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Abstract
Cysteine proteinases (thiol) carry out diverse and critical functions in plants through their ability to
hydrolyze peptide bonds in target proteins. Here, we cloned a cysteine proteinase gene designated
VaCP17 from a highly cold-resistant wild Vitis amurensis accession ‘Shuangyou’, and then its potential
function in cold resistance was investigated. The results showed that the CDS of VaCP17 is 1404 bp,
encoding 467 amino acids, the VaCP17 protein localized to the cell membrane. Expression of CP17 was
highly distinctive among different structures of ‘Shuangyou’ and the cold-sensitive Vitis vinifera cultivar
‘Red Globe’, with the highest expression in the stem of ‘Shuangyou’ and the �ower of ‘Red Globe’.
Arabidopsis plants constitutively expressing a VaCP17-GREEN FLUORESCENT PROTEIN fusion
(35S::VaCP17-GFP) showed increased survival after transient exposure to freezing (-6℃), and showed
lower electrolyte leakage and MDA content, higher soluble sugar content and SOD, POD and CAT
activities, as compared with non-transgenic Arabidopsis controls. The expression of nine cold-resistance
related genes (CBF1, CBF2, CBF3, RD29A, COR15A, KIN1, NCED3, AOC1 and JAZ10) in 35S::VaCP17-GFP
plants was increased under cold treatment at 4℃, relative to control plants. Using a yeast two-hybrid
system, we identi�ed VaNAC72, VaCAM7 and VaDi19 as potential interactors of VaCP17, and their
interactions were demonstrated by a bimolecular �uorescence complementation assay. In conclusion, we
revealed that VaCP17 can enhance cold resistance by in�uencing physiology and biochemistry and the
expression of cold resistance related genes under cold stress.

1. Introduction
Cold is one of the most important abiotic stresses limiting plant geographical distribution and crop
production (Ye et al. 2017). The damage caused by low temperature to plants can be classi�ed as cold
injury (low temperatures above 0℃) or freezing injury (temperatures below 0℃). Cold stress can
destablize the plant cell membrane, increase the accumulation of reactive oxygen species and disrupt
protein structure, all of which negatively impact photosynthesis, metabolism, and growth and
development (Chinnusamy et al. 2007; Liu et al. 2018; Yin et al. 2021).

Plants have evolved complex regulatory networks that mediate responses to cold stress to increase
survival. These include the rapid deployment of the CBF/DREB (C-repeat binding/dehydration element
binding) family of transcription factors, which recognize the C-repeat and DRE cis elements in
downstream COLD RESPONSIVE (COR) genes to modulate their expression (Shi et al. 2012). The
expression of COR genes, such as COR15A, RD29A, KIN1 and GOLS3, can improve plant tolerance to low
temperature (Knight et al. 2004; Thomashow 2010; Park et al. 2015; Guo et al. 2019). In addition, cold
stress can induce the expression of abscisic acid (ABA) and jasmonic acid (JA) biosynthetic genes,
resulting in the accumulation of ABA and JA, which also regulate genes required for cold response and
survival (Knight et al. 2004; Hu et al. 2013; Feng et al. 2016). Allene oxide cyclase (AOC) is one of the key
enzymes in jasmonic acid (JA) biosynthesis, which can affect the stereoisomerization and biological
activity of jasmonic acid molecules, and plays an important role in plant stress resistance (Sun et al.
2020). Jasmonic acid induces the degradation of JAZ protein and activates the expression of cold
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resistance-related genes, thus improving plant cold resistance (An et al. 2021). Abiotic stresses such as
cold, salt and drought usually increase the content of ABA, which in turn induces stomatal closure and
reduces transpiration rate; ABA can also regulate the expression of stress-related genes (Mulholland et al.
2003; Jiang et al. 2014; Li et al. 2019). The rate-limiting enzyme of ABA biosynthesis is 9-cis-
epoxycarotenoid dioxygenases (NCEDs). Together, these mechanisms act to enhance the stability of
cellular membranes by promoting accumulation of osmolytes such as proline, soluble sugar and soluble
protein (Ashraf and Foolad 2007).

