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Grape (Vitis vinifera L.) is a fruit tree with high salt tolerance and high nutritional value,
medicinal value, and economic value. Suberin in roots is characterized by long-chain
fatty acids and is thought to be related to the salt tolerance of grape. The key enzyme
in the fatty acid elongation process is β-ketoacyl-CoA synthase (KCS). The function and
the regulatory mechanism of VvKCS in response to salt stress in grape are unclear. In this
study, VvKCS was isolated from V. vinifera L. A real-time quantitative polymerase chain
reaction analysis showed that salt stress enhanced VvKCS transcription levels in grapes.
Overexpression of VvKCS increased the tolerance to salt stress in Arabidopsis during
the germination and seedling stages. The improved salt tolerance was the result of the
combined contributions of multiple mechanisms including the regulation of expression
of ion transporters and channels, accumulation of osmotic regulating substances, and
maintenance of membrane stability. The results of this study are valuable information
on plant salt tolerance and provide a theoretical basis for the molecular mechanism of
grape salt tolerance.

Keywords: VvKCS11, suberin lamellae, salt stress, Vitis vinifera L., salt tolerance

INTRODUCTION

Soil salinization is a global ecological problem. Salt stress is not only a major abiotic stress
in agriculture development but is also a major factor causing environmental deterioration
worldwide (Munns and Tester, 2008; Yao et al., 2013). Identifying of salt-tolerance-related genes
and cultivating of salt-tolerant plants are regarded as the most effective ways to improve and
utilize salty land.

Grape (Vitis vinifera L.) is a fruit with high nutritional value, medicinal, and economic value. It
is used as fresh food, and to prepare raisins, wine, and various health products. Among fruit species
widely grown around the world, grape shows a relatively higher tolerance to salt stress (Daldoul
et al., 2008; Walker et al., 2010). The salt tolerance of many species is characterized by lower Na+
content in leaves and higher Na+ content in roots. This salt exclusion characteristic of the plant is
helpful in resisting salt stress in grape (Bing et al., 2006; Mozafari et al., 2018). Plants have several
ways to exclude salt. (A) The root apoplast barriers are composed of the casparian bands (CB)
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and the suberin lamellae (SL), which can block ions that transport
to the shoots (Pollard et al., 2008; Krishnamurthy et al., 2011).
The most efficient pathway for water and solutes to enter to
the shoots is apoplast transpiration bypass flow (Chloé et al.,
2019). (B) Na+ that has been transported into the xylem can
be transported back into the xylem parenchyma cells. Then,
the high-affinity K+ transporter (HKT) catalyzes the efflux of
Na+ through the cortex to the epidermis (Byrt et al., 2007). (C)
Additionally, Na+ in the epidermis can be transported back to
the soil. The SOS1 gene encodes a plasma membrane Na+/H+
antiporter, which catalyzes Na+ efflux (Shi et al., 2003).

The root endodermal cells of grapevines enhance exclusion of
Na+ and Cl− under salt stress and show greater K+ selectivity
(Storey et al., 2010), suggesting that endodermal cells play a
key role in salt exclusion in grape. The root apoplastic barriers,
which is located in the endodermis, contribute to salt exclusion
by blocking the transport of solutes and water. Suberin is
an essential ingredient of the apoplast barrier. Suberization of
the apoplast barriers has been reported under salt stress in
a variety of plants (Schreiber, 2010; Mozafari et al., 2018).
Therefore, the apoplast barriers in roots play an important role in
protecting plants from stresses, and suberization of the apoplast
barriers may enhance the survival of plants (Schreiber, 2007;
Krishnamurthy et al., 2011).

Suberin is deposited in the cell walls of plants as a lipid-
phenolic biopolyester (Franke et al., 2012; Nawrath et al., 2013).
The suberin polymer is characterized by long-chain fatty acids
(Pollard et al., 2008) and serves as a protective barrier to
block uncontrolled water and solute diffusion (Hose et al., 2001;
Enstone et al., 2002). It has also been demonstrated to be a stress-
induced barrier (Krishnamurthy et al., 2011; Franke et al., 2012).

