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Abstract MicroRNAs (miRNAs) are endogenous small
RNAs of —21 nucleotides that play an important role in di-
verse plant physiological processes at the post-transcriptional
level by directing mRNA cleavage or translational inhibition.
Previous studies have indicated that down-regulation of
miR398 in response to oxidative stress allows up-regulation
of the two target genes, cytosolic CSD/ and chloroplastic
CSD?2 (copper/zinc superoxide dismutase), resulting in
protecting the plants to tolerate oxidative stress. In this study,
we provide evidence that grapevine miR398 (Vv-miR398), by
regulating the expression of its target genes, VvCSDI and
VWwCSD2, mediates responses of grapevine to copper (Cu)
stress which have been magnified due to increase in Cu-
containing pesticide application. The expression of Vv-
miR398 was inhibited by different concentrations of Cu stress;
on the other hand, there was a steady increase in the activity of
WCSD1 and VvCSD?2 genes. The function of VvCSDI and
VWCSD2 under Cu stress was thoroughly examined by over-
expressing the use of the VvCSD1 and VvCSD2 in transgenic
tobacco (Nicotiana tabacum). We found that both the
overexpressed transgenic lines had lower Cu sensitivity and
higher Cu tolerance compared with the wild type. In addition,
lower levels of ROS and higher levels of SOD activities were

XiangPeng Leng and Peipei Wang contributed equally to this work.

>4 Lingfei Shangguan
shangguanlf@njau.edu.cn

P4 Jinggui Fang
fanggg@njau.edu.cn

' College of Horticulture, Nanjing Agricultural University,

Nanjing 210095, China

2 College of Life Sciences, Nanjing Agricultural University,

Nanjing 210095, China

accumulated in the transgenic lines in comparison with the
wild type under the higher Cu conditions. Furthermore, these
transgenic tobacco lines also recorded a higher UV and salt
tolerance than the WT plants. These results suggested that
overexpressing the VvCSDs will enhance the ROS-
scavenging systems and protect the plant against more oxida-
tive damage. Also, more investigations in this line are needed
that would provide significant improvements in our under-
standing the resistance of fruit crops to environmental stress.

Keywords Grapevine - miR398 - ROS - Cu/Zn superoxide
dismutases - Cu stress

Introduction

MicroRNAs (miRNAs) are a class of small, single-stranded,
non-coding RNAs that are involved in the regulation of gene
expression at the post-transcriptional level mainly by targeting
mRNAs for cleavage or repressing translation (Han et al.
2014; Wang et al. 2014; Budak and Akpinar 2015;
Pagliarani et al. 2017). Many miRNAs play important roles
in plant growth and development, such as phase transitions,
flowering, and leaf and root development (Kantar et al. 2010;
Akpinar et al. 2015; Nie et al. 2015). An increasing number of
evidences demonstrate that miRNAs play key regulators in
plant responses to nutrient homeostasis and to biotic and
abiotic stresses (Kantar et al. 2011; Khraiwesh et al. 2012;
Guan et al. 2013; Budak et al. 2015a; Budak et al. 2015b;
Alptekin et al. 2017). For instance, miR395 and miR399 were
recently shown to be induced by sulfate and phosphate depri-
vation, respectively, and their induction was important for the
down-regulation of certain genes under nutrient deficiency
stress (Fujii et al. 2005; Chiou et al. 2006; Liang et al. 2015).
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Both biotic and abiotic stresses have significant deleterious
influences on plant growth and development, which causes
considerable loss in crop yields worldwide. However, plants
have evolved complex mechanisms to respond to environ-
mental stresses while maintaining their growth and develop-
ment (Mittler 2002; Mittler et al. 2004). A classical example is
that different types of antioxidant networks including enzy-
matic and non-enzymatic antioxidants in higher plant cells can
scavenge or detoxify stress-induced reactive oxygen species
(ROS) (Birben et al. 2012). It is also reported that ROS affects
many cellular functions by damaging nucleic acids, oxidizing
proteins, and causing lipid peroxidation and is a major cause
of loss of crop productivity (Apel and Hirt 2004; Gill and
Tuteja 2010). Therefore, the effects of environmental stresses
on plants depend on how a plant regulates its rate of ROS
production and ROS scavenging when it is exposed to envi-
ronmental stresses.

Superoxide dismutase (SOD) is one of the most important
antioxidants that catalyze the conversion of superoxide radi-
cals to H,O, and O,, which constitutes the first line of defense
against ROS (Perry et al. 2010). On the basis of the metal co-
factor used, SODs are classified into three groups: iron SOD
(FeSOD), manganese SOD (MnSOD), and copper-zinc SOD
(Cu/Zn-SOD, also known as CSD), which are localized in
different cellular compartments (Holzmeister et al. 2015).
Cu/Zn-SOD is a major copper enzyme and the most important
SOD in plants. The Arabidopsis genome encodes three CSD
isozymes: CSDI in the cytoplasm, CSD2 in chloroplasts, and
CSD3 in peroxisomes (Guan et al. 2013). CSD/ and CSD?2 are
up-regulated in response to stresses that trigger ROS accumu-
lation, including ozone, UV-B, and high light levels. It was
found that over expression of the cytosolic Cu/Zn-SOD and
chloroplastic Cu/Zn-SOD from pea in transgenic tobacco
(Nicotiana tabacum) plants increased tolerance against ozone,
high light, and low temperature (Pitcher and Zilinskas 1996;
Sen Gupta et al. 1993a, b). Recently, a number of studies have
revealed that miR398 in A. thaliana could target CSD/ and
CSD?2 genes that can detoxify ROS (Sunkar and Zhu 2004;
Budak et al. 2015a; Alptekin et al. 2017). When A. thaliana
plants were exposed to oxidative stress, including high light
intensity and heavy metals, miR398 expression was down-
regulated at transcriptional levels, and this down-regulation
was important factor for post-transcriptional accumulation of
CSDI and CSD2 mRNA accumulation and oxidative toler-
ance (Sunkar et al. 2006).