Cysteine proteinases, also known as thiol or sulfhydryl proteinases, play various roles in plant growth and
development, including senescence and programmed cell death (PCD) (Xu et al. 2003; Paireder et al.
2016; Burke et al. 2020). Senescence can be conditioned by several factors, including water de�cit,
phytohormones, and pathogen infection (Yang et al. 2003; Munné-Bosch and Alegre 2004; Mercedes et al.
2016). Likewise, PCD can be triggered by a variety of biotic and abiotic stresses (Paireder et al. 2016;
Burke et al. 2020). Both abiotic and biotic stress can lead to damage of intracellular proteins, and
proteolysis of damaged proteins by cysteine proteinases can minize the potentially negative effects of
aberrant protein activity (García-Lorenzo et al. 2006; López-Barón et al. 2017). Abiotic stresses will
aggravate the production of reactive oxygen species (ROS), and the excessive accumulation of ROS will
lead to oxidative stress, leading to various metabolic disorders and affecting plant growth and
development (Bose et al. 2014). Cysteine proteinases are up-regulated under oxidative stress and play an
important role in maintaining cell metabolism (Usui et al. 2007). Cysteine proteinases can also regulate
the level of reactive oxygen species in cells, thus reducing oxidative damage to membranes and proteins
(Hoorn and Renier 2008).

Several studies have revealed that cysteine proteinase genes can be induced by abiotic stress (Jones and
Mullet. 1995; Zang et al. 2010; Zheng et al. 2018). For example, in Arabidopsis thaliana (Arabidopsis),
Pisum sativum, Nicotiana tabacum and Ipomoea batatas, cysteine proteinase genes are upregulated in
response to drought, salt, cold or exogenous hormones such as gibberellin, jasmonic acid and abscisic
acid (Koizumi et al. 1993; Jones and Mullet 1995; Beyene 2006; Chen et al. 2010). Zhang et al. exposed
wheat seedlings to low temperature, high temperature, salt and drought stresses, and found that wheat
TaCP3 was induced by all these conditions, especially drought (Zhang et al. 2019).

Ectopic expression of the cysteine protease SpCP3 from sweet potato in transgenic Arabidopsis
enhanced the sensitivity of the plants to drought stress (Chen et al. 2013). Heterologous expression of
Salix matsudana SmCP in Arabidopsis improved salt tolerance, and this was associated with increased
stability of cell membrane and activity of the antioxidant enzyme system (Zheng et al. 2018). Therefore,
plant cysteine proteases play a key role in the defense to abiotic stress.

Vitis amurensis (Amur grape) is native to present-day northeastern China and far-eastern Russia, and is
adapted to extremely low winter temperatures. Currently there is wide interest in exploiting genes/alleles
conferring cold tolerance in V. amurensis for cultivar improvement of domestic grapes, including the
commerically valuable Vitis vinifera. In this study, we identi�ed a cysteine proteinase gene from V.
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amurensis that is induced in response to cold. We generated transgenic Arabidopsis expressing VaCP17,
and analyzed phenotypic, physiological and biochemical indices related to cold stress response, and
evaluated expression of cold-resistance related genes. We further identi�ed proteins that could interact
with VaCP17 by yeast two-hybrid technology. Together, the results of these experiments lay the
foundation for further studies of the molecular mechanisms of VaCP17 in cold resistance of Vitis
amurensis.

2 Materials And Methods

2.1 Plant materials and treatments
Vitis amurensis acc. ‘Shuangyou’ and Vitis vinifera cv. ‘Red Globe’ were maintained in the grapevine
germplasm repository at Northwest A&F University, Yangling, Shaanxi, China. Seeds of Arabidopsis
thaliana and Nicotiana benthamiana were obtained from the State Key Laboratory of Crop Stress Biology
in Arid Areas, Northwest A&F University.

To assess freezing tolerance of Arabidopsis, plants were maintained in a controlled environment chamber
at 10℃ for 24 h, and then the temperature was changed to -6℃. To assess physiological and
biochemical indices, another set of plants were acclimated at 10℃ for 24 h and then subjected to 4℃ for
48 h. Samples were taken respectively at 0, 3, 6, 12, 24 and 48 h. Three biological replicates were included
at each time point. Samples were immediately stored at -80 ℃.

2.2 Cloning and sequence analysis of VaCP17 gene
The VaCP17 coding sequence (CDS) was cloned by PCR from cDNA derived from leaves of Vitis
amurensis acc. ‘Shuangyou’, using oligonucleotide primers VaCP17-F and VaCP17-R as designed by
Primer Premier 5.0 software (Supplementary table 1). The PCR reaction contained PrimeSTAR® (Takara)
Buffer, 200 µM dNTPs, 0.4 µM primer VaCP17-F, 0.4 µM primer VaCP17-R, 2 µL cDNA, and 1.25 units
PrimeSTAR ®HS, in a total volume of 50 µL. The reaction pro�le was 32 cycles of 98℃ for 10 s; 57℃ for
15 s, and 72℃ for 1 min 30 s, with a �nal incubation at 72°C for 10 min. Ampli�ed DNA was puri�ed and
cloned using the pMD19-T vector to generate pMD19-T-VaCP17. The VaCP17 CDS in pMD19-T-VaCP17
was subjected to Sanger sequencing on both strands to ensure that no mutations had resulted from the
PCR ampli�cation.

