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Abstract

Key message Overexpression of VaWRKY 14 increases drought tolerance in Arabidopsis by modulating the expres-
sion of stress-related genes, including COR15A, COR15B, COR413, KIN2, and RD29A.

Abstract The WRKY family is one of a largest transcription factors in plants, and it is a key component of multiple stress
responses. In this study, the drought- and cold-induced WRKY family gene VaWRKY14 was isolated and characterized.
Phylogenetic analysis indicated that VaWRKY 14 belongs to the WRKY Ila subfamily, of which several members participate
in biotic and abiotic stress responses in plants. Fluorescence observation from Arabidopsis mesophyll protoplasts transformed
with the VaWRKY14::eGFP fusion vector suggested that VaWRKY 14 was localized in the nucleus. The VaWRKY 14 in
yeast cells did not display any transcriptional activity. The expression of VaWRKY14 could be induced by exogenous phy-
tohormones, including salicylic acid (SA) and abscisic acid (ABA). Overexpression of VaWRKY 14 enhanced the drought
tolerance of transgenic Arabidopsis. Compared with wild-type Arabidopsis, the VaWRKY14-OE lines exhibited higher
water content and antioxidant enzyme activities in leaves after drought treatment. RNA sequencing analysis revealed that
several stress-related genes, including COR15A, CORI5B, COR413, KIN2, and RD29A, were upregulated in transgenic
plants relative to their expression in wild-type Arabidopsis under normal conditions. Several genes (3 upregulated and 49
down-regulated) modulated by VaWRKY 14 were also affected by drought stress in wild-type plants. These data suggest that
VaWRKY14 responds to drought and cold stresses and that drought tolerance may be enhanced by regulating the expression
of stress-related genes in Arabidopsis.
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Introduction

Drought is an adverse factor that restricts plant growth,
survival, and distribution. To adapt to drought stress,
plants have evolved various physiological and biochemi-

Communicated by Ying-Tang Lu. cal processes, including regulation of stomatal closure,
accumulation of osmolytes (e.g., proline, soluble sugar,
Electronic supplementary material The online version of this . . y (e-g p . g
article (https://doi.org/10.1007/s00299-018-2302-9) contains and glycine betaine), and scavenging of reactive oxygen
supplementary material, which is available to authorized users.
P4 Haiping Xin of Botany, Chinese Academy of Sciences, Beijing 100093,
xinhaiping215 @hotmail.com People’s Republic of China

University of Chinese Academy of Sciences, Beijing 100049,

Key Laboratory of Plant Germplasm Enhancement People’s Republic of China

and Specialty Agriculture, Wuhan Botanical Garden,
Chinese Academy of Sciences, Wuhan 430074, 4 State Key Laboratory of Crop Stress Biology for Arid
People’s Republic of China Areas, College of Horticulture, Northwest A&F University,

Beijing Key Laboratory of Grape Sciences and Enology, Yangling 712100, People’s Republic of China

CAS Key Laboratory of Plant Resources, Institute

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00299-018-2302-9&domain=pdf
https://doi.org/10.1007/s00299-018-2302-9

1160

Plant Cell Reports (2018) 37:1159-1172

species (Shinozaki et al. 2003). Transcriptional regula-
tion mechanisms also play critical roles in plant response
to drought stress. Transcriptome modifications that occur
during drought stress in plants have been extensively identi-
fied. Transcription factors (TFs), such as DREB, NAC, ERF,
MYB, and WRKY, play important roles during drought stress
response in plants (Dubouzet et al. 2003; Fang et al. 2016;
Pan et al. 2012; Cominelli et al. 2005; Wang et al. 2015).

WRKY is one of the largest TF family in plants. Members
of this gene family contain a DNA-binding region (WRKY
domain) of approximately 60 amino acids in length, which
comprises a conserved heptad WRKYGQK amino acid
motif adjacent to a zinc-finger motif (Ulker and Somssich
2004). In view of these features of the WRKY domain, genes
in this family were classified into three groups (Eulgem et al.
2000). The WRKY II group can be further divided into five
subgroups (Ila, IIb, Ilc, IId, and IIe) on the basis of their
primary amino acid sequences. Electrophoretic mobility
shift assay confirmed that WRKY preferentially binds to
a markedly conservative DNA motif named the W box (T/
CTGACC/T, Rushton et al. 2010). Since the first WRKY TF
(SPF1) was cloned from sweet potato (Ipomoea batatas),
an increasing number of WRKY family genes have been
identified in several species, including Arabidopsis, rice, and
grape (Ishiguro and Nakamura 1994; Dong et al. 2003; Wu
et al. 2005; Wang et al. 2014).

