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Chiling stress can cause cellular DNA damage, affecting the faithful transmission of
genetic information. Cold acclimation enhances chilling tolerance, but it is not clear that
the process of cold adaption involves DNA damage responses, as cold acclimation does
not form real chilling stress. Here we showed with cucumber fruit that pre-storage cold
acclimation (PsCA) reduces chilling injury and upregulates DNA damage inducible
protein1 (CsDDI7), suggesting that the chilling tolerance induced by cold acclimation
involves CsDDI1 transcription. Application of nitric oxide (NO), abscisic acid (ABA) or H,O»
biosynthesis inhibitor before PsCA treatment downregulates CsDDI/7 and aggravates
chilling injury, while H,O, generation inhibition plus exogenous NO or ABA application
before PsCA treatment restores chilling tolerance, but does not restore CsDDI1
expression, suggesting H>O, plays a crucial role in triggering cold adaption. CsDDI1
overexpression Arabidopsis lines show faster growth, stronger chilling tolerance, lower
reactive oxygen species levels, enhanced catalase and superoxide dismutase activities
and higher expression of nine other Arabidopsis defense genes under chilling stress,
suggesting CsDDI1 strengthens defenses against chilling stress by enhancing antioxidant
defense system. Taken together, CsDDI7 positively regulates chilling tolerance induced by
cold acclimation in cucumber. In addition, H,Os is involved in initiation of cold acclimation.
While CsDDI7 upregulation requires H,O, as a key signaling molecule, the upregulation of
CsDDI1 activates an antioxidant system to reduce biotoxic accumulation of H,O, and
helps in DNA repair.

Keywords: DNA damage response, cold acclimation, chilling tolerance, H,0,, cucumber fruit

INTRODUCTION

Plants have evolved the ability to cope with various environmental stresses to ensure survival and
proliferation, including solar UV and ionizing radiation, chemical mutagens, heavy metals,
droughts, heat, pathogenic attacks, and chilling. Although different environmental stresses may
cause different disorders or symptoms in plants, they can all cause cellular DNA damage (Durrant
et al., 2007; Gichner et al., 2008; Ciccia and Elledge, 2010; Achary et al., 2012; Cvjetko et al., 2014;
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Roy, 2014; Daghino et al., 2016; Ding et al., 2016; Maric et al,,
2017; Shim et al., 2018). DNA damage may result in changes to
both the chemical and physical structures of DNA, which can
seriously threaten the survival and the faithful transmission of
genetic information in plants (Zhang et al., 2015a; Ding et al.,
2016). For example, chilling stress leads to DNA damage in root
stem cells and their early descendants in Arabidopsis (Hong
et al., 2017).

The organisms may initiate responses to defend itself against
DNA damage. DNA damage-inducible (DDI) proteins are
usually related to plant defense responses and play important
roles in DNA repair pathways (Maric et al., 2017). Arabidopsis
DNA damage-inducible protein 1 (AtDDI1) participates in plant
defense responses against abiotic stresses such as drought and
salt by regulating the expression of defense genes (Ding
et al., 2016).

DNA damage binding (DDB) proteins are involved in
damage recognition in global genomic repair (GGR), a sub-
pathway of nucleotide excision repair (NER) (Shuck et al., 2008).
DDB may function to alter chromatin structure and recruit NER
factors to DNA damage sites (Gillet and Scharer, 2006). AtDDB1
is involved in DNA damage protection; overexpression of
DDBIA and DDB2 increases UV resistance, while ddbla
knockout and AtDDB2 loss of function lead to increased UV
sensitivity (Al Khateeb and Schroeder, 2009; Biedermann and
Hellmann, 2010).

DNA-damage repair/tolerance (DDR or DRT) proteins are
members of the RecA protein family and are involved in RecA-
mediated homologous recombination (HR), which may play a
role specifically in the repair/reduction of abasic sites and DNA
single-strand breaks in plants (Pang et al., 1992; Fujimori et al.,
2014). V¥DRT100-L overexpressing plants remain noticeably
healthier under lethal UV radiation, suggesting that
VVvDRT100-L may enhance plants’ tolerance against UV
(Fujimori et al., 2014).

One of the most challenging environmental stresses that a
plant faces is chilling during its development. Fruits, in
particular, either as reproductive organs (Valenzuela et al,
2017) or as commercial products (Wang et al, 2018a) are
susceptible to chilling injury because of the large water content
in their tissues. Therefore, chilling injury, which is usually caused
by suboptimal non-freezing low temperature, is one of the
leading factors that affects fruit quality and seed development.

The occurrence of chilling injury is often concomitant with
the production of reactive oxygen species (ROS) (Asada, 2006;
Zhang et al., 2016a). If the generated ROS are not scavenged in a
timely manner, they may cause DNA damage and are one of the
primary causes of DNA decay in plants (Roldan-Arjona and
Ariza, 2009). On the other hand, ROS have been established as
signal molecules in plant defense responses against abiotic
stresses (Baxter et al., 2014; Lamotte et al., 2015; Farnese et al.,
2016). H,O, is the only stable ROS species in solution and can
diffuse across cell membranes, making H,O, a fit signaling
molecule (Farnese et al., 2016).

Plants have evolved the ability to acquire chilling and freezing
tolerance after being exposed to low non-freezing temperatures

(Park et al.,, 2015; Jiang et al., 2017), a process referred to as cold
acclimation (Thomashow, 1999). ROS, nitric oxide (NO) and
abscisic acid (ABA) are essential for plant cold acclimation
(Gusta et al., 2005; Shapiro, 2005; Zhao et al,, 2009; Zhou
et al.,, 2012; Yu et al.,, 2014). The elevated ROS concentrations
result in the activation of nitrate reductase (NR) (Lin et al., 2012;
Sewelam et al., 2016). The increased NR-mediated NO
production in turn regulates NADPH oxidase activity and
antioxidant systems, resulting in reduced H,0, accumulation
(Yun et al,, 2011; Grof3 et al., 2013; Sevilla et al., 2015; Begara-
Morales et al., 2016). ABA induces production of H,O, and NO,
which in turn induce the transcription/translation and activity of
antioxidant enzymes (Zhou et al., 2005; Zhang and Wang, 2009).
NO and ROS interact each other to regulate ABA biosynthesis
and then to modulate stomatal closure (Sewelam et al., 2016).
These suggest a subtle interaction among ROS, NO and ABA in
the regulation of the defense responses of plants. However, it is
unclear whether and how these three signal molecules are
involved in the regulation of CsDDII in response to cold stress.