A draft genome annotation of Vitis amurensis was used to determine the chromosomal location of
VaCP17 (Wang et al. 2021). Homologous sequences were identi�ed from the NCBI nr (non-redundant
protein) database using BLASTP and the predicted VaCP17 amino acid sequence as a query. Multiple
sequence alignments and phylogenetic reconstructions utilized DNAMAN and MEGA7.0, respectively.

2.3 VaCP17 subcellular localization assay
The cloned VaCP17 CDS was inserted into the pCAMBIA2300 vector downstream of the 35S promoter to
generate the 35S::VaCP17-GFP expression vector. 35S::VaCP17-GFP and pCAMBIA2300 plasmid DNAs
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were introduced into Arabidopsis protoplasts by a polyethylene glycol (PEG)-mediated method (Yu et al.,
2013). The protoplasts were cultured at 22℃ under weak light for about 18 h. The localization of
VaCP17-GFP fusion protein was observed by confocal microscopy (LEICA TCS SP8, Leica, Germany).

2.4 Analysis of CP17 expression in structures of
‘Shuangyou’ and ‘Red Globe’
Young roots, stems, leaves, �owers and tendrils of ‘Shuangyou’ and ‘Red Globe’ were collected from
plants growing under natural conditions in the �eld. RNA was extracted and �rst-strand cDNA generated
using the E.Z.N.A. Plant RNA Kit from Omega Bio-tek and FastQuant RT with gDNAase from TIANGEN,
respectively. qRT-PCR analysis was performed using SYBR®Premix Ex TaqTMII (ThermoFisher) and the
QS6 real-time quantitative PCR detection system (Bio-Rad). RT-CP17-F and RT-CP17-R were used as
primers (Supplementary table 1), and VvActin (XM_002265440) was employed as the internal reference
gene.

2.5 Production and identi�cation of transgenic Arabidopsis
expressing VaCP17

2.5.1 Production of VaCP17 transgenic Arabidopsis
Agrobacterium tumefaciens strain GV3101 harboring 35S::VaCP17-GFP was used to transform
Arabidopsis plants by the �oral dip method. T1 seedlings resistant to Kan were identi�ed by germination
and growth on ½x MS medium containing 50 mg/L Kan. Homozygous lines were identi�ed by progeny
testing, and initiated from T2 plants.

2.5.2 Identi�cation of VaCP17 transgenic Arabidopsis
Genomic DNA was extracted from rosette leaves of T3 homozygous plants, and the presence of
pCAMBIA2300 sequence was determined using PCR and primers speci�c for pCAMBIA2300
(Supplementary table 1). PCR-positive plants were evaluated for VaCP17 expression using real-time
�uorescence quantitative RT-PCR and gene-speci�c primers as shown in Supplementary table 1.

To detect VaCP17 protein, total proteins were extracted from Arabidopsis leaves using the method
described by Wang et al. (2006), separated on a 10% SDS-PAGE gel and transferred to PVDF �lm using a
semi-dry transfer membrane method. Anti-GFP-tagged mouse monoclonal antibody (TransGen Biotech)
was used as the primary antibody and a HRP-labeled goat anti-mouse IgG (H+L) (TransGen Biotech) was
used as the secondary antibody.

2.6 Evaluation of tolerance of 35S:VaCP17 transgenic
Arabidopsis to cold stress

2.6.1 Phenotypic changes of transgenic plants under cold
stress
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Seeds of 35S::VaCP17-GFP lines or non-transgenic control plants were sown in an arti�cial potting
medium, and seedlings/plants were cultivated for four weeks at 22℃ under 16h-light/8h-dark
photoperiods. Subsequently plants were transferred to 10℃ for 24 h, and then -6℃ for 8 h. After the
freezing treatment, the temperature was raised at 3°C/h to 22°C, and then plants were returned to
previous conditions for 10 d prior to phenotypic observations.

2.6.2 Physiological and biochemical indices of
35S::VaCP17-GFP plants under cold stress
Leaves of 35S::VaCP17-GFP and non-transgenic control plants lines were removed after cold treatment
and used to evaluate electrolyte leakage, contents of MDA, proline and soluble sugar, and activities of
SOD, POD, and CAT, as described by Gao (2006).

2.6.3 Analysis of expression of VaCP17 and cold-resistance-related genes in 35S::VaCP17-GFP and
control plants under cold stress.

