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ABSTRACT

The C-repeat Binding Factor/Dehydration Re-
sponsive Element Binding factor (CBF/DREB)
responsive pathway is involved in plant respon-
se to abiotic stress. In this study, we report the
isolation of VaCBF4 (a complete cDNA) and its
promoter from Vitis amurensis through rapid
amplification of cDNA ends and genome walking
techniques, respectively. The CBF4 transcript ac-
cumulation of V. amurensis increased under
cold, salinity, and abscisic acid (ABA) and sali-
cylic acid (SA) treatments, whereas that of Vitis
vinifera showed a different change. The tran-
script levels of VaCBF4 in the roots, stems, lea-
ves, and petioles under cold, salinity, and ABA
and SA treatments were up-regulated in a time-
dependent manner. The presence of the cis-ele-
ments MBC, ABRE, and as-2-box in the VaCBF4
promoter further confirmed that this promoter is
a component of the CBF transduction pathway,
which is involved in plant response to multis-
tress.

Keywords: Vitis amurensis; CBF4; Stress;
Transcript Accumulation

1. INTRODUCTION

Low temperature, high salinity, and drought are envi-
ronmental factors that limit the geographical distribution
and affect the growth, development, and productivity of
plants. Plants respond and adapt to these stresses at the
molecular, physiological, and biochemical levels. The
expression levels of various genes in plants are activated
by these stresses [1,2]. The products of these genes
regulate the gene expression and signal transduction in
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response to stress. The cis-elements involved in stress
response were analyzed to elucidate the molecular me-
chanisms of gene expression in response to stress. The
C-repeat/Dehydration Responsive Element (CRT/DRE)
with the core CCGAC sequence is a Cis-acting element in
the promoter that regulates gene expression in response
to cold and drought in Arabidopsis [3,4]. A similar motif
was identified as the Low-Temperature Responsive Ele-
ment (LTRE) in cold-inducible genes [5].

At present, the most understood genetic system with
an important role in cold acclimation is the Arabidopsis
CBF (CRT/DRE-binding transcription factors) cold re-
sponse pathway [6]. Exposing Arabidopsis plants to low
temperature or drought results in the rapid induction of a
small family of transcriptional factors known as CBFI,
CBF2, CBF3(or as DREB1B, DREBIC, and DREBIA,
respectively) [7], and CBF4 [8]. CBF/DREB-type pro-
teins belong to the AP2/ERF (APETALA 2/Ethylene Re-
sponse Factors) DNA-binding protein family. Moreover,
the constitutively over-expression of CBF genes induces
the expression of downstream genes and improves the
freezing and salt tolerance of transgenic plants [9].

Despite the high conservation of CBF residues in
plants, some structural and regulatory differences were
observed in the CBF cold response pathway among plant
species. For example, the CBF regulon of dwarf apple
was found to be induced more than that of Arabidopsis
[10]. A previous work on blueberry showed that CBF
genes from different species have dramatically different
levels of induction under low temperature [11]. Although
recent breakthroughs have increased the knowledge on
the molecular basis of the CBF cold pathway in herba-
ceous species, little is known in woody plants. To date,
data on CBF genes from perennial plants include func-
tional analysis of CBF from cherry [12], eucalyptus [13],
blueberry [11], and apple [10].
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Grape is one of the most important fruit crops in the
world, and its production has been expanding as more
varieties and better quality wines become available.
However, low temperature limits the geographical dis-
tribution and affects the growth, development, and pro-
ductivity of this crop. Vitis amurensis is a freezing-tole-
rant wild grape species native to Northern China. This
species can survive below 40°C [14]. V. amurensis is one
of the most widely used species for rootstock and wine-
making in grape cultivation. However, little is known
about the freezing tolerance of V. amurensis at the mo-
lecular level.

In this study, the VaCBF4 gene was isolated from V.
amurensis. We also compared VaCBF4 gene expression
in the leaves of cold-tolerant and cold-sensitive grapes
with that in tissues of V. amurensis at different times of
low temperature, high salinity, and abscisic acid (ABA)
and salicylic acid (SA) treatments, and then confirmed its
transcript patterns under stress.