Grapevine (Vitis) is one of the most economically impor-
tant fruit crops worldwide and has nutritional and value-added
properties (Han et al. 2014; Wang et al. 2014; Jia et al. 2016).
The excess use of Cu-based fungicides and bactericides, waste
water irrigation, and unconscionable Cu mining and Cu stress
has become one of the serious environmental problems that
confronts viticulture in China (Leng et al. 2015a, b; Leng et al.
2017). Recently, various researchers had demonstrated that
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some miRNA families directly and negatively regulated the
Cu stress regulatory network (Sunkar et al. 2006; Yamasaki
et al. 2007; Abdel-Ghany and Pilon 2008). Among the in-
volved miRNAs reported, miR398 was reported to target
CSD1 and CSD? that utilize copper co-factors, and their reg-
ulation of tolerance to Cu stress in A. thaliana and rice is also
well documented. However, there is hardly any literature
available about the function of miR398 in grapevine.
Therefore, understanding the role of Vv-miR398 and its asso-
ciation with the Cu stress regulatory network in grapevine is
much needed. Hence, in this study, we first investigated the
effects of Cu stresses on the expression of miR398 and its two
putative target genes, VvCSDI and VvCSD2. Next, we ana-
lyzed their functions in the responses of grapevine to Cu stress
and other abiotic stress with transgenic tobacco plants by
over-expressing VvCSDI and VvCSD2. The results showed
that the ectopic expression of grapevine VvCSD genes in-
creased oxidative tolerance to Cu®* toxicity. Our results sug-
gest that Vv-miR398 and its target genes also play a key role
in the responses of grapevine to abiotic and biotic stresses.

Results

Experimental verification of miR398-guided cleavage
of target mRNAs in grapevine

It was well documented that miR398 identified in A. thaliana
and rice play key roles in response both to abiotic and biotic
stresses by mediating cleavage of the CSD/ and CSD2 tran-
scripts, the two target genes encoding two Cu/Zn-SODs
(Sunkar et al. 2006; Jagadeeswaran et al. 2009; Lu et al.
2011). Our results showed that Vv-miR398 family was highly
conserved and were encoded by three loci: miR398a (located
on the No. 1 chromosomes), miR398b, and mIR398c (located
on the No. 6 chromosomes). As is the case in A. thaliana and
rice, bioinformatics analysis result showed that the target
genes of VvmiR398 were also two CSD genes, VvCSDI and
VWwCSD2. Further, RT-PCR and RACE were employed to am-
plify the cDNA sequences of VwCSD/ and VvCSD2, which
was deposited in gene Bank as JQ692111 and JQ692112. The
cDNA sequences of VwCSDI and VvCSD2 genes were 749
and 884 bp in length with open reading frames of 459 bp and
666 bp, respectively. They were highly complementary with
Vv-miR398 (Fig. 1a, b), which suggested that these two CSD
genes might be the targets of Vv-miR398.

To verify whether the two cloned VvCSD genes can be
cleaved by Vv-miR398 in grapevine and to identify their
cleavage sites on VvCSDs, RLM-RACE (RNA ligase-
mediated 5’ rapid amplification of cDNA ends) was
employed. Usually, when the fragments with predicted size
are detected, it could be inferred that the miRNA regulates
its target through the degradation mode. And the further
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Fig. 1 Mapping of the mRNA cleavage site by 5'-RACE. The accession
numbers for VvCSDI (JQ692111) and VvCSD2 (JQ692112) are found in
NCBI database, and the nucleotide sequence alignment of two Vv-
miR398 sequences is from miRBase database. Each bottom strand (black)
depicts a miRNA complementary site, and each top strand depicts the
miRNA (red). Watson-Crick pairing (vertical dashes) and G/U wobble
pairing (circles) are indicated. The arrows indicate the 5’ termini of
mRNA fragments isolated from grape, as identified by cloned 5-RACE
products, with the frequency of clones shown. Only the cloned sequences
that matched the correct gene and had 5’ ends within a 100 nt window
centered on the miRNA validation are included. The partial mRNA se-
quences from the target genes were aligned with the miRNAs. The num-
bers indicate the fraction of cloned PCR products terminating at different
positions

sequencing of the cleavage products can tell us the cleaving
site. All the anticipated RLM-RACE products could be visu-
alized on agarose gels, isolated, and sequenced. The RLM-
RACE products revealed that the two VvCSD mRNAs were
indeed the targets of VvmiR398 (Fig. 1a, b), and their specific
cleavage sites could be clearly found. Among them, two
cleavage sites were mapped at the nucleotide complementary
to the 10th nucleotide of the 5'-end of corresponding miRNAs
(Fig. 1). Like most plant miRNA targets, the Vv-miR398
complementarity site in the VvCSD2 mRNA is within the
coding sequence. In contrast, the complementary site with
Vv-miR398 in VwCSD1 transcript was located in the 5'-UTR.

The spatiotemporal expression patterns of miR398 and its
target genes in grapevine

The spatiotemporal expression profiles of miRNAs and their
corresponding target genes are important for understanding
their physiological function, which contribute to the elucida-
tion of mechanism responsive for miRNAs’ interaction with
their targets. The differential expressions of miRNAs are ex-
pected to have opposite effects on its target gene(s) expres-
sion. Negative correlations have been observed between
grapevine miRNAs and their target mRNAs (Wang et al.
2013), as shown for miR164 and target mRNA named
NAC] and NAC?2 in grapevine (Sun et al. 2012). In our study,
both two VvCSDs transcripts and Vv-miR398 were detected
by qRT-PCR analysis. A high expression of Vv-miR398 was

found in young leaves and young berries, whereas low expres-
sion level of Vv-miR398 was detected in inflorescences,
flowers, and mature leaves (Fig. 2a). On the contrary, the
VWCSDI and VvCSD2 transcripts showed a clear opposite
expression pattern compared with Vv-miR398 (Fig. 2b, c).
Further, tissues with high levels of Vv-miR398 (young leaves
and young berries) resulted in low levels of VvCSDI and
VwCSD2 mRNAs, whereas tissues with low expression of
Vv-miR398 (inflorescences, flowers, and mature leaves) re-
corded high levels of VvCSD1 and VvCSD2. Furthermore, the
expression levels of Vv-miR398 exhibited a typical negative
correlation (the correlation coefficients: —0.8825 and
—0.8472) with their target genes (VvCSDI and VvCSD2) in
corresponding organs or growth stages.