Four-week-old 35S::VaCP17-GFP and non-transgenic control plants were placed at 10℃ for 24 h, then at
4℃ for 48 h, and samples were taken at 0, 3, 6, 12, 24 and 48 h, with three biological replicates at each
time point. RNA was extracted from the samples and subjected to reverse transcription into cDNA.
AtACTIN (AT3G18780) was used as an internal reference gene. Primers used for quantitiative analysis of
expression of VaCP17 and cold resistance-related genes are shown in Supplementary table 1.

2.7 Screening and veri�cation of VaCP17-interacting
proteins

2.7.1 Veri�cation of VaCP17 self-activation
The VaCP17 CDS was cloned by PCR using primers described in Supplementary table 1 and inserted into
pGBKT7 (Supplementary table 1). The pGBKT7/VaCP17 plasmid was extracted and transferred into
yeast Y2HGold cells by the LiAc method, and tranformed cultures were spread onto SD/-Trp agar
medium. After incubating at 30℃ for 3 d, P53/pGBKT7 and Lam/pGBKT7 were co-transformed with
pGADT7-T, and cultures were spread on SD/-Trp-Leu medium as positive and negative controls,
respectively. Three isolates each for pGBKT7/VaCP17, negative and positive controls were selected and
suspended in 150 µl sterile water, then spotted onto SD/-Trp medium containing 200 ng/ml AbA and 20
mg/ml X-α-gal.

2.7.2 Identi�cation of VaCP17-interacting proteins by yeast
two-hybrid screening
A cDNA library was constructed RNA derived from leaves of a Vitis amurensis acc. ‘Shuangyou’ individual
that had been subjected to 0℃. The library was constructed in the plasmid pGADT7, and the VaCP17
CDS was cloned into the bait vector plasmid pGBKT7/VaCP17. Prey and bait vectors were co-
transformed into Y2HGold yeast cells, spread on SD/-Trp/-Leu/-Ade/-His solid medium, and positive
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clones were characterized by DNA sequencing. In order to con�rm initially observed protein interactions,
selected candidate genes were cloned independently into pGADT7 and co-transformed with the
pGBKT7/VaCAP17 bait vector into Y2HGold cells, and then spread onto SD/-Trp/-Leu solid medium. After
3 d of growth, clones were selected and veri�ed on SD/-Trp/-Leu/-Ade/-His/AbA/X-α-gal solid medium.

2.7.3 Bimolecular �uorescence complementation assay for
VaCP17-interacting proteins
The CDS sequence of VaCP17 was incorporated into the PBI221NE vector by homologous recombination
to generate PBI221NE/VaCP17, and the CDS sequence of interacting proteins were incorporated into
PBI221CE to generate PBI221CE/X, using oligonucleotide primers as listed in Supplementary table 1. The
PBI221NE/VaCP17 and PBI221CE/X plasmids were extracted and co-transformed into Arabidopsis
protoplasts by a polyethylene glycol (PEG)-mediated method (Yu et al. 2013). The protoplast suspension
was then cultured at 22℃ under weak light for about 18 h. YFP �uorescence was observed with a
confocal microscope (LEICATCS SP8, Leica, Germany), using an excitation wavelength of 514 nm and
emission wavelength of 527 nm.

2.8 Statistical analysis
Data are presented here as the mean ±standard deviation (SD) of three biological replicates. All data were
analyzed by LSD and Duncan methods of SPSS one-way ANOVA (*P<0.05; **P<0.01; ***P <0.001).

3 Results And Analysis

3.1 Cloning of VaCP17 and phylogenetic analyses
As a �rst step to assess a potential role for VaCP17 in cold tolerance, we cloned a 1404-bp, full-length
VaCP17 coding sequence (CDS) using RT-PCR and RNA from ‘Shuangyou’ leaf as template (Fig. 1a).
According to the genome of Vitis amurensis, the VaCP17 gene is located on Chromosome 18 (Fig. 1b).
The presumed VaCP17 protein contains three conserved domains: Inhibitor_I29, Peptidase_C1A and
GRAN (Fig. 1b). Homologous sequences to VaCP17 in Arabidopsis thaliana, Carica papaya, Citrus
sinensis, Durio zibethinus, Hevea brasiliensis, Juglans regia, Malus domestica, Nicotiana tabacum,
Prunus avium, Populus trichocarpa, Pistacia vera, Ziziphus jujuba were identi�ed in the NCBI nr database,
and the amino acid sequences of VaCP17 and CPs with high homology were compared. It was found that
the amino acid sequence similarity between VaCP17 and CsCP was the highest, at 80.6% (Fig. 1c).
Results of a phylogenetic analysis including the most closely homologous sequences showed that
VaCP17 was most closely related to CPs from Nicotiana tobacum and Carica papaya (Fig. 1d).

