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Abstract—Although glutathione S-transferase (GST, EC 2.5.1.18) is thought to play important roles in abiotic stress, limit-
ed information is available regarding the function of its gene in grapes. In this study, a GST gene from grape, VWGSTFI3,
was cloned and functionally characterized. Transgenic Arabidopsis plants containing this gene were normal in terms of
growth and maturity compared with control plants but had enhanced resistance to salt, drought, and methyl viologen stress.
The increased tolerance of the transgenic plants correlated with changes in activities of antioxidative enzymes. Our results
indicate that the gene from grape plays a positive role in improving tolerance to salinity, drought, and methyl viologen stress-

es in Arabidopsis.
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Environmental stress is the major limiting factor in
plant productivity. Much of the injury to plants caused by
stress exposure is associated with oxidative damage at the
cellular level resulting from increased production of reac-
tive oxygen species (ROS) [1]. Therefore, plants employ a
complex array of detoxification mechanisms to keep ROS
production under control [2]. Glutathione S-transferases
(GSTs) are a ubiquitous superfamily of multifunctional
enzymes involved in cellular detoxification of a wide vari-
ety of endobiotic and xenobiotic substrates by conjugating
the tripeptide (y-Glu-Cys-Gly) glutathione [3, 4]. Based
on predicted amino acid sequences, the soluble GSTs in
plants have been grouped into several classes including
Phi, Tau, and Lambda, Dehydroascorbate reductase
(DHAR), Theta, Zeta, Elongation factor 1 gamma

Abbreviations: CDNB, 1-chloro-2,4-dinitrobenzene; CP, con-
trol plants; GST, glutathione S-transferases; MV, methyl violo-
gen; OE, GST-overexpressing lines of Arabidopsis; ROS, reac-
tive oxygen species; T, transgenic plant generation.

* To whom correspondence should be addressed.

(EF1G), and tetrachlorohydroquinone dehalogenase
(TCHQD) [5]. Among these, Phi, Tau, Lambda, and
DHAR classes are specific to plants.

In plants, GSTs were first discovered and are best-
known for their ability to detoxify a variety of toxic exoge-
nous compounds, especially herbicides [6]. However,
apart from herbicide detoxification, plant GSTs are also
known to play an important role in abiotic and biotic
stress responses, including salt [7], dehydration [8],
hydrogen peroxide [9], metals stress [10], cold [11], UV-
light [12], and pathogen attack [13]. Some studies have
reported that the expression of GST is induced by plant
hormones such as auxin [14], ethylene [15], ABA [16],
salicylic acid, and methyl jasmonate [17].

Grape (Vitis vinifera) is one of the world’s largest
fruit crops, approximating annual production of 58 mil-
lion metric tons [18]. Although many GST genes have
been cloned and reported, the role of a GST gene from
grape is little investigated. In this study, the GST coding
sequence VWGSTF13 from grape V. vinifera was cloned by
PCR and functionally characterized by heterologous
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expression in Arabidopsis. Detailed analysis carried out on
transgenic lines developed in this study suggests a role of
WGSTFI13 in abiotic stress tolerance, particularly in
osmotic, salt, and methyl viologen (MV) stress condi-
tions.

MATERIALS AND METHODS

Plant materials and growth conditions. Plants
(Arabidopsis thaliana ecotype Columbia L.) were grown
in a growth chamber at 22°C on MS medium or in pots
filled with vermiculite/peat moss/perlite (9 : 3 : 1) mix-
ture. The plants were kept in a 16 h/8 h day/night cycle at
light intensity of ~120 pmol photons'm=2s~".

Cloning and sequence analysis of WGSTFI3. The
WGSTF13 (GenBank accession number XM _002263350)
open reading frame was cloned from grape V. vinifera leaf
c¢DNA using RT-PCR with specific primers for V'WGSTF13
genes (forward: VvGSTF13: 5-AAGGATCCATG-
GCGCTCAAGCTCCATG-3'; reverse: VWWGSTZ13: 5'-
AAGAGCTCTCACTTCTCACCAAAAG-3'). Clones con-
taining the VwGSTFI13 coding sequence were further
sequenced from both sides to confirm their sequences.