Effects of Cu stresses on expression of Vv-miR398 and its
two CSD genes

Both abiotic and biotic stresses like heavy metals usually exert
their deleterious influences on plants through inducing ROS
accumulation, which is harmful to plant cells (Mittler et al.
2004). The problem due to Cu stress in viticulture has become
more serious due to the intensive use of copper-based bacte-
ricides and fungicides, such as Bordeaux mixture. Plants have
evolved several antioxidant mechanisms to cope with the pos-
sible imbalance of ROS within the cells, among which the
SOD-catalyzed scavenging of ROS is considered as the most
important of antioxidant enzyme (Mittler 2002). However, the
detailed molecular mechanisms of this system are largely un-
known in response to Cu stress in grapevine.

To understand the roles of Vv-miR398 in the expres-
sion of the two VvCSD genes, we first compared the
expression patterns of Vv-miR398 and its two target
genes in response to various Cu stresses with different
concentrations of Cu®*. The semi-quantitative RT-PCR
(RT-PCR) and gqRT-PCR (Fig. 3) revealed that when
the grapevine leaves were treated with either 100 uM
(Fig. 3a, d) or 200 uM (Fig. 3b, e) CuSOy, the expres-
sion of Vv-miR398 was steadily down-regulated over
24 h. Consistently, we observed an enhancement in the
mRNA expression of VwCSD/ and VvCSD2. These op-
posite expression profiles confirmed the reverse correla-
tion between Vv-miR398 and VvCSDI! and VvCSD2
(Fig. 3a, b, d, e). Nevertheless, the data also showed
that Vv-miR398 and the two VvCSD genes were sub-
jected to a deviate stable regulation under 400 uM
CuSO4. The expression levels of two VvCSD genes
were found to be the highest at 6 h, and there after it
gradually decreased over the treatment time (Fig. 3c, f).
This could be due to the fact that balance between the
formation and removal of ROS was destroyed, and the
defense system could be overwhelmed when presented
with increased ROS formation under 400 uM Cu stress
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Fig. 2 The expression patterns and correlation of Vv-miR398 and cor-
responding target genes in different tissues of grapevine. R, YL, ML, IF,
F, YB, and MB are samples of root, young leaves (2 weeks old), mature
leaves (8 weeks old), inflorescences (2 weeks old), flowers (fully open),

conditions. These results demonstrated that the expression
patterns of Vv-miR398 and the target gene were similarly
regulated by Cu stress as the same to Arabidopsis.

Cu concentration, MDA content, H,O, level, and SOD
activity in grapevine under copper stress

As shown above, the expression of both Vv-miR398
and the VwCSD genes was significantly affected by Cu
stress. Therefore, it was reasonable to assume that grape
leaves inevitably absorb exogenous Cu ions in a short
period and lead to an increased accumulation of ROS
when copper solutions were sprayed later. As shown in
Fig. 4a, there was a remarkable increase in Cu concen-
tration in grapevine leaves with the spray concentration
and treatment time increased compared with the control
treatment (Fig. 4a). After treatments with 400 uM
CuSOQy, the Cu concentration was significantly increased
to 30 pg/g DW. This concentration was a critical toxic-
ity level of Cu in the leaves (Leng et al. 2015a). MDA,
a product of lipid peroxidation, has often been consid-
ered an indicator of oxidative stress (Shalata et al.
2001). All the three concentrations of Cu treatments
during the experimental period led to a stable and sig-
nificant increase in the levels of MDA contents in
leaves (Fig. 4b), which indicated a high degree of lipid
peroxidation under Cu stress. Furthermore, all Cu stress
treatments significantly enhanced H,0, accumulation,
and the effect of the 400 uM CuSO4 treatments was
the highest in this study (Fig. 4c). The increased
MDA and H,O, level indicated that Cu caused severe
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young berries (15 days after flowering), mature berries (60 days after
flowering), respectively. “7” denoted the correlation coefficient. Each
reaction was repeated three times and the standard error plotted

oxidative stress by stimulating ROS generation. Finally,
exposure to 100 and 200 uM Cu could cause a rela-
tively stable increase of SOD activity in grapevine
leaves. However, a dynamic regulation of SOD activity
was also detected under 400 uM Cu treatment (Fig. 4d),
and also recorded a two-fold increase in the SOD activ-
ity at 6 h, and this activity was reduced drastically after
6 h (Fig. 3d). Our results are in agreement with previ-
ous deduction that 400 uM Cu stress treatment
destroyed the balance between the formation and remov-
al of ROS.

Generation and characterization of transgenic tobacco
overexpressing two VvCSD genes

Usually, plant miRNAs function through suppressing the ex-
pression of their targeted genes. Therefore, in order to reveal
the role of Vv-miR398, the functions of the two VvCSD genes
were first illustrated. Based on the reports about the miR398 in
other plants, the roles of two VvCSD genes in responses to
oxidative stresses were extensively studied using transgenic
tobacco plants overexpressing with two VvCSD genes. The
two VvCSD ORFs without the stop codon were linked to the
upstream of the GFP gene in the vector of pPCAMBIA1302.
Thereafter, the constructed vectors were used to generate the
transformed tobacco plants via Agrobacterium-mediated leaf
disk transformation. After several cycles of kanamycin-
resistance selection, transgenic tobacco plants expressing
WCSDs were produced. More than 14 independent transgenic
lines were confirmed by PCR analysis of genomic DNA using
the primers specific to VvCSDs and GFP (Fig. 5a). Further, the
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Fig. 3 Effects of Cu stress treatments on expression of Vv-miR398,
WCSD1, and VvCSD2 genes in grapevine. Three-year-old grapevine
were treated with different concentrations of CuSO, and total RNA was
extracted from stressed leaves at different time points (0, 6, 12,and 24 h)
(a—c). Effect 0f 100, 200, and 400 uM CuSOy treatment on the expression

RT-PCR data recorded that VvCSDI and VvCSD2 mRNA
could be detected in the transgenic plants, but not in the WT
(Fig. 5b).