3.2 VaCP17 localises to the cell membrane
To determine the subcellular localization of VaCP17, the 35S::VaCP17-GFP construction in
pCAMBIA2300, or the non-modi�ed pCAMBIA2300 plasmid, were transformed into Arabidopsis



Page 8/22

protoplasts. The results showed that green �uorescence was observed on cell membrane, while in the
control green �uorescence was visible in the whole cell. This suggests that VaCP17 localizes to the cell
membrane.

3.3 Developmental expression of CP17 in ‘Shuangyou’ and
‘Red Globe’
We evaluated the developmental expression of CP17 in �ve structures (root, stem, leaf, �ower, and tendril)
of ‘Shuangyou’ and ‘Red Globe’ plants growing under �eld conditions. CP17 expression was detectable in
all of the structures in both genotypes. In ‘Shuangyou’, expression was highest in the stem, while in ‘Red
Globe’ expression was relatively low in the stem and highest in the �ower (Fig. 3). This �nding suggests
that the CP17 gene is regulated distinctly between the two genotypes during development.

3.4 Production and molecular identi�cation of transgenic
plants
To assess the potential effects of heterologous expression of VaCP17 in Arabidopsis, we engineered a
VaCP17 fusion with the GFP sequence under control of the strong, consistutive 35S promoter and
introduced this into Arabidopsis via Agrobacterium-mediated transformation. Ten independent T1 lines
were initially analyzed by QRTPCR, using oligonucleotide primers speci�c for the VaCP17 CDS (Fig. 4a, b),
and immunoblotting using anti-GFP antibody (Fig. 4c). Western blot analysis revealed an immunoreactive
species of the expected VaCP17-GFP molecular mass (~76 kDa) in lines OE-1, OE-3 and OE-5, and these
three lines were further evaluated (Fig. 4c). Based on these analyses, we selected three strongly
expressing T1 individuals (OE-1, OE-3 and OE-5) and established homozygous lines for further study.

3.5 Overexpression of VaCP17 confers cold resistance in
Arabidopsis
We noticed no striking difference in growth or development between 35S: VaCP17-GFP transgenic plants
and non-transgenic controls when maintained at 22℃ (Fig. 5a). However, when plants were subjected to
a freezing treatment of -6°C for 8 h, non-transgenic controls showed severe wilting, whereas
35S::VaCP17-GFP plants showed only mild wilting. After a 10-d recovery period at 22℃, almost all
control plants died, while 35S::VaCP17-GFP lines quickly resumed normal growth (Fig. 5a). This result
suggested that expression of VaCP17 signi�cantly increased the resistance of Arabidopsis to transient
freezing. Electrolyte leakage (EL) and malondialdehyde content (MDA) are two indicators of cell damage
caused by freezing. After the freezing treatment, the contents of EL and MDA in both control and
35S::VaCP17-GFP plants increased, but the increases in control plants were much greater than in the
35S::VaCP17-GFP lines (Fig. 5b, c). These results indicated that the increased freezing tolerance
presumably conferred by VaCP17 was associated with reduced cellular damage.
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Plants under cold stress can increase synthesis of proline and soluble sugar as osmolytes, enhancing
their water retention ability and cold resistance (Ashraf and Foolad 2007). As shown in Fig. 5 (d, e), both
control and 35S::VaCP17-GFP plants accumulated proline and soluble sugar during the cold treatment.
However, proline and soluble sugars both accumulated to higher levels in the 35S::VaCP17-GFP plants
relative to the controls; this difference was most striking, and highly signi�cant, for soluble sugars. In
addition, we also evaluated the activities of three antioxidase enzymes that are known to be upregulated
in plants under stress-superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT). All three
showed increased activity in the cold-treated plants; however, the increase in activities was signi�cantly
greater for the 35S::VaCP17-GFP lines (Fig. 5f-h). These results suggest that the active oxygen
scavenging system in the 35S::VaCP17-GFP plants was more active under cold stress. In summary, the
results of these physiological and biochemical experiments demonstrate that VaCP17 could confer
increased cold tolerance to Arabidopsis.

