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SUMMARY

Cold stress is a major limiting factor in grape (Vitis) productivity. In this study, we characterized a cold-re-

sponsive ethylene response factor (ERF) transcription factor, VaERF092, from Amur grape (Vitis amurensis).

VaERF092 expression was induced by both low temperatures and the ethylene precursor 1-aminocyclo-

propane-1-carboxylate (ACC), but was suppressed by treatment with the ethylene inhibitor

aminoethoxyvinylglycine (AVG) under cold conditions. Ectopic expression of VaERF092 in Arabidopsis thali-

ana enhanced cold tolerance. Co-expression network analysis of V. vinifera genes indicated that WRKY33

might be a downstream target of VaERF092. This hypothesis was supported by the fact that VaWRKY33

was expressed temporally after VaERF092 expression and could also be induced by cold and ACC, and inhib-

ited by AVG. Yeast one-hybrid, transient b-glucuronidase (GUS) and dual-luciferase reporter assays provided

evidence for an interaction between VaERF092 and a GCC-box element in the VaWRKY33 promoter. In addi-

tion, heterologous overexpression of VaWRKY33 in A. thaliana resulted in enhanced cold tolerance.

VaERF092- and VaWRKY33 overexpressing grape calli showed lower low-temperature exothermic values

than the empty vector (EV) calli, indicating enhanced tolerance to cold. Together, these results indicated

that VaERF092 regulates VaWRKY33 through binding to its promoter GCC-box, leading to enhanced cold

stress tolerance.
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INTRODUCTION

Abiotic stresses, such as temperature extremes, drought

and high salinity can greatly restrict plant growth and pro-

ductivity, and reduce the yields of most major crop plants

(Thomashow, 2003). To cope with these stresses and acti-

vate diverse downstream responses, plants have devel-

oped complex signaling networks, involving transcription

factors (TFs), hormones, protein kinase cascades, receptors

and stress-related proteins (Xiong et al., 2002; Bohnert

et al., 2006; Mickelbart et al., 2015). Among the TFs that

regulate responses to abiotic stresses (Laloum et al., 2018),

members of the AP2/ERF (Mizoi et al., 2012), bHLH

(Toledo-Ortiz et al., 2003), MYB (Dubos et al., 2010), WRKY

(Chen et al., 2012), NAC (Nakashima et al., 2012) and bZIP

(Jakoby et al., 2002) families have been found to promote

stress tolerance.

The plant-specific AP2/ERF family includes four major

subfamilies: AP2, ERF, DREB and RAV (Mizoi et al., 2012).

AP2/ERF proteins have at least one conserved AP2 domain,

composed of 58–60 amino acids, containing an N-terminal,

a three-stranded b-sheet, and a C-terminal a-helix (Allen

et al., 1998). AP2/ERF TFs regulate target gene expression

by binding to a cis-acting promoter region element known

as the CRT/DRE element, or GCC-box (Mizoi et al., 2012).

AP2/ERF TF genes belong to large gene families, with 122

AP2/ERF in A. thaliana (Nakano et al., 2006), 139 in rice

(Oryza sativa) (Nakano et al., 2006), 200 in poplar (Populus
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trichocarpa) (Zhuang et al., 2008), 149 genes in grapevine

(Vitis vinifera) (Licausi et al., 2010), 173 in willow (Salix

arbutifolia) (Rao et al., 2015) and 121 in barley (Hordeum

vulgare) (Guo et al., 2016). They are known to not only be

involved in the regulation of numerous developmental pro-

cesses, but also to play essential roles in adaptation to var-

ious biotic and abiotic stresses (Singh et al., 2002; Mizoi

et al., 2012; Licausi et al., 2013).

ERF and DREB are the two largest AP2/ERF subfamilies

genes and the constituent genes are thought mainly to be

involved in responses to biotic and abiotic stresses (Mizoi

et al., 2012). For example, it has been shown that the DREB

subfamily members, CBF1, CBF2 and CBF3, also referred to

as DREB1b, DREB1c and DREB1a, respectively, act as cen-

tral regulators of the cold stress signaling pathway (Shi-

nozaki et al., 2003; Chinnusamy et al., 2007). The

expression of CBF1, CBF2, or CBF3 was reported to be

induced rapidly by low temperatures, after which time the

corresponding proteins recognized and bound to CRT/DRE

elements in the promoters of COLD-RESPONSIVE (COR)

genes (Stockinger et al., 1997). Constitutive overexpression

of CBF1, CBF2, or CBF3 in A. thaliana induced the expres-

sion of many COR genes, and significantly improved freez-

ing tolerance (Medina et al., 2011). Conversely, knock-

down of the expression of both CBF1 and CBF3 using anti-

sense constructs decreased the cold-induction of genes in

the CBF regulon, leading to a reduction in freezing toler-

ance (Novillo et al., 2007). ERF subfamily members partici-

pate in plant responses to biotic stresses such as

pathogens. Overexpression of ERF genes in transgenic

tobacco (Nicotiana benthamiana) or A. thaliana was

reported to induce expression of several PATHOGENESIS-

RELATED (PR) genes, resulting in enhanced resistance to

bacterial, fungal, or viral pathogens (Singh et al., 2002; Fis-

cher and Droge-Laser, 2004; Zuo et al., 2007). Abiotic stres-

ses regulated by ERFs include cold; for example,

overexpression of TERF2/LeERF2 tomato (Solanum lycop-

ersicum) and tobacco plants promoted ethylene biosynthe-

sis and enhanced freezing tolerance (Zhang and Huang,

2010). In addition, it was reported that ectopic expression

of the soybean (Glycine max) GmERF3 gene, which is

induced by drought and high salinity, in transgenic

tobacco activated expression of stress-responsive genes

and increased tolerance to salt and drought (Zhang et al.,

2009). Although many ERF proteins have been identified as

candidate regulators of multiple stress responses, their

interaction with other AP2/ERFs or other TF family mem-

bers is yet to be characterized.

Low temperature is often a critical limiting factor in

grape quality and productivity (Fennell, 2004), and an

important commercial goal is therefore to generate vari-

eties that can resist low winter temperatures. The identifi-

cation of cold-responsive genes may provide resources to

improve cold tolerance in grapevine through molecular

breeding. Our laboratory has identified various TF genes,

such as VaCBF4 (Li et al., 2013), VvICE1 (Li et al., 2014),

VaERF057 (Sun et al., 2016), VaPAT1 (Yuan et al., 2016),

and VaAQUILO (Sun et al., 2018), which are inducible by

cold stress and that confer cold tolerance when expressed

in A. thaliana or grapevine.