Two characteristic processes of suberin biosynthesis are
ω-carbon oxidation and fatty acid elongation. β-Ketoacyl-CoA
synthase (KCS) catalyzes the extension of fatty acid chains (Millar
and Kunst, 2010). The key role of KCS is to catalyze condensation
of malonyl-CoA with acyl-CoA. Hence, KCS is an important rate-
limiting enzyme in the synthesis of suberin (Kolattukudy, 1981;
Smirnova et al., 2013).

Many previous studies have suggested that changes in KCS
encoding genes can lead to changes in suberin components and
environmental responses. Serra et al. reported silencing potato
StKCS6 results in a reduction in suberin chain length (Olga et al.,
2009). The abnormal lamellation (SL) of the suberin lamellae
in the endodermis is observed in roots of the Arabidopsis kcs20
and kcs2 double mutant. Additionally, a significant reduction of
C22 and C24 and an accumulation of C20 derivatives of aliphatic
suberin was observed (Lee et al., 2010). The upregulation of KCS
in algae under salt stress increased the salt tolerance of the plant
(Azachi et al., 2002). KCS1 activity also increases in response
to powdery mildew fungus in barley (Chao et al., 2018). The
expression ofKCS2 is induced inArabidopsis under osmotic stress
conditions, indicating thatKCS2may help plants resist to drought
stress (Lee et al., 2009).

Although numerous studies have investigated KCS function,
the function and the molecular mechanism of KCS in response
to salt stress in grape (V. vinifera L.) remain unknown. In the
present study, we isolated the VvKCS11 gene from the Crimson

Seedless grape variety. Then, the VvKCS11 gene was transformed
into wild-type (WT) Arabidopsis to study the salt tolerance
function of the KCS gene. Studying the mechanism of the VvKCS
response to salt tolerance might provide a theoretical basis for
plant stress resistance.

MATERIALS AND METHODS

Plant Materials, Cultivation, and
Treatment
The study was carried out using cv. Crimson Seedless and 1103P
grape (V. vinifera L.).

The WT control was Arabidopsis Col-0. The Arabidopsis
Biological Resource Center was the source for the Arabidopsis
mutant atkcs11. The atkcs11 (AT2G26640) homozygous
mutants were verified by screening using polymerase
chain reaction (PCR).

The grape stock was uniformly grown in a tissue culture bottle
containing Murashige and Skoog (MS) medium and indole-3-
butytric acid (0.2 mg/L) at 25 C. The stock was subcultured at
1 month intervals. Each bottle was planted with two seedlings.
The salt treatment was performed after the grape tissue culture
seedlings were cultured for 1 month by exposing the seedlings to
0 or 50 mM NaCl for 2 days. Then, the roots, stems, and leaves
were used to determine the VvKCS expression pattern.

Plump seeds of the WT and mutant were selected and
sterilized in by 75 and 95% ethanol for 3 and 1 min, respectively.
The seeds were washed three to five times in sterilized water
and were sown on half-strength MS (1/2 MS) medium with 0,
75, 100, or 125 mM NaCl. They were transferred to a culture
room after 3 days of vernalization at 4 C. The length of the roots
and fresh weight (FW) of the germinated seeds were measured
7 days after planting.

Arabidopsis seeds were planted in red square plastic pots
for the adult-stage experiment. Four-leaf stage seedlings
were treated with Hoagland solution for 14 days containing
0 or 100 mM NaCl.

Expression Patterns and Gene Screening
by qRT-PCR
We investigated the expression profiles of ten genes related to
the synthesis and regulation of suberin in salt-tolerant Crimson
Seedless and the salt-sensitive 1103P cultivars to determine the
expression pattern and screen the genes related to the salt stress
response. Relative expression level was determined by qRT-
PCR in roots, stems, and leaves of the two grape cultivars after
treatment with 0 or 50 mM NaCl for 2 days.

The primers of the ten genes were designed using Beacon
Designer software (Supplementary Table 1). The internal
standard gene was actin.

