-
ilies (Nijhawan et al. 2008; Jakoby et al. 2002; Wang et al.
2011a).

Evolutionary Relationships Between Grape and Arabidopsis
of bZIP Genes

It is now possible to reconstruct the evolutionary history of a
gene in its entirety by comparing the sequences of all genes
between genomes from different taxa and within each genome
(Koonin 2005). As described above, Arabidopsis is considered to
be the best studied model plant species and the functions of many
AtbZIP TFs have been well characterized. Thus, we analyzed the
comparative synteny map between the grape and Arabidopsis
genomes to gain further insight into the origin and evolutionary
history of the V'vbZIP genes. Large-scale synteny data revealed
that 26 VvbZIP genes have 31 Arabidopsis corresponding
orthologs (Fig. 5), suggesting that the large-scale expansion
might have occurred before the divergence of grape and

— Wbzipy7

e vazlp 18
N
o

S

ri2 | chrll

VvbZIP25

Arabidopsis. These Arabidopsis 31 orthologs could also be
classified within the bZIP TF family and are listed in
Supplementary Table 5, using the previously proposed
Arabidopsis bZIP nomenclature. With regard to single grape-
to-Arabidopsis bZIP TF gene orthology, the syntenies were
unambiguous and included 17 pairs of orthologs as follows:
VWbZIP16-AtbZIP21, VvbZIP4-AtbZIP68, VvbZIP36-AtbZIP60),
VVbZIP28-AtbZIP76, VvbZIPI1-AtbZIP46, VvbZIP2-AtbZIPS,
VvbZIP42-AtbZIP27, VvbZIP12-AtbZIP64, VvbZIP1I-
AtbZIP41, VvbZIP31-AthZIP20, VvbZIP9-AtbZIP56, and
VvbZIPS-AtbZIPY (Supplementary Table 6), indicating that these
VvbZIP genes and their Arabidopsis bZIP counterparts share a
common ancestor. More challenging aspects of the syntenic
interpretation were cases where grape segmental duplications
corresponded to single Arabidopsis genes, or where single grape
genes corresponded to multiple Arabidopsis genes. The former
situation included VvbZIP37/VvbZIP19-AtbZIP57, VvbZIP39/
VvbZIP7-AtbZIP38, VvbZIP3/VvbZIP35-AthZIP55, and
VvbZIP14/VvbZIP29-AthZIP18, whereas the latter included
VVbZIP14-AthZIP52/AthZIP18, VvbZIP5-AtbZIP30/AthZIP29,
VWbZIP20-AtbZIP17/AtbZIP49, VvbZIP24-AtbZIP45/AtbZIP6S5,
VWbZIP33-AtbZIP53/AthZIP1, VvbZIP35-AtbZIP54/AthbZIPSS,
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Fig. 5 Synteny analysis of bZIP
transcription factor genes between
grape and Arabidopsis. Grape and
Arabidopsis bZIP genes are

indicated by vertical orange lines. "’Z‘é‘e%
Colored bars denote syntenic % X
regions between grape and U N

Arabidopsis chromosomes
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and VvbZIP39-AtbZIP36/AtbZIP38/AtbZIP37/AtbZIP15
(Fig. 5). Finally, a third case was identified where two duplicated
grape genes corresponded to two Arabidopsis genes (VvbZIP21/
VWbZIP17-AtbZIP39/AtbZIP67) (Fig. 5). In this instance, it was
difficult to determine whether the segmental duplications ap-
peared before or after the divergence from a common ancestor.
Although the remaining 21 VvbZIP genes could not be mapped
to any synteny blocks, it cannot be concluded that they did not
share a common ancestor with Arabidopsis bZIP TF genes since,
after the speciation of grape and Arabidopsis, their genomes have
undergone multiple rounds of significant chromosomal rear-
rangement and fusions, followed by selective gene loss, which
can severely obscure chromosomal syntenies (Paterson et al.
2012; Zhang et al. 2012).