In a previous transcriptome analysis, we observed that

70 TF genes were induced in Amur grape (V. amurensis)

by low-temperature exposure (Xin et al., 2013). Among

these, we identified VaERF092 as a strongly induced ERF

gene. In this current study, we investigated the regulation

of VaERF092 by cold stress and by ethylene application

and, through co-expression analysis, identified VaWRKY33

as a possible downstream target. We describe the use of

yeast one-hybrid, b-glucuronidase (GUS) and luciferase

reporter assays to test this association and report the

effects on cold tolerance of expressing VaERF092 or

VaWRKY33 in transgenic A. thaliana plants and grape

calli.

RESULTS

VaERF092 identification and expression analysis

In total, 10 cold-inducible ERF genes were previously iden-

tified from Amur grape (Xin et al., 2013). Among these, the

expression of VIT_16s0013g01120 was significantly upregu-

lated under cold stress, and was selected for further inves-

tigation. We renamed the gene VaERF092, based on a

systematic analysis of the ERF family in V. vinifera (Licausi

et al., 2010), but note that ERF092 has also been named

ERF6L12 (Cramer et al., 2014). VaERF092 is predicted to

encode a 241 amino acid protein with a highly conserved

AP2 domain (Figure S1). Sequence alignment revealed that

VaERF092 shared 98, 45, 46, 40, 35 and 40% amino acid

identities with VvERF092 (Vitis vinifera), SiERF5 (Sesamum

indicum), AcERF5 (Actinidia chinensis), PaERF105 (Prunus

avium), NuERF105 (Nelumbo nucifera) and AtERF105

(A. thaliana), respectively.

The expression of VaERF092 rapidly increased after

expose to low temperatures, peaking at 8 h (14.7-fold com-

pared with 0 h) and then decreased slightly before remain-

ing constant until 48 h post-treatment (Figure 1a). As most

ERF genes are induced by ethylene, we investigation the

potential regulation of VaERF092 by ethylene through the

application of the ethylene precursor ACC, or an ethylene

action inhibitor, AVG. We observed that expression of

VaERF092 rapidly increased after ACC application, peaked

at 2 h and then decreased (Figure 1b). When the plantlets

were subjected to AVG treatment under cold stress condi-

tions, the expression of VaERF092 decreased and its

expression was no longer cold induced (Figure 1c). These

results suggested that ethylene signaling is necessary for

the induction of VaERF092 expression in response to cold

stress.
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Ectopic expression of VaERF092 enhances A. thaliana cold

tolerance

To further investigate the role of VaERF092 in cold stress

responses, seven T3 homozygous transgenic A. thaliana

lines were generated, of which we selected three single-in-

sertion lines (#3, #5 and #6) showing high VaERF092

expression for subsequent experiments. Three-week-old

wild-type (WT) and transgenic A. thaliana plants were sub-

jected to cold and freezing treatments, and we observed

that the VaERF092 overexpressing plants had significantly

improved cold tolerance (Figure 2a). The average survival

rate of the VaERF092 overexpressing plants was >70% after

freezing stress at �11°C, whereas the WT rate was only

25% (Figure 2b). To obtain a measure of the membrane

damage in the treated plants, which is associated with

plant cold tolerance, we measured malondialdehyde

(MDA) levels. We found no significant difference in MDA

content between the transgenic lines and the WT control

under non-stress conditions, while the transgenic plants

had significantly lower levels under cold stress conditions

(Figure 2c). Previous studies have shown that cold toler-

ance is also affected by the activities of antioxidant

enzymes, such as superoxide dismutase (SOD), peroxidase

(POD), and catalase (CAT) (Kuk et al., 2003; Zhou et al.,

2012). We observed no significant differences in the activi-

ties of these antioxidant enzymes (Figure 2d–f) under non-
stress conditions. However, significantly higher SOD, POD,

and CAT activities were detected in VaERF092 overexpress-

ing plants compared with WT plants following the 4°C
treatment (Figure 2d–f). These results indicate that

VaERF092 contributes to cold tolerance by reducing the

MDA content and increasing the activities of antioxidant

enzymes.

VaERF092 co-expression network analysis

To gain insights into the potential roles of grapevine

ERF092 in cold tolerance, we queried two gene co-expres-

sion networks (GCN), derived from grapevine RNA-seq

(Vv-r) and microarray datasets (Vv-m), for the top 300 most

highly correlated genes (ranked by mutual rank (MR))

using grapevine ERF092 as the ‘guide’ gene. Similarly, the

top 300 MR-ranked co-expressed genes of the A. thaliana

ortholog, AtERF105, were analyzed in both the RNA-seq

(At-r) and microarray (At-m) GCN (Tables S2–S4). MapMan

functional enrichment analysis of co-expressed genes in

the composite VvERF092 and AtERF105 GCNs revealed

several common enriched BIN categories (false discovery

rate (FDR) < 0.05) (Figure 3a; Tables S5 and S6). These

included categories associated with hormone metabolism,

especially ethylene (BIN 17.5), ethylene signal transduction

by AP2/ERFs (BIN 17.5.2), calcium signaling (BIN 30.3), and

regulation of transcriptional activity by WRKY TFs (BIN

27.3.32). However, we also identified several enriched BIN

categories that were specific each of the two species’

GCNs. For example, BIN categories such as raffinose meta-

bolism (BIN 3.1) and protein post-translational modifica-

tion (BIN 29.4) were grapevine specific, while biotic stress

(BIN 20.1) was A. thaliana specific. To determine whether

Figure 1. Expression analyses of VaERF092 under (a) cold, (b) ACC, and (c)

cold + AVG treatments. The MALATE DEHYDROGENASE (MDH,

VIT_07s0005g03350) and ACTIN (VIT_04s0044g00580) genes were used as

normalization controls for quantitative real-time PCR (qRT-PCR). Each reac-

tion was performed in triplicate (technical replicates) with three indepen-

dent biological replicates (n = 3). For each treatment, gene expression at

0 h was set to 1.0 and the expression levels at other time points were calcu-

lated accordingly. Error bars represent standard errors (SE).
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the close relationship observed between VvERF092 and

AtERF105 and their co-expressed genes was potentially

linked to coordinated regulation of cold responses, we

investigated their transcriptional responses to cold (and

related treatments) by analyzing cold stress-related tran-

scriptome datasets from grapevine and A. thaliana. In both

A. thaliana (Figure 3b; Table S7) and grapevine (Figure 3c;

Table S8), large proportions of genes, including VvERF092

and AtERF105, were responsive to cold. For example,

imposition of cold stress (4°C) compared with control con-

ditions often led to the coordinated upregulation of genes

peaking at 3 and 6 h post cold treatment in the shoots and

roots, respectively. In grapevine, the expression of genes

following three treatments, namely (‘acclimation’ (4°C for

48 h), ‘acclimation freeze’ (4°C for 48 h followed by ‘freeze’

�3.0°C for 45 min), and ‘freeze’ (�3.0°C for 45 min, no

acclimation), also consistently resulted in a strong coordi-

nated induction of genes consistently in four cultivars (two

red varieties – Cabernet Franc and Sangiovese, and two

white varieties – Riesling and Tocai Fruliano), especially in

the latter two treatments.