Molecular weight (MW) and isoelectric point (p/)
predictions for the deduced protein were estimated using
the Compute pl/MW tool (http://web.expasy.org/
protparam/). The phylogenetic tree was constructed
using the Clustal W2 program.

Vector construction and Arabidopsis transformation.
The complete open reading frame of VWWGSTFI13 was
amplified by PCR using gene-specific primers as
described, cloned in TA clone vector Simple pMD-18
(Takara, Japan), and sequenced. The fragment was then
cloned in the plant expression vector pYK4102 [19] at
BamHI and Sacl sites under the control of the CaMV35S
promoter. The construct was mobilized into Agrobacteri-
um tumefaciens GV3101 and transformed in plants to gen-
erate GST-overexpressing lines (OE) of Arabidopsis using
a floral dip method [20], and the empty vector without
WGSTF13 was transformed in plants to generate control
plants (CP). Both positive transformants in hygromycin
(50 pg/ml) plates were selected, and GST overexpressors
were confirmed by PCR using the same primers. The T3
generation was selected for further experiments.

Reverse transcription PCR. Three-week-old Arabid-
opsis plants were harvested to analyze the GST-overex-
pressing transformants. Total RNA was isolated using a
Multisource Total RNA Miniprep kit (Axygen Scientific,
USA) according to the manufacturer’s instructions.
First-strand cDNA synthesis was conducted with 5 ug of
total RNA using a TransScript Fly First-strand cDNA
Synthesis SuperMix (Transgen Biotech, China). Specific
primer information for VvGSTF13 was mentioned above.
The A. thaliana actin gene (AtActin2, GenBank Accession
number U41998) was used as an internal control, and
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primers were as follows (forward: AtAc2F. 5'-AGTAAG-
GTCACGTCCAGCAAGG-3’; reverse: AtAc2Z: 5'-
GCACCCTGTTCTTCTTACCGAG-3'). The PCR was
performed under the following conditions: 10 min at
94°C, followed by 22 cycles of 20 s at 94°C, 20 s at 56°C,
20 s at 72°C, and a final extension at 72°C for 5 min.
WGSTF13 was amplified using PCR conditions as fol-
lows: 10 min at 94°C, followed by different cycles of 35 s
at 94°C, 30 s at 56°C, 30 s at 72°C, and a final extension
at 72°C for 5 min. The PCR products were separated on
2% agarose gel. The DNA intensity ratio of the
WGSTF13 gene to AtAc2 was analyzed with a Shine Tech
Gel Analyzer (Shanghai Shine Science of Technology
Co., Ltd., China). The same results were obtained in
three independent experiments. Therefore, only the
results from one experiment are presented.

GST activity measurement. GST activity was deter-
mined according to Ji et al. [21] with minor modification.
Enzyme activity was tested in the presence of 1 mM glu-
tathione in 100 mM sodium phosphate buffer (pH 6.5).
The reaction was started with the addition of 1-chloro-
2.,4-dinitrobenzene (CDNB) to a final concentration of
1 mM. The changes in optical absorbance at 340 nm were
measured. The background levels of spontaneous CDNB
decay were subtracted.

Stress tolerance analysis. For germination and
seedling growth assay, seeds of both overexpressing and
control plants were stratified and planted on MS medium
with or without different concentrations of NaCl, manni-
tol, or MV. The seeds were incubated at 4°C for 2 days
before being placed at 22°C under light conditions.
Germination rate and cotyledon emergence rate were
scored.

For root length assay, seeds were germinated on MS
medium for 2 days and then transferred carefully to MS
medium containing different concentrations of NaCl or
mannitol. Root length was measured after 7 days.

For drought treatment, watering was withheld for 2
weeks for 3-week-old plants grown in pots. The perform-
ance of control and transgenic plants was compared when
irrigation was resumed.

For salt treatment, 3-week-old plants grown in pots
were watered with NaCl (250 mM). Two weeks later, the
performance of control and transgenic plants was com-
pared.

For MV treatment, seeds were surface-sterilized and
grown on MS solid medium for 15 days. Twenty seedlings
were then transferred aseptically into 50-ml conical flasks
containing 20 ml of MS liquid medium and grown with
rotary shaking (60 rpm) for recovering. After 2 days, the
liquid medium was refreshed with new medium that con-
tained MV at different concentrations. The dry weight
was scored after 10 days. Total chlorophyll was extracted
and assayed as described previously [7].