We previously demonstrated that cold acclimation enhances
chilling tolerance in cucumber fruit through the activation of
antioxidant systems (Wang and Zhu, 2017; Wang et al., 2018b).
Using proteomic analysis, we demonstrated that cold
acclimation significantly increased CsDDII1 accumulation in
cucumber (Wang et al., 2018a). However, it is not clear
whether CsDDI1 plays a role in initiating cold acclimation. In
the current study, we used physiological, biochemical and genetic
approaches to show that cold acclimation significantly
upregulates CsDDI1 expression in a H,O,-mediated manner,
which in turn upregulates a CsDDIl-activated antioxidant
system to reduce biotoxic accumulation of H,O, and to
alleviate chilling injury.

MATERIALS AND METHODS

Plant Materials and Treatment

Cucumber (Cucumis sativus L. cv Huaqing) fruit harvested at
commercial maturity from a farm in Yinan County, Shandong
Province, China, were transported to the laboratory within 24 h
of harvest. All fruit were selected for uniform size and were free
of blemishes, without mechanical damage and disease symptoms.
During the years 2013 through 2017, three experiments were
conducted, each repeated at least two times. The results
presented here were from one set of experiments.

The first experiment was conducted to investigate the effects
of pre-storage cold acclimation (PsCA) on chilling tolerance in
relation to expression of DNA damage related genes. There were
two treatments in this experiment: storage at 5°C (Control) and
incubation at 10°C for 3 d followed by storage at 5°C (PsCA).

The second experiment was conducted to investigate the roles
of endogenous abscissic acid (ABA) or nitric oxide (NO) in
PsCA-induced tolerance and whether CsDDII1 expression is
regulated by endogenous NO and ABA. In this experiment,
there were four treatments: Control, PsCA, TS (tungstate, ABA
biosynthesis inhibitor)+PsCA, and L-NAME(L-nitro-arginine
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methyl ester, NO biosynthesis inhibitor)+PsCA. For the
application of the combination treatments, the fruit were first
sprayed with TS or L-NAME and then were air-dried at ambient
temperature for 3 h before exposure to cold acclimation at 10°C.

The third experiment was conducted to unravel the
relationships among H,0,, NO and ABA. In this experiment,
there were five treatments: Control, PsCA, DPI (diphenylene
iodonium, a NADPH oxidase inhibitor)+PsCA, DPI+ABA
+PsCA, DPI+SNP (sodium nitroprusside, nitric oxide donor)
+PsCA. For application of the combination treatments, the fruit
were first sprayed with DPI, incubated in plastic bags for 3 h, and
then air-dried at ambient temperature before the next treatment
was applied. After the application of all reagents, the fruit were
then cold acclimated at 10°C for 3 d.

Concentrations of chemicals used in the above experiments
were as follows: TS at 50 uM, L-NAME 100 uM, ABA 100 uM,
SNP 10 uM, DPI 10 uM (Zhang et al., 2015b; Liu et al., 2016).
The solutions were applied in a fine mist until runoff to 90 fruit
per treatment.

Each treatment was replicated three times, each time with 90
fruit. Following treatment, fruit were wrapped with perforated
polyethylene film in the dark at 95% RH for 12 d of cold storage.
Peel tissues from 3 fruit for each treatment were collected at 0 h
(or 0 d, untreated), 3h, 6 h, 12 h, 24 h, 48 h, 72 h (3 d) and every
2 days afterward. The peel tissues from each sample were then
pooled and ground to powder in liquid nitrogen and stored at
—80°C. Of the 90 fruit, 30 fruit of each treatment were labeled for
observation of chilling injury severity and the rest for sampling.

Evaluation of Chilling Injury, Secondary
Disease, and Electrolyte Leakage

Chilling injury and secondary disease symptoms of the fruit
surface were evaluated for 30 fruit for each replicate using a
subjective scale of visual symptoms described previously (Liu
et al,, 2016). Chilling injury development was observed during
storage at 5°C and secondary disease development was observed
at ambient temperature (20°C) following 12 d of cold storage.
Chilling injury or secondary disease severity scores range from 0
to 4, where 0 represents no pitting (chilling injury) or decay
(secondary disease), 1 represents very slight pitting or decay
(25% or less), 2 represents minor pitting or decay (25-50%), 3
represents medium pitting or decay (50-75%) and 4 represents
severe pitting or decay (>75%). Chilling injury indices (CII) or
secondary disease indices (SDI) were calculated using the
following formula: Y[pitting or decay scales (0-4) x number of
corresponding fruit within each category]/total number of
fruit evaluated.

Electrolyte leakage (EL) was measured as previously described
(Liu et al, 2016). Briefly, the exocarp of cucumber fruit was
separated with a vegetable peeler and 20 discs of cucumber peel
tissue or Arabidopsis leaf were excised with a stainless steel cork
borer (5 mm in diameter). The excised samples were rinsed three
times with double distilled water before being incubated for 2 h
at room temperature (25°C) in 25 ml of double distilled water.
After 2 h of incubation, conductivity was measured using a
conductance bridge (DDS-307, Leici Electron Instrument

Factory, Shanghai). Total conductivity was determined after
boiling the flasks for 30 min and cooling to room temperature.
The EL was expressed as percentage of total conductivity.

Analysis of Chlorophyll Fluorescence
Recently, maximal quantum yield of PSII (Fv/Fm) has been
widely used to reflect chilling severity in harvested vegetables
(Wang and Zhu, 2017; Fan et al., 2018; Tan et al., 2018). In the
current study, Fv/Fm was measured using an imaging pulse
amplitude modulated fluorometer (IMAG-K7, Walz, Germany)
(Wang et al., 2018b). Arabidopsis plants were dark-adapted for
30 min to ensure sufficient opening of the reaction center before
measurement. Minimal fluorescence (Fo) was measured during
the weak measuring pulses and maximal fluorescence (Fm) was
measured by a 0.8-s pulse light, and images for chlorophyll
fluorescence were taken at the same time. Fv/Fm was calculated
using the equation: Fv/Fm = (Fm — Fo)/Fm.