We next tested whether the AP2/ERF cis-regulatory ele-

ments (CREs) (GCC-box and DRE/CRT) exhibited canonical

CRE properties (Wong et al., 2017). Indeed, the GCC-box

was highly enriched (P < 1.00E-05) in the promoters of Vv-

m (70 genes, P < 1.17E-09) and Vv-r (64 genes, P < 2.97E-

07) GCN genes (Figure 3d; Table S9). The DRE/CRT CRE

was also significantly enriched (P < 1.00E-02), albeit to a

lesser extent, at P < 2.28E-05 and 4.50E-03, in Vv-m and

Vv-r GCN, respectively. Strong position bias toward the

transcriptional start site (TSS) was also observed for both

the GCC-box and the DRE/CRT CRE (Figure 3e). The GCC-

box was characterized by a sharp peak of occurrence

between 100 and 200 bp upstream of the TSS, with lower

frequencies between 500 and 1500 bp. Similar trends were

observed for the DRE/CRT CRE, although several peaks

were observed between the 500 and 1500 bp upstream of

the TSS.

Inspection of the integrated grapevine subnetwork (Fig-

ure 4) revealed several groups of co-expressed genes

whose function was not only significantly enriched

(FDR < 0.05), but whose promoters also contained GCC-

box and/or DRE/CRT CREs. These included genes associ-

ated with raffinose and starch metabolism (e.g. GALACTI-

NOL SYNTHASE, VvGOLS3, VvGOLSI, VvGOLSII; and

BETA-AMYLASE, VvBAM9), ethylene hormone metabolism

(e.g. 1-AMINOCYCLOPROPANE-1-CARBOXYLATE OXI-

DASE, VvACO4), TFs AP2/ERF (e.g. VvERF-4, VvERF092,

VvERF-8, VvERF069), C2H2 (e.g. VvZAT10, VvZAT11), WRKY

(e.g. VvWRKY33, VvWRKY4, VvWRKY40, VvWRKY75), vari-

ous signaling-related genes (e.g. CALMODULIN LIKE 39,

VvCML39; CALMODULIN 7, VvCAM7, MITOGEN-ACTI-

VATED PROTEIN KINASE 3, VvMPK3), and pathogenesis-

related proteins (e.g. PENETRATION1, VvPEN1; OSMOTIN,

Figure 2. Phenotypes and antioxidant enzyme

activities of VaERF092-overexpressing A. thaliana.

(a) Phenotypes of the VaERF092 overexpression

(OE) lines (#3, #5, and #6) and wild-type (WT) con-

trol after cold and freezing treatments (�1°C for 8 h,

and then cooled at a rate of 1°C h�1 until �11°C for

3 h). (b) Survival rate of transgenic A. thaliana after

a freezing treatment. Malondialdehyde (MDA) con-

tents (c), superoxide dismutase (SOD, d), peroxi-

dase (POD, e), and catalase (CAT, f) activities in OE

lines and WT plants under non-stress or cold stress

conditions (4°C for 3 days). Data are the mean val-

ues �SE of three biological replicates. Asterisks (**)

and (*) indicate significant differences compared

with the WT at P < 0.01 and P < 0.05 (Student’s

t-test), respectively.
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Figure 3. Analysis of grapevine ERF092 and A. thaliana ERF105 integrated gene co-expression networks (GCNs). (a) Enriched BIN categories (FDR < 0.05, BIN

depth ≤ 1) in grapevine (Vv-m and Vv-r) and A. thaliana (At-m and At-r) GCNs. The circle size and circle color depict the number of genes in each enriched cate-

gory and the parent BIN category of each BIN, respectively. Enrichment scores (expressed as �log10 FDR on the y-axis) for each BIN category are also shown on

the y-axis. Expression heat map showing cold stress-related responses of AtERF105 (b) and VvERF092 (c) co-expressed genes. In (b), temporal cold stress (time-

course) imposition of shoot and root tissues were used while in (c), low-temperature and freeze shock treatments in four cultivated grapevine varieties were

interrogated. Gene expression was hierarchically clustered. Red colors indicate upregulation and blue colors indicate downregulation. The inset in (b) and (c)

depict the average transcriptional responses of genes (�SE) in the respective cold stress treatments. (d) Proportion of VvERF092 co-expressed genes (Vv-m and

Vv-r GCN) containing the GCC-box (GCCGCC) and DRE/CRT (RCCGAC, R=A/G) cis-regulatory element (CRE) in their promoter region. *(P < 1.00E-02)

**(P < 1.00E-05) indicate significantly and highly significantly enriched CREs tested. (e) Distribution plots of GCC-box (purple) and DRE/CRT (blue) CRE occur-

rences in promoters (1.5 kb upstream of the transcriptional start site (TSS)) in VvERF092 co-expressed genes (Vv-m and Vv-r GCN). The frequencies for each

CRE are binned into 100 bp intervals from the TSS (0 bp) to �1500 bp.
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VvOSM34; and RESPIRATORY BURST OXIDASE HOMOLO-

GUE D, VvRBOHD). This analysis provided strong candi-

dates for the regulatory targets of VvERF092, and therefore

for further functional characterization.

VaERF092 binds to the VaWRKY33 promotor

Given that WRKY33 showed consistent co-expression in

the Vv-m and Vv-r GCNs and has a potential AP2/ERF CRE–
GCC-box in its promoter, and that we observed a co-ex-

pression interaction in AtERF105 GCNs (At-m and At-r), we

focused on the VvERF092–WRKY33 co-expression interac-

tions.