The expression levels of VvCSD1 and VvCSD?2 in putative
lines were significant differences. Two highly expressed trans-
genic lines (OE-6 and OE-4) with the transferred VvCSD! and
VWCSD2, respectively, were used for further verification about
whether the transgenic plants could express the foreign pro-
tein, for which Western blotting was performed. According to
our finding that VvCSD1 and VvCSD2 encoded 15 and 22 kD
products, respectively (Leng et al. 2015a), and green fluores-
cent protein gene (GFP) from pCAMBIA 1302 vector encoded
28kD product. Our data showed that two protein products of
43 and 50 kD were detected in the two transformed tobacco
plants, suggesting the existence of the anticipated GFP tag
fusion proteins (GFP-VvCSDI and GFP-VvCSD2) in the
transgenic plants (Fig. 5¢). However, the wild plants did not
produce any protein signal.

of miR398 and two target genes analyzed by RT-PCR with 30 cycles,
respectively (d—f). Effect of 100, 200, and 400 pM CuSO, treatment on
the expression of miR398 and two target genes analyzed by qRT-PCR,
respectively

Overexpression of two VvCSD genes conferred enhanced
tolerance to cu stress

To know whether the two VvCSD genes play a critical role in
Cu stress tolerance, the transgenic tobacco lines overexpress-
ing two VvCSDs along with the untransformed wild type
(WT) were analyzed. There was no apparent difference in
plant visible growth and morphology between the WT and
the transgenic plants under natural (non-stressed) conditions.
When tobacco seedlings were exposed to 200 pM CuSOy, for
12 h, the leaves of WT plants began to wilt, whereas no ob-
viously adverse phenotype was observed in the transgenic
tobacco seedlings. After 48 h of treatment, more serious leaf
wilting was visualized in the WT, whereas the transgenic
plants were less affected (Fig. 6a). More analysis indicated
that the expression level of VvCSD1I and VvCSD?2 in the trans-
genic lines gradually increased during the experimental peri-
od, whereas this did not happen in WT plants (Fig. 6b),
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Fig. 4 Effects of three
concentrations of Cu treatments
(100, 200, and 400 uM CuSOy)
on four physiological parameters
in grapevine. a Changes of Cu
concentration. b Changes of
MDA content. ¢ Changes of
cellular hydrogen peroxide levels.
d Changes of SOD activity. Each
data represents the average of two
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displaying that the transcriptional levels of VvCSD/ and
WCSD2 genes were induced by Cu stress. In addition, Cu
stress also led to excessive production of MDA in the tobacco
leaves. As shown in Fig. 6¢, OE-VvCSDI (from 6.98 to
11.54 umol/g) and OE-VvCSD2 (from 6.34 to 10.28 pumol/
g) had lower MDA content and when compared with the WT
(from 7.76 to 15.36 umol/g) which recorded an increase in the
MDA content during the treatment. H,O, has been implicated
as a key factor mediating programmed cell death. The increas-
ing trend of H,O, content in two transgenic lines were also
obviously lower than that in WT plants (Fig. 6d). Chlorophyll
levels were used as an indicator of chloroplast damage, and
the chlorophyll content decreased under oxidative stress
(Khayatnezhad et al. 2011). The higher chlorophyll contents

750bp —>
500bp —>

24h Oh 6h 12h 24h

in OE-VwCSDI and OE-VvCSD?2 indicated that chlorophyll
was less damaged than the WT did after 48 h Cu treatment
(Fig. 6e).

Furthermore, Cu/Zn-SODs, encoded by CSD1 and CSD2,
are the most important antioxidant enzymes. Thus, SOD ac-
tivity in the tested plants was measured and compared. Under
normal conditions, SOD activities in OE-VvCSDI and OE-
WCSD2 were 80.76 and 83.48 U/g, being slightly higher than
that in WT (71.93 U/g) (Fig. 5¢). During 24-h exposure to Cu
stress, SOD activities were notably enhanced both in the trans-
genic lines and WT, and the activity in the transgenic lines was
much higher than that in the WT plant. After 48-h treatment,
the SOD activity in WT plants (67.36 U/g) decreased, whereas
two transgenic lines still maintained much higher SOD

12 13 14 W P
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Fig. 5 Generation and characterization of VvCSD1 and VvCSD?2 gene in
transgenic tobacco. a PCR analysis of the kanamycin-resistant tobacco
plants using GFP-specific primers and two VvCSD gene primers. WT'
wild type, lane P positive control, and the numbers show the regenerated
lines. b Transgene expression analysis in the transgenic tobacco plants
and WT based on semi-quantitative RT-PCR assay. ¢ Fusion protein
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expression analysis in the transgenic tobacco plants and WT based on
Western blotting assay. Lane 6 highly expressed transgenic lines in
VWCSDI; lane 4 highly expressed transgenic lines in VvCSD2. Two
GFP tag fusion protein in lanes 6 and 4 encoded for a 43 and 50 kD
protein, respectively
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Fig. 6 Overexpression of VvCSD! and VvCSD2 enhances Cu tolerance
in transgenic tobacco. a Phenotypes of 40-day-old seedlings of WT and
transgenic plants (OE-VvCSD1 and OE-VvCSD?2) subjected to 200 uM
CuSO4 treatment. b Analysis of expression levels of VvCSDI and
VWCSD2 by semi-quantitative RT-PCR in the WT and transgenic lines

activity (110.14 and 123.43 U/g, respectively) (Fig. 6f). All
the findings above suggested that overexpression of VvCSD1
and VvCSD?2 led to dramatic improvement of Cu tolerance in
the transgenic tobacco plants.