VvKCS11 Cloning and Sequencing
Total RNA was isolated from roots of Crimson Seedless
and 1103P seedling using the Plant RNA Extraction Kit
(Karroten). The full-length VvKCS11 gene was determined using
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the National Center for Biotechnology Information reference
genome. We obtained two VvKCS11 with the forward (5′-
ACGCGTCGACAGGGTTGTGGCGTTAGAG-3′) and reverse
(5′-CGCGGATCCGCTAACAACCACCCTCCTC-3′) primers.

VvKCS11 Bioinformatics Analysis
A sequence alignment analysis was performed, the functional
domains were predicted, and a phylogenetic tree was constructed
using DNAstar, MegAlign, DNAman, and SMART online
software, respectively.

Transformation of Arabidopsis
The pRI 101 vector was constructed to form pRI 101-
VvKCS11. Then, the VvKCS11 gene was transformed
into Arabidopsis. The transgenic plants were verified
with the gene-specific 35S forward primer (5′-
GACGCACAATCCCACTATCC-3′) and the VvKCS11 reverse
primer (5′-CGCGGATCCGCTAACAACCACCCTCCTC-3′) by
PCR after screening with kanamycin. The positive overexpression
lines OE2, OE3, and OE13 were randomly selected for use in
subsequent experiments.

We evaluated the effects of VvKCS11 expression in OE
lines by qRT-PCR. OE line seedlings were grown on 1/2 MS
medium for 7 days. The VvKCS11 gene (forward primer:
5-AAGCAGATGGAAGATAGC-3 and reverse primer:
5′-AGTAACGAAGACAGAACCT-3′) was amplified.

Detecting of the KCS11 Arabidopsis
Mutant
Plants homozygous for the T-DNA insertion were
selected utilizing specific primers for atkcs11, LP:
5′-CTTCAGACCGTCTAAACGCAG-3′, RP: 5′-
CTTTTTCGCAACACTAGTGGC-3′, and T-DNA left border
specific primer LBb1: 5′-ATTTTGCCGATTTCGGAAC-3′.

Analysis of Germination Rate, Root
Length, and Fresh Weight of Arabidopsis
The germination rate (GR), germination energy (GE), and
germination index (GI) of the WT, OE lines, and mutants were
measured. GR, GE, and GI were calculated using the following
formulae:

GR =
G7

T
× 100%

GE =
∑

Gt

T
× 100%

GI =
∑ Gt

Dt

where Gt is the number of seeds germinated on the tth day, T
is the total number of seeds, Dt is the number of days up to
the tth day.

The root length and FW of the different lines were
measured after 7 days.

Determination of Na+ and K+ Content
The shoots and roots of the Arabidopsis lines were weighed
(0.1 g). Na+ and K+ concentrations were measured by Flame
photometer (Sui et al., 2015).

Determining of Malondialdehyde Content
Leaves samples (0.1 g) were ground into a homogenate with
3 mL of 10% trichloroacetic acid. The homogenate was added
to 3 mL of 0.6% thiobarbituric acid and centrifuged at
6,000 rpm for 15 min. The absorbance of the supernatant was
measured at 532 and 600 nm. Malondialdehyde (MDA) (mM/g
FW) = (MA × V)/(155 × W). MA = 532-600, V = Volume of
supernatant, FW = Fresh weight.

Determining of Soluble Proline Content
Leaf samples (0.1 g) were ground into a homogenate with 1.5 mL
3% aqueous sulfosalicylic acid. The solution was incubated
at 100◦C for 10 min and then centrifuged at 3,000 rpm for
5 min to obtain the proline extract. Finally, the reaction mixture
was added into 1 mL of toluene, and the absorbance was
measured at 520 nm. A standard curve was prepared. The proline
content (mg g−1 FW) = [(mg proline mL−1

× mL toluene)/[(g
sample)/0.1] (Abrahám et al., 2015).

qRT-PCR of the Stress-Responsive
Genes
The expression profiles of 12 salt-responsive genes in WT and
transgenic Arabidopsis lines were evaluated by qRT-PCR. The
qPCR primers are showed in Supplementary Table 2.