RNA Extraction and Gene

Expression Analysis

Total RNA from cucumber peels or Arabidopsis plants were
extracted using Trizol reagent (Invitrogen, USA) according to
the manufacturer’s instructions (Zhang et al., 2016b). The
concentration and quality of total RNA was determined by
spectrophotometry and visualized using 1.1% agarose gel.
Genomic DNA was digested by RNase-free DNasel (Promega,
USA) and the RNA remaining in the sample was then used to
synthesize first-strand complementary DNA (cDNA). The
cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-
Rad, USA) following the manufacturer’s instructions (Liu
et al., 2016).

Quantitative real time PCR (qRT-PCR) was carried out using
the SYBR Green PCR Master Mix (Bio-Rad, USA) as described
previously (Wang and Zhu, 2017). The PCR reactions were
performed by initial denaturation at 95°C for 15 min, followed
by 40 cycles of 95°C for 15 s, 60°C for 20 s and 72°C for 30 s,
using CFX96-Optics Module Real-Time PCR apparatus (Bio-
Rad, USA). Expression values were normalized using cucumber
Actin (CsActin, accession no. AB698859) or Arabidopsis Actin
(AtActin, AGI code: AT3G12110). The relative expression levels
of target genes were calculated using the formula (2" ALY after
normalization (Livak and Schmittgen, 2001). The specific
primers (Table S1) were designed according to cDNA
sequences using the Primer-BLAST tool of NCBI (National
Center for Biotechnology Information) database.

Isolation and Bioinformatics Analysis

of CsDDI1

The Open Reading Frame (ORF) of CsDDII was obtained from the
Cucumber Genomic database (http://cucurbitgenomics.org/).
cDNA from cucumber fruit peels was used as template for
amplifying the full length of CsDDII. The specific primers
(forward, F1; reverse, F2) used for PCR amplification are listed in
Table S1. Conditions for PCR amplification were as follows: 35
cycles of 94°C for 0.5 min, 60°C for 0.5 min and 72°C for 1 min, then
a final step of 72°C for 10 min.
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Gene sequence data was analyzed using the programs
provided by BLASTN on the NCBI BLAST server (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). Molecular weight (MW) and
isoelectric point (pI) of CsDDI1 were obtained using the
ExPASy program (http://www.expasy.org/tools). Multiple
alignments of amino acid sequences were analyzed using
CLUSTALX (version 2.0) and mapped with the program
DNAMAN (version 6.0). A phylogenetic tree of DDI1 from
five plant species was constructed using the Neighbor-Joining
(NJ) method in the MEGA5 program.

Subcellular Localization of CsDDI1 Protein
The full-length CDS without the stop codon of CsDDII was
amplified by RT-PCR and was ligated into the C terminus of the
green fluorescent protein (GFP) of a transient expression vector
(pCAMBIA2300-GFP) between Kpn I and Spe I sites, driven by a
cauliflower mosaic virus (CaMV) 35S promoter. The specific
primers (F3 and F4) are listed in Table S1. The fusion constructs
and control vector were electroporated into Agrobacterium
tumefaciens strain GV3101 using Gene PulserXcellTM
Electroporation Systems (Bio-Rad, USA) and then transformed
into tobacco (Nicotiana benthamiana) leaf using the infiltration
method. GFP fluorescence in tobacco leaf was observed 48 h after
transfection using a fluorescence microscope (Zeiss Axioskop 2
Plus) (Wang et al., 2018a).

Over-expression of CsDDI1 in Arabidopsis
To generate 35S::;pCAMBIA 2300-CsDDI1 transgenic Arabidopsis
plants, the coding sequence was subcloned into pCAMBIA 2300
between the Kpn I and Spe I sites using T4 ligase, fused with 35S
CaMV promoter. The construct pCAMBIA 2300-CsDDI1 was
then electroporated into GV3101 and transformed into
Arabidopsis using the floral dip method (Zhang et al., 2006).
The seeds were harvested and then sown onto MS selection
medium containing kanamycin (50 pg/ml) for identification of
the transgenic plants using the method as described previously
(Zhang et al., 2016b). Two independent 35S::CsDDII
overexpression lines were obtained. Plants were grown in
growth chambers with a photoperiod of 16 h (13,000 1x)/8 h,
the light/dark cycle at temperatures of 23/16°C. DNA and total
RNA extracted from the kanamycin-resistant transformants of
T1, T2 and T3 plants were used as templates to perform PCR
using CsDDI1 gene specific primers (F1 and F2, see Table S1).
All PCR products were visualized on a 1.1% agarose gel
containing 0.05%o (v/v) gold view (Bio-Rad, USA). T3
homozygous seedlings of two transgenic lines were used
for analysis.

Phenotype Analysis of Transgenic
Arabidopsis Plants

Phenotype analysis was performed as we described previously
(Zhang et al., 2016b). Germination assays were carried out on
three replicates of 50 seeds. Seeds were sterilized with 75% (v/v)
ethanol solution for 1 min and with 2% (v/v) chlorine solution

for 10 min, and then rinsed four to five times in sterile distilled
water. The sterilized seeds were then sown on MS medium, and
the plates were incubated at 4°C for 2 d in the dark before
germination and were subsequently grown in a growth chamber
at 23°C with 16/8 h light/dark photoperiod. Germination rates
were scored at times with one day intervals within 10 d of
incubation. Fifteen d-old seedlings grown on MS medium were
used to determine root length, hypocotyl length and seedling
height. Twenty-eight d-old plants were used to measure rosette
leaf number. Flowering required time was recorded from 10
plants from each line when the inflorescence grew to 1 cm.
Twenty-two d-old plants were used to determine leaf growth
rates during a one week period when plants were incubated
under normal (23°C) or chilling (0°C) temperature
growth conditions.

Chilling Tolerance Test of Transgenic
Arabidopsis Plants

To determine chilling tolerance of the transgenic plants, a cold
treatment assay was performed as described previously (Wang
et al.,, 2018b). Twenty-two d-old Arabidopsis plants from WT
and transgenic plants were used to test chilling tolerance. Plants
were subjected to chilling stress for 6 days at 0°C with 16/8 h
light/dark photoperiod. Fv/Fm and EL were measured at one day
intervals during chilling condition. The cold treatment
experiment was performed in triplicate.