Measurement of physiological parameters involved in
stress tolerance. To measure standardized water content,
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aerial parts from 3-week-old pot-grown plants were
excised and placed on filter paper. The loss of fresh weight
was monitored at indicated times. The method was as
described by Xu et al. [19].

Furthermore, 3-week-old plants were treated with
250 mM NacCl (salt stress), or 300 mM mannitol (drought
stress), or 10 uM MYV for 4 days, and then malondialde-
hyde (MDA) content, electrolyte leakage, superoxide dis-
mutase (SOD; EC 1.15.1.1) and peroxidase (POD; EC
1.11.1.7) activities were measured.

To measure MDA levels and electrolyte leakage,
leaves from 3-week-old plants of the same genotype
under the same treatment were mixed as sample. MDA
content was determined by the reaction of thiobarbituric
acid as described previously [22]. Electrolyte leakage was
determined using a DDS-307 conductivity meter
(Shanghai Reaches Instrument Co., Ltd., China) as
described previously [2]. The electrical conductance was
measured first after each experiment (EC,,;,), then
bathing solution containing the leaves was autoclaved at
120°C for 20 min and the electrical conductance was
measured again to get the total ion leakage (EC,,,,). The
relative electrolyte leakage was then calculated as a per-
centage: EC,,; (%) = EC,iia/ECrax x 100.

To measure antioxidant enzyme activities, fresh leaf
tissue (~0.1 g) from 3-week-old plants of the same geno-
type under the same treatment was harvested and homoge-
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nized in 1.6 ml of chilled 50 mM phosphate buffer and kept
on an ice bath. The homogenate was filtered through two
layers of muslin cloth and centrifuged at 20,000g for 10 min
in a refrigerated centrifuge at 4°C. The supernatant was
stored at 4°C and used for enzyme assays within 4 h. SOD
activity was determined by monitoring the inhibition of
photochemical reduction of nitroblue tetrazolium accord-
ing to the method of Beyer and Fridovich [23]. POD activ-
ity was assayed according to the method of MacAdam [24].
Statistical analysis. The SPSS software version 15.0J
(SPSS Inc., USA) was used for statistical analysis.
ANOVA was performed followed by Duncan’s multiple
comparison tests. Statistically significant differences (p <
0.05) are reported in the text and shown in the figures.

RESULTS

Cloning and characterization of WGSTF13. The cod-
ing region of V'wGSTF13 was 654 bp in length and was pre-
dicted to encode a 217-amino acid protein with a calcu-
lated MW of 24.6 kDa and a p/ of 6.16. Multiple sequence
alignments showed that VWGSTF13 shares the highest
similarity with AtGSTF13 (At3g62760), AtGSTF14
(At1g49860), AtGSTF2 (At4g02520), and AtGSTF6
(At1g02930), which suggests that V'wGSTFI13 may be a
Phi-type GST (Fig. 1).

- At3g62760
43_4|:VVGST
100 At1g49860 Phi
At4g02520
99 4100'1 At1g02930
At5g41220
N - EAth4121O Theta
a0l Atsg41240
— At2g02390 Zeta
100 L At2g02380
- At5g02780
100 —: At5g02790 Lambda
At3g55040
= At1g78380
— At2g29440 .
- _|——At2929480 au
a0 At2g29460
—

Fig. 1. Phylogenetic tree for the amino acid sequences of VVGSTF13 with the GST proteins from A. thaliana. The Neighbor-joining (NJ)
method was applied using Mega 4 from a tree file produced by Clustal W2.
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Fig. 2. Transgenic Arabidopsis plants with VWGSTF13. A) The VWGSTF13 expression vector for Arabidopsis transformation. Nos-Ter, termina-
tor sequence of the nopaline synthase; SAR, scaffold attachment region. B) Expression of VwGSTF13 in the three transgenic lines and control.
Total RNA was isolated from 3-week-old plants grown under normal conditions. M, marker (DL2000; Takara). C) GST activity in Arabidopsis
plants expressing VVGSTF13. GST activity was measured in leaves of 3-week-old plants grown under normal condition using CDNB as sub-
strate. Values are means = SD (n = 3) and different letters above bars indicate significant differences (p < 0.05) among different lines.