Transgenic tobacco lines over-expressing Vv-CSD genes
showed more tolerance to other abiotic stresses

In order to further explore the function of VvCSDI and
WCSD2, we also analyzed the phenotypes and expression
level of two CSDs gene in responses to UV and salt stress
between transgenic tobacco lines and WT plants. As shown
in Figs. 7 and 8a, a remarkable improvement of UV and salt
tolerance were observed in both the transgenic tobacco lines
compared with those of WT plants. The growth of the WT
plants was significantly inhibited and their leaves were severe-
ly crimped and etiolated after UV treatment (Fig. 7a). Also,
the leaves of WT plants began to dehydration and wilt during
the phase of salt stress (Fig. 8a), whereas a low symptom was
observed in both the two transgenic lines. The expression
level of VwCSD1 and VvCSD?2 in two transgenic lines also
gradually increased under UV and salt treatment (Figs. 7b
and 8b), displaying that the VvCSD1I and VwCSD2 played an
important role in various stress responses. Furthermore, both

(OE-VvCSD1 and OE-VvCSD?2) after Cu treatment. ¢—f The MDA con-
tent, HO, content, chlorophyll content, and SOD activity during the
experimental period, respectively. F'W fresh weight. Data represent the
means + SE of at least three replicates

under UV and salt treatments, a lower MDA and H,O, con-
tents was recorded in two transgenic lines than WT plants at
all time intervals (Fig. 7c, d and Fig. 8c, d). In the contrary, the
WT plants recorded a slight increase in the SOD activity at
12 h, and then decreased rapidly, whereas the SOD activity in
two transgenic lines increased markedly and remained at high
levels under UV and salt treatment (Figs. 7f and 8f).
Moreover, the chlorophyll contents of the two transgenic lines
were also higher than those of the WT in responses to UV and
salt treatment (Figs. 7e and 8e).

Discussion

Plants are extremely sensitive and sophisticated in responses
to various environmental stresses, but are under stringent reg-
ulation. Various environmental stresses, such as heavy metals,
salinity, water-logging, drought, and cold, can lead a rapid and
excessive accumulation of ROS causing progressive oxidative
damage and ultimately cell death. It is well known fact that
plants have evolved complicated mechanisms to regulate the
delicate balance between ROS production and scavenging
through a sophisticated ROS detoxification system
(enzymatic and non-enzymatic) in response to various
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Fig. 7 Overexpression of VvCSDI and VvCSD2 enhance UV tolerance
in transgenic tobacco. a Phenotypes of 40-day-old seedlings of WT and
transgenic plants (OE-VvCSD1 and OE-VvCSD?2) treated with 1 h UV
(100 J/m?). b Analysis of expression levels of VwCSDI and VvCSD2 by
semi-quantitative RT-PCR in the WT and transgenic lines (OE-VvCSDI

oxidative stresses (Foyer and Noctor 2003; Suzuki and Mittler
2006). Previous studies have shown that miRNAs play an
important roles in biotic and abiotic stress responses, includ-
ing drought, salinity, and heavy metal stress (Mendoza-Soto
et al. 2012; Budak et al. 2015b; Alptekin et al. 2017).
Among environmental stress, Cu stress has become one of
the serious environmental crises with high risk in viticulture
production due to the intensive use of copper-based bacteri-
cides and fungicides (Leng et al. 2017). However, much at-
tention has been taken, and so far, detailed study is not done.
With more studies on miRNAs in plants, the miR398 family
was shown to determine the expression pattern of CSD/ and
CSD? in response to various environmental stress, especially
in Cu stress (Sunkar et al. 2006; Yamasaki et al. 2007; Abdel-
Ghany and Pilon 2008; Jagadeeswaran et al. 2009). The stud-
ies on the crucial role of miR398 and its targets have mainly
been focused on the model plant, A. thaliana. Till now, not
much research on functions of grapevine miR398 has been
carried out. In our study, RLM-RACE assays showed that
the two VvCSD genes had specific cleavage sites correspond-
ing to the Vv-miR398 complementary sequences. The expres-
sion profiles of Vv-miR398 and its two targeted genes,
WCSDI and VwCSD2, displayed a clear negative correlation
under natural conditions, implying that Vv-miR398 plays a
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tent, chlorophyll content, and SOD activity during the experimental pe-
riod, respectively. FW fresh weight. Data represent the means + SE of at
least three replicates

key role in controlling the accumulation of VvCSD/ and
VWCSD?2 transcripts in grapevine organs by cleavage of the
two VvCSDs targets mRNA. In addition, high expression
levels of Vv-miR398 were detected in young organs, such as
young leaves and young berries, indicating that Vv-miR398
also plays a role in plant growth and development.
Furthermore, the negative correlation between the expression
patterns of Vv-miR398 and two VvCSD genes was further
verified by comparing the expression profiles in response to
Cu stress. Vv-miR398 transcript accumulation was signifi-
cantly inhibited by Cu stress. On the contrary, VvCSDI and
VwCSD2 transcript accumulation under the same stress condi-
tions showed reverse patterns (Fig. 3). The expression profile
of Vv-miR398, VwCSD1, and VvCSD2 in the same RNA sam-
ples indicated a clear negative correlation under different con-
centrations of Cu stress and suggested a critical role for
miR398 in controlling the CSD/ and CSD2 mRNA levels in
response to Cu stress in grapevine.