Determination of ROS Accumulation and
antioxidant enzyme activities

ROS accumulations and antioxidant enzyme activities in
Arabidopsis plants were measured following the method
described previously (Wang et al.,, 2018b). The excised
Arabidopsis leaves were incubated in a 1 mg/ml nitro blue
tetrazolium (NBT) solution (pH 3.8) or in a 1 mg/ml
diaminobenzidine (DAB) solution (Sigma, Germany) for 8 h in
the dark to determine the localization of hydrogen peroxide
(H,0,) and superoxide radicals (O,""), respectively. H,0,
concentration was assayed by monitoring the absorbance of
the titanium-peroxide complex at 415 nm and the nitrite
formation from hydroxylamine in the presence of O," at 530
nm. The determined H,O, and O,"~ concentrations were
expressed on fresh weight basis as pumol/g FW. Superoxide
dismutase (SOD) activity was assayed by measuring the
reduction of nitroblue tetrazolium chloride (NBT) at 560 nm.
Catalase (CAT) activity was assayed by measuring the initial rate
of H,O, decomposition at 240 nm in a reaction with 10 mM
H,0,. SOD and CAT activities were calculated and expressed on
fresh weight basis as U/g FW. The experiments were performed
in triplicate.

Statistical Analysis

The experiments were completely randomized designs. All data
are presented as the means * standard error ( = SE) of at least
three replicates. Statistical analyses of two groups were
performed by student’s t-test and significant differences were
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indicated by “**”(P <0.01) or “*” (P <0.05), while statistical
comparisons between more than three groups were performed
by one-way analysis of variance (ANOVA) and significant
differences (P < 0.05) were indicated by different letters
above bars.

RESULTS

Expression of CsDDI1, DDR1, and DDB1
Genes in Response to Cold Acclimation

We investigated expression patterns during pre-storage cold
acclimation (PsCA) treatment and cold storage for DDII,
DDRI1 and DDBI, which are all involved in DNA repair
responses (Al Khateeb and Schroeder, 2009; Fujimori et al,
2014; Maric et al., 2017). In fruit exposed to cold stress from
the very beginning (the control), CsDDII expression remained
almost unchanged until 6 d, while that of the PsCA-treated
cucumber significantly increased following 3 d of cold
acclimation and kept increasing even after the fruit were
placed in chilling stress condition (Figure 1A). As for CsDDR1
and CsDDBI, they did not show obvious increased expression in
fruit exposed to the control treatment, but were highly up-
regulated following 3 d of PsCA treatment. However, the
expression decreased dramatically when the fruit were
removed to cold stress (Figures 1B, C). These results suggest
that PsCA triggered a kind of long-term expression for CsDDI1
in cold stress, but not for CsDDRI and CsDDBI. Therefore,
further experiments were conducted to address the role of
CsDDII in chilling tolerance.

Biosynthesis of Both ABA and NO are
Involved in Cold Acclimation

Cold acclimation induces endogenous ABA and NO
accumulation, which are positively related to chilling tolerance
in Arabidopsis plants (Cuevas et al., 2008; Zhao et al., 2009). To

investigate whether endogenous NO and ABA accumulation is
necessary for chilling tolerance induced by cold acclimation, TS
(tungstate, an ABA biosynthesis inhibitor) and L-NAME (L-
nitro-arginine methyl ester, a nitric oxide biosynthesis inhibitor)
were applied to cucumber fruit before exposure to cold
acclimation. Compared with the control treatment, pre-storage
cold acclimation (PsCA) significantly reduced chilling injury
index (CII), electrolyte leakage (EL) and secondary disease
index (SDI) (Figures 2A-C), suggesting PsCA enhances strong
chilling tolerance in cucumber fruit. However, the application of
TS or L-NAME significantly aggravated chilling injury, as was
reflected by increased CII, EL and SDI relative to PsCA treatment
(Figures 2A-C). This strongly indicates that PsCA-induced
chilling tolerance involves biosynthesis of endogenous ABA
and NO.

Measuring the expression levels of CsDDII after these four
treatments confirmed that CsDDII is expressed at significantly
higher levels after PsCA than the control treatment, in agreement
with the results in Figure 1A. However, compared with PsCA
treatment, application of L-NAME or TS before cold acclimation
reduced CsDDII expression for up to 9 d of exposure to cold
stress (Figure 2D), suggesting that ABA and NO are involved
regulating expression of CsDDII.

H,0, Plays Crucial Roles in Initiating

Cold Acclimation

H,0, is considered a central signaling molecule in plant
responses to biotic and abiotic stresses (Yoshioka et al., 2003;
Xia et al, 2009). As H,0, generated by NADPH oxidase is
involved rapid systemic signaling associated with responses to
abiotic stresses (Miller et al., 2009; Ben Rejeb et al., 2015), to
check the role of endogenous H,O, generated at the early stage of
cold acclimation, DPI (diphenylene iodonium), an NADPH
oxidase inhibitor (Cross and Jones, 1986), was applied before
cold acclimation. CII, EL, and SDI of DPI+PsCA treatment were
not obviously lower than those of the control, but significantly

A B C
£ 10 4 4
2 —#— Control CsDDII CsDDRI/DDTI CsDDBI
o 8
5 —o0—PsCA 3
4 ook
v 6
z B
b 4
o)
) 1
0 0
0 3 6 9 12 0 6 9 12 0 3 6 9 12
Time of cold storage (d)
FIGURE 1 | Effects of pre-storage cold acclimation (PsCA) on relative expression of three DNA damage- or repair-related genes in cold-stored cucumber.
(A), relative expression of CsDDI7; (B), relative expression of CsDDR1/DDTT1; (C), relative expression of CsDDB1. Fruit were either directly placed at 5°C (Control) or
were first incubated at 10°C for 3 d and then stored at 5°C (PsCA). The relative expression was evaluated by quantitative real-time PCR (qRT-PCR) using gene-
specific primers (Table S1) and the expression data were all normalized to 100% (1.0) at O d of the control. Significant differences between the control and PsCA are
indicated by “**”(P < 0.01) or “*” (P < 0.05). Data are presented as means =+ standard errors ( + SE) (n = 3).
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FIGURE 2 | Continued

higher than those of PsCA treatment alone (Figures 3A-C),
suggesting that endogenous H,0O, generation is required for
initiation of cold acclimation. Measuring the expression levels
of CsDDII again confirmed that PsCA enhances expression of
CsDDI1 (Figure 3D). Furthermore, it showed that H,0,