WRKY genes play pivotal roles in stress responses (Pan-
dey and Somssich 2009, 2010) and developmental pro-
cesses, such as senescence, flowering, seed dormancy, and
biosynthetic pathway regulation (Xu et al. 2004; Guillaumie
et al. 2010; Besseau et al. 2012; Ding et al. 2014; Yu et al.
2016). Recent evidence has suggested that WRKY genes
play important roles in abiotic stress responses. In Arabi-
dopsis, abscisic acid overly sensitive 3 (ABO3), which is a
WRKY TF, mediates ABA-related signaling pathways and
negatively regulates drought tolerance (Ren et al. 2010).
GmWRKY?27 interacts with GmMYB174 to reduce the
expression of GmNAC29, which is a negative factor reg-
ulating drought tolerance in soybean (Wang et al. 2015).
FcWRKY?70 from Fortunella crassifolia functions in drought
tolerance and modulates putrescine synthesis by regulating
arginine decarboxylase gene (Gong et al. 2015). OsWRKY30
is activated by MAP kinases to confer drought tolerance in
rice (Shen et al. 2012). In addition, WRKY TFs may serve
as nodes of different stress-mediated signaling pathways. In
Arabidopsis, WRKY46 plays dual roles of regulating plant
responses to drought and salt stress as well as facilitating
light-dependent stomatal opening in guard cells (Ding et al.
2014). OsWRKY76 in rice acts as a transcriptional repressor
that plays a negative role in blast disease resistance and a
positive role in cold stress tolerance (Yokotani et al. 2013).
Overexpression of OsWRKY45 enhances salt and drought
tolerance while increasing disease resistance (Qiu and Yu
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2009), demonstrating the multiple roles of WRKY genes
during the cross talk among different stress responses in
plants.

In view of the key roles of WRKY genes in plant stress
responses, the WRKY gene family has been extensively
analyzed, and 59 members have been identified in grape-
vine (Wang et al. 2014). Based on the previous study in
our lab (Wang et al. 2014), a WRKY gene that responds to
drought and cold stresses was cloned from Vitis amurensis
and named as VaWRKYI4. In the present study, we ana-
lyzed the transcription patterns of VaWRKY 4 in response
to abiotic stresses (drought and cold) and under exogenous
phytohormone (SA and ABA) treatments. Yeast assay and
Arabidopsis mesophyll protoplasts were used to analyze the
transcriptional activity and subcellular location of VaW-
RKYI14, respectively. Moreover, VaWRKY I4-overexpressing
lines were constructed in Arabidopsis to examine the effects
of VaWRKY 14 during cold and drought stresses. In addition,
RNA sequencing (RNA-seq) analyses were performed on
transgenic lines and wild-type (WT) plants under normal
and drought conditions to elucidate the molecular mecha-
nisms underlying the enhanced stress tolerance by VaW-
RKY14. The results of this study suggest that VaWRKY 14
plays a positive role in plant drought responses and can be
an important candidate gene in breeding new cultivars with
excellent drought tolerance.

Materials and methods
Plant materials and growth conditions

V. amurensis was collected from Changbai Mountain in Jilin
Province in China and micropropagated on half-strength
(1/2) Murashige and Skoog (MS) medium containing 3%
sucrose and 0.7% agar in a growth chamber at a constant
temperature of 26 °C under a 16 h light/8 h dark photoperiod
and 100 umol m~2 s~ ! light intensity. Seeds of Arabidopsis
(ecotype Columbia Col-0) were vernalized at 4 °C in the
dark for 2 days and sown in the same pots with equiponder-
ate substrates in a growth chamber at 22 °C under a 16 h
light/8 h dark cycle and 60% relative humidity.

ORF cloning and phylogenetic analysis

The coding region of VaWRKY14 was amplified from the
cDNA of V. amurensis using a specific primer (5-GCT
GAGTTTGATGGCTATGGAT-3'/5'-CCGTCTTAACAT
TGGACTTGG-3"). Homologous proteins were searched
in the NCBI database utilizing the BLASTp program, and
multiple alignments were performed using Clustal X with
the deduced amino acid sequences. A phylogenetic tree
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was constructed through the neighbor-joining method on
MEGAS with 1000 bootstrap replicates (Hall 2013).

Subcellular location of VaWRKY14 in Arabidopsis
protoplasts

The open reading frame (ORF) of VaWRKY14 was ampli-
fied by conducting polymerase chain reaction (PCR) using
primers (5'-CGCTCTAGAATGGCTATGGATAGTTCT
AATTGG-3' and 5'-GGGGGTACCCCATTTTTCAGTTTG
ATTGCG-3") without the stop codon. The amplified frag-
ment was ligated into the pEZS-NL-EGFP vector to con-
struct the plasmid pEZS-NL-VaWRKY 14-EGFP, which
was introduced into the Arabidopsis protoplasts cells by the
PEG-mediated protocol (Yoo et al. 2007; Wu et al. 2009).
After culturing in the dark at 25 °C, the GFP was localized
with a confocal laser scanning microscope (TCS SP8, Leica,
Germany) at an excitation wavelength of 488 nm and an
emission wavelength of 507 nm.