2. MATERIAL AND TREATMENTS

Sixty-day-old in vitro samples of wild V. amurensis
and Vitis vinifera’ Manicure Finger’ grown in Murashige
and Skoog (MS) medium under a 16 h light/8 h dark re-
gime at 25°C were subjected to the following treatments
for stress-responsive gene expression: cold stress by
transferring to 4°C, salinity stress by supplying 200 mM
NaCl, and hormonal treatments by supplying ABA (10
uM) or SA (5 uM) directly to the plants at different
times.

2.1. Isolation of VaCBF4

Total RNA from non-stressed or cold-stressed wild
samples in vitro was extracted using the CTAB method
(Lin et al., 2008) and converted to cDNA using Primer
Mix according to the instructions of Rever Tra Ace RT
Kit (Toyobo, Japan). The partial coding sequence of the
CBF4 genes was amplified using gene-specific primers,
C4-F and C4-R (Table 1). The primers were designed
based on the genome of Vitis (http:/www.vitisgenome.it).
The 3’ regions of the corresponding cDNA fragments
were obtained by 3’ rapid amplification of cDNA ends
(RACE) using the cDNA amplification kit (Clontech,
CA, USA) with the gene-specific primers 16326 and
C4-rF2 for the first step and 16324 and C4-rF3 for the
second step (Table 1). Amplification was carried out
under the following conditions: 94°C for 4 min; 36 cy-
cles of 94°C for 30 s, 60°C for 45 s, 64°C for 60 s, and
72°C for 60 s; and a final extension at 72°C for 10 min.

The isolation of the promoter sequence was carried out
using a Universal Genome Walker kit (UGWK, Clontech,
USA) on 10 ng of V. amurensis genomic DNA digested
by four blunt-end-generating restriction enzymes (ECOR
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V, Dral, Sacl, and Stul). After purification, the restric-
tion fragments were ligated with Genome Walker adap-
tors (Adl and Ad2, Table 1). The polymerase chain re-
action (PCR) products were amplified on each restriction
fragment set using the primers C4-R1 and adal for the
first step PCR and C4-R2 and ada 2 for the second step
PCR (Table 1). The PCR products were cloned and se-
quenced by the pMD19-T vector.

2.2. Sequence Analysis

Homology searches were performed using BLAST
with default parameters at NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Multiple sequ-
ence alignment of CBFs was performed using Crustal
1.83, and shading was carried out using DNAMAN
software (Version 5.2.2, Lynnon Biosoft). The CBF pro-
tein sequences necessary for constructing a phylogenetic
tree were retrieved from the GenBank database and de-
picted using Crustal 1.83. Phylogenetic analysis was
based on the neighbor-joining method using Mega 4.1
software with 1000 bootstrap replicates and substitution
model of Poisson correction. Promoter sequence analysis
was performed using PLACE (http://www.dna.affrc.go.jp)
and Plant CARE.

2.3. Real-time Reverse Transcription
Quantitative-PCR (RT-gPCR)

Total RNA from different treatments and tissues were
digested with RNase-free DNAase I (TaKaRa, Japan) to
remove genomic DNA contamination. cDNA fragments
were synthesized as aforementioned. Transcript level was
determined on an ABI PRISM 7300 (Applied Biosystems,
Foster City, CA, USA). For each reaction, 20 ng of
cDNA was used with SYBR Premix Ex Taq mix (Ta-
KaRa, Japan), including primers C4rtl and C4rt2 for the
CBF4 gene. All experiments were run in triplicates with
different synthesizedc DNA fragments. A positive control
was provided through a parallel analysis using the grape
malate dehydrogenase gene as an internal reference [15],
and was calculated relative to a calibrator using the for-
mula 2724,

3. RESULTS

3.1. Identification of the VaCBF4 Gene from
V. amurensis

We constructed a cDNA admixture template from the
cold-treated and non-treated in vitro leaves to identify
the gene related to low temperature. A CBF4-like partial
sequence was found, suggesting that the corresponding
gene was probably induced by low temperature. Given
that this sequence contained the intact 5° end of the Open
Reading Frame (ORF) of a putative CBF4 gene, we can
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Table 1. Primers used in this study.