Expression of V'WGSTF13 in Arabidopsis. VvGSTF13
c¢DNA was cloned into plant expression vector pYK4102
(Fig. 2A) and introduced to Arabidopsis cells using the
A. tumefaciens-mediated floral dip method. Ten inde-
pendent lines of transgenic plants (T1 generation) were
generated. Among these lines, three homozygous trans-
genic lines (named OE2, OE6, and OE7) expressing
VWWwGSTF13 of T3 generation were selected for further
experiments.

RT-PCR analysis results confirmed that WGSTF13
was detected in the three transgenic lines in the T3 gener-
ation, and no amplification was observed in control
(Fig. 2B). GST activity levels were analyzed in both
OE plants and control. Compared with control, different
OE lines showed a significantly enhanced GST acti-
vity when CDNB was used as substrate (Fig. 2C).
No obvious effects on growth and development were
observed in VWWGSTF13 OE plants under normal growth
conditions.

Response of transgenic lines to salt stress and osmot-
ic stress. Seeds were germinated in medium containing
different concentrations of NaCl (50 and 100 mM) as salt
stress or mannitol (150 and 300 mM) as osmotic stress to
analyze the role of V'wGSTF13 under stress. There was no
significant difference in the germination rates and root
length between control and OE plants under normal
growth conditions. However, the germination rate and

root length were increased in the OE lines compared with
control under salt and osmotic stress conditions (Fig. 3).
These results suggested that OE plants had enhanced tol-
erance to salt and osmotic stress.

Salt and drought stress tolerance. Three-week-old
seedlings were watered with NaCl (250 mM) for salt stress
or with withheld watering for water deficit stress to further
analyze salt/drought tolerance. After 2 weeks, some
plants exhibited lethal effects, and then the plants were
irrigated again. The plants were photographed on the 15th
day after the plants were exposed to stress, and the sur-
vival rate was then measured (Fig. 4A). Under salt stress
condition, >80% of the OE plants survived, whereas only
20% of the control plants survived. Under water deficit
stress for 2 weeks, 68% of the OE plants survived, where-
as approximately 20% of control plants survived.

The water content was analyzed further. When the
leaves of control and OE plants were exposed to air for
2 h, the average water content rate of the OE plants was
80.6%, whereas it was 75.8% in control. At 8 h, the aver-
age water content rate of OE plants was 38.2%, which was
1.4-fold higher than that of the control. These results
indicated that OE plants had a higher capacity to con-
serve water than the control plants (Fig. 4B).

MDA and electrolyte leakages were analyzed (Fig. 5,
A and B), and the results showed that there were no dif-
ferences between OE plants and control under normal

BIOCHEMISTRY (Moscow) Vol. 83 No. 6 2018
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conditions. Under stress conditions, MDA and elec-
trolyte leakages increased in both OE plants and control.
However, the contents of MDA and electrolyte leakages
were significantly higher in control than in OE plants
during NaCl and mannitol stresses, which means control
plants exhibited higher rates of cell damage than OE lines
under stress conditions.
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The activities of SOD, POD, and GST were also
measured (Fig. 5, C-E), and the results showed that SOD
and POD activities had no significant difference between
OE and control plants under normal conditions. Under
stress conditions, the SOD, POD, and GST activities
increased in both the OE and control plants. However,
the SOD, POD, and GST activities in OE lines were sig-
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Fig. 3. Response of V'wGSTF13 transgenic plants to salt and osmotic stress. A) Seed germination. The germination rates were recorded in MS
medium supplemented with different concentration of NaCl (as salt stress) and mannitol (as osmotic stress) during a period from 12 to 96 h
after stratification. Each value is the mean = SD (n = 3) of at least 50 seeds. B) Primary root length of different genotypes under salt stress
and osmotic stress. Seeds were germinated on MS medium for 2 days and then transferred carefully to MS medium containing different con-
centrations of NaCl or mannitol. Root length was measured after 7 days. Each value is the mean = SD of at least 50 seedlings.
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treatment.

nificantly higher than in the control plants during NaCl
and mannitol stresses. These results suggest that
WGSTF13 strengthens cellular ROS scavenging ability
and maintains ROS homeostasis by increasing the activi-
ties of antioxidant enzymes.