In order to validate the roles of Vv-miR398 and two
VvCSDs in responses to environmental stress, we successfully
constructed the transgenic tobacco plants which over-
expressed VvCSDI and VvCSD2 and analyzed the expression
profiles of both the two VvCSDs and response to environmen-
tal stress. The two VvCSDs-overexpressing transgenic tobacco
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Fig. 8 Overexpression of VvCSDI and VvCSD2 enhance salt tolerance
in transgenic tobacco. a Phenotypes of 40-day-old seedlings of WT and
transgenic plants (OE-VvCSDI1 and OE-VvCSD?2) treated with 400 mM
NaCl. b Analysis of expression levels of VVCSD1 and VvCSD2 by semi-
quantitative RT-PCR in the WT and transgenic lines (OE-VvCSDI and

lines displayed increased resistance to the Cu, salt, and UV
tolerance, compared with wild type. This result is consistent
with previous studies that modification of SOD expression in
transgenic tobacco plants can improve plant stress tolerance
(Sen Gupta et al. 1993a, b). Exposed to abiotic stresses, the
oxidative burst, a transient increase in ROS, predominantly
superoxide (O, ), and hydrogen peroxide (H,O,), is among
the first biochemical responses of plants to abiotic stress (Joo
etal. 2005). In our study, the two transgenic lines overexpress-
ing the VvCSD genes accumulated remarkably less MDA and
H,0, and more chlorophyll than WT under abiotic stressful
conditions. The decreasing of chlorophyll content under oxi-
dative stress may be the result of chlorophyll degradation or be
due to chlorophyll synthesis deficiency or changes of thyla-
koid membrane structure. The results suggested lower levels
of ROS and reduced oxidative damage in the transgenic
plants. As ROS level during stresses greatly relies on the ho-
meostasis between generation and removal (Miller et al.
2010), accumulation of lower ROS in the transgenic lines
seems to indicate that scavenging systems in these plants
might work more effectively compared with WT, and several
ROS-scavenging enzymes play a positive role in scavenging
ROS and protecting the cells against oxidative stress. Among
the enzymes, SODs are the most important, because these are
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OE-VvCSD?2) after NaCl treatment. ¢—f The MDA content, H,O, content,
chlorophyll content, and SOD activity during the experimental period,
respectively. FW fresh weight. Data represent the means + SE of at least
three replicates

the first enzymes to act on highly toxic superoxide radicals
(O, ) and convert them into less toxic hydrogen peroxide (Lu
etal. 2011). In our study, the activity of SOD was slightly
higher in the transgenic lines than in the WT plants under
normal conditions, which sounds reasonable because un-
der normal conditions, ROS production remained at low
levels and oxidative stress was not serious (Huang et al.
2010). However, under Cu, salt, and UV stress, activity of
SOD was significantly higher in the two transgenic plants
than WT, demonstrating that the two transgenic plants had
better ROS-scavenging capability during stress and keep
the ROS accumulation balance. Furthermore, the in-
creased SOD activity was consistent with the accumula-
tion of two VvCSD gene transcripts in two transgenic
lines, suggesting that the enzyme may be regulated at
transcriptional levels. These works suggested that a better
ROS-scavenging system could protect plants against more
oxidative damage, and this point might be an integral part
of abiotic stress tolerance in the transgenic plants overex-
pressing VvCSDs. Because we have shown that two
VvCSDs mRNA were cleaved by Vv-miR398 in our pre-
vious studies, our results also shed light on the possibility
of manipulating miRNA or small RNA to improve the
tolerance of grapevine to environmental stresses. We
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Table 1  Primers used in this study

Gene Primers Forward primer sequences (5'-3") Reverse primer sequences (5'-3") Used for

VvCSDl GSP1  ATGGTGAAGGCTGTTGCTGTT TTAGCCTTGCAATCCGATAAC Amplification of ORF
GSP2  CAGATTCCTCTCACTGGCTCAAACT CTAATACGACTCACTATAGGGC 3'RACE
GSP3  CTAATACGACTCACTATAGGGC CAGGATTGAAATGAGGTCCAGTTGA 5'RACE
GSP4  AGGACACTGACATGGACTGAAGGAGTAG CAATGGAGTTTGAGCCAGTGAGAGG RLM-RACE
GSP5  TGTCGTCCATGCTGATCCTG TGTCTAGGGATCTCTCATGCA qRT-PCR of target gene
GSP6  GAAGATCTATGGTGAAGGCTGTTGCTGTT GGACTAGTTTAGCCTTGCAATCCGATAAC  Amplification of ORF

for vector construction

GSP7  GAAGATCTATGGTGAAGGCTGTTGCTGTT ATCACCTTCACCCTCTCCACTG PCR verification of the

VvCSD2  GSP8
GSP9
GSP10
GSP11
GSP12

ATGCAAGCTGCGGCTGTATT
CATAGTTGCCAATGCTGAAGGGGT
AGGACACTGACATGGACTGAAGGAGTAG
GGTGGGCATGAACTTAGCCT
GAAGATCTATGCAAGCTGCGGCTGTATT

GSP13  GAAGATCTATGCAAGCTGCGGCTGTATT

TCATATCGGAGTAAGGCCAAC

ATCACCTTCACCCTCTCCACTG

transgenic plants
Amplification of ORF

CTAATACGACTCACTATAGGGC 3'RACE
TAGAATAAACCCGAACTGTAATCAT RLM-RACE
CAGTTGCTGTGCCACTACATG qRT-PCR of target gene

GGACTAGTTCATATCGGAGTAAGGCCAAC Amplification of ORF for

vector construction

PCR verification of the
transgenic plants

remain hopeful that investigations of this type will even-
tually provide significant improvement resistance to envi-
ronmental stress in fruit crops.

Conclusion

Our results shed light on the possibility of Vv-miR398 to
improve the tolerance of grapevine plants to Cu stress.
Several attempts have been made to improve plant stress tol-
erance by overproduction of Cu/Zn-SODs in transgenic
plants. Physiological and molecular analysis showed that
Vv-miR398 and its target genes can take part in the grape-
vine’s response to Cu stress. Overexpressing VvCSDI and
VwCSD2 conferred enhanced tolerance to Cu, UV, and salt
stress. These results suggest that miR398-regulation triggers
a regulatory loop that is critical to manipulate stress tolerance
in grapevine, and our findings offer an improved strategy to
fruit crop plants with enhanced stress tolerance.