Statistical Analysis
The results are from three independent experiments, and the
values are presented as mean ± standard deviation. A p values
<0.05 were considered significant.

RESULTS

Expression Pattern of Suberin-Related
Genes in V. vinifera L. in Response to
Salt Stress
We determined the relative expression levels of ten suberin-
related genes (CYP86B1, KCS11-1, KCS11-2, KCS11-3, KCS4,
CYP86A22, CYP86A8, MYB36, MYB39, and AS1) in roots,
leaves, and stalks of the Crimson Seedless and 1103P cultivars
under the 0 or 50 mM NaCl treatments for 48 h. As
shown in Supplementary Figure 1, CYP86B1 and KCS11-1
were not detected in either cultivar. Most of these genes
showed higher expression level in roots of 1103P cultivar
than in leaves or stalks with or without the salt treatment
(Supplementary Figure 1A). However, the expression levels
of these genes in different Crimson Seedless tissues were
not significantly different in the two salt treatments. KCS11-2
expression was significantly upregulated by salt stress only in
roots (Supplementary Figure 1B).
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Sequence Alignment and Analysis of
VvKCS11
The full-length sequence alignment between VvKCS11 of
Crimson Seedless and 1103P was obtained by PCR and the NCBI
(Supplementary Figure 2). The gene and amino acid sequences
of VvKCS11 in Crimson Seedless were identical to those given at
the NCBI. However, there were seven bases and one amino acid
different in 1103P. This may be related to the difference in salt
tolerance between the two cultivars, which will be further studied
in the future. In the present study, we selected the KCS11 gene
of salt-tolerant Crimson Seedless for subsequent experiments to
reveal the mechanism of VvKCS11 in the salt stress response.
The VvKCS11 gene amplified from Crimson Seedless contained
547 amino acids (Supplementary Figure 3). A phylogenetic tree
of the peptide sequence was constructed using the neighbor-
joining method. The Crimson Seedless VvKCS11 gene showed
the highest identities with the VvKCS11 gene from V. vinifera L.
(Supplementary Figure 4).

Identification of VvKCS11
Overexpression Lines
VvKCS11 was overexpressed in Arabidopsis, and T3 homozygous
transgenic lines were generated (OE2, OE3, and OE13;
Supplementary Figure 5).

The relative expression level of VvKCS11 increased
significantly in the Arabidopsis OE lines. OE2, OE3, and
OE13 increased significantly (Supplementary Figure 6).

Identification of the atkcs11 T-DNA
Insertion Mutant
The atkcs11 T-DNA insertion mutants were identified
by PCR analysis. Lanes 1–5 represent homozygous

Arabidopsis mutant kcs11. kcs11 was expressed at low
levels in the mutant Arabidopsis lines (Supplementary
Figure 7), indicating that Arabidopsis mutant
atkcs11 has been showed a homozygous mutant in
AT2G26640.

The Phenotype, Fresh Weight, and Root
Length of Different Arabidopsis Lines
Treated With Different Salt
Concentrations at the Germination Stage
As shown in Figure 1, no significant differences were found in the
phenotype, FW or root length (RL) of the WT and Arabidopsis
OE lines under the control condition. Under the different
NaCl treatments, FW and RL of the WT and overexpressed
Arabidopsis lines were inhibited, which were more severe in
WT, particularly under the higher NaCl concentration (100
and 125 mM; Figure 1A). FW of the WT, OE2, OE3, and
OE13 decreased by 61, 34, 34, and 28%, respectively, in the
75 mM NaCl treatment. FW of WT, OE2, OE3, and OE13
plants decreased by 66, 50, 58, and 49%, respectively, after
being treated with 100 mM NaCl. FW of the WT, OE2,
OE3, and OE13 plants decreased by 70, 54, 59, and 47%,
respectively, in the 125 mM NaCl treatments (Figure 1B). The
RL of the WT, OE2, OE3, and OE13 decreased by 35, 20,
21, and 28%, respectively, in the 75 mM NaCl treatment. The
RL of the WT, OE2, OE3, and OE13 decreased by 55, 44,
41, and 44%, respectively, in the 100 mM NaCl treatment.
The RL of the WT, OE2, OE3, and OE13 decreased by
64, 53, 50, and 55%, respectively, in the 125 mM NaCl
treatment (Figure 1C). Hence, overexpression of VvKCS11
enhanced the growth of Arabidopsis during the germination stage
under salt stress.