3.6 VaCP17 promotes cold resistance-related genes
expression in Arabidopsis
To further explore the mechanism by which VaCP17 promotes cold tolerance, we analyzed the relative
expression of VaCP17 and nine cold-resistance related genes (CBF1, CBF2, CBF3, RD29A, COR15A, KIN1,
NCED3, AOC1 and JAZ10) in the 35S::VaCP17-GFP and control plants at various times after plants were
moved to the cold (4℃). Among them, CBF1, CBF2 and CBF3 are early cold-response genes, while RD29A,
COR15A and KIN1 respond later to cold. AOC1 and JAZ10 are related to JA synthesis, and NCED3 is
related to ABA synthesis (Jiang et al. 2014; Sun et al. 2020; An et al. 2021). Interestingly, although
VaCP17 was expressed under control of the constitutive 35S promoter, expression of VaCP17 increased
rapidly during the cold treatment, reaching a maximum at 6 h and then declining to near-initial levels by
24 h (Fig. 6). All of the nine cold-responsive genes were also induced during the cold treatment in both
35S::VaCP17-GFP and non-transgenic control plants (Fig. 7), as anticipated. However, each gene was
expressed to signi�cantly higher levels in the representative 35S::VaCP17-GFP line tested, at least one
time point. These observations suggests that VaCP17 increased the cold resistance of Arabidopsis by
promoting cold-responsive gene expression and participating in the JA and ABA pathways.

3.7 Identi�cation of VaCP17-interacting proteins
To further our knowledge of potential mechanisms by which VaCP17 may promote cold tolerance in
grapevine, we used the yeast two-hybrid approach to identify proteins that interact with VaCP17. Yeast
colonies containing VaCP17/pGBKT7 did not grow on the SD/-Trp/AbA/X-α-gal medium and did not
develop a blue color (Fig. 8a), indicating that VaCP17 had no independent transcriptional activation
activity and could be used for subsequent cDNA library screening. Three candidate genes VaNAC72,
VaDi19 and VaCAM7 were obtained after co-transformation of bait vector plasmid VaCP17/pGBKT7 and
library plasmid constructed from the leaves of cold-treated ‘Shuangyou’. All three candidate genes were
inserted into the pGADT7 vector and co-transformed into Y2HGold yeast cells with VaCP17/pGBKT7 for
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veri�cation (Fig. 8b). These results con�rmed that VaCP17 could interact with VaNAC72, VaDi19 and
VaCAM7 in yeast cells.

3.8 VaCP17 interacts with VaNAC72, VaDi19 and VaCAM7
in vivo
We tested whether these three proteins could interact with VaCP17 in vivo using bimolecular �uorescence
complementation (BiFC). The CDS sequence of VaCP17 was inserted into the PBI221NE vector to
generate PBI221NE/VaCP17. At the same time, the CDS sequences of VaNAC72, VaDi19 and VaCAM7
were inserted into PBI221CE to generate PBI221CE/VaNAC72, PBI221CE/VaDi19 and
PBI221CE/VaCAM7. As shown in �gure 8c, YFP signal could be observed upon co-transformation of
PBI221NE/VaCP with PBI221CE/VaNAC72, PBI221CE/VaDi19 or PBI221CE/VaCAM7, while no YFP
signal was observed after co-trasnforamtion of PBI221NE/VaCP with the non-modi�ed PBI221CE
plasmid. These results supported a physical interaction of VaCP17 with VaNAC72, VaDi19 and VaCAM7
in vivo.

4 Discussion
Cysteine proteinases play important roles in plant growth and development, senescence and programmed
cell death, and it has been reported that they may participate in response to various stresses (Xu et al.
2003; Zang et al. 2010; Zheng et al. 2018). However, to date, there have been no reported studies of
cysteine proteinases in grapevines. In this study, we explored the potential position of VaCP17 in
mechanisms of cold and freezing tolerance of Vitis amurensis. Similar to cysteine proteases identi�ed in
other species, the VaCP17 protein contains three conserved domains, Inhibitor_I29, Peptidase_C1A and
GRAN, indicating that it belongs to the PapainC1A family (Drenth et al. 1968; Rawlings and Barrett 2010).
The phylogenetic tree shown in Fig. 1 indicates that VaCP17 is closely related to AtCP from Arabidopsis.
In Arabidopsis, the AtRD19A and AtRD21 genes encode cysteine proteinases included in the papain
family, and can be upregulated in response to drought or salt stress (Masahiro et al. 1993). So we
speculated that VaCP17 may be involved in response to cold stress in grape.