Transactivation assay of VaWRKY14

The coding region of VaWRKY14 was sub-cloned into the
pGBKT?7 vector fused with the GAL4 DNA-binding domain.
VaNAC26 was used as the positive control to test the yeast
system (Fang et al. 2016). The VaWRKY 14/pGBKT7,
VaNAC26/pGBKT7, and pGBKT7 vectors were trans-
formed to Y2HGold yeast cells using the Yeastmaker™
yeast transformation system 2 in accordance with the man-
ufacturer’s protocol (Clontech, CA, USA). Y2HGold yeast
cells harboring VaWRKY14-pGBKT7, VaNAC26-pGBKT7,
and pGBKT7 were cultivated on SD/-Trp, SD/-Trp-His, and
SD/-Trp/x-a-gal media at 30 °C for 3 days.

Cold, drought, and exogenous phytohormone
treatments

For drought treatment, 40-day-old grapevine plantlets were
transferred into liquid medium with an additional 6% poly-
ethylene glycol (PEG) 6000. For cold treatment, the grape-
vine plantlets were transferred into a growth chamber with
a constant temperature of 4 °C. Shoot apexes with one well-
developed leaf were harvested at 0, 2, 4, 8, 24, and 48 h
after initiating treatments. For exogenous phytohormone
treatment, the plantlets were sprayed with 100 uM ABA or
200 uM SA. The samples were harvested at 0, 0.5, 1, 2, 4,
and 8 h for ABA treatment and at 0, 2, 4, 8, 24, and 48 h for
SA treatment. All samples were frozen in liquid nitrogen and
stored at — 80 °C for subsequent total RNA isolation and
quantitative real-time PCR (qRT-PCR) analyses.

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted using the TTANDZ Column Plant
RNAout 2.0 Kit (Tiandz, Beijing, China). Approximately
1 pg of the total RNA per sample was used for cDNA syn-
thesis using the TransScript One-Step gDNA Removal and
cDNA Synthesis SuperMix Kit (TransGen, Beijing, China).
An SYBR Green-based real-time PCR assay was performed
in a total volume of 10 pL reaction mixture containing 5.0 puL.
of 2XxX SYBR Green Master Mix (Roche, Basel, Switzerland),
0.4 uL of 10 mM primer mix, and 1.0 uL of template cDNA.
The VWACT gene (GenBank accession no. XM_002282480)
was used as the reference gene for normalizing the gene
expression in V. amurensis, whereas AtACT2 (GenBank
accession: BAH20120.1) was used in Arabidopsis. Three
biological and technical replicates were performed, and the
relative expression was calculated through the relative quan-
tization method (27 24€T). All primers used in this study are
listed in Table S1.

Arabidopsis transformation

A pair of primers, 5-GGTACCGCTGAGTTTGATGGCTAT
GGAT-3"/5-TCTAGACCGTCTTAACATTGGACTTGG-3',
was designed to amplify the entire coding region of VaW-
RKY14. The forward and reverse primers contained Kpn I
and Xho 1 sites at the 5’ end, respectively. The PCR product
was digested with Kpn I and Xho I and inserted into the Kpn
I/Xho 1-digested pCAMBIA1301. Arabidopsis transforma-
tion was performed through the floral dip method (Clough
and Bent 1998). Transgenic seedlings were identified
through hygromycin resistance screening. Homozygous T3
transgenic lines were used for stress tolerance assessment.

Drought and cold stress tolerance assays
of transgenic Arabidopsis

For drought tolerance assessment, seeds of transgenic and
WT Arabidopsis were sowed and adequately watered for 18
days. Then, phenotypes were observed after an additional 14
days without watering. When the WT plants exhibited lethal
effects of dehydration, watering was resumed, and the plants
were allowed to grow for another 5 days. For cold tolerance
assessment, 3-week-old Arabidopsis seedlings were exposed
to — 1 °C for 8 h and then cooled at a rate of 1 °C h™! up
to— 11 °C in the dark. After exposure to — 11 °C for 3 h, the
seedlings were recovered at 22 °C for 7 days. The survival
rate was calculated based on three replicates. To measure the
leaf water content (LWC), we weighed (fresh weight, FW)
the transgenic and WT Arabidopsis plants after 12 days of
drought treatment. Then, the dry weight (DW) was measured
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after 16 h of incubation at 80 °C, and the LWC was calcu-
lated as follows: LWC (%) = (FW —DW)/FW x 100 (Yin
et al. 2017).

Measurement of the antioxidant enzyme activities

To measure the antioxidant enzymes activities, we ground
0.1 g of leaf samples with 2 mL of ice-cold sodium phos-
phate buffer (50 mM, pH 7.8) containing 1% polyvinylpyrro-
lidone to extract the total enzymes. The activities of catalase
(CAT), peroxidase (POD) and superoxide dismutase (SOD)
were assessed using the CAT Assay Kit (A007-1, Nanjing
Jiancheng Bioengineering Institute, China), POD Assay
Kit (A084-3, Nanjing Jiancheng Bioengineering Institute,
China) and SOD Assay Kit (A001-1, Nanjing Jiancheng Bio-
engineering Institute) in accordance with the manufacturers’
instructions, respectively.