To test the hypothesis that VaWRKY33 is a direct down-

stream target of VaERF092, we amplified the promoter

(2005 bp) of VaWRKY33 from Amur grape using the

PWRKY33-F/PWRKY33-R primers (Table S1) and confirmed

the presence of a GCC-box (AGCCGCC) between positions

�245 and �251 bp (Figure 5a). To test whether VaERF092

could bind to the VaWRKY33 promoter we performed a

yeast one-hybrid assay. The VaERF092 open reading frame

(ORF) was fused to the GAL4 activation domain in the

pGADT7-Rec2 vector to generate the pGADT7�VaERF092

fusion plasmid (Figure 5b). A 252-bp VaWRKY33 promoter

sequence containing the GCC-box or the mutated GCC-box

(mGCC-box, ATCCTCC) was cloned into the pAbAi vector,

generating the pPWRKY33�AbAi and pmPWRKY33�AbAi baits

(Figure 5b). The prey pGADT7�VaERF092 and the bait

(pPWRKY33�AbAi or pmPWRKY33�AbAi) vectors were co-

transformed into yeast strain AH109, which was then pla-

ted on synthetic dextrose (SD)/�Leu medium supple-

mented with or without 500 ng mL�1 AbA. pGADT7-p53

and p53-AbAi were processed using the same procedures

as positive controls. The pGADT7�VaERF092 transfor-

mants and pPWRKY33-AbAi transformants grew on the

medium with 500 ng mL�1 AbA, as did the positive control

(containing pGADT7-p53 and p53-AbAi), whereas

the mutant (containing pGADT7�VaERF092 and

pmPWRKY33�AbAi) did not (Figure 5b). These results indi-

cate that VaERF092 binds to the GCC-box in the promoter

of VaWRKY33.

Figure 4. Interspecies and integrated gene co-expression subnetwork of grapevine ERF092 and A. thaliana ERF105. Grapevine and A. thaliana genes in grape-

vine ERF092 and A. thaliana ERF105 gene co-expression networks (GCNs) are depicted as square and hexagonal nodes, respectively. Node border color depicts

common MapMan functional categories of co-expressed genes. Pie charts alongside the grapevine genes (right) represent the presence of GCC-box (GCCGCC)

and DRE/CRT (RCCGAC, R=A/G) consensus CREs in the promoters of each co-expressed gene. Purple, pink, blue, and node pie chart color depict GCCGCC,

ACCGAC, and GCCGAC CREs, respectively. Solid red, light purple, and light blue edge colors depict the co-expression relationship supported by both microarray

and RNA-seq data, microarray data only, and RNA-seq data only, respectively.
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To confirm the results of the yeast one-hybrid assay, we

performed a transient expression analysis in tobacco

leaves using VaERF092 as an effector (35S::VaERF092),

together with constructs generated by fusing 252-bp of the

VaWRKY33 promoter sequence containing the GCC-box or

mGCC-box upstream of the minimal 35S::GUS (m35S::

GUS) sequence, resulting in the m35S::GUS, PWRKY33-

m35S::GUS and mPWRKY33-m35S::GUS reporters. m35S::

GUS was used as a negative control (Figure 5c). Leaf tissue

co-transformed with the effector and PWRKY33-m35S::GUS

Figure 5. VaERF092 binds to the GCC-box in the

promoter of VaWRKY33. (a) Structure of the

VaWRKY33 promoter regions. A GCC-box was iden-

tified at the �245 approximately �251 bp promoter

position. (b) Yeast one-hybrid analysis, using

pGADT7-VaERF092 as the prey, pPWRKY33-AbAi and

pmPWRKY33-AbAi as the baits and pGADT7-p53 and

p53-AbAi as the positive controls. (c) Transient b-
glucuronidase (GUS) expression analysis, using

35S::VaERF092 as the effector and m35S::GUS,

PWRKY33-m35S::GUS and mPWRKY33-m35S::GUS as

reporters used. GUS expression was visualized in

representative tobacco leaves transformed with dif-

ferent combinations of effector and reporter con-

structs. (d) Luciferase activity analysis, using 35S::

VaERF092 as the effector and 35S::LUC, PWRKY33-

35S::LUC and mPWRKY33-35S::LUC as reporters. The

REN and LUC activities of different combinations of

effector and reporter constructs were measured.

© 2019 The Authors
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showed a deeper blue color than the leaf pieces infiltrated

with the effector and mPWRKY33-m35S::GUS (Figure 5c).

A dual-luciferase reporter assay was performed to verify

the yeast one-hybrid results. The effector construct pGree-

nII 62-SK-VaERF092 and two reporters, PWRKY33-LUC and

mPWRKY33-LUC, containing 252-bp VaWRKY33 promoter

sequences with the GCC-box or mGCC-box, were con-

structed (Figure 5d). The luciferase activities in leaves

transformed with pGreenII 62-SK-VaERF092 and PWRKY33-

LUC were significantly higher than in the leaves infiltrated

with pGreenII 62-SK-VaERF092 and mPWRKY33-LUC or

pGreenII 62-SK and PWRKY33-LUC (Figure 5d).

VaWRKY33 co-expression network analysis

To further investigate the roles of VaWRKY33 in cold toler-

ance, we repeated the GCN network analysis using

VvWRKY33 and AtWRKY33. Commonalities in the enriched

functional categories of the query WRKY (VvWRKY33 and

AtWRKY33) and AP2/ERF (VvERF092 and AtERF105) co-ex-

pressed genes were evident (Figure S2a; Tables S5 and

S6). Categories related to hormone metabolism, especially

ethylene (BIN 17.5), regulation of transcription (BIN 27.3),

protein post-translational modification (BIN 29.4), calcium

signaling (BIN 30.2), and receptor kinase signaling (BIN

30.3), were enriched (FDR < 0.05) in both VvWRKY33- and

AtWRKY33-centric GCNs. Several BIN categories were also

found to be specifically enriched within to GCNs of each

species (Figure S2a), such as the category related to sec-

ondary metabolism of flavonoids (BIN 16.8), which was

grapevine-specific and biotic stress (BIN 20.1), which was

A. thaliana -specific.

We also examined the transcriptional responses of

VvWRKY33 and AtWRKY33 and their co-expressed genes

to cold exposure (and related treatments). We observed a

similar degree of strongly coordinated regulation in

response to cold in A. thaliana (Figure S2b; Table S7) and

grapevine (Figure S2c; Table S8). In A. thaliana, the co-ex-

pressed genes commonly peaked at 3 and 12 h post cold

treatment in shoots and roots, respectively. In grapevine,

the expression of genes during the acclimation freeze and

freeze treatments also showed closely coordinated induc-

tion in all four grapevine cultivars assayed.