Interestingly, we found that VaCP17 expression in 35S::VaCP17-GFP plants increased in response to cold,
even though the gene was under control of the constitutive 35S promoter (Fig. 6). This suggests that
VaCP17 expression is promoted through post-transcriptional mechanisms in Arabidopsis. Compared with
non-transgenic control plants, the three independent Arabidopsis 35S::VaCP17-GFP lines showed better
survival after a short freezing treatment, with higher proline and soluble sugar content, higher antioxidant
activities, and lower MDA and EL (Fig. 5). In this study, the activities of three antioxidant enzymes (SOD,
POD and CAT) in three transgenic lines were signi�cantly higher than those in the non-transgenic control
plants, indicating that VaCP17 is able to recruit the antioxidant enzyme system to scavenge ROS. This
�nding is similar to the previous demonstration that heterologous expression of a cysteine proteinase
from Salix matsudana in Arabidopsis was su�cient to enhance the antioxidant enzyme system (Zheng et
al. 2018).
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Plants respond to adverse environmental conditions by modulating the expression of many stress-
responsive genes. To further explore the molecular mechanism by which VaCP17 promotes cold
tolerance, we analyzed the expression of nine cold-resistance related genes under low temperature
treatment at 4℃. In this study, the expression of CBF genes, as well as RD29A, COR15A and KIN1, were
induced to higher levels in 35S::VaCP17-GFP transgenic plants relative to non-transgenic control plants.
In addition, JA and ABA synthesis genes and signal pathway genes were signi�cantly induced in
35S::VaCP17-GFP. Therefore, we speculate that VaCP17 may be involved in responding to JA and ABA
signaling pathways and respond to cold stress by cooperating with these cold resistance related genes,
thereby signi�cantly improving the cold resistance of Arabidopsis.

To further reveal the mechanism by which VaCP17 promotes cold resistance, three proteins (VaNAC72,
VaDi19 and VaCAM7) interacting with VaCP17 were identi�ed by Y2H and BiFC (Fig. 8). NAC is one of the
largest transcription factor families in plants (Puranik et al. 2012), and individual NAC proteins are
involved in responses to various biotic and abiotic stresses (Takada et al. 2001; Mallory et al. 2004; Liu et
al. 2014). For example, transgenic rice overexpressing ONAC022 are more tolerant to drought and salt
stress (Hong et al. 2016). The strawberry FaNAC2 gene could be signi�cantly induced by cold, salt and
drought stresses, and transgenic tobacco expressing FaNAC2 showed increased resistance to cold and
salt stresses (Liang et al. 2020). Di19 proteins are a subset of the Cys2/His2 zinc �nger protein family,
which plays an important role in regulating multiple stress responses (Milla et al. 2006; Qin et al. 2014). In
Arabidopsis, AtDi19-1 and AtDi19-3 could be rapidly induced by drought stress, while AtDi19-2 and AtDi19-
4 could be induced by salt stress (Milla et al. 2006). In addition, GhDi19-1 and GhDi19-2 are involved in
plant response to salt stress and ABA signals (Li et al. 2010).

Calcium plays a key role in plant development and abiotic stress response as a second messenger (Dodd
et al. 2010; Kudla et al. 2018). Plants complete the signal transduction process by increasing the
concentration of intracellular calcium, which activates a complex intracellular defense mechanism (Yang
et al. 2003). The cold tolerance of transgenic tomato overexpressing SlCML37 was signi�cantly
improved. The conformation of SlCML37 induced by Ca2+ could interact with SlUMP1; activated SlUMP1
could affect the activity of proteasome, and regulate the degradation of target proteins, which improve
plant cold tolerance (Tang et al. 2021). Therefore, it is speculated that the interaction between VaCP17
and NAC72, Di19 and CAM7 may affect the expression of downstream genes, and then jointly regulate
the tolerance of plants to cold stress.

In conclusion, the results of this study indicate that VaCP17 can enhance the tolerance of transgenic
Arabidopsis to cold stress. However, more work is needed to clarify the underlying molecular mechanism.
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Figures

Figure 1

Cloning and sequence analysis of VaCP17 isolated from Vitis amurensis accession ‘Shuangyou’ (a)
Cloning of VaCP17 from V. amurensis acc. ‘Shuangyou’. M. DNA marker III; 1-2. Independent VaCP17
ampli�cation products. (b) Chromosomal location of VaCP17 and conserved domains within the protein.
(c) Multiple sequence alignmnet of VaCP17 with strongly homologous CPs from other plant species. (d)
Phylogenetic analysis of VaCP17 and other plant CPs. The accession numbers are as follows: AtCP,
Arabidopsis thaliana NP_568620.1; CpCP, Carica papaya XP_021903335.1; CsCP, Citrus sinensis
XP_006473275.1; DzCP, Durio zibethinus XP_022714907.1; HbCP, Hevea brasiliensis XP_021650530.1;
JrCP; Juglans regia XP_018852257.1; MdCP, Malus domestica XP_008365104.2; NtCP, Nicotiana
tabacum XP_016451793.1; PaCP, Prunus avium, XP_021820221.1; PtCP, Populus trichocarpa
XP_006374886.1; PvCP, Pistacia vera XP_031259300.1; ZjCP, Ziziphus jujuba XP_015884332.1.
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Figure 2