FIGURE 1 | The phenotype (A), fresh weight (B), root length (C), Na+/K+ ratio in shoot (D), and root (E), proline content (F), and MDA content (G) of the WT and
transgenic Arabidopsis plants lines under different NaCl concentrations for 7 days.
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Germination Percentages of the Different
Arabidopsis Lines Under Salt Stress
The germination rates of the WT and the VvKCS11 OE
lines were not different under the control condition. The
germination indicators of the different Arabidopsis lines were
inhibited at 75 mM NaCl, particularly the GI. In contrast, the
overexpressed lines maintained relatively higher levels of the
germination indicators. After treatment, the GI of OE2, OE3,
and OE13 decreased by 66, 20, 19, and 28%, respectively. In
addition, the GR of OE2, OE3, and OE13 decreased by1.08,
1.2, and 0.9 times of the WT in the 125 mM NaCl treatment,
respectively. These results indicate that overexpression KCS11
could protect plants from salt stress during the germination stage
(Supplementary Figure 8).

The Na+/K+ Ratio in the Different
Arabidopsis Lines Under Salt Stress at
the Germination Stage
The Na+/K+ ratio in the OE lines and WT plants was
not significantly different under the control condition
(Figures 1D,E). Na+/K+ trended to increase in all lines under
the salt treatments. However, Na+/K+ in the three OE lines
was lower than that in the WT. Hence, overexpression KCS11
could protect plants from salt stress during the germination stage
(Figures 1D,E).

Changes in Proline and MDA Content in
the Different Arabidopsis Lines Under
Salt Stress at the Germination Stage
Proline content was not significantly different between the WT
and OE lines in the control group (Figure 1F). Proline content
increased after the salt treatment. Proline content of the WT,
OE2, OE3, and OE13 increased by 98, 278, 202, and 111%,
respectively (Figure 1F).

MDA content did not change in any of the Arabidopsis lines
in the control group (Figure 1G). The MDA content of the
WT, OE2, OE3, and OE13 increased by 85, 23, 46, and 60%,
respectively, in NaCl treatment (Figure 1G).

The Phenotype and Fresh Weight in the
Different Arabidopsis Lines Under Salt
Stress at the Seedling Stage
As shown in Figure 2, the WT and OE Arabidopsis lines grew
well overall in the control group. Growth of the Arabidopsis
lines was inhibited after the salt treatment. However, the
phenotype of the OE lines was less suppressed than that of
WT (Figure 2A).

The FW of the shoots of the WT, OE2, and OE3 Arabidopsis
lines decreased by 59, 32, and 21%, respectively, in the 100 mM
salt treatment. However, OE13 shoot FW increased by 6%. FW of
WT roots decreased by 46% under salt stress, while FW of roots
in OE2, OE3, and OE13 increased by 65, 32, and 58%, respectively
(Figures 2B,C).

Changes in Proline and MDA Contents in
Different Arabidopsis Lines Under Salt
Stress at the Seedling Stage
The proline content was not different between the WT and OE
lines in the control group (Figure 2D). The proline content of the
WT, OE2, OE3, and OE13 increased by 190, 290, 345, and 556%,
respectively, after treatment with 100 mM NaCl (Figure 2D).

MDA content was relatively low in all the Arabidopsis
lines in the control group (Supplementary Figure 10B). The
MDA increased but was not significantly different between the
Arabidopsis lines under any of the NaCl treatments (Figure 2E).