RNA-Seq analysis of transgenic Arabidopsis

Leaves from WT and transgenic Arabidopsis plants were
collected under normal and drought stress (without water-
ing for 5 days) conditions. Three overexpressed lines were
pooled as OE lines, and four samples (WT-N and W14-N
under normal conditions; WT-D and W14-D under drought
conditions) were used for RNA-Seq analysis, with two rep-
licates for each sample. Total RNA was extracted using
TRIzol Reagent (Invitrogen, Life Technologies, USA) and
treated with DNase I (Invitrogen, Life Technologies, USA).
The cDNA library for each sample was constructed using the
BGI RNA-Seq kit. Then, the libraries were purified using the
AMPure XP system (Beckman Coulter, Beverly, USA) and
validated with the Agilent Technologies 2100 bioanalyzer.

Fig.1 Sequence characteriza- A

. « oM
tion of VaWRKY14. a Location Chr.9 (

Finally, the libraries were sequenced using the BGISEQ-500
platform (BGI, Wuhan, China, http://www.seq500.com)
(Wang et al. 2009; Mortazavi et al. 2008). Differentially
expressed genes were identified based on fold change >?2 and
diverge probability > 0.8. The functional categories of the
differently expressed genes and the pathway were obtained
using MapMan (http://bar.utoronto.ca/ntools/cgi-bin/ntool
s_classification_superviewer.cgi) as the classification source
(Thimm et al. 2004).

Results
VaWKRY14 belongs to the WRKY lla subgroup

VaWRKYI4 1is homologous to the gene
GSVIVT01015952001, which is mapped to chromosome 9
of V. vinifera cv. Pinot Noir clone P40024 and both com-
prises five exons and four introns (Fig. 1a, b). The ORF of
VaWRKY14 is 933 bp in length, and it encodes a putative
protein of 310 amino acids with a calculated molecular mass
of 34.3 kDa and an isoelectric point of 8.99. Thus, a phy-
logenetic tree was constructed to clarify the relationship of
VaWRKY 14 to other WRKY's proteins from different plants.
The results revealed that VaWKRY 14 belongs to the WKRY
ITa subfamily and displays a 60 and 52% protein sequence
similarity to GmWRKY?27 and AtWRKY40 protein, respec-
tively (Fig. 2). GmWRKY27 could positively regulate the
drought tolerance of soybean (Wang et al. 2015). This result
indicates that VaWRKY14 probably involved in the regula-
tion of drought tolerance in grapes. In addition, we con-
ducted multiple sequence alignments of VaWRKY 14 with
WRKY Ila members from different plants and showed that

of VaWRKY14 in chromosome
9. b Gene structure of VaW-
RKYI14. The conserved motifs/
domain was highlighted. ¢
Sequence alignment of the
conserved motifs/domain of
VaWRKY 14 and other WRKY
IIa proteins

c LZ structure

WRKY domaln unknown motlf
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Fig.2 Phylogenetic tree constructed by VaWRKY14 and
WRKY proteins from different plants. GenBank accession num-
bers are AtWRKY75 (At5gl13080)—Pi starvation;, GmWRKY21
(DQ322691)—cold  stress, GmWRKY54  (DQ322698)—salt
and drought, GmWRKY13 (DQ322694)—salt; OsWRKY45
(AY870611)—salt and drought; AtWRKY18/40/60 (AT4G31800,
AT1G80840, and AT2G25000)—abiotic and Dbiotic stress;
CmWRKY17 (AJF11725)—salt stress; AtWRKY46 (At2g46400)—
down-regulated osmotic (drought) stress; MrWRKY30—abi-
otic (cold and salt) stress and downy mildew; FcWRKY70
(FcWRKY70)—drought  stress; GmWRKY27 (ABC26917)—

apart from the WRKY domain, two new conserved motifs/
structures, namely, a leucine zipper (LZ) structure in the
N-terminal and an unknown motif in the C-terminal, were
identified (Fig. 1b, c). The functions of these new structures
are worthy to be elucidated in future studies.

VaWRKY14 is localized in the nucleus

To investigate the subcellular localization of VaWRKY 14,
the vectors carrying GFP or GFP-fused full-length

drought stress; AtWRKYS8 (AT5G46350)—salt stress; AtWRKY63
(At1g66600)—drought stress; OsWRKY30 (DQ298180)—
drought  stress; OsWRKY11 (AK108745)—drought  stress;
GhWRKY17(ADW82098)—drought and salt Stress; OsWRKY76
(ABC02813)—cold stress; HVWRKY38 (AAS48544)—cold and
drought; CaWRKY40 (AAX20040)—heat stress; TaWRKY33
(ALRS88711)—drought stress; OsWRKY71 (BAF80893)—cold
stress; OsWRKY28 (DAA05093) and OsWRKY62 (ABC02810)—
biotic  stress; FcWRKY40  (AIZ94612)—oxidative  stress;
PtoWRKY60 (AIA66985.1) and PtrWRKY40 (XP_002332076)—
biotic stress; NtWIZZ (AB028022); and GaWRKY 1(AAR98818)