FIGURE 2 | Effects of L-NAME and TS on chilling tolerance and CsDDI1
expression as affected by PsCA in cold-stored cucumber. For the control
treatment, fruit were directly placed at 5°C. For PsCA treatment, fruit were first
incubated at 10°C for 3 d and then stored at 5°C. For the application of the
combination treatments, the fruit were first sprayed with TS at 50 uM or
L-NAME at 100 uM and then air-dried at ambient temperature for 3 h before
exposure to cold acclimation at 10°C for 3d. Following cold acclimation, the
fruit were then placed 5°C for 12 d. Chilling injury indices (ClI) (A) and
electrolyte leakage (EL) (B) were evaluated after storage at 5°C for 12 d.
Secondary disease indices (SDI) (C) were evaluated after the cucumbers were
transferred to 20°C following 12 d of storage at 5°C. The relative expression of
CsDDI1 (D) was evaluated by quantitative real-time PCR (qRT-PCR) using
specific primers (Table S$1) and the expression data were all normalized to
100% (1.0) at O d of the control. L-NAME, L-nitro-arginine methyl ester, nitric
oxide biosynthesis inhibitor, TS, tungstate, ABA biosynthesis inhibitor.
Significant differences between the control and treatments are indicated by
different letters above each bar (P < 0.05). Data are presented as means +
standard errors (+ SE) (n = 3).

biosynthesis inhibition before cold acclimation (DPI+PsCA)
significantly reduced expression of CsDDII on 3 d, 6 d and 9
d, suggesting that H,O, is involved in cold acclimation.

To further confirm the involvement of H,O, in PsCA-
induced defense against chilling stresses, we analyzed the
expression of six more defense genes related to chilling
resistance: ASRI, GSH-Px, Prd-2B, SOD(Cu-Zn), L-APX6 and
POD (Yoshimura et al., 2004; Xia et al., 2017; Wang et al., 2018a).
The results showed DPI application before cold acclimation
strongly downregulated all the six genes compared to PsCA
treatment alone (Figure S6). These results suggest that H,O, is
necessary during the process of cold acclimation.

To investigate the relationship between H,O,, ABA and NO,
exogenous ABA or NO was applied following inhibition
of endogenous H,0, by DPI. Either ABA or SNP were
capable of restoring chilling tolerance compromised by DPI
(Figures 3A-C). However, CsDDII gene expression was not
restored by either compound (Figure 3D). In other words, when
endogenous H,0O, is inadequate, neither ABA nor NO is
sufficient to upregulate CsDDII gene. This implies that H,O,
plays a crucial role in regulating CsDDII expression and that the
role of ABA and NO in regulating CsDDII expression and cold
acclimation was independent of H,0,, or the function of
CsDDII1 might be complemented by other family members of
DDI proteins that could be regulated by ABA or NO.

It is noted that TS+PsCA and L-NAME+PsCA treatments in
Figure 2 and DPI+PsCA in Figure 3 had lower chilling tolerance
but higher CsDDII gene expression than PsCA treatment on
12 d. This raises the question about whether upregulation of
CsDDII gene during cold acclimation and early during cold
stress really contributes to chilling tolerance. To address this
question, full-length cDNA of CsDDII was isolated and used to
generate Arabidopsis lines overexpressing CsDDII.

Bioinformatics Analysis and Localization
of CsDDI1

Plant DNA damage inducible genes play a critical role in defense
responses in a number of different plants. However, few DDII
genes have so far been identified in plants. To clone the CsDDI1
gene from cucumber fruit, the coding sequence of CsDDII was
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FIGURE 3 | Continued

obtained from Cucumber Genomic database. The full length
c¢DNA of CsDDII contained an ORF of 1,224 bps coding for 15
exons separated by 14 introns (Figure S1A), as validated by PCR
amplification and sequencing. The predicted ORF encodes a

FIGURE 3 | Regulation of endogenous H,O,, NO and ABA on chilling
tolerance and CsDDI1 expression of cold-stored cucumbers. For the control
treatment, fruit were directly placed at 5°C. For PsCA treatment, fruit were first
incubated at 10°C for 3 d and then stored at 5°C. For the application of the
combination treatments, the fruit were first sprayed with DPI, incubated in
plastic bags for 3 h, air-dried at ambient temperature before ABA (at 100 uM)
or SNP (at 10 uM) was applied. After all reagents were sprayed, then the fruit
were cold acclimated at 10°C for 3 d before being finally placed at 5°C for

12 d. Chilling injury indices (Cll) (A) and electrolyte leakage (EL) (B) were
evaluated after storage at 5°C for 12 d. Secondary disease indices (SDI) (C)
were evaluated after the cucumbers were transferred to 20°C following 12 d of
storage at 5°C. The relative expression of CsDDI1 (D) was evaluated by
quantitative real-time PCR (qRT-PCR) using specific primers (Table S$1) and
the expression data were all normalized to 100% (1.0) at O d of the control.
DPI, diphenylene iodonium, NADPH oxidase inhibitor; SNP, sodium
nitroprusside, nitric oxide (NO) donor. Significant differences between the
control and treatments are indicated by letters above each bar (P < 0.05). Data
are presented as means + standard errors (= SE) (n = 3).

protein of 407 amino acid residues (Figure S1B) with an
estimated MW of 44.76 kDa and a pI of 4.92 according to the
computed pI/MW program. Multiple alignments of CsDDI1 and
DDI1 proteins from five other plants including melon,
Arabidopsis, rice, tomato and tobacco show shared sequence
identities between 34.3% and 99.3% (Table S2) with Cucumber
CsDDI1. CsDDI1 contains three conserved domains, UBQ (1-70
aa, ubiquitin homologues), RVP (181-304 aa, RP_DDI:
retropepsin-like domain of DNA damage inducible protein)
and UBA (369-405 aa, UBA/TS-N domain) (Figure S1 and
Figure 4), the typical domains of DDII proteins in living
organisms (Nowicka et al., 2015).

A phylogenetic tree was reconstructed using the deduced
amino acid sequence of CsDDII and five other plant DDI1
proteins, revealing they were clustered as one clade and CsDDI1
is most closely related to CmDDII from melon (Figure 5A).
Transient expression of CsDDII in tobacco leaf indicated that
CsDDI1 proteins were distributed in the nucleus and cytoplasm
of tobacco leaf cells (Figure 5B), suggesting that they may
function to protect cytoplasmic and nuclear DNA.