We repeated the CRE enrichment and position bias

analysis and observed that the WRKY CRE showed even

higher enrichment than did VvERF092, with 225 (Vv-m,

P < 1.83E-14) and 244 (Vv-r, P < 9.73E-22) co-expressed

genes containing the WRKY CRE within their promoter

region (Figure S2d; Table S10). The frequency of WRKY

CRE occurrence relative to the position along the pro-

moter region of VvWRKY33 co-expressed genes was also

indicative of position bias toward the TSS (Figure S2e)

with highest occurrence between the 200 and 300 bp posi-

tion from the TSS and lower frequencies between 500 and

1500 bp.

Integrated subnetwork analysis of VvWRKY33 and

AtWRKY33 GCNs also revealed several groups of co-ex-

pressed genes with functional similarities (Figure S3). For

VvWRKY33 co-expressed genes, examples included genes

involved in raffinose and starch metabolism (e.g. TREHA-

LOSE 6-PHOSPHASTE SYNTHASE, TPS7 and TPS8 and

BAM9), hormone metabolism (e.g. VvACO4, VvACO and

ALLENE OXIDE SYNTHASE, VvAOS), the regulation of

transcription (e.g. AP2/ERF: VvERF2, VvERF092**, VvABR1;

C2H2: VvZAT10, VvZAT11; WRKY: WRKY2, WRKY6,

WRKY40, WRKY65), signaling (e.g. CALCIUM DEPENDENT

PROTEIN KINASE, VvCPK32, VvCPK1), and post-transla-

tional modification. The presence of genes involved in

phenylpropanoid metabolism (PHENYLALANINE AMMO-

NIA LYASE 1, CINNAMOYL COA REDUCTASE 1) and stil-

bene biosynthesis (STILBENE SYNTHASE) specific to the

VvWRKY33 integrated network were also noted.

VaWRKY33 expression and functional analysis

We next isolated the full-length WRKY33 ORF using the

WRKY33-ORF-F and WRKY33-ORF-R primers (Table S1).

qRT-PCR was performed using the same samples as for

the VaERF092 analysis. Following cold treatment, the

expression of VaWRKY33 increased continuously (up to 53-

fold) until 48 h post-treatment (Figure 6a). VaWRKY33 was

also induced by ACC, but its expression peaked later than

VaERF092, at 4 h post-treatment (Figure 6b). The expres-

sion of VaWRKY33 was totally inhibited by AVG under cold

stress, as was observed for VaERF092 (Figure 6c). These

results indicated that VaWRKY33 was expressed after

VaERF092 expression, and therefore that the regulation of

VaERF092 expression may occur upstream of VaWRKY33.

To investigate the function of VaWRKY33 in response to

cold stress, we generated VaWRKY33-overexpressing

A. thaliana plants. Three single-insertion T3 transgenic

lines (#1, #2 and #4) displaying high VaWRKY33 expression

levels were used to evaluate plant cold tolerance. Three-

week-old WT and transgenic A. thaliana plants were sub-

jected to the same cold and freezing treatments as were

VaERF092-overexpressing plants, and the VaWRKY33-over-

expressing plants showed improved cold tolerance (Fig-

ure 6d). The average survival rate of the VaWRKY33

overexpressing lines (#1, #2 and #4) was 60, 85 and 91%,

respectively, whereas the rate in WT plants was only 21%

(Figure 6e). These results indicate that VaWRKY33 confers

cold tolerance.

Overexpression of VaERF092 and VaWRKY33 in Amur

grape calli enhances cold tolerance

To further validate the function of VaERF092 and

VaWRKY33 in grapevine, we separately overexpressed

them in Amur grape by transforming petiole explants.

Three lines with high expression of VaERF092 (#a, #b and

#c) or VaWRKY33 (#e, #f and #g) were selected for cold
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tolerance studies. The cold tolerance of the transgenic

Amur grape calli was evaluated by low-temperature

exotherms (LTEs) (Mills et al., 2006; Sun et al., 2018), and

an empty vector line (EV) was used as a control. The LTE

values of VaERF092-overexpressing lines #a, #b, #c were

�6.9, �8.0, �7.6°C, respectively, and of the VaWRKY33-

overexpressing lines #e, #f, #g were �7.3, �8.1, �7.6°C,
respectively, whereas the LTE of the EV control was �5.8°C
(Figure 7a). Therefore the LTEs of VaERF092- and

VaWRKY33-overexpressing grape calli were 1.1–2.3°C
lower than the EV control, indicating enhanced tolerance

to cold stress. Given that VaWRKY33 was confirmed to be

a downstream target of VaERF092, we hypothesized that

the expression of VaWRKY33 would be higher in the

VaERF092-overexpressing grape calli. Accordingly, we

observed that the expression of VaERF092 was 7.7-, 3.3-

and 3.1-fold higher than the control in lines #a, #b, #c,

respectively, while VaWRKY33 expression was 29.8-, 20.8-

and 25.4-fold, higher respectively (Figure 7b). These results

are consistent with both VaERF092 and VaWRKY33 playing

roles in enhancing cold stress tolerance.

DISCUSSION

Ethylene is involved in cold stress responses and applica-

tion of exogenous ethylene has been shown to improve

cold tolerance and reduce cold injury in several economi-

cally important fruit crops, including nectarines (Prunus

persi) (Zhou et al., 2012), citrus (Lafuente et al., 2004),

tomato (Zhao et al., 2009) and banana (Musa acuminate)

(Shan et al., 2014). Our previous studies showed that

exogenous ACC application also increases cold tolerance

in grapevine (Sun et al., 2016). In contrast, ethylene has

also been reported to suppress cold stress responses in

Medicago truncatula (Zhao et al., 2014) and A. thaliana

(Shi et al., 2012). The regulatory mechanisms of ethylene

in the cold stress response have been investigated in sev-

eral studies. For instance, TERF2/LeERF2 was shown to

induce the expression of ethylene biosynthesis genes and

regulate the cold response of tomato plants (Zhang and

Huang, 2010), and it improved cold tolerance of tomato

fruits by inducing CBF to modulate the expression of

downstream genes (Zhao et al., 2009). In grapevine, we

previously observed that ethylene enhances cold tolerance

by modulating the expression of VaERF057 (Sun et al.,

2016), and here we demonstrated that the expression of

VaERF092 was also induced by cold and ACC, but inhibited

by AVG. A recent study demonstrated transcripts levels of

the Arabidopsis ortholog of VaERF092, AtERF105 also

share similar induction kinetics to cold treatment, peaking

in expression at the early stages of cold treatment (i.e. 1 h)

Figure 6. VaWRKY33 expression pattern and performance of transgenic A. thaliana under cold and freezing stresses. Expression of VaERF092 under (a) cold, (b)