Materials and methods
Plant materials and stress treatments

Plant materials were sampled at the different developmental
stages with respect to their growth period. Root, young leaves
(2 weeks old), mature leaves (8 weeks old), inflorescences
(2 weeks old), flowers (fully open), young berries (15 days
after flowering), and mature berries (60 days after flowering)
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were collected during the summer of 2015 from 3-year-old
table grapevine ‘Fujiminori’ grown under standard grapevine
cultivation conditions at the fruit experimental farm, Nanjing
Agricultural University, Nanjing, China. For Cu treat-
ment, uniform and healthy 3-year-old ‘Fujiminori’
grapevine was sprayed with different concentrations
such as 100, 200, and 400 uM CuSOy; the treated
leaves were then sampled at 0, 6, 12, and 24 h. After
collection, all the samples were immediately frozen in
liquid nitrogen and stored at —80 °C for further
experiments.

Isolation of full-length VvCSD1I and VvCSD2 ¢cDNA

Based on the available grapevine genome database, there were
two sequences with a complete opening reading frame, a high
degree of similarity with AtCSDI (AT1G08830.1) and
AtCSD?2 (AT2G28190.1). The primers GSP1 and GSP8 were
designed for amplifying the open reading frame (ORF) in
‘Fujiminori’ (all of the primers used in this study are listed
in Table 1). The PCR mixture (50 nL) contained 300 ng cDNA,
1 x TransStart FastPfu buffer, 0.25 mM deoxyribonucleotide
(ANTP), 0.4 uM of each primer, and 2.5 units of TransStart
FastPfu DNA polymerase. PCR program was performed as fol-
lows: initial denaturation at 95 °C for 2 min, 40 cycles of 95 °C
for 20 s, 55 °C for 20 s, 72 °C for 60 s, and 72 °C for 5 min. To
obtain the full length cDNA of VWwCSD! and VwCSD2, 5" and 3’
rapid amplification of cDNA ends (RACE) was carried out. For
the 3’ RACE, the Full RACE Core Set Ver.2.0 Kit was used,
while SMARTerTM RACEcDNA Amplification Kit (Clontech,
CA) was used for 5’ RACE, both of which were done following
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the manufacturer’s instructions. GSP2 and GSP9 were designed
for 3' RACE, and GSP3 was designed for 5" RACE of WwCSDI1.
The PCR products were cloned into pMD19-Tvector (Takara,
Japan) and were sequenced.

High, low molecular weight RNA extraction
and construction of complementary DNA libraries

Total RNA was isolated from 200 mg of the grapevine
tissues mentioned above using the modified CTAB
method (Wang et al. 2011) and treated with RNase-
free DNase I (Thermo) to remove DNA contamination.
Low molecular weight RNA (LMW RNA) and high
molecular weight RNA (HMW RNA) were separated
with 4 M LiCl (Adai et al. 2005; Wang et al. 2011)
and the small RNA fraction was then dissolved in
30 uL of RNase free water. The concentration of
RNA was measured by a UV-1800 spectrophotometer
(Shimadzu, Japan) and visually ascertained in a 2.5%
agarose gel.

The larger molecular weight RNA samples were used
to study the expression patterns of the target genes of
Vv-miRNAs. First-strand ¢cDNA was synthesized from
total RNA with ReverTra Ace qPCR RT Kit (Toyobo,
Shanghai, China) according to the manufacturer’s in-
structions. The low molecular weight RNA samples were
used to study the expression patterns of Vv-miRNAs.
Small RNAs were polyadenylated at 37 °C for 60 min
in a 50-uL reaction mixture with 1.5 pg of total RNA,
I mM ATP, 2.5 mM MgCl,, and 4 U poly(A) polymer-
ase (Ambion, Austin, TX). Poly(A)-tailed small RNA
was recovered by phenol/chloroform extraction and eth-
anol precipitation. 5" adapter (5'-CGACUGGAGCACGA
GGACACUGACAUGGACUGAAGGAGUAGAAA-3")
was ligated to the poly(A)-tailed RNA using T4 RNA
ligase (Invitrogen, Carlsbad, CA), and the ligation prod-
ucts recovered by phenol/chloroform extraction followed
by ethanol precipitation. Reverse transcription was per-
formed using 1.5 pg of small RNA and 1 pg of (dT);o RT
primer (ATTCTAGAGGCCGAGGCGGCCGACATG-
d(T)30 (A, G, or C) (A, G, C, or T)) with 200 U of
SuperScript III reverse transcriptase (Invitrogen, Carlsbad,
CA). Poly(A)-tailed small RNA (10 pL total volume) was
incubated with 1 puL of (dT)zo RT primer and 1 pL. ANTP
mix (10 mM each) at 65 °C for 5 min to remove any RNA
secondary structures. The reactions were chilled on ice for
at least 2 min; then, the remaining reagents [5x buffers,
dithiothreitol (DTT), RNaseout, SuperScript III] were
added as specified in the SuperScript III manual, and the
reaction left to proceed for 60 min at 50 °C. Finally, the
reverse transcriptase was inactivated by incubation for
15 min at 70 °C.

Mapping of mRNA cleavage sites using RLM-RACE

RLM-RACE was used to map miRNA-mediated cleav-
age products. After construction of libraries of poly(A)-
tailed HMW RNA and adapter-ligated HMW RNA, the
productions of reverse transcription of poly(A)-tailed
HMW RNA and adapter-ligated HMW RNA were per-
formed with RLM-RACE using corresponding common
primer and specific primers, respectively. GSP4 and
GSP10 were designed for RLM-RACE of two target
genes, respectively (Table 1). The amplification products
were gel purified, cloned, and sequenced, and at least
eight independent clones were sequenced.