Expression Profiles of V'vbZIP Genes in Different Organs

Semiquantitative RT-PCR was performed to detect conserved
and tissue-specific expression profiles of VvbZIP genes under
normal growth conditions in six different grapevine organs:
roots, stems, leaves, flowers, fruits, and tendrils. For this
analysis, two grapevine genes, Actin 1 and EF-a, were used
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as references. In total, the expression profile of 44 VvbZIP
genes (~94 %) in six different organs was evaluated, while the
remaining three VvbZIP genes (VvbZIP41, VvbZIP45, and
VvbZIP46) had no detectable expression. Of the 44 VvbZIP
genes, 37 (~84 %) were ubiquitously expressed in all six
organs and might therefore regulate the transcription of a
broad set of genes, while three (~7 %) were expressed in
one to three organs, and four (~9 %) were expressed in four
to five organs (Fig. 6). The expression levels for different
VvbZIP genes varied significantly, such as VvbZIPI,
VvbZIP16, VvbZIP24, and VvbZIP38 were expressed at
higher levels in flowers (Fig. 6), suggesting organ-specific
functions, similar to their Arabidopsis or rice orthologs. For
example, AthZIP46 (Perianthia/PAN; ortholog of VvbZIPI)
regulates the number and their relative positions of floral
organs (Chuang et al. 1999). Consistent with a role in flower
development, OsbZIP31 and OsbZIP30, orthologs of
VvbZIPI and VvbZIP16, respectively (Fig. 2), were predom-
inantly expressed in early/late panicle stages in rice (Nijhawan
et al. 2008) and so the grape bZIP TF homologs may have a
similar role. Similarly, VvbZIP8 and VvbZIP36 showed par-
ticularly high expression levels in fruits compared to other



Plant Mol Biol Rep (2014) 32:1085-1102

1097

@ooxe%\e‘(\%»@&e:\o‘@z‘&\e/\e@{\\g %00\%%\86\%\9")&:\0\“0‘:“&6/\e“&\\e ?»00\%%\e’&%\,@g@:\&e’i“‘){@«e<‘&\\%
vozier ] VhZIP17 ] VVbZIP33 i ————
whzipy e VvbZIP 18 e Vb ZIP 3 el
vwziP e vwbzip19 e R il VVZIP35
vwozips . VvbziP20 R Vv0ZIP36 ]
vwozips e  /bZiP el VvbZIP37 ]
wozirs e R \/bziP2o [ VhZIPSE ...
vwzipy NN .02iP23 bkt il VVDZIP39 i)
WHZIPE [t /v5ZIP24 e R vz iP40
WHZIPY il \/vbzIP25 e VvbZIP42 e
vwozip1o I \.07r2 e  VvbZIP43
WbZiP11 e  vvbziP27 ] Vb ZIPA4
wpzip 2 e R  \//bZIP28 e \/voz1P47 T
WhZIP1 e e/ /5Z1P29 e Al ————
Vb ZIP 14 ] /vbZ1P30 [ ————— EF -0 o ————

WHZIPT5 st s oo e
VbZIP16

VDZIP3 ] Rt
vbzipsz R TR

Fig. 6 Expression profiles of 44 VvbZIP genes in various organs, as determined by semiquantitative RT-PCR analyses. The experiments were repeated

three times and the results were consistent

tissues (Fig. 6). Interestingly, one of these, VvbZIPS, repre-
sents the closely related ortholog of OsbZIP19 and OsbZIP21
(Fig. 2), which have been considered to have a specific role in
regulating the expression of genes involved in different stages
of seed development, from embryo and endosperm develop-
ment to seed maturation. In addition, further analysis of the
expression profiles presented in Fig. 6 demonstrated that all
organs expressed at least one V'vbZIP gene, indicating that the
bZIP TF family plays extensive roles in grapevine
development.

Three genes (VvbZIP41, VvbZIP45, and VvbZIP46) for
which no signal could be detected in any organ also gave no
detectable expression in leaves following drought and high
salinity stress treatments, or following methyl jasmonate
(MeJA), abscisic acid (ABA), salicylic acid (SA), and ethyl-
ene (ET) application, even when using multiple sets of gene-
specific PCR primers. There are several possible reasons why
no expression signal was detected: these genes may have been
silenced, they are responsive to other abiotic or biotic stresses,
or their expression is too weak to be detected in this study. We
note that a similar study in sorghum reported the absence of
expression of six bZIP TF genes under abiotic stress condi-
tions (Wang et al. 2011a).

Expression Profiles of VvbZIP Genes Following Different
Stresses and Hormone Treatments

In addition to regulating plant development, some members of
the bZIP TF family have been shown to be involved in

responding to stress conditions, including abiotic and biotic
factors and hormone treatments (Liu et al. 2012). Since the
expression pattern of a gene can sometimes be used to infer
function, the expression profiles of 41 VvbZIP genes were
assessed in plants exposed to various abiotic and biotic stress
conditions and hormone treatments, by semi-qRT-PCR anal-
ysis. The remaining six VvbZIP genes were not analyzed
further because their expression was not detectable in leaves.
Detailed expression profiles of these genes are listed in
Supplementary Table 7 and a heat map representation of their
expression profiles is shown in Fig. 7.