VaWRKY 14 (VaWRKY 14-GFP) under the control of
the caulifiower mosaic virus 35S promoter were trans-
formed into Arabidopsis protoplasts through the PEG-
Ca** method. As shown in Fig. 3, GFP was detected in the
nucleus and the cytosol, whereas VaWRKY 14-GFP was
detected only in the nucleus. Therefore, the VaWRKY 14
protein is targeted to the nucleus and possibly functions
asaTF.
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Fig.3 Subcellular localizations

of VaWRKY 14 in Arabidopsis

leaf protoplasts. a Diagram of

the VaWRKY 14::GFP and GFP

vectors. b Confocal imaging

of the transgenic Arabidopsis B
protoplasts expressing the GFP

proteins. Bars=10 pm

35S:VaWRKY14-eGFP

35S:eGFP

VaWRKY 14 does not exhibit transactivation activity
in yeast

To analyze the transcriptional activity of VaWRKY 14,
the ORF was fused in-frame with the GAL4 DNA-bind-
ing domain in the pGBKT?7 vector and subjected to yeast
two-hybrid assay using the yeast strains carrying the dual
reporter genes HIS3 and LacZ. VaNAC26, which has been
identified as an active transcriptional activator, was used
as the positive control to test the yeast system (Fang et al.
2016). As shown in Fig. 4, all cells grew well in the SD/-
Trp medium. Only transformants harboring the recombi-
nant plasmids VaNAC26/pGBKT?7 (positive control) grew
well on the SD/-Trp/-His medium and presented strong
B-galactosidase activity, whereas transformants containing
VaWKRY 14/pGBKT?7 and the negative control pGBKT7
could not grow on the SD/-Trp/-His medium and exhibited
no p-galactosidase activity. This result indicates the absence
of transactivation activity of VaWRKY 14 in yeast cells.

Fig.4 Transcriptional activ-
ity assays of VaWRKY 14.
pGBKT7-VaNAC?26, an active
transcriptional activator, was
used as positive control (Fang
et al. 2016). pGBKT7 was used
as negative control

GAL4 BD
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Expression of ValWRKY 14 is induced by abiotic
stresses and exogenous SA and ABA

The expression profiles of VaWRKY14 under time-course
cold and drought stresses were determined by conducting
gRT-PCR. The transcription of VaWKRYI14 was quickly
induced by drought stress; it showed a strong and gradual
increase from O to 4 h and a decrease from 4 to 24 h (Fig. 5a).
During the cold treatment, the expression of VaWKRY 14 was
upregulated, and the highest expression level was detected
at 8 and 24 h (Fig. 5b). The results indicate that VaWRKY 14
participates in the drought and cold stresses of grapevine.
Phytohormones, such as ABA and SA, play important
roles in plant tolerance against abiotic stresses (Hubbard
et al. 2010; Lindemose et al. 2013; Miura and Tada 2014).
Phytohormones could change the expression patterns of TFs
and regulate plant response to abiotic stresses. To determine
the signaling pathway that VaWRKY14 may involve in, the
transcription patterns of VaWRKYI4 under exogenous

SD/-Trp

SD/-Trp-His SD/-Trp /x- a-gal

VaWRKY14

VaNAC26
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Fig.5 Transcription levels of VaWRKYI4 in response to exogenous
phytohormones treatment and abiotic stresses. a Drought stress (6%
PEG600). b 4 °C cold stress. ¢ 200 mM SA. d 100 uM ABA. Error

phytohormones were investigated. The transcript level of
VaWRKY14 was upregulated under both ABA and SA treat-
ments. A rapid response of VaWRKY14 to SA treatment was
detected at 2 h, whereas the highest transcript level of VaW-
RKY 14 under ABA treatment was detected at 4 h (Fig. 5Sc,
d). These results suggest that VaWRKY14 is involved in the
ABA and SA signaling pathways during cold and drought
stress response in grapes.

Overexpression of VaWRKY 14 enhances the drought
stress tolerance in Arabidopsis

Three transgenic lines with overexpressed VaW-
RKY14 (OE1, OE2, and OE3) were examined for their

B Cold

3-
c
=)
(7]
g 2. *k .
S
=
X
QO
g
£ 11
S
[}]
(14

0-

0 2 4 8 24 48
Hours after treatment (h)

D ABA

3.
c
o)
g *%
o 21 *
Q.
x
o
S
= 14 *
T
(]
(14

0_

0 0.5 1 2 4 8
Hours after treatment (h)

bars refer to the standard deviations of three biological replicates. *
and ** indicate significant differences compared with WT at P <0.05
and P < 0.01 level (z test), respectively

performance under cold and drought stresses (Fig. 6d).
For the cold treatment, no differences were observed
between the OE lines and the WT plants (data not shown).
For the drought stress, the transgenic plants showed better
growth with higher survival rates, whereas the WT plants
displayed severe symptoms (Fig. 6a). Under drought
stress, the transgenic lines achieved a survival rate of
over 60%, which was significantly higher than that of
the WT plants (35%, Fig. 6b). Moreover, the LWCs of
the OE plants, especially the OE2 and OE3 lines were
significantly higher than that of the WT plants after 12
days of drought treatment. These data suggest that over-
expression of VaWRKY 14 enhances the drought tolerance
of Arabidopsis.
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Fig.6 Drought tolerance of VaWRKY14-OE lines and WT Arabi-
dopsis. a 18-day plants (upper panel) were used to drought treatment
for 14 days and its drought tolerance phenotypes were recorded after
re-watering for 5 days. b Survival rate of WT and transgenic plants