MYV stress tolerance of transgenic plants. Given that
GST is involved in anti-oxidation processes in plants and
animals, we analyzed the anti-oxidation capacity of
transgenic plants. Seeds were germinated on the MS
medium containing different MV concentrations, and the
percentage of cotyledon emergence was compared
between OE and control plants. Photographs were taken
on the 7th day after stratification. In the medium con-
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taining 0.5 pM MYV, the cotyledon emergence rate of con-
trol was 70%, and the mean rate of OE lines was approx-
imately 88%. When the MV concentration reached
1.5 uM, the cotyledon emergence rate decreased to 20%
in control, and the mean rate of OE lines was approxi-
mately 66% (Fig. 6A).

To analyze MV tolerance, 2-week-old T; seedlings
grown on MS solid medium were transferred aseptically
into MS liquid medium and grown with rotary shaking
(60 rpm) for recovery. After 2 days, the liquid medium was
refreshed with new medium supplemented with different
MYV concentrations. Photographs were taken on the 10th
day after exposure to stress (Fig. 6B). The seedlings of
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times. Values are means + SD (n = 3) and different letters above bars indicate significant differences (p < 0.05) among different genotypes in
the same treatment. D) Dry weights of seedlings in the individual flasks with treatment as mentioned in (B). Values are means + SD (n = 3)
and different letters above bars indicate significant differences (p < 0.05) among different genotypes with the same treatment.
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control and OE lines grown in the liquid medium without
MV appeared normal. This result indicated that toxic
effects were caused by MV stress and not the result of
submersion in the liquid medium. The dry weights of
control and OE lines were nearly the same without MV
stress. However, the growth of control plants was inhibit-
ed when MV stress was induced. When control plants
were treated with 1.5 uM MYV, the growth of plants was
significantly inhibited, the chlorophyll content
decreased, and the leaves turned chlorotic. The retained
chlorophyll content compared with normal condition was
only 40% in control, while the mean content in OE lines
was 68.6% (Fig. 6C). The relative dry weight rates of con-
trol and OE lines were 32 and 52%, respectively
(Fig. 6D). When MV concentration reached 2 uM, the
growth of both control and OE plants was inhibited, and
the leaves turned chlorotic. The retained chlorophyll
contents were 9.3 and 46% in control and OE lines,
respectively. The relative dry weight rates were 9 and 20%
in control and OE lines, respectively. When MV concen-
tration reached 3 uM, both control and OE plants died
(data not shown). These results showed that OE plants
exhibit higher tolerance to MV stress than control plants.

MDA and electrolyte leakages were analyzed (Fig. 5,
A and B). Under stress conditions, MDA and electrolyte
leakages increased in both OE and control plants.
However, the contents of MDA and electrolyte leakages
were significantly higher in control than in OE plants
during MV stress, which means control plants exhibited
higher rates of cell damage than OE lines under stress
conditions.

The antioxidant enzymes were also detected under
MV stress conditions (Fig. 5, C-E). Under stress condi-
tions, the SOD, POD, and GST activities increased in
both OE and control plants. However, SOD, POD, and
GST activities in OE lines were significantly higher than
in the control plants under MV stress. The enzyme pro-
files under MV stress were similar to those observed under
salt/drought stress.

Together, the overexpression of VwGSTF13 enhanced
the tolerance to salt, drought, and MV stresses in
Arabidopsis. VvGSTF13 is suggested to play an important
role in adaptation to at least three distinct stress agents
(salt, drought, and MV).

DISCUSSION

Environment stress, such as pathogen attack,
wounding, drought, high heavy metal content, and
extreme high or low temperatures lead to the generation
of ROS in plant cells, which then produce membrane
lipid peroxidation and form base propenals, highly cyto-
toxic products of oxidative DNA damage [25]. GSTs were
proposed to afford protection under various stress condi-
tions by detoxifying endogenous plant toxins that accu-
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mulate due to increased oxidative stress [8]. Although
many GST genes have been cloned and analyzed, the role
of a GST gene from grape has been little investigated. In
this study, WGSTF13, a GST gene from grape, was cloned
and introduced into Arabidopsis to evaluate gene function
during abiotic stresses. Our results revealed that trans-
genic Arabidopsis plant lines overexpressing the
WGSTF13 gene have improved drought, salinity, and MV
tolerance.