Primer Sequence (5 - 3°)
C4-F CGACACTTCAGTCTTCACCGTT
C4-R ACTGAACTCCCACCTACCCTCT
C4-rF2 GGAGGAAGAAGTTTCGGGAGAC
16326 GGTGGTAGAGCTCGCAGGACTGCAGCTGACTG
C4-rF3 CAAGATGAGAGGAGGGAAGAGAGTGA
16324 AGAGCTCGCAGGACTGCAGCTGACTGACTAC
Adl GATTTACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGT
Ad2 PO4-ACCAGCCC-NH,
C4-R1 CCCACCTACCCTCTGTTACTTT
adal GATTTACGACTCACTATAGGGC
C4-R2 TCACTCTCTTCCCTCCTCTCATCTTG
ada2 ACTATAGGGCACGCGTGGT
Cdrtl GACACTTCAGCCTTCACCG
C4rt2 CCTCGCATACCCACTTCC

obtain the rest of the sequence by 3° RACE assay. A
fragment of 513 bp was amplified through nested PCR.
Based on the sequence analysis, we obtained a cDNA

sequence designated as VaCBF4 (GenBank accession No.

HM231149). VaCBF4 contains an ORF of 654 bp, a 5’
untranslated region (UTR) of 22 bp, and a 3° UTR of 278
bp. Moreover, this cDNA contains a single ORF of 218
amino acids and encodes a putative protein with a pre-
dicted molecular mass of 24.23 kDa and a pl of 5.4. The
obtained amino acid encodes an AP2/ERF DNA binding
protein (Figure 1). We found putative nuclear localiza-
tion signals (NLS) from the N-terminus to the C-termi-
nus, as well as the domains AP2, DSAWR, and LWSY
in the C-terminal region.

3.2. Phylogenetic Analysis of VaCBF4

A BLAST search was performed using the deduced
amino acid sequence of VaCBF4. Several homologous
sequences of VaCBF4 in higher plants were found in the
GenBank database. Alignment analysis and domain
comparison indicated that VaCBF4 shared high homol-
ogy to other proteins in the AP2/ERF domain (Figure 1).
Through systematic phylogenetic analysis, AP2/ERF
proteins were classified into 15 plant CBF proteins using
the neighbor-joining phylogenetic method (Figure 2).
The results showed that the sequence from V. amurensis
belong to the CBF4 cluster of CBF proteins.

3.3. Sequence Analysis of the VaCBF4
Promoter

The VaCBF4 promoter was obtained using the UGWK
method (Figure 2). The result revealed that a typical
TATA-box was located at —108 bp upstream of the ATG
translational initiation codon. Furthermore, cis-acting
elements involved in stress-related responses were found
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Figure 1. Multiple alignment of VaCBF4 with the CBF4 pro-
teins of Vitaceae, Parthenocissus, and Arabidopsis. The amino
acid sequences are from NCBI [AtCBF4 (np 200012), PiCBF4
(ABU55674), ViCBF4 (AY706986), and VVCBF4 (XP_00228
0097)]. The nuclear localization signal, AP2, DSAWR, and
LWSY domains are indicated by bars.

in the VaCBF4 promoter. These elements, which include
ACE, as-2-box, MeJA-like, MYB, ARE, MYC (MYC
recognition site), LTRE, and ABRE, are necessary for
stress responsive expression under abiotic stress.

3.4. Differential Accumulation of Vitis CBF4
under Low Temperature Stress

The CBF4 gene expression in the leaves was com-
pared in vitro with that in the relatively cold-hardy wild
V. amurensis and the relatively cold-sensitive V. vinifera
cultivar “Manicure Finger” (Figure 3(a)). V. amurens
reached its maximum midwinter cold hardiness level at
<—40°C, whereas “Manicure Finger” was cold hardy at
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Figure 2. Bootstrap phylogenetic analysis of the selec-
tion of plant CBF proteins from NCBI. The amino acid
sequences are VVCBF4 (XP_002280097), AbCBF4
(ABU55675), ViCBF (AAWS58104), PICBF4 (ABU55674),
AcCBF4 (ABUS55676), CqCBF4 (EF150912), HbCBF1
(AAY43213), PtCBF1 (ABO48363), ScCBF2 (ACB45094),
ShCBF2 (ACB45080), ShCBF3 (ACB45078), and
ScCBF3 (ACB45092).
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Figure 3. Transcript accumulation of Vitis CBF4 under
natural and low temperature stresses. (a) An expression dif-
ference of CBF4 in the cold-hardy V. amurensis (Va) and
the less cold-hardy V. vinifera “Manicure Finger” (Vv); (b)
Expression of organism in V. amurensis.