ACC, and (c) cold + AVG treatments. Each experiment was performed in triplicate (technical replicates) with three independent biological replicates (n = 3). For

each treatment, gene expression at 0 h was set to 1.0 and the expression levels at other time points were calculated accordingly. Error bars represent standard

errors (SE). (d) Phenotypes and (e) survival rate of the VaWRKY33 overexpression (OE) lines (#1, #2, and #4) and wild-type (WT) control after cold and freezing

treatments (�1°C for 8 h, and then cooled at a rate of 1°C h�1 until �11°C for 3 h). Data are the mean values �SE of three biological replicates. Asterisks (**)

indicate significant differences compared with the WT at P < 0.01 (Student’s t-test).
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and decreasing thereafter (Bolt et al., 2017). More impor-

tantly, this study demonstrated a critical role played by

AtERF105 in freezing tolerance and cold acclimation in Ara-

bidopsis using AtERF105 loss-of-function mutants and

overexpressing plants. Taken together, VaERF092 may not

only share conserved expression kinetics but potentially

fulfill similar roles in freezing tolerance and cold acclima-

tion in grapevines.

ERF TFs act as key regulatory hubs in adaptation to bio-

tic and abiotic stresses, such as pathogens, cold, drought

and high salinity (Muller and Munne-Bosch, 2015), and

have been reported to regulate responses to pathogen

attack by binding to the GCC-box in the promoter of down-

stream genes (Berrocal-Lobo et al., 2002; Lorenzo et al.,

2003). However, recent research has shown that several

ERFs also bind to DRE motifs and play a regulatory role in

responses to abiotic stresses (Cheng et al., 2013; Muller

and Munne-Bosch, 2015). For example, A. thaliana AtERF1

can bind to both GCC-box and DRE elements in the pro-

moter regions of downstream genes, such as PDF1.2,

KIN2, P5CS1, OSM34, RD29B, COR15B, COR47, RD20, etc.,

conferring resistance to pathogen attack and tolerance to

heat, drought and salt stresses (Cheng et al., 2013). The

pepper CaPF1 gene also specifically binds to both GCC-box

and DRE elements and can be induced by cold, drought

and salt stresses, and when overexpressed it confers

enhanced freezing tolerance (Yi et al., 2004). ERFs from

other species have also been reported to bind to GCC-box

and DRE elements, including tobacco JERF1, JERF3 and

Tsi1 (Park et al., 2001; Zhang et al., 2004; Wu et al., 2008),

soybean GmERF3 (Zhang et al., 2009), and tomato TERF1,

TERF2/LeERF2 and TSRF1 (Zhang et al., 2007; Gao et al.,

2008; Quan et al., 2010; Zhang and Huang, 2010). In our

previous study, we also found that VaERF057 binds to the

GCC-box and DRE elements in grapevine (Sun et al., 2016),

but the target genes were not identified. Here, we observed

that an ERF TF from Amur grape, VaERF092, bound to the

GCC-box in the promotor of VaWRKY33. The expression of

VaWRKY33 lags behind VaERF092 expression and can also

be induced by cold and ACC, and inhibited by AVG, indi-

cating that the regulation of VaERF092 is upstream from

that of VaWRKY33. A yeast one-hybrid analysis as well as

transient GUS and a dual-luciferase reporter assays pro-

vided evidence for the interaction between VaERF092 and

the VaWRKY33 promoter GCC-box. Supporting the role of

GCC-box as the bona fide target site of VaERF092 is the

observation that GCC-box was identified to be the most

enriched motif in the target genes of AtERF105 as revealed

by DNA affinity purification sequencing (DAP-seq) experi-

ments (O’Malley et al., 2016). However, the Arabidopsis

ortholog of VaWRKY33, AtWRKY33 was not identified as

one the targets of AtERF105 due to the lack of significant

FRiP motif peaks in the promoter region (1.5 kb upstream

of the transcription start site, TSS) of AtWRKY33. This may

indicate that although both VaERF092 and AtERF105 recog-

nize GCC-box, some degree of divergence in the promoter

region of grapevines may have allowed VaWRKY33 to be

recognized by VaERF092. Nonetheless, overexpression of

VaWRKY33 also results in enhanced tolerance to cold both

in Arabidopsis and grape.

WRKY TFs function as components in the complex sig-

naling process induced by stress (Chen et al., 2012) and

are not only involved in responses to biotic stress but

also to various abiotic stresses such as cold, drought,

salinity and osmotic stresses. They interact with other

WRKYs containing W-box elements in their promotor

region (Lai et al., 2011; Chen et al., 2012). AtWRKY33 is

the homolog of VaWRKY33, and is positive regulator of

pathogen-induced autophagy, which plays a critical role

in plant resistance to necrotrophic fungal pathogens

Figure 7. Overexpression of VaERF092 or VaWRKY33 enhances cold toler-

ance in transgenic Amur grape calli. (a) Low-temperature exotherms (LTEs) of

VaERF092 overexpression (OE) lines (#a, #b, and #c) and VaWRKY33 OE lines

(#e, #f, and #g). Empty vector (EV) transgenic Amur grape calli were used as

control. Data are the mean values�SE of three biological replicates. Asterisks

(**) indicate significant differences compared with the EV at P < 0.01 (Stu-

dent’s t-test). (b) Expression of VaWRKY33 in VaERF092OE lines. Each experi-

ment was performed in triplicate (technical replicates) with three independent

biological replicates (n = 3). Error bars represent standard errors (SE).
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(Zheng et al., 2006; Lai et al., 2011), as well as being criti-

cal for abiotic stress tolerance (Jiang and Deyholos, 2009;

Li et al., 2011). Furthermore, AtWRKY33 plays an essential

role in glutathione-mediated transcriptional regulation of

the key components of the ethylene signal pathway,

ACS2 and ACS6, by binding to their promoters and pro-

moting ethylene synthesis (Datta et al., 2015). We infer

from these observations that VaWRKY33 may also partici-

pate in the production of ethylene, resulting in enhanced

cold tolerance.