Overexpression of VaWRKY 14 improved the drought
tolerance of transgenic Arabidopsis plants
by increasing the antioxidant enzyme activities

Drought stress can induce the production of reactive oxygen
species (ROS) that causes oxidative damage to plants. Anti-
oxidant enzymes such as CAT, POD and SOD are involved
in the ROS-scavenging system to protect plants from oxi-
dative damage (Mittler et al. 2004). In the present study,
we measured the activities of CAT, POD and SOD in the
OE lines and WT plants under normal and drought condi-
tions. As show in Fig. 7a, the CAT activity of OE1 was
significantly higher than that of the WT plants in normal
conditions. The CAT activities of both OE1 and OE3 were
significantly higher than that of the WT plants under drought
stress. No significant differences were observed in POD and
SOD activities between the OE lines and WT plants in nor-
mal conditions (Fig. 7b, ¢). However, the POD activities
in the three OE lines were significantly higher than that in
the WT plants after 5-day drought treatment (Fig. 7b). In
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was analyzed. ¢ Leaf water content of WT and transgenic plants. d
Relative expression of VaWRKY 14 in WT and transgenic OE lines. *
and ** indicate significant differences compared with WT at P <0.05
and P < 0.01 level ( test), respectively

addition, the SOD activities in OE3 were significantly higher
than in WT plants (Fig. 7¢c). These results suggest that over-
expression of VaWRKY 14 improve the drought tolerance of
transgenic Arabidopsis plants by increasing the antioxidant
enzyme activities.

Expression of stress-related genes is affected
by VaWRKY 14 overexpression in Arabidopsis

Analysis of the subcellular location of VaWRKY 14 suggests
that VaWRKY 14 functions as a TF. To further examine the
regulatory roles of VaWRKY14, the total RNAs extracted
from the WT and transgenic Arabidopsis plants under
normal and drought stress conditions were used for RNA
sequencing (RNA-seq) analysis.

Results showed that the expression of 113 genes (16.8%
upregulated and 83.2% down-regulated) was significantly
changed by the overexpression of VaWRKYI14 under nor-
mal conditions (W14-N vs WT-N) (Fig. 8, Table S2). The
drought treatment changed 484 genes (65.9% upregulated
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Fig.8 Venn diagram of the differentially expressed genes in four
comparisons of WT and VaWRKY14-OE plants in normal and
drought stress conditions. a Overlapping of upregulated genes. b

and 34.1% downregulated) in WT plants (WT-D vs WT-N)
and 554 genes (82.6% upregulated and 17.4% downregu-
lated) in VaWRKY14-OE lines (W14-D vs W14-N) (Fig. 8,
Table S2). Under drought stress treatment, 77 genes were
differently expressed in VaWRKY14-OE lines when com-
pared with those in WT plants (W14-D vs WT-D) (Fig. 8,
Table S2). Overlapping analysis revealed that three out
of the 19 upregulated and 49 out of the 94 downregulated
genes were changed by the overexpression of VaWRKY 14
(W14-N vs WT-N) were also induced by drought stress
in WT plants (WT-D vs WT-N) (Fig. 8, Table S3). This
result indicates that VaWRKY14 affects the expression of
drought-related genes. Among them, several stress-related
genes include CORI15A, PR, PDF, and OSM34 reportedly
play important roles in abiotic stress (Thalhammer et al.
2010; Levan and Eavan 2002).

POD

Drought stress
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o 501
[e]
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Normal condition Drought stress

conditions. Error bars refer to the standard deviations of three repli-
cates. * and ** indicate significant differences compared with WT at
P <0.05 and P< 0.01 level (z test), respectively

W14-N vs WT-N W14-D vs WT-D

41
(16.1%)

W14-D vs W14-N

WT-D vs WT-N

Downregulated genes

Overlapping of downregulated genes. The overlap of genes that up- or
down-regulated in different comparisons

Furthermore, pathway enrichment analyses were per-
formed on the differently expressed genes of four compari-
sons (WT-D vs WT-N, W14-N vs WT-N, W14-D vs WT-D
and W14-D vs W14-N). After NF values were selected with
P values <0.05, the pathways are shown in Table 1. The
results showed that various pathways, including secondary
metabolism, amino acid metabolism, stress, and hormone
metabolism, were severely over-represented in OE lines
compared with those in WT plants under normal conditions.
Among them, the stress pathway was consistently enriched
in all four comparisons together with the miscellaneous
pathway. The pathways of the cell wall were also enriched
in OE lines.