approximately —7°C. Under cold treatment, the expres-
sion of CBF4 in V. amurensis was not substantially dif-
ferent from that in V. vinifera. However, a significant
difference in transcription was found between the two
species under natural conditions. Unlike the transcript
accumulation of VvCBF4, the transcript accumulation of
VaCBF4 in the leaves, roots, stems, and petioles was not
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observed under natural conditions. This finding was fur-
ther confirmed by quantitative RT-PCR (Figure 3(b)).

Accumulations of each transcript in the roots, stems,
leaves, and petioles were analyzed by quantitative RT-
PCR to further determine the acquisition mechanisms of
cold acclimation in relation to VaCBF4 gene expression.
As shown in Figure 4, VaCBF4 exhibited different ex-
pression patterns in the organs under low temperature
treatment. Accumulations of VaCBF4 transcript in all
organs were inactivated by low temperature prior to
treatment at 0.5 h compared with the corresponding con-
trols. During the subsequent chilling period, the tran-
script level of VaCBF4 in the stems and petioles slightly
increased at the early stage of treatment and then reached
the peak on day 2 or day 3. By contrast, the transcript
level of VaCBF4 in the roots sharply reached the peak at
4 h and then gradually decreased thereafter. However,
the mRNA expression in the leaves was slightly detected
at 0.5 h and then remained almost constant after over 3 d
of treatment at 4°C.

3.5. Expression Pattern of VaCBF4 in
Salinity Stress

We analyzed the expression of the VaCBF4 gene under
high salinity stress to obtain more information about its
expression under stress. The results showed that VaCBF4
expression was induced by salinity throughout the treat-
ment period (Figure 5). However, distinct organs dis-
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8120‘ m Stem
£100- o Leaf
§ 80+ m Petiole
§ 604
2 a0
= 204
o~ 0.

24 48 72

0 0.5 2 4 6 10
Time at 4°C (h)
Figure 4. Changes in the mRNA accumulation of
VaCBF4 in the roots, stems, leaves, and petioles under
4°C treatment.
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Figure 5. Changes in the mRNA accumulation of
VaCBF4 in the roots, stems, leaves, and petioles during
under 200 mM NaCl treatment.
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played marked differences in gene expression levels
during the treatment period. The expression of VaCBF4
in the stems and leaves reached the peak after approxi-
mately 2 d of treatment. The peak transcript accumula-
tion in the roots was observed at 6 h, whereas that in the
petioles was wavy.

3.6. ABA and SA Are Regulatory Factors for
VaCBF4

ABA and SA have important functions in physiologi-
cal and genetic regulation during stress. We hypothe-
sized that the expression pattern of VaCBF4 may be af-
fected by ABA and SA. Therefore, we measured the
transcript level of the organs treated with ABA and SA,
and compared their expression patterns. The expression
of VaCBF4 was induced by exogenous ABA and SA
treatments in Figure 6. However, the organs displayed
significant differences in gene expression levels. Under
ABA and SA treatments, the peak pattern in the roots
was found at the early stage, whereas that in the stems
was observed at the later stage. However, the expression
pattern of VaCBF4 in the leaves under ABA and SA
treatments was wavy. The peak VaCBF4 expression in
the leaves under ABA treatment appeared at 1, 8, and 24
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Figure 6. Changes in the mRNA accumulation of VaCBF4 in
the roots, stems, and leaves under ABA and SA treatments.
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h, whereas that in the leaves under SA treatment ap-
peared at 2, 6, and 24 h.