Plants are often exposed to abiotic stresses, such as salinity,
drought, and extreme temperatures which can seriously affect
growth, crop production, and a range of specific developmental
processes. bZIP TF gene induction by cold, high salinity, and
drought stresses has been reported for many plants, such as
Arabidopsis, rice, grape, tomato, soybean, and banana, suggest-
ing roles in adaptation to these stresses. For example, rice
OsABIS5 was reported to be induced in seedlings by high salinity
but downregulated by drought and cold (Zou et al. 2008), while
OsbZIP52 and grape VvbZIP23 were both induced by cold and
drought stress (Liu et al. 2012; Tak and Mhatre 2013), and
tomato StABF1 was induced by drought, salt, and cold stress
(Garcia et al. 2012). Functional evidence for a role in stress
tolerance was also provided by studies of Arabidopsis lines
overexpressing the bZIP TF ABP9, which showed enhanced
tolerance of heat, water, and drought stresses (Zhang et al.
2008), and of different soybean bZIP TF genes, which exhibited
increased tolerance of salt and cold stresses (Liao et al. 2008).
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Fig. 7 Hierarchical clustering of 41 VvbZIP genes. The results of semi- relative expression levels, with red as increased transcript abundance and
quantitative RT-PCR were quantified using the Gene Tools software, and green as decreased transcript abundance. Gray represents not detected
the log-transformed values of the relative expression levels of VvbZIP under the corresponding treatments. Sampling times are indicated at the
genes under various conditions compared to the controls were used for top of the figure: R48 represents sampling 48 h after recovery from 1 week
hierarchical cluster analysis with the Genesis software (original results (168 h) of drought treatment. The experiments were repeated three times
shown in Fig. S2, S3, S4, S5, S6, S7, and S8). The color scale represents and the results were consistent

In the present study, we investigated the bZIP expression =~ ABA, as well as tolerance of drought and water deficit, suggest-
dynamics in responses to osmotic stresses, including those in-  ing that these proteins are positive regulators of ABA signaling
duced by high salinity and drought. At least 23 VvbZIP genes  (Fujita et al. 2005; Kang et al. 2002; Barbosa et al. 2013). In
showed differential expression associated with at least one abiotic =~ addition, overexpression of a wheat AREB/ABF gene, HvABIS,
stress (Fig. 7). Among the genes affected, 19 genes were upreg-  in transgenic tobacco plants enhanced tolerance of freezing and
ulated, while four (VvbZIP6, VvbZIP13, VvbZIP34, and  osmotic and salt stresses (Kobayashi et al. 2008). Our findings
VwbZIP33) were downregulated. Six VvbZIP genes (VvbZIP7,  are largely consistent with these studies and further suggest that
VwbZIP39, VvbZIP22, VvbZIP3, VvbZIP35, and VvbZIP32)  the majority of bZIP genes in group A are induced by osmotic
were upregulated under both stress conditions. Interestingly,  stress (Fujita et al. 2005; Kang et al. 2002; Barbosa et al. 2013;
expression of the VvbZIP7 and VvbZIP39, orthologs of  Kobayashi et al. 2008). We propose that VvbZIP7 and VvbZIP39
Arabidopsis AtbZIP37/ABF3/DPBFS and AthZIP36/ABF2/  from group A act as positive regulators of ABA signaling, and
AREBI, respectively, were highly induced by both salinity and ~ functional characterization of the AREB/ABF orthologs identi-
drought stress treatments (Fig. 7). Previously, bZIP TFs of the  fied here may provide opportunities to enhance abiotic stress
ABF/AREB family have been reported to be involved in many  tolerance in grapevine.
stress responses in plants (He et al. 2013). The phytohormone It has previously been shown that bZIP proteins, and espe-
abscisic acid (ABA) plays an important role in abiotic stress-  cially TGA factors from group D, participate in plant defense
related signaling (Liao et al. 2008), and it has been reported that ~ against pathogens, not only because they bind to the as-/ cis
most of the bZIP genes that respond to drought, high salinity, and ~ elements in the promoters of pathogenesis-related (PR) genes,
cold stress can be induced by exogenous ABA through cis  but also because they interact with the NPR protein, which is
elements that include the ABA response element (ABRE)  necessary for PR gene induction (Jakoby et al. 2002). It has
(Jakoby et al. 2002). In Arabidopsis, many group A bZIP genes  been reported that rice OsbZIP1 was strongly induced in
are involved in ABA responses (Jakoby et al. 2002), and over-  response to infection by the rice blast fungus Magnaporthe
expression of the group A bZIP TFs ABF2/AREBI, ABF3,and  grisea, suggesting a potential role of bZIP proteins in plant
ABF4/AREB?2 in transgenic plants conferred hypersensitivity to  defense against pathogens (Meng et al. 2005). To determine
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whether the VVbZIP genes identified here are responsive to
biotic stress, we used powdery mildew infection to induce
biotic stress. Powdery mildew, caused by the fungus Uncinula
necator (Schw.) Burr, is one of the most devastating diseases
of grapevine. Our analysis indicated that while the expression
levels of most VvbZIP genes were not significantly altered
upon U. necator infection, those of VvbZIP37 and VvbZIP16
(Fig. 7) were induced. Interestingly, the Arabidopsis ortholog
(AtbZIP57/TGA4) of one of these genes (VvbZIP37) has been
shown to interact with AtEBP, which binds the ethylene
response element present in many PR gene promoters
(Biittner and Singh 1997). In conclusion, our analysis supports
the potential involvement of VvbZIP genes in responses to
pathogen infection, but their roles and functional significance
remain to be determined.