miRNA and its target gene expression analysis by RT-PCR
and qRT-PCR

The qRT-PCR was employed for measuring the tran-
script levels of Vv-miR398 and two target genes under
different tissues. The RT-PCR and qRT-PCR were
employed for measuring transcript levels of Vv-
miR398 and two target genes under different concentra-
tion of treatments. The template used for gPCR of Vv-
miR398 expression was the miRNA-enriched library
mentioned above. To amplify the Vv-miRNAs from
the reverse transcribed cDNAs, the qPCRs were per-
formed using the Vv-miR398 precise sequences
(TGTGTTCTCAGGTCACCCCTT) as the forward prim-
er and the R16328 (ATTCTAGAGGCCGAGGCGGC
CGACATG) as the reverse primer (Wang et al. 2013).
The 20-uL gPCR reactions contained 10 pL of SYBR-
Green PCR Master Mix (SYBR Premix EX Taq TM,
TaKaRa), 5 pmol each primer, 100 pg of total RNA,
and nuclease-free water. The conditions for the qPCR
amplification were as follows: polymerase activation at
95 °C for 1 min, then 95 °C for 1 min, followed by
50 cycles of 95 °C for 15 s, 95 °C for 15 s, 60 °C for
20 s, and 72 °C for 20 s. The relative quantification
procedure was used to determine relative expression
levels. The 5.8S rRNA was used as a reference gene
in the qPCR detection of miRNAs as done previously
in Arabidopsis (Shi and Chiang 2005). The expression
of experimentally verified target genes using qPCR
followed the report of Wilson et al. (2005). The reverse
transcription product was amplified by gene-specific
primers in Table 1 (GSP5 and GSP11). Data were nor-
malized to UBI which was the homologous gene of
AT5G08290 (Sun et al. 2012) and analyzed using a
comparative quantification procedure. UBI was used as
a reference gene in the qPCR detection of mRNAs in
grapevine. qRT-PCR was conducted with the Rotor-
Gene 3000 (Corbett Robotics, Australia) and the
Rotor-Gene software version 6.1, and the relative gene
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expression data were calculated by the 2722¢T method
(Livak and Schmittgen 2001).

Semi-quantitative reverse transcription PCR (RT-PCR)
of two targets was carried out as described (Yu et al.
2009) and RT-PCR program was 94 °C for 5 min,
followed by 30 cycles of denaturation for 30 s at
94 °C, annealing for 30 s at 62.0 °C, and extension
for 60 s at 72 °C and a final extension for 10 min at
72 °C. Each reaction was repeated three times. A con-
trol PCR with primers that amplify a 180-bp fragment
of UBI was performed in parallel to verify similar
amounts of cDNA in each sample. The PCR products
were analyzed by electrophoresis on a 2.0% agarose gel
containing ethidium bromide and photographed under UV
light. RT-PCR was also employed, as described above, to
detect transcript levels for miR398. The 5.8S rRNA was
used as a reference gene.

Vector construction and generation of transgenic tobacco
by agrobacterium-mediated transformation

The specific primers (GSP1) containing the restriction
sites of Bglll and Spel were used to amplify VvCSDI
and VvCSD2 cDNA. The confirmed plasmid was
double-digested with Bglll and Spel and then ligated
into the pCAMBIA1302 vector driven by the CaMV
35S promoter. Subsequently, the two recombinant plas-
mids, pCAMBIA1302-VvCSDs, were transferred into
an Agrobacterium tumefaciens strain GV3101 and used
for tobacco (Nicotiana tabacum) transformation based
on using leaf disks. The methods of co-culture and
selection of explants by kanamycin-resistance were de-
scribed by Huang et al. (2010).

PCR and Western blot verification of the transgenic
plants

The genomic DNA and total RNA were extracted from
the young leaves of Kanamycin-resistant TO transgenic
plants and wild type using the CTAB method. PCR
amplifies for detection of the two VvCSDs gene from
the genomic DNA were performed using the GSP7 and
GSP13 (WCSDs and GFP) primers. RT-PCR amplifies
for the detection of two VvCSDs genes from RNA level
with specific primers of GSP6 and GSP12. Only
adopting the PCR target fragments by the two pairs of
primers were considered as putative transgenic plants.
For Western blotting, soluble proteins from tobacco were
extracted by grounding using liquid nitrogen and resus-
pended in 500 pl of extraction buffer (200 mM Tris-HCI
(pH 8.0), 100 mM NaCl, 10 mM EDTA, 2 mM PMSF).
Twenty micrograms of soluble protein was resolved on
ID SDS/PAGE and transferred onto nitrocellulose
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membrane. The specific position of the antigen-antibody
complex on the membrane was visualized by using alka-
line phosphatase linked to secondary antibodies (Singla-
Pareek et al. 2003).

Analysis of Cu, MDA, H,0,, chlorophyll contents,
and SOD activity of the two transgenic plants
under oxidative stress

Putative two transgenic plants and WT were planted in a
greenhouse. To test Cu, UV, and salt tolerance, 40-day old
tobacco plants were directly exposed to 200 uM CuSOy, 1 h
UV (100 J/m?), and 400 mM NaCl treatment, respectively.
The concentrations of copper in digested samples were deter-
mined by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) with Perkin-Elmer Optima 2100 DV
ICP-OES instrument at 324.75 nm wavelength. The instru-
ment was controlled by the ICP WinLab32 Perkin Elmer soft-
ware. The concentration of each element in the sample was
determined in triplicate. MDA content was measured as pre-
viously described by thiobarbituric acid method (Schmedes
and Holmer 1989) and expressed in pumol per gram
freshweight (umol/g FW). The content of H,O, was measured
according to the modified method of Patterson (1984). The
chlorophyll content was measured by using acetone method
as previously described (Huang et al. 2010). The absorbance
of the supernatant was measured at 663, 645, and 480 nmin a
spectrophotometer. SOD activities were determined by moni-
toring its ability to inhibit photochemical reduction of
nitroblue tetrazolium (NBT) at 560 nm (Chen and Pan
1996). One SOD unit was taken to be the amount of enzyme
causing 50% inhibition of NBT reduction and expressed in
units per gram fresh weight (U/g FW).

Statistical analysis

Three stress treatments of the wild-type and transgenic lines
were repeated at least triplicate, all experimental results are at
least three independent replicates, shown as mean + SE. The
data were analyzed using SPSS software.
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