4. DISCUSSION

We isolated and characterized a complete cDNA se-
quence of CBF4 from V. amurensis. The N-terminal re-
gion of VaCBF4 was found to share the conserved CBF4
domains with that of the other known CBF4 (Figure 1).
Vitis CBF4 was proven to be a nuclear protein [15].
Moreover, Va CBF4 was able to map to the CBF4 group
in the CBF/DREB subfamily through phylogenetic ana-
lysis. These data indicated that VaCBF4 is a CBF domain
protein that may function as a transcription factor in V.
amurensis.

Cold induces the expression of most reported CBF
genes, including VaCBF4. VaCBF4 transcripts were de-
tectable in different tissues (roots, stems, leaves, and
petioles) under low temperature treatment. These tran-
scripts remain present for a long period, with lower ex-
pression in the leaves than in the other tissues. A simi-
larly cold-induced gene expression was reported for the
CBF4 of Vitis riparia and V. vinifera [15]. In agreement
with the high identity between their amino acid domains,
the expression patterns were almost the same between V.
amurensis and V. vinifera under low temperature treat-
ment. Interestingly, under natural conditions, the CBF4
expression of V. vinifera was visible in the leaves [15],
whereas that of V. amurensis was not detectable in the
leaves, stems, roots, and petioles. This finding was fur-
ther confirmed by quantitative RT-PCR. The important
role of CBF4 proteins in the freezing tolerance of V.
amurensis may be attributed to the difference in regulon
size between V. vinifera and V. amurensis, given the high
similarity between VaCBF4 and VvCBF4 (only substitu-
tion at position 167 of one negatively charged amino acid,
F, for another, V). Haake et al. [8] showed that Arabi-
dopsis CBF4 expression is induced by drought and ABA
treatments, but not by cold treatment, under experimental
conditions. The freezing-hardy materials may have more
CBF4 regulons than the freezing-sensitive materials.
However, this assumption needs further investigation. In
addition, we showed that the accumulation of CBF4
transcripts from V. amurensis was dramatically induced
by salinity and exogenous ABA and SA treatments. Hen-
ce, we propose that the CBF4 gene also functions in the
signal transduction of high salinity and hormone adap-
tion in V. amurensis. However, the relative transcript
levels of VaCBF4 in different tissues exhibited different
changes after exposure to different stress treatments.

An analysis of regulatory elements in the upstream of
the VaCBF4 gene by PLACE and Plant CARE databases
covered the putative DNA-binding sites (Figure 7). The
promoter sequences of this gene were found to contain
several cis-regulatory elements, such as LTRE, ABRE,
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MYC
-417 CTCGCTGACATTGACTCTGACAGCTAGAGGGACAGCATTTGATACAGATACATTGGACCCATCAGTCAAC
B

-347 ATCATAGACCAAGTCAGGCTTACAATATCCACGTCACTT TCATGACACGIGTTGTACAACCATCGCTCCA

MYC
-277 CAACTTGGCCACCAGCCTACAGCTGTATTCAAGTCAGCCCCACTTCGATTCTCTTAAAAAAAGAAAAAAA
as-2 -

[GGTTTTCCAGCCTGTCTCCTTATCAGAACCGTGTTTGGGA
iCTTCACTCAGC

as-2-box
-207 TAATAATAATTATGATAATTATGTAAC!
-136 ACCATATATATAAAACTCGTTAACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGC

MBS MBS
-66 ACTCAAATCAGTTACCGTTCTCCTTAACTGCTCTTACTAAATCTCGACACTTCAGCCTTCACCGTTATGA

Figure 7. Distribution of putative regulatory elements in the
VaCBF4 promoter from V. amurensis.

MYC (MYC recognition site), and MBS (MYB bind
site). These elements are related to stress response, spe-
cifically to cold/dehydration. These cis-regulatory ele-
ments are conserved in several plant species. The pres-
ence of these conserved motifs confirmed that the
VaCBF4 gene was regulated by cold, high salinity, and
exogenous ABA and SA treatments. The multiple stress-
response of the VaCBF4 gene also suggests that V.
amurensis should be used for further research on mo-
lecular mechanism and stress breeding.
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