Functional analysis on the role of VYWGSTF13 in abi-
otic stress tolerance of Arabidopsis was carried out using
transgenic OE lines. The phenomena of increased germi-
nation, root growth, and percentage of cotyledon emer-
gence were observed under stress treatment (Figs. 3 and
6A), which suggests that VwGSTF13 play a role in toler-
ance phenotype. Recent studies have shown that expres-
sion of a rice Lambda class of GST, OsGSTL2, in
Arabidopsis provides tolerance through increasing root
growth, seed germination, and cotyledon emergence in
heavy metal stress, and increasing root growth in salt and
osmotic stress [10]. Similar phenotypes were also
observed in the functional study of ThGSTZI from
Tamarix hispida in drought and salinity stresses tolerance
[26]. Furthermore, OE plants displayed tolerance to
salt/drought stress and conserved water to a higher extent
than control plants (Fig. 4); these results suggest that
WGSTFI13 plays a positive role in tolerance to
salt/drought stress.

Exposure to drought and salt stress caused increased
formation of reactive oxygen species and thus oxidative
stress [8]. Therefore, a complex array of detoxification
mechanisms has evolved to maintain ROS homeostasis,
including not only non-enzymatic components such as
antioxidant ascorbate and glutathione, but also enzymat-
ic scavengers. The major antioxidant enzymes include
SOD, POD, catalase (CAT), GST, and guaiacol peroxi-
dase (GPx) [27]. In fact, overexpression of a specific
antioxidant gene has been shown to influence the expres-
sion of other antioxidant genes. For instance, transgenic
GST expressing seedlings were shown to have a higher
ascorbate peroxidase (APX) activity and monodehy-
droascorbate reductase (MDHAR) activity compared to
non-transformed seedlings [28]. Tobacco plants express-
ing a human DHAR (dehydroascorbate reductase) gene
showed an increased glutathione reductase (GR) activity
[29]. Tobacco chloroplast transformants expressing
DHAR and GST genes had increased GR activity com-
pared to the wild type plants [2]. In this study, overexpres-
sion of V'WGSTF13 resulted in increased activities of SOD
and POD and decreased MDA and electrolyte leakages
under stress conditions compared to the control. This sug-
gests that W'WGSTF13 acts as a stress regulator through
increasing the activity of antioxidant enzymes to strength-
en ROS scavenging ability or maintain ROS homeostasis.

Methyl viologen (paraquat) also causes oxidative
stress by increasing the production of O; in both animal
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and plant systems [30]. The effect of V'wGSTF13 on resist-
ance to oxidative stress caused by MV was also explored
through the analysis of chlorophyll retention, electrolyte
leakage, lipid peroxidation, and antioxidant enzymes.
The results were similar to those in experiments when
plants were exposed to salt and drought stresses. Yu et al.
transformed a cotton GST gene into tobacco and
observed an enhanced resistance to oxidative stress
induced by MV in the transgenic tobacco plants [9].
Overexpression of VvGSTF13 resulted in increased toler-
ance to MV stress treatment through enhancing activities
of antioxidant enzymes. Lee et al. demonstrated that
overexpression of Cu,Zn-SOD, APX, and DHAR genes
in tobacco chloroplasts elevated protection against MV
and salt stress [31]. In a recent study, transplastomic
tobacco plants expressing GST and GR genes showed
enhanced tolerance to MV induced oxidative stresses [2].

In this work, improved protection against MV and
salt/drought stress could be explained by synergistic
effects of GST with SOD and POD. The expression of
these antioxidant enzymes would participate in a more
rapid scavenging of superoxide radicals and hydrogen
peroxide before their interaction with target molecules.

In conclusion, VWGSTF13 plays a positive role in
tolerance to salt/drought/MV stress in Arabidopsis.
Further analyses, particularly on the role of phytohor-
mones, are needed to elucidate the function and the reg-
ulatory mechanism of VVGSTF13 in plant stress respons-
es.
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