The Phenotype, Fresh Weight, and Root
Length in WT and atkcs11 Under Salt
Stress at the Germination Stage
The phenotypes of the WT and atkcs11 in the control group
were not different. However, the growth rates of the WT and
mutant were affected by salt stress (Figure 3A). The root length
of the WT and atkcs11 decreased by 28 and 39%, respectively,
after treatment with 100 mM NaCl. FW of the WT and atkcs11
decreased by 28 and 38%, respectively (Figure 3B). The root
length of the WT and atkcs11 plants decreased by 42 and 54%,
respectively, under the 125 mM NaCl treatment (Figure 3C). The
FW of the WT and atkcs11 decreased by 28 and 38%, respectively,
after treatment with 100 mM NaCl. FW of the WT and atkcs11
plants decreased by 35 and 46%, respectively (Figure 3C).

Changes in Proline and MDA Content in
WT and atkcs11 Under Salt Stress at the
Germination Stage
The proline content observed in the WT and T-DNA mutant
Arabidopsis lines was not significantly different in the control
group (Figure 3D). However, the proline content of the different
Arabidopsis lines increased, and the proline content of the WT
and atkcs11 increased by 98 and 134% in the salt treatment
groups (Figure 3D).

MDA is a product of membrane peroxidation. MDA content
was not different in the WT oratkcs11 from the control group
(Figure 3E). Under NaCl treatment, the MDA content of the
WT and atkcs11 increased by 85 and 32% under the NaCl
treatment (Figure 3E).

The Phenotype and Fresh Weight in the
WT and T-DNA Mutant Arabidopsis Lines
Under Salt Stress at the Seedling Stage
As shown in Figure 4A, the WT and T-DNA mutant Arabidopsis
lines grew well in the control group. However, the growth of the
different Arabidopsis lines was inhibited by the salt treatment.
However, the phenotype of atkcs11 was more suppressed than
that of WT (Figure 4A).

FW of the shoots of the WT and atkcs11 decreased by 59 and
28% (Figure 4B), and the FW of roots in the WT and atkcs11
Arabidopsis lines increased by 45 and 17% under 100 mM salt
treatment (Figure 4C).
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FIGURE 2 | The phenotype (A), and fresh weight in shoot (B) and root (C), proline content (D), and MDA content (E) of the WT, transgenic Arabidopsis plants lines
under 0 and 100 mM NaCl concentrations for 14 days.

Changes in Proline and MDA Content in
the WT and atkcs11 Under Salt Stress at
the Seedling Stage
Proline content was not different between the WT and atkcs11 in
the control group (Figure 4D). Proline content in the WT and
atkcs11 increased by 198 and 109%, respectively, in response to
the salt treatment (Figure 4D).

Additionally, MDA content was not different
between the WT and atkcs11 in the control group
(Figure 4E). MDA content increased significantly in the
WT and atkcs11 after treatment with 100 mM NaCl,
but no significant difference was observed between
them (Figure 4E).

Expression of Ion Transport-Related
Genes in VvKCS11 Transgenic
Arabidopsis Plants
The relative expression levels of genes related to 12 ion
transporters were determined in the transgenic lines and WT. As
shown in Figure 5, the AKT1 expression level in OE3 and OE13
was higher than that in the WT. AKT1 expression was slightly
lower in OE2 than that in the WT. However, the expression of
CBLl9 andCIPK23was significantly upregulated. The SOS1 result
was similar to that of AKT1. The expression level of SOS1 in
OE3 and OE13 was upregulated and no significant change was
observed in OE2. Additionally, OE2, OE3, and OE13 exhibited
high expression levels of HKT1 compared with WT.
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FIGURE 3 | The phenotype (A), root length (B), fresh weight (C), proline content (D), and MDA content (E) in the WT and T-DNA mutant Arabidopsis lines under
different NaCl concentrations for 7 days.

DISCUSSION

Grape (V. vinifera L.) is an important agricultural product
worldwide, which is mainly used as a fresh food or in wine,

raisins, and health products (Mnari et al., 2016; Colombo et al.,
2019). Some vineyards are located in semiarid areas accompanied
by soil salinization (Benjak et al., 2005). Grape is relatively
tolerant to salinity (Daldoul et al., 2010; Mozafari et al., 2018).
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FIGURE 4 | The phenotype (A), and fresh weight in shoot (B) and root (C), proline content (D), MDA content (E) of the WT and T-DNA mutant Arabidopsis lines
treated with 0 and 100 mM NaCl for 14 days.