Phenotype of Transgenic Arabidopsis
Plants Overexpressing CsDDI1

Two transgenic lines (OE1 and OE2) overexpressing the full-
length of CsDDI1 under the CaMV 35S promoter were generated
(Figures S2 and S3A). PCR analysis using DNA from T1 and T2
generations as templates confirmed that the CsDDII gene was
successfully transformed into Arabidopsis plants (Figures S3B,
C). Semi-quantitative PCR, using cDNA from T3 generations as
templates, confirmed that CsDDII was stably expressed in
Arabidopsis plant (Figure S3D).

The transgenic plants showed higher germination rate on 4 d
and 6 d after been sown in the media (Figure S4A), higher root
length (Figure S4D), more rosette leaves (Figure S4E) and
shorter time required for flowering (Figure S4F) than the
wild-types. Hypocotyl and seedlings of transgenic plants were
longer than those of wild-types, although the differences were not
statistically significant. (Figures S4B, C). Furthermore,
transgenic plants showed faster leaf growth rates compared
with wild-type plants (Figures S4G, H).
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CsDDI1 Overexpression Confers Chilling
Tolerance in Arabidopsis Plants

Chilling tolerance was assessed for 22 d-old Arabidopsis
seedlings. When 22 d-old plants were subjected to 0°C for 6
days, the transgenic plants showed stronger chlorophyll
fluorescence (Figure 6A), higher Fv/Fm ratios (Figure 6B) and
lower EL (Figure 6C), than the wild-type plants. Moreover, no
leaf expansion was observed in wild-type plants, whereas leaves
on the transgenic lines continued to grow under chilling stress
(0°C) (Figures S4G, H).

407
407
412
414
408

FIGURE 4 | Multiple alignment of the amino acid sequences of CsDDI1s with DDI1s from four other plant species. Species names are abbreviated as follows:
At, Arabidopsis thaliana; Os, Oryza sativa; Cs, Cucumis sativus; Cm, cucumis melo; Nt, Nicotiana tabacum; Sl, Solanum lycopersicum. Protein names and the
corresponding Genbank accession numbers of the proteins are: CsDDI1 (XP_004139767.1), CmDDI1 (XP_008447792.1), AtDDI1 (AT3G13235), OsDDI1
(0s02g0198600), NtDDI1 (XP_016465827.1). The UBQ, RVP and UBA conserved domains are showed in the red, black and blue boxes, respectively.1.

CsDDI1 Overexpression Enhanced
Antioxidant Capacity in Transgenic
Arabidopsis Lines under Chilling Stress

0," and H,0, are the major ROS in plants under chilling
temperatures (Sharma et al., 2012; Del Rio, 2015). Plant
superoxide dismutase (SOD) and catalase (CAT) are part of
the major ROS scavenging network (Ding et al, 2018). For
example, decreases in the activities of SOD and CAT correlates
with greater accumulation of O,” and H,O, and higher chilling
damage in cold-stored cucumber fruit (Wang and Zhu, 2017).
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Here, we showed that the accumulation of O,"” and H,O, in
leaves of transgenic Arabidopsis lines overexpressing CsDDII
was reduced compared with the wild-type under chilling
temperature (Figures 7A-D) and that the gene expression and
enzyme activities of CAT and SOD were significantly enhanced
in the transgenic plants (Figures 7E-H). These indicate that the
transgenic plants overexpressing CsDDII had higher antioxidant
capacity than the wild-type plantlets.

CsDDI1 Overexpression Enhances
Expression of Multiple Defense-Related
Genes in Arabidopsis Under Chilling Stress
To explore how CsDDII coordinates the regulation of chilling
tolerance, the expression of nine genes involved in various
defense pathways in response to cold stress were analyzed
using qRT-PCR. The overexpression line 1 (OE1) was used for
gene expression assay. The expression levels of AtCOR47,
AtCORI15b, AtPR1, AtHSP20, AtCML30, AtRD29A, AtNIA2,
ATRHY, and AtPHRI did not increase in wild-type plants, but
all genes were highly upregulated in transgenic plants exposed to
chilling stress (Figure S5).

SIDDI1 KNG52035.1

GFP Merge

FIGURE 5 | Phylogenetic analysis and subcellular localization of CsDDI1. (A) Phylogenetic tree based on comparison between protein sequences of CsDDI1 and
DDI1 from five other plant species. The phylogenetic tree was produced using the Neighbor-Joining (NJ) method in the MEGAS5 program. Species names are
abbreviated as follows: At, Arabidopsis thaliana; Os, Oryza sativa; Cs, Cucumis sativus; Cm, cucumis melo; Nt, Nicotiana tabacum; S|, Solanum lycopersicum. The
accession numbers are indicated following protein name. CsDDI1 is marked by a black dot. (B) Subcellular localization of CsDDI1 in tobacco leaves. The coding
sequence of CsDDIT without stop codon was cloned into a transient expression vector (0CAMBIA2300-GFP) driven by the CaMV 35S promoter. The fusion
constructs and control vector were electroporated into Agrobacterium tumefaciens strain GV3101, which were then infiltrated into tobacco (Nicotiana benthamiana)
leaves. After 72 h of the infiltration, GFP fluorescence was imaged using a fluorescence microscope. The length of the red bar is 50 pm.

DISCUSSION

Fruits, as reproductive organs, serve to provide the stable internal
environment needed for seeds to develop and keep their genetic
composition intact, even in adverse external environments.
Therefore, the fruits are required to quickly respond to any
environmental changes in order to stay physiologically healthy
and genetically stable. Harvested fruits continue as living organs
and play a critical role in protecting seeds inside (Wang et al.,
2018a). Therefore, the fruits must have the capacity to initiate
defenses against environmental stresses well before the onset of
the real stress. Cold acclimation is a mechanism that can enable a
plant or organ to gain tolerance to much more severe low
temperature stress. We have previously showed that cold
acclimation significantly reduces chilling injury in harvested
cucumber fruit exposed to 5°C compared with the control
(Wang et al,, 2018a) and the results are confirmed in this
study with two more independent sets of experiments (Figures
2 and 3), suggesting that cold acclimation enabled harvested fruit
to adapt to chilling stress before the real chilling approaches.
Cold acclimation is a complex process that includes signal
transduction and regulation of transcription (Thomashow, 1999).
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FIGURE 6 | Transgenic Arabidopsis plants overexpressing CsDDI1 display
tolerance to chilling stress. (A) Images of chlorophyll fluorescence of chilling
temperature (0°C)-treated leaves. Photographs show a representative picture
of three repeated experiments. The color code depicted at the bottom of the
image ranged from O (left) to 1.0 (right). (B) The maximum PSII quantum yield
(Fv/Fm) values. (C) Electrolyte leakage (EL). WT, wild-type; OE1 and OE2, two
transgenic lines over-expressing CsDDI1. For evaluating chilling tolerance of
transgenic plants, 22-d old plants of the WT and 35S::CsDDI1 transgenic
plants (OE1 and OE2) were subjected to 0°C for 6 d. Significant differences
between the WT and OE lines are indicated by “**”(P < 0.01) or “*” (P < 0.05).
Data are presented as means + standard errors ( + SE) (n = 3).