The roles of plant hormones such as SA, jasmonic acid
(JA), ET, and ABA in the adaptation of plants to a wide range
of biotic and abiotic stresses have been well characterized
(Bari and Jones 2009; Pieterse et al. 2012; Yang et al. 2013).
Among these, ABA is extensively involved in responses to
abiotic stresses, such as drought, low temperature, and osmot-
ic stress, whereas SA, JA, and ET play central roles in biotic
stress signaling upon pathogen infection. It has been shown
that bZIP proteins regulate a variety of plant processes by
mediating hormone signaling. Our analysis indicated that 36
out of 41 VvbZIP genes showed differential expression fol-
lowing treatment with one or more hormones (Fig. 7).
Interestingly, the expression of VvbZIP32 was induced by all
the phytohormone treatments that were analyzed in this study,
suggesting a central role in plant stress tolerance. It should be
noted that V'vbZIP32, which was upregulated by all the abiotic
stresses and hormone treatments, corresponds to the previous-
ly described grape VvbZIP23 gene, the expression of which
was induced by a wide spectrum of abiotic stresses including
drought, salt, and cold, as well as exogenous MeJA, SA,
ABA, and ET (Tak and Mhatre 2013), thus supporting our
expression data. A total of 18 VvbZIP genes showed differ-
ential expression (11 upregulated and seven downregulated)
following MeJA treatment, 13 VvbZIP genes were affected
(four upregulated and nine downregulated) by SA treatment,
and the expression of 24 VvbZIP genes was altered (four
upregulated and 21 downregulated) by ABA treatment, and
12 VvbZIP genes showed differential expression (seven up-
regulated and five downregulated) following ET treatment
alone (Fig. 7). It has been suggested that both ABA-
dependent and ABA-independent regulatory systems are in-
volved in osmotic stress tolerance in plants (Chinnusamy et al.
2004) and the majority of the VvbZIP genes showing signif-
icantly altered expression in response to salinity or drought
stress were also ABA-responsive. For instance, the expression
of VWbZIP35 was significantly upregulated by salinity and
drought stresses, and also by ABA, suggesting the involve-
ment of the ABA-dependent regulatory system. This

observation is consistent with a previous study of the rice
ABA-inducible bZIP TF OsbZIP05 (referred to as
OsbZIP53 in this study), which represents a closely related
ortholog of VvbZIP35 (Nijhawan et al. 2008), further indicat-
ing that the function of some bZIP proteins is conserved
among plant species.