Salt tolerance is correlated with salt exclusion, which limits the
transportation of Na+ from the roots to the shoots (Bernstein,
1977). Salt exclusion is an important way for grapes to resist salt
stress (Bernstein, 1980).

The root apoplastic barriers are composed of Casparian band
and suberin lamella, and they play an important role in blocking
apoplastic bypass flow of water and ions into the stele and
Na+ transport into the shoots. The root apoplastic barriers are
strengthened by stress (Krishnamurthy et al., 2011; Vishal et al.,
2019). Additionally, it has been reported that the suberin content
of salt-tolerant plant species increases in response to salt stress
(Beisson et al., 2007; Krishnamurthy et al., 2009).

In plants, the function of the SL in blocking water and ions
is mainly dependent on aliphatic domains (Bernards, 2002). The
main components of the suberin aliphatic domains are long chain
ω-hydroxy fatty acids (Gandini et al., 2006). The main function
of KCS is to catalyze acyl chain elongation for fatty acid chain
elongation (Beisson et al., 2007; Lee et al., 2009). Some studies
have shown that the expression of KCS is upregulated under salt
stress (Azachi et al., 2002).

In the present study, many genes were upregulated in
1103P and Crimson Seedless under salt stress (Supplementary
Figure 1). CYP86B1, KCS11-1, KCS11-2, KCS11-3, KCS4,
CYP86A22, and CYP86A8 are genes associated with suberin
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FIGURE 5 | Relative expression levels of genes related ion transport in
VvKCS11 transgenic Arabidopsis plants.

precursor synthesis. MYB36 and MYB39 participated in the
regulation of suberin synthesis. The transcription factor AS1
promotes gene expression. Some showed root-specific expression
trends, which may be related to formation of the root
apoplastic barriers. However, the expression patterns of these
genes were different in the two varieties. In the salt-sensitive
1103P, these genes were expressed at higher levels in the
control group and were slightly upregulated after salt stress
(Supplementary Figure 1A). In the salt-tolerant Crimson
Seedless, the expression level of the control group was very
low and extremely enhanced by the salt stress (Supplementary
Figure 1B). These results indicate that the VLCFA synthesized
by VvKCS11 may play different roles in the two grape varieties.
In 1103P, VvKCS11 had a high background expression level
under the control treatment. The VLCFA may mainly participate
in other biosynthetic or metabolic processes rather than the
formation of the SL. However, the background expression
level of VvKCS11 was much lower in Crimson Seedless. In
addition, the expression level was significantly induced by
salt stress. Salt stress was a direct inducer of VvKCS11 in
Crimson Seedless, suggesting that the VLCFA catalyzed by
KCS11 may be involved in the salt stress response, such as
participation in the formation of SL in roots. Most studies
of this gene have focused on plant development, so little is
known about its function in the salt response. In order to
reveal the role of VvKCS11 in response to salt stress, we
screened and identified heterologous OE lines of VvKCS11 in
Arabidopsis (OE2, OE3, and OE13) and a T-DNA insertion
mutant (Supplementary Figure 7).

Studying the effect of salt stress on seed germination is of great
significance (Atská, 1976). In the present study, we determined
that the GR, FW, and root length of all lines were inhibited
in the NaCl-treated groups. The degree of inhibition in the
WT was more severe than that in the OE lines but slightly
less than that of the mutant, indicating that overexpression of
VvKCS11 may increase salt tolerance. We obtained similar results

in the seedling stage experiments to those in the germination
stage. The phenotype and FW of shoots and roots in all
lines were inhibited under the 100 mM NaCl treatment. The
degree of inhibition in the WT was the highest showing that
that overexpression of VvKCS11 may help the plants increase
salt tolerance.