Subcellular localization of VaCP17 35S::VaCP17-GFP was transformed into Arabidopsis protoplasts by a
PEG mediated method. Cells were observed using �uorescent microscopy. Bars, 20 μm.
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Figure 3

Developmental expression patterns of CP17 in ‘Shuangyou’ and ‘Red Globe’ SY. ‘Shuangyou’; RG. ‘Red
Globe’.
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Figure 4

Identi�cation and analysis of 35S::VaCP17-GFP Arabidopsis (a) qRT-PCR analysis of VaCP17 expression
in ten independent 35S::VaCP17-GFP Arabidopsis lines. M. DNA Marker ; 1-10, 35S::VaCP17-GFP lines;
11-12, positive plasmid control; 13. Negative control. (b) Quanti�cation of qRT-PCR analysis for lines OE-
1, OE-3, and OE-5. Non-transgenic Arabidopsis was used as a negative control. (c) Western blot analysis
of VaCP17-GFP protein expression in lines OE-1, OE-3, and OE-5. WT, non-transgenic control. The
predicted molecular mass for VaCP17 is 51.42 kDa, while that for GFP protein is 25 kDa, so the total
expected molecular mass of VaCP17-GFP protein is 76.42 kDa.

Figure 5

Heterologous expression of VaCP17 in Arabidopsis enhances cold resistance. (a) Plants of non-
transgenic control (WT) and 35S::VaCP17-GFP lines (OE-1, OE-3 and OE-5) before and after a chilling
treatment, and after recovery at 25℃. (b) Electrolyte leakage and (c) malondialdehyde (MDA) content. (d)
Proline content and (e) soluble sugar content. (f-h) Activities of SOD, POD and CAT, respectively. Data are
the mean (±SD) of three biological replicates. Signi�cance was analyzed with SPSS using the LSD and
Duncan methods of one-way ANOVA (*P<0.05; **P<0.01, ***P<0.001)
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Figure 6

The relative expression level of VaCP17 in 35S::VaCP17-GFP and control Arabidopsis under cold stress
OE-VaCP17. transgenic Arabidopsis thaliana line OE-3; WT, non-transgenic control Arabidopsis. Data are
the mean (±SD) of three biological replicates. Signi�cance was analyzed with SPSS using the LSD and
Duncan methods of one-way ANOVA (*P<0.05; **P<0.01, ***P<0.001).
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Figure 7

Relative expression levels of cold resistance-related genes in 35S::VaCP17-GFP and control Arabidopsis
under cold stress OE-VaCP17. transgenic Arabidopsis thaliana line OE-3; WT. non-transgenic control
Arabidopsis. Data are the mean (±SD) of three biological replicates. Signi�cance was analyzed with
SPSS using the LSD and Duncan methods of one-way ANOVA (*P<0.05; **P<0.01, ***P<0.001).
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Figure 8

Con�rmation of VaCP17-interacting proteins (a) Transcriptional activation analysis of VaCP17 in yeast.
p53/pGBKT7 and Lam/pGBKT7 were co-transformed with pGADT7-T as positive and negative controls,
respectively. The recombinant vector VaCP17/pGBKT7, positive control and negative control were placed
on SD/-Trp and SD/-Trp/AbA/X-α-gal solid medium and cultured at 28°C for 3 d. (b) Y2H assay of the
interaction between VaCP17 and VaNAC72, VaDi19, or VaCAM7. VaCP17/pGBKT7 and X/pGADT7 were
cultured on solid medium SD/-Trp/-Leu and SD/-Trp/-Leu/-Ade/-His/AbA/X-α-gal for 2~4 d. The empty
pGADT7 vector co-transformed with VaCP17/pGBKT7 was used as a control. p53/pGBKT7 and
Lam/pGBKT7 were co-transformed with pGADT7-T as positive and negative controls, respectively. (c)
BiFC assay to test the interaction between VaCP17 and VaNAC72, VaDi19, or VaCAM7 in vivo. Plasmids
were co-transformed into Arabidopsis protoplasts and cultured at 22℃ under weak light for about 18 h,
and YFP signal was observed under a confocal microscope. PBI221NE/VaCP17 was co-transformed with
PBI221CE/X as test group. Empty PBI221CE was co-transformed with PBI221NE/VaCP17 as a control.
Bars, 20 μm.
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