In addition, a total of 42 VvbZIP genes that could be
associated with different stresses and hormone treatments,
based on semiquantitative RT-PCR analysis (Fig. 7 and
Supplementary Figs. S2-S8), were selected for further analy-
sis and validation using real-time quantitative RT-PCR (Fig. 8
and Supplementary Fig. S9). The qRT-PCR analysis results
mostly corroborated the expression profiles indicated by semi-
qRT-PCR analysis. For example, expression of the
Arabidopsis ABF/AREB orthologs VvbZIP7 and VvbZIP39
was highly induced by salt and drought stress, respectively,
which is in agreement with the semi-qRT-PCR expression
data (Figs. 7 and 8a). In most cases, a similar result was seen,
including one gene (VvbZIP32) that was induced by all four
hormone treatments, and four genes (VvbZIP6, VvbZIP31,
VwbZIP37, and VvbZIP34) showed no significant difference
in the real-time quantitative PCR under different hormone
treatments, respectively. These results further confirm the
reliability of our expression data (Fig. 8b).

We also analyzed the correlation between expression of
different VvbZIP genes with their phylogenetic placement or
gene duplication history. The 41 VvbZIP genes were clustered
into seven main clades (one to seven), which contain 11, 11, 2,
7,1, 1, and 8 VvbZIP genes, respectively (Fig. 7). By com-
paring the cluster of expression data with phylogeny, no
correlation between gene evolution and expression profiles
was apparent. In addition, we determined that some VvbZIP
genes within the same segmental duplicated pair, and which
grouped closely in the phylogenetic tree, usually had similar
expression patterns. For example, we identified genes within
two pairs VwbZIP7/VvbZIP39 and VvbZIP3/VvbZIP35 that
were all significantly induced by salt and drought stresses,
while the pair VvbZIP14/VvbZIP29 shared similar expression
patterns in response to hormone treatments (Fig. 7). Some
VVbZIP genes predicted to have same conserved motifs
and those possessing the same exon/intron structures were
also found to exhibit similar expression profiles, such as
VvbZIP9 and VvbZIPI2, which were both upregulated by
MeJA treatment (Fig. 7). In contrast, it was found that the
VvbZIP genes (VvbZIP16/VvbZIP17), established by tan-
dem duplication, not only grouped in different phylogenet-
ic clades but also exhibited distinctly different expression
patterns. Since expression profiles are highly correlated
with gene function, this may mean that grape bZIP genes
produced by segmental duplication rarely diverge with re-
spect to their original function, whereas the function of
genes produced by tandem duplication has been altered
much due to long-term evolution. Similar phenomena have
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Fig. 8 Real-time quantitative PCR expression levels of selected VvbZIP
genes following powdery mildew inoculation, salt stress, drought stress
treatments, and various hormone treatments. a Expression levels of
selected VvbZIP genes under biotic stress (powdery mildew) and abiotic
stresses (salt and drought). b Expression levels of selected VvbZIP gene
under hormone (MeJA, SA, ABA Eth) treatments. The expression levels
were normalized to 6 h (powdery mildew inoculation), 1 h (salt stress

also been observed in previous studies (Wang et al. 2011b;
Flagel and Wendel 2009).

Conclusion

We performed extensive analyses to identify and describe key
attributes of uncharacterized bZIP TFs from the grapevine
genome and compared them with those of Arabidopsis and
rice. We identified 47 grape bZIP TFs and present here a
unified nomenclature according to their chromosome location.
Given that the functions of many Arabidopsis bZIP TFs have
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treatment), 24 h (drought stress treatment), and 1 h (hormone treatments)
CK sample, respectively (original results shown in Fig. S9). Mean values
and SDs were obtained from three biological and three technical repli-
cates. Asterisks indicate the corresponding gene significantly up- or
downregulated under the differential treatment by ¢ test (*P<0.05,
**P<0.01)

been well characterized, we then assigned Arabidopsis
orthologs to each grape bZIP protein, in order to infer their
functions. Subsequently, we classified the 47 VvbZIP genes
into 13 distinct groups by comparative phylogenetic analysis
with Arabidopsis and rice bZIP TFs and showed that the
groups are supported by the predicted phylogeny, additional
protein motifs, and intron/exon structures. This phylogenetic
analysis supported previous results and indicated that the
grape bZIPs are more closely related to those of Arabidopsis
than to those of rice. Furthermore, our data suggest that
segmental duplications have contributed more than tandem
duplications to the expansion of the grape bZIP gene family.
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In addition, synteny analysis between grape and Arabidopsis
showed that the majority of grape and Arabidopsis bZIP genes
are located in syntenic regions, indicating common ancestry.
Finally, we carried out an expression analysis to reveal organ-
specific, biotic and abiotic stress and hormone-responsive
grape bZIP genes, and the extensive expression data support-
ed the hypothesis that VvbZIP genes perform a variety of
functions in different organs and are involved in tolerance to
environmental and biotic stresses.
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