In grapevine, systems biology approaches holds great

promise in advancing our understanding of the molecular

mechanisms underpinning the regulation of key secondary

metabolism pathways (Wong and Matus, 2017; Vannozzi

et al., 2018) and responses to the environment (Loyola

et al., 2016; Sun et al., 2018). To elucidate the regulatory

mechanisms exerted by VaERF092 and VaWRKY33, we per-

formed a systems-oriented study encompassing: (i) GCNs

of multiple species and platforms and (ii) network-driven

transcriptional analysis of cold stress responses and pro-

moter CRE architecture. We have recently shown that such

approaches can be helpful in elucidating regulatory mecha-

nisms exerted by grapevine AQUILO (Sun et al., 2018). In

this study, we observed a common theme of co-expressed

genes involved in the transcriptional regulation (e.g. AP2/

ERF, WRKY, and C2H2), sugar metabolism (i.e. raffinose

and starch), hormones (i.e. ethylene), and signaling (i.e.

calcium and receptor kinase related) in the grape

(VvERF092 and VvWRKY33), and A. thaliana (AtERF105 and

AtWRKY33) GCNs. Many of these genes are directly or

indirectly implicated in the cold perception, signaling, low-

temperature-responsive transcriptional regulation, and reg-

ulation of metabolic response during cold stress/acclima-

tion in higher plants (Knight and Knight, 2012). They

include well known cold response pathways components

(e.g. MYB15, ZAT10, ZAT12, CBF1), calmodulin and

calmodulin-like genes.

Meta-analysis of cold stress responses in grapevine and

A. thaliana further revealed that most co-expressed genes

were induced during cold stress, with increased induction

potential as severity increases regardless of genotype.

Similarly, in Arabidopsis, cold stress also induced the

expression of co-expressed genes. Furthermore, enrich-

ment and strong position bias of AP2/ERF (DRE, GCC-box)

and WRKY CREs in the promoters of VvERF092 and

VvWRKY33 co-expressed genes, respectively, further rein-

forced the notion that the co-expressed genes are strong

candidate target genes for the respective TFs. The enrich-

ment of DREs in VvERF092-co-expressed genes also sug-

gest that these genes are targets of potentially co-

regulated DRE-binding AP2/ERFs, or less plausibly, that the

grape ERF092 may also recognize DRE elements. Nonethe-

less, these observations suggest that: (i) VvERF092 and

VvWRKY33 have redundant and/or overlapping regulatory

functions during cold stress; and (ii) such regulatory func-

tions and responses are potentially conserved across spe-

cies. Among the many co-expressed genes, we highlight

the involvement of raffinose and starch metabolism, hor-

mone metabolism and the regulation of transcriptional

processes. Previous studies have shown that these regula-

tory processes are important in response to cold stress

(Zuther et al., 2004; Chinnusamy et al., 2007). In conclu-

sion, our study revealed that ethylene response factor

VaERF092 regulated VaWRKY33 through binding to its pro-

moter GCC-box, leading to enhanced cold tolerance. This

finding may provide a model for response to cold stress in

plants.

EXPERIMENTAL PROCEDURES

Plant materials and treatments

Micropropagated Amur grape plantlets were grown on

half-strength Murashige and Skoog (½MS, pH 5.8, Phyto-

Tech) solid medium, as previously described (Sun et al.,

2018). Six-week-old plantlets with five well developed

leaves were used for different treatments. For the cold

treatments, whole plantlets grown in conical flasks were

placed at 4°C in an illuminated incubation chamber, and

shoot apices with one fully developed leaf were har-

vested at 0, 2, 4, 8, 24, and 48 h time points. For treat-

ments with the ethylene precursor 1-aminocyclopropane-

1-carboxylate (ACC), plantlet leaves were sprayed with

100 lM (ACC; Sigma-Aldrich, St Louis, MO, USA) under

normal conditions at 26°C and the samples were collected

at 0, 0.5, 1, 2, 4, and 8 h time points. For treatments with

the ethylene inhibitor aminoethoxyvinylglycine (AVG;

Sigma), 100 lM AVG was applied under cold treatment

conditions at 4°C and the samples were collected at 0, 2,

4, 8, 24, and 48 h. Three biological replicates were col-

lected for each sample.

Cloning and sequence analysis

The ORFs of VaERF092 and VaWRKY33 were amplified

from Amur grape leaves cDNA, using the PCR primers

ERF092-ORF-F/ERF092-ORF-R and WRKY33-ORF-F/WRK

Y33-ORF-R (Table S1), designed based on the predicted

full-length VIT_16s0013g01120 and VIT_06s0004g07500

ORF sequences from the V. vinifera cv. ‘Pinot Noir’ (PN4

0024) 12Xv1 genome (Jaillon et al., 2007). Sequences were

aligned using DNAMAN 7.0.

Quantitative RT-PCR (qRT-PCR) analysis

RNA extraction and qRT-PCR was carried out as described

by Sun et al. (2015). Each sample was represented by three

biological replicates and three technical replicates. The rel-

ative expression and standard errors were calculated using

the 2�DDCt method (Livak and Schmittgen, 2001). The pri-

mers used for qRT-PCR are listed in Table S1.
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Integrated gene co-expression network analyses in

grapevine and A. thaliana

Grapevine GCNs were constructed as previously described

(Vannozzi et al., 2018; Wong et al., 2018) using R (http://

www.r-project.org), with two separate transcriptome com-

pendia consisting of RMA-normalized microarray (29K

NimbleGen Grape whole-genome platform) and FPKM

(log2)-normalized RNA-seq data sets. All biological repli-

cates were averaged in the microarray and RNA-seq

expression matrix, resulting in 356 and 236 columns (ex-

periments), respectively, representing numerous and

diverse experimental conditions. In this study, gene-centric

co-expression clusters were created for the candidate

genes (i.e. VvERF092 and VvWRKY33), from both MR

(Obayashi and Kinoshita, 2009) microarray (Vv-m) and

RNA-seq (Vv-r) GCNs. The top 300 co-expressed genes

(ranked by MR value) in each Vv-m and Vv-r GCN were fur-

ther shortlisted and analyzed. A. thaliana GCN analysis

constructed from the latest compendia of microarray (At-

m) and RNA-seq (At-r) datasets was performed using ATTED-

II ver. 9.2 (http://atted.jp/). The closest A. thaliana orthologs

of VvERF092 and VvWRKY33 were identified using Condi-

tional Reciprocal Best (CRB)-BLAST (Aubry et al., 2014), and

these (AtERF105 and AtWRKY33) were queried using ATTED-

II. The default output of ATTED-II (top 300 co-expressed genes

ranked by MR value) from the At-m and At-r GCN was fur-

ther shortlisted and analyzed. Shortlisted co-expressed

genes in grapevine and A. thaliana GCNs were tested for

over-representation using MapMan BIN functional cate-

gories (Lohse et al., 2014) and Fisher’s exact test, and an

FDR correction was applied using the appropriate species

background, as previously described (Wong et al., 2017).

Significantly enriched BIN categories were defined as cate-

gories having an FDR of <0.05. Network visualization was

performed using CYTOSCAPE v3.5 (Shannon et al., 2003).