Among the genes significantly changed by the over-
expression of VaWRKY14 under normal conditions, the
upregulated genes in OE lines compared to WT plants,
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Table 1 Pathway enrichment analysis of genes affected by overexpression of VaWRKY14 and drought treatment

WT-D vs WT-N

‘W14-N vs WT-N

W14-D vs WT-D W14-D vs W14-N

pathways
NF* p-values NF

p-values NF

p-values NF p-values

Biodegradation of Xenobiotics -

N-metabolism

secondary metabolism

PS 3.83 1.265¢e-04 -
Major CHO metabolism 3.55 0.011 -
Minor CHO metabolism 3.47 6.145¢-03 -
nucleotide metabolism 3.19 2.890e-03 -
redox 2.73 6.694e-03 -
misc 2.39 2.894e-09 3.86
hormone metabolism 1.99 5.381e-03

amino acid metabolism 1.93 0.043

stress 1.92 1.501e-04
development 1.91 2.054¢-03 -
transport 1.61 7.764e-03 -
RNA . 4.438e-03

protein

signalling

cell

micro RNA, natural antisense etc
DNA
Cell wall - - 2.94

not assigned

0.021 - - 2.05

- - - 3.09 0.017

3.047e-07  3.94  7.908e-06 2.24 7.692e-09
0.014 1.63 2.250e-03
- - - 2.77 4.891e-08

8.193e-03

1.983e-03

1< 1-2 2-4 >4

NF*: normalized frequency =sample frequency of each category in each sample / background frequency of each category in the Arabidopsis

genome

including COR15A, CORI15B, COR413, RD29A, and KIN2,
were directly involved in response to abiotic stresses, such as
drought and cold (Table 2). In addition to COR15A, another
stress-induced protein and F-box family protein were also
induced by drought stress in WT plants (Table 2 and S3).
The downregulated genes affected by both VaWRKY 14 and
drought stress included defense response proteins, such
as OSM34, PDF, MAPKKK]19, and PR (Table 2 and S3)
(Singh et al. 1987; Kitajima and Sato 1999; Zhang and Kles-
sig 2001). In addition, the expression levels of PDF1.2,
PDF1.2b, PDF1.2c and PR4 were down-expressed in the OE
lines under drought condition compared with those under
normal condition. These results suggest that changes in the
stress-related genes caused by VaWRKY14 may be responsi-
ble for the increased drought tolerance in OE plants.

@ Springer

qRT-PCR analysis was performed on nine significantly
changed genes to validate the data obtained by RNA-sEq. As
shown in Fig. S1, all of the tested genes showed similar
expression trends at the transcript level between the qRT-
PCR and RNA-seq data.

Discussion

In recent years, increasing evidence has supported the essen-
tial roles of WRKY TFs not only in biotic stress responses
but also in abiotic stresses, such as drought (Ren et al. 2010),
low and high temperatures (Yokotani et al. 2013; Dang
et al. 2013), and osmotic stress (Gong et al. 2014). In this
study, VaWRKY 14, which is a drought-response gene, was
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Table 2 Stress-related genes affected by overexpression of VaWRKY 14 under normal conditions
AGI* Gene symbol Gene annotation FC(Log2)
Upregulated genes AT1G25055 - F-box family protein 2.52
AT2G42540 CORISA Cold-regulated 15a 1.58
AT2G42530 CORI15B Cold-regulated 15b 1.28
AT1G29395 COR413IM1 Cold-regulated 314 inner membrane 1 1.06
AT5G15970 KIN2 Stress-responsive protein (KIN2) 1.05
AT5G52310 LTI78 Low-temperature-responsive protein 78 (LTI78)/desicca- 1.04
tion-responsive protein 29A (RD29A)
AT5G25240 - Stress induced protein 1.02
Downregulated genes AT2G30770 CYP71A13 Cytochrome P450 family 71 polypeptides -3.05
AT4G11650 OSM34 Osmotin 34 —2.51
AT3G26830 PAD3 Cytochrome P450 superfamily protein —-2.35
AT5G44420 PDF1.2 Plant defensin 1.2 -1.79
AT2G26020 PDF1.2b Plant defensin 1.2b - 1.69
AT5G67080 MAPKKK19 Mitogen-activated protein kinase kinase kinase 19 —1.68
AT5G44430 PDF1.2¢ Plant defensin 1.2C -15
AT5G13220 JAZ10 Jasmonate-zim-domain protein 10 —1.45
AT3G57260 BGL2 Beta 1,3-glucanase 2 -1.42
AT2G14610 PR1 Pathogenesis-related protein 1 -14
AT3G04720 PR4 Pathogenesis-related 4 - 1.19
AT3G16460 JAL34 Jacalin-like lectin domain-containing protein -1.16

identified as a member of the WRKY Ila subgroup (Fig. 2).
Several studies have already identified the pivotal roles of
this WRKY subgroup in abiotic stress response in plants.
GmWRKY?27 in soybean positively regulates drought toler-
ance (Wang et al. 2015). HYyWRKY38 from barley enhances
the drought tolerance in turf and forage grass (Paspalum-
notatum Flugge) (Xiong et al. 2010). TaWRKY33 confers
drought and heat tolerance in Arabidopsis (He et al. 2016).
WRKY76 and WRKY71 play positive roles in cold stress tol-
erance in rice (Yokotani et al. 2013; Kim et al. 2016). In the
present study, we found that the ectopic overexpression of
VaWRKY14 could also enhance the drought stress tolerance
in Arabidopsis (Fig. 6). These results suggest that members
of the WRKY Ila group participate in abiotic stress path-
ways in plants.