Studies have been focused on the role of the CBF (CRT/DRE-
binding factor) pathway in the acquisition of cold tolerance (Park
et al., 2015). However, it remained unclear whether DNA
damage inducible proteins are involved in cold acclimation, as
cold acclimation is normally initiated at critical temperatures
which do not cause chilling injury. In this study, CsDDII

expression in the control fruit remained largely unchanged
until the 6th day in cold stress (Figure 1A), but was highly
increased in PsCA-treated cucumber following 3 d of cold
acclimation (Figure 1A) and remained higher than the control
during the remaining period in cold stress. Two more lines of
evidences largely confirmed this trend (see Figures 2 and 3).
These suggest that CsDDII is involved in cold acclimation. In
this study, the expression patterns of three genes involved in
DNA repair pathways were induced by PsCA (Figure 1),
implying non-chilling-stress temperature activated DNA repair
responses. However, it is worth noting that, after cucumber fruit
were transferred to chilling stress condition, CsDDII expression
continued to increase, while the transfer caused a sudden drop in
CsDDRI/CsDDT1 and CsDDBI transcription, which stayed at
very low levels during cold stress (Figures 1B, C), implying
CsDDII could play a role in PsCA-induced chilling tolerance, but
CsDDR1/CsDDT1 and CsDDBI might not.

Recognition of cold signals lead to increased biosynthesis and
accumulation of H,O,, NO and ABA (Cuevas et al., 2008; Zhao
et al, 2009; Zhou et al, 2012; Xia et al, 2015), the early
generation of which are required to trigger defense responses
in plants (Rejeb et al., 2015; Chan et al., 2016; Yao et al., 2017).
We conducted two sets of experiments to explore how these
signal molecules are involved in regulation of cold acclimation in
relation to CsDDII expression. In the first one, inhibition of
biosynthesis of either ABA or NO before PsCA treatment
significantly aggravated chilling injury of cucumber compared
with PsCA treatment alone, suggesting ABA and NO are
necessary for initiating cold acclimation of cucumber fruit. In
addition, inhibition of endogenous ABA or NO biosynthesis
reduced CsDDII transcription except for the last day (Figure 2),
suggesting ABA or NO is necessary for activating transcription
of CsDDI1.

In the second experiment, inhibition of H,O, generation
before PsCA treatment significantly reduced chilling tolerance
and CsDDII gene expression except on the last day relative to
PsCA alone (DPI+PsCA vs PsCA, Figure 3), suggesting H,O, is
required for initiating cold acclimation and for activating
CsDDII expression. However, addition of ABA or NO after
inhibition of H,O, restores chilling tolerance, but did not
restore CsDDII expression levels to that of PsCA alone (DPI
+ABA+PsCA and DPI+SNP+PsCA, Figure 3). Considering that
inhibition of NO or ABA downregulated CsDDII (see TS+PsCA
and L-NAME treatments in Figure 2D), the results suggest that
H,0, is required for NO and ABA to induce CsDDII expression
and that chilling tolerance restored by ABA or NO was not
dependent on DNA damage response. These results together
suggest that H,O, plays a crucial role in activating transcription
of CsDDI1I. It could be that the H,0, induced by cold acclimation
may serve as DNA damage signal, as ROS may cause DNA
damage in plants (Roldan-Arjona and Ariza, 2009). Therefore,
that DPI+ABA+PsCA or DPI+SNP+PsCA treatment did not
upregulate CsDDI1 could be resulted from the fact that DPI
quenched the DNA damage signal.

To further study the role of CsDDII in cold acclimation-
induced chilling tolerance, we cloned the full-length cDNA and
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FIGURE 7 | Effects of CsDDI1 overexpression on O,*~ and H,O, accumulations, and CAT and SOD expression and activities in Arabidopsis plants. Twenty-two d
old seedlings were subjected to 0°C for 6 days. O, location (A) and concentration changes (B) in Arabidopsis leaves were assayed with nitro blue tetrazolium
(NBT). HxO, location (C) and concentration changes (D) were assayed with diaminobenzidine (DAB). Superoxide dismutase (SOD) activity (E) was assayed by
measuring the reduction of NBT. Catalase (CAT) activity (F) was assayed by measuring the initial rate of H,O, decomposition. Gene expression of AtSOD1 (G) and
AtCAT2 (H) were assayed by qRT-PCR. The gene expression data were normalized to 100% (1.0) at O d of the wild-type plants. Gene names and the
corresponding AGI codes are: AtSOD1, AT1G08830 and AtCAT2, AT1G20630. WT, wild-type; OE1 and OE2, two transgenic lines overexpressing CsDDI1.
Significant differences between the WT and OE lines are indicated by “**"(P < 0.01) or “*” (P < 0.05). Data are presented as means + standard errors ( = SE) (n = 3).
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generated Arabidopsis plant lines overexpressing CsDDII. The
deduced CsDDI1 protein contains ubiquitin-like domains at its
C and N termini and a retropepsin-like domain (RVP) (Figure 4
and Figure S1), which are typical domains of DDI proteins
involved in an ubiquitin-dependent pathway (Nowicka et al.,
2015). It has been shown that DDII interacts with Ub through
the UBA domain (Nowicka et al., 2015). Here we show that
CsDDI1 protein was distributed in the nucleus and cytoplasm
(Figure 5), implying CsDDI1 could play a role in DNA repair, as
in yeast and mammals, ubiquitination have been discovered to be
involved in DNA repair (Tian and Xie, 2013).