Gene expression meta-analysis of cold stress and related

datasets in A. thaliana and grapevine

Expression data of grapevine genes co-expressed under nor-

mal and cold/low-temperature treatments was retrieved from

Londo et al. (2018). Similarly, the expression of A. thaliana

co-expressed genes was retrieved via the Bio-Analytic

Resource (BAR, http://bar.utoronto.ca/) expression browser

tool from the ‘AtGenExpress – Stress series’ and ‘Cold stress’

option. Visualization of gene expression responses to treat-

ments (expressed as log2 fold change of treatment/control)

was performed in R (http://www.r-project.org).

Cis-regulatory element analysis of promoter regions of co-

expressed grapevine genes

The presence of two well known AP2/ERF CREs, namely

the GCC-box (GCCGCC) and the dehydration-responsive

element/C-repeat, (DRE/CRT; RCCGAC, R=A/G), and the

WRKY CRE (KTTGACY, K=G/T, Y=C/T) was screened for in

the promoters (1.5 kb upstream of the transcription start

site, TSS and along both + and � strands) of co-expressed

genes for exact pattern match using PATMATCH (Yan et al.,

2005). The position of each CRE identified and total num-

ber of occurrences were recorded and subsequently tested

for position bias (i.e. clustering toward the TSS) and

enrichment (based on hypergeometric distribution) in R, as

previously described (Wong et al., 2017).

Yeast one-hybrid assay

A yeast one-hybrid assay was performed using the Match-

maker Gold Yeast One-Hybrid Library Screening System

(Clontech, Mountain View, CA, USA) to examine the ability

of VaERF092 to bind to the GCC-box in the VaWRKY33 pro-

moter. The primers PWRKY33-GCC-F/PWRKY33-R or

PWRKY33-mGCC-F/PWRKY33-R (Table S1) were used to

amplify 252-bp partial promoter sequences containing a

GCC-box and a mGCC-box (ATCCTCC), respectively. The

amplified 252-bp sequence was cloned into the pAbAi vec-

tor to construct the baits. The VaERF092 ORF was fused in-

frame with the GAL4 activation domain (AD) in the

pGADT7-AD vector to generate the prey vector (pGAD-

VaERF092). BstBI-cut bait vectors were transformed into

the Y1HGold yeast strain. After selecting the transformants

on SD/�Ura plates and determining the minimal inhibitory

concentration of aureobasidin A (AbA) for the bait strains,

pGAD-VaERF092 was introduced into the Y1HGold yeast

strain. Positively co-transformed cells were screened on

SD/�Leu medium supplemented with 500 ng mL�1 AbA

and cultured at 30°C for 3 days. A positive (pGADT7-

p53+p53-AbAi) control was processed in the same manner.

GUS and luciferase reporter assays

To confirm the interaction between VaERF092 and the

GCC-box element in the VaWRKY33 promoter, transient

GUS and luciferase reporter assays were performed in

tobacco leaves as previously described (Hellens et al.,

2005; Huang et al., 2013). PCR-amplified 252-bp fragments

containing the VaWRKY33 promoter GCC-box or mGCC-

box were ligated into both pCAMBIA1391Z and pGreenII

0800-LUC to generate the reporter constructs, PWRKY33-

mini35S-GUS, mPWRKY33-mini35S-GUS, PWRKY33-LUC and

mPWRKY33-LUC. The VaERF092 ORF was cloned into pCAM-

BIA1301S and pGreenII 62-SK to generate the effector con-

structs. The effector and reporter constructs were

transformed into Agrobacterium tumefaciens strain

GV3101 and co-infected into tobacco leaves by agroinfiltra-

tion, as previously described (Sheludko et al., 2007). After

co-culturing in the dark for 72 h at 25°C, luciferase activity

was evaluated using the Dual-Luciferase Reporter Assay

System (Promega, Madison, WI, USA) according to the

manufacturer’s instructions, and GUS staining was per-

formed as previously described by Jefferson et al. (1987).
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A. thaliana transformation

The full-length VaERF092 or VaWRKY33 ORFs, containing

KpnI and XbaI restriction sites, was ligated into the pCAM-

BIA1301 vector, containing the constitutive CaMV 35S pro-

moter. A. tumefaciens (strain GV3101) transformants

harboring the VaERF092 or VaWRKY33 construct were

used to transform WT (Col-0) A. thaliana plants by the flo-

ral dip method (Clough and Bent, 1998). The transformed

plants were selected by screening on ½MS medium con-

taining hygromycin B (50 mg L�1; Roche, Basel, Switzer-

land). Three T3 single-insertion homozygous transgenic

lines were selected for molecular and phenotypic analyses.

Seeds from WT and overexpressing A. thaliana lines were

sown on soil and grown in a greenhouse under controlled

environmental conditions, at 22°C, with 50–60% relative

humidity and a photoperiod of 16 h light/8 h dark

(130 lmol photons m�2 sec�1 light).

Cold and freezing treatment of transgenic A. thaliana and

physiological analyses of the cold stress response

Here, 3-week-old WT and transgenic A. thaliana plants were

subjected to cold and freezing treatments as described by

Sun et al. (2016). The plants were treated at �1°C for 8 h in

the dark and then cooled at a rate of 1°C h�1 until �11°C for

3 h. The survival rate was determined 3 days after treat-

ment. Each sample contained 14 seedlings, and each exper-

iment was performed in triplicate. For physiological

analyses, 3-week-old seedlings of WT and transgenic

A. thaliana plants were treated at 4°C (cold stress) for

3 days (plants growing under non-stress conditions were

used as controls). SOD, POD and CAT activities, along with

MDA levels, were measured as previously described (Shin

et al., 2012). Each sample consisted of a pool of three seed-

lings, and each experiment was performed in triplicate.

Transformation of Amur grape petioles and generation of

transgenic calli

The full-length VaERF092 or VaWRKY33 ORFs, containing

XhoI and XbaI restriction sites, were ligated into the

pSAK277 vector, downstream of the CaMV 35S promoter,

and the vector was transformed into Amur grape petioles

according to the protocol outlined in Zhao et al. (2017).

Transgenic calli were obtained about 2 months later and

the presence and expression of the transgene was con-

firmed by PCR and RT-PCR (primers for VaERF092,

VaWRKY33 and NPTII are listed in Table S1). Three lines

that were expressing VaERF092 or VaWRKY33 at high

levels were selected for further analyses.

Cold tolerance evaluation of overexpressing Amur grape

calli

A system for differential thermal analysis (DTA) was used

to assess the cold tolerance of Amur grape calli, using the

protocol described by Sun et al. (2018). LTEs were

obtained and used to evaluate the cold tolerance.
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