To illustrate the molecular mechanisms underlying the
enhanced drought tolerance of VaWRKYI4-overexpressing
plants, RNA-seq was performed on OE lines and WT plants.
The results revealed that many stress-related genes, such
as CORI5A, CORI15B, COR413, RD29A, and KIN2 were
upregulated in transgenic plants relative to their levels in
WT plants under normal conditions. Among them, A¢C-
ORI15A and AtRD29A are considered marker genes for cold,
drought, and salt stress responses and are regulated by vari-
ous upstream TFs (Msanne et al. 2011; Thalhammer et al.
2014; Yamaguchi-Shinozaki and Shinozaki 2006). CORI5B
is also involved in dehydration tolerance (Kang et al. 2009).
The upregulation of these stress-related genes may partly

explain the increased tolerance to drought stress in VaW-
RKY14 transgenic Arabidopsis.

Phytohormones are central to the integration of diverse
environmental cues in plants (Santner and Estelle 2009).
An increasing number of studies are focusing on the signal-
ing pathways activated by phytohormones, such as ABA,
SA, jasmonic acid, and ethylene, as well as their roles dur-
ing stress response in plants. In the present study, the tran-
scription of VaWRKY14 could be induced by SA and ABA.
Similar results were obtained for the WRKY Ila subgroup
in Arabidopsis (Chen et al. 2010; Schon et al. 2013). The
WRKY proteins may be key components in ABA signaling,
acting as activators or repressors (Xie et al. 2005; Chen et al.
2012). The ABA response genes, such as RD29A, CORI15A,
CORI15B, COR413, RD29A, and KIN2 were upregulated in
transgenic plants relative to their levels in WT plants, sug-
gesting that VaWRKY14 may be involved in ABA-related
signaling pathways. SA is an important signaling molecule
under stress conditions, particularly in defense against path-
ogens (Dempsey et al. 1997; Hamada 2001; Korkmaz et al.
2007). The results of RNA-seq showed that many pathogen-
related genes that were regulated in Arabidopsis overex-
pressed VaWRKY 14 compared to WT (Table S2). Therefore,
the putative roles of VaWRKY 14 during pathogen defense
must be demonstrated through SA signaling pathways in
grapevines.

An increased expression of VaWRKY14 against cold
stress was detected, but the cold tolerance of its transgenic
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Arabidopsis was unaffected. This result disagrees with the
finding of a previous study on OsWRKY76, which also
belongs to the WRKY Ila subgroup and could enhance
cold tolerance of rice (Yokotani et al. 2013). The possible
explanation for this phenomenon is that VaWRKY 14 may
not functional solely for cold stress response. Mare et al.
(2004) showed that two W-box motifs in the promoter
region are required to ensure the binding of HvWRKY38
to W box. This finding suggests that the transcriptional
regulations require an interaction between HYyWRKY38
and another WRKY protein (Mare et al. 2004). Proteins,
particularly regulatory proteins, rarely act alone (Chi et al.
2013). Protein interaction is an important mechanism by
which TFs function effectively. In addition, the WRKY
TFs physically interact with a wide range of proteins with
roles in signaling, transcription, and chromatin remod-
eling (Chi et al. 2013). Two bulky hydrophobic residue
domains, namely, LZ structure in the N-terminal and an
unknown motif in the C-terminal (Fig. 1c), were found
in VaWRKY 14 and its homolog genes in other plants.
The LZ structure could mediate the interaction of WRKY
with other proteins (Eulgem et al. 2000). In Arabidop-
sis, three WRKY proteins from group Ila (AtWRKY18,
AtWRKY40, and AtWRKY60) interact with themselves
and with one another through the LZ motifs present at
its N-terminal (Xu et al. 2006). Thus, the identification
of interacting proteins for VaWRKY 14 is necessary to
explain its role during cold stress response in grapevines.
In summary, we identified a Group Ila stress-responsive
WRKY gene (VaWRKY14) from wild grapevine species V.
amurensis and found that this gene acts as a positive regula-
tor of drought tolerance. Transcriptome analysis of Arabi-
dopsis plants revealed that the expression levels of several
stress-related genes, such as COR15A, CORI5B, COR413,
RD29A, and KIN2, were upregulated in transgenic plants
relative to those in WT plants under normal conditions.
Therefore, VaWRKY 14 may mediate drought tolerance by
regulating the expression levels of stress-related genes.
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