The increased Na+ content in plant cells during salt stress
has been well established (Rus et al., 2001). Salt stress destroys
the permeability of cell membranes. Hence, the ionic balance
of cells is destroyed (Amar et al., 2000; Tester and Davenport,
2003). Therefore, the Na+/K+ ratio is an important indicator
of the ability of plants to maintain their ion balance and salt
tolerance (Wang et al., 2020). In the present study, the Na+/K+
ratio increased in the WT and OE lines, but the increases were
much lower in the OE lines, suggesting that overexpression
VvKCS11 may lead to a stronger control of ionic homeostasis
in response to salt stress. Ions are taken up by ion channels or
transporters on the plasma membrane. Overexpression of the
VvKCS11 gene may play a role in regulating the expression of
these ion transport-related genes.

The thickened SL mat that developed after the salt treatment
and overexpression of the suberin-related gene VvKCS11
effectively blocked the water and ions entering the plant through
the apoplastic pathway. This ensures that the Na+ concentration
in the plant is maintained at a relatively lower level. However, the
SL is not selective in blocking ions, as it also blocks beneficial
ions necessary for plant growth. Thus, the genes involved in
ion transport need to be regulated to ensure the growth of the
plant. According to our results, the genes related to ion transport
changed in the OE lines.

The expression levels of AKT1 in OE3 and OE13 were higher
than that in the WT, indicating that the overexpression of
VvKCS11 induced expression of the K+ channel protein, which
increases K+ under salt stress. Calcineurin B-like proteins (CBL)
and CBL-interacting protein kinases (CIPK) have been proven
to mediate plant responses to a variety of external stressors.
Although much effort has gone into understanding the role
played by CIPKs in the response to stress, the functions of
only a few CIPKs are clear. CIPK23 maintains ion homeostasis
under salt stress (Luan, 2009). The CBL9-CIPK23 complex is
required to activate the Arabidopsis K+ transporter 1 (AKT1)
channel (Li et al., 2006; Xu et al., 2006). Although the expression
level of AKT1in OE2 was slightly lower than that in the WT,
the expression levels of CBLl9 and CIPK23 were significantly
upregulated. This indicates that overexpression of VvKCS11
could induce activation of the K+ channel protein in the OE2 line,
which would increase absorption of K+.

OE2, OE3, and OE13 showed high expression levels of
HKT1 compared with the WT indicating that overexpression
of VvKCS11 induced the expression and function of HKT1,
which may further promote unloading of Na+ from aboveground
parts and transport to underground parts, leading to relatively
lower Na+ content in the aboveground parts. In addition, the
expression levels of SOS1 in OE3 and OE13 were upregulated.
Na+ transported underground by HKT1 can be transported out
through the SOS1 Na+/H+ antiporter. The SOS1 expression level
in OE2 did not change significantly, which may be related to the
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difference in VvKCS11 expression and the insertion site among
the three lines.

Plants under stress adapt to the environment by accumulating
compatible osmolytes (Dreier, 1983; Ábrahám et al., 2003).
Proline acts as important osmolyte that accumulates in plants
under stress conditions (Rejeb et al., 2015). Additionally,
proline plays an important role stabilizing the structure of
macromolecules and regulating the cellular redox potential
(Szekely et al., 2010). Proline content increased under salt stress
in all lines and that the highest is in the OE lines. These results
showed that overexpressingVvKCS11 may increase the osmotic
adjustment rate in Arabidopsis.

NaCl stress leads to the accumulation of MDA, an end-product
of membrane peroxidation (Li et al., 2012; Wang et al., 2019).
Therefore, lower MDA content may reflect stronger resistance
to salt stress (Zahra et al., 2017). In the present study, MDA
content increased under salt stress. The MDA content was lower
in the OE lines. These findings are consistent with those of Guo
et al. and suggest that overexpression VvKCS11 may play a key
role in salt stress.

In conclusion, we demonstrated that the expression of KCS
in Crimson Seedless was activated by salt stress. Overexpression
of VvKCS11 increased the tolerance to salt stress in Arabidopsis
during the germination and seedling stages. The improved
salt tolerance was the result of the combined contributions
of multiple mechanisms, including the regulation of ion
transporters and channels, accumulation of osmoregulating
substances, and maintenance of membrane stability. This
study provides a theoretical basis to study resistance to
stress in plants.
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