In eukaryotic organisms, ubiquitin is a small 8.5 kDa
regulatory protein. Ubiquitination, the addition of ubiquitin to
a substrate protein, mainly affects protein stabilization, including
protein degradation, cellular location, activity, and interactions
(Glickman and Ciechanover, 2002; Mukhopadhyay and
Riezman, 2007). Moreover, ubiquitination plays important
roles in the regulation of the cell cycle, stress tolerance,
phytohormone levels, and cell differentiation (Lyzenga and
Stone, 2012; Dametto et al., 2015). Overexpression or
knockdown of DDII in tomato plants did not show an
aberrant developmental phenotype (Miao et al., 2014), while
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transgenic tobacco lines overexpressing a wheat ubiquitin gene
(Ta-Ub2) showed earlier germination and enhanced growing
(Guo et al., 2008).

In this study, two lines of transgenic Arabidopsis plants
showed very similar phenotypes. Overexpression of CsDDII in
Arabidopsis showed earlier germination, faster growth and
earlier flowering compared with the wild-type plants (Figures
S4A-F). This implies that CsDDII has similar function as
ubiquitin, which enables the fruits and seeds to get mature
faster in chilling stress by enhancing cell cycle.

Overexpression of Ta-Ub2 in tobacco resulted in high
tolerance to drought (Guo et al, 2008) and the deletion of
AtDDII increased susceptibility to pathogenic bacteria (Ding
et al., 2016). In this study, transgenic Arabidopsis lines
overexpressing CsDDII showed higher Fv/Fm ratios (Figures
6A, B), lower EL (Figure 6C), and higher leaf growth rate
(Figures S4G, H). These results, together with the results that
PsCA upregulated CsDDII, and TS, L-NAME and DPI
downregulated CsDDII, strongly suggest that CsDDII
positively regulate chilling tolerance of harvested cucumber fruit.

Antioxidant defense machinery is an important mechanism
against abiotic stresses in plants (Asada, 2006; Miller et al., 2010).
Accumulation of ROS under abiotic stress is regarded as inducer
of DNA damage, such as double strand breaks, base deletion, and
base modification (Jahnke et al., 2010; Sharma et al., 2012; Yao
et al,, 2013). These lead to increased homologous recombination
and mutation frequency in plants under stress conditions
(Shim et al,, 2018). In plants, the major forms of ROS include
superoxide radical ion (O,”") and hydrogen peroxide (H,O,)
(Mittler, 2002; Sharma et al., 2012; Farnese et al., 2016). The
antioxidant enzymes, such as SOD and CAT, are crucial for
ROS scavenging and maintenance of cell integrity (Asada, 2006;
Xu et al,, 2010). The increase in SOD and CAT gene expression
and enzyme activities are usually related to enhanced stress
tolerance in plants (Ding et al., 2018). In this study, Arabidopsis
plants overexpressing CsDDII displayed lower ROS levels
(Figures 7A-D), and higher CAT and SOD gene expression
and enzyme activities than the wild type plants under chilling
stress condition (Figures 7E-H). These results indicate that
CsDDII overexpression lines have stronger antioxidant capacity
and thereby decreased chilling-induced oxidative damage, which
may help CsDDI1 play the role in repairing DNA.

It is noted that AfCAT2 gene expression was not corrected to
CAT activities (Figures 7F, H), as when CAT activities for both
wild type and transgenic plants declines under chilling-stress
condition, only did AtCAT2 gene expression for wild type plants
decline, while that for transgenic plants overexpressing CsDDI1
demonstrated an increasing trend during the first 4 d under the
same condition. Two reasons could be proposed for this. Firstly,
ectopic expression of CsDDII changed AtCAT2 expression
pattern, which contributed to the higher enzyme activity of
CAT (Figure 7F). Secondly, different members of catalase gene
family complement each other to form sufficient antioxidant
capacity at different stages of plant growth or under different
abiotic conditions. Therefore, although levels of AtCAT2

expression was lower in the transgenic than in wild type plants
during the first 2 d (Figure 7H), other member of CAT family
could complement this and contribute to the higher enzymes
activity for this period (Figure 7F). This implies that apart from
AtCAT2, other AtCAT genes could also be activated by
overexpression of CsDDII in Arabidopsis. Work remains to be
done to further investigate this.

Now the question is: how can CsDDII regulate the
antioxidant defense system? The answer may lie in two
independent lines of evidence. First, Arabidopsis
overexpressing CsDDII had significantly higher Arabidopsis
PRI (AtPRI) gene expression than wild type following 6d of
cold treatment (Figure S5). It is well documented that the onset
of systemic acquired resistance (SAR) is associated with
increased endogenous levels of salicylic acid (SA) (Malamy
et al.,, 1990), and exogenous SA application also induces SAR
and PR gene expression (Ward et al., 1991). Therefore, this study
implies that CsDDII overexpression Arabidopsis plants could be
high in SA levels. SA significantly increases the activities of
antioxidant enzymes in wheat seedlings (Agarwal et al., 2005).
Exogenous SA reduces the excess H,O, and enhances chilling
tolerance of cucumber (C. sativus L.) seedings (Dong et al., 2014).
Therefore, this work implies that DDI1 could activate
antioxidant defense system by promoting SA biosynthesis
through an as yet unknown mechanism.

In addition, expression of eight other Arabidopsis genes
(AtCOR47, AtCORI15b, AtHSP20, AtCML30, AtRD29A,
AtNIA2, AtRHY, and AtPHRI) were upregulated in transgenic
Arabidopsis lines overexpressing CsDDI1 under chilling stress
condition (see Figure S5). These genes play roles in various
defense pathways including cold acclimation, response to cold
stress, ROS, RNA metabolism, and DNA damage repair (Wang
et al., 2018b). These results suggest that CsDDII positively
regulates multiple defense responses which collaboratively
contribute to the enhancement of chilling tolerance.

In conclusion, cold acclimation at 10°C significantly alleviated
chilling injury of cucumber fruit stored in chilling stress
conditions. There was little change in the expression of
CsDDII in the control fruit until severe chilling injury
occurred, but expression was significantly upregulated right
after cold acclimation. Application of NO, ABA or H,O,
inhibitors before exposure to cold acclimation downregulated
CsDDII expression and significantly aggravated chilling injury.
When H,0, generation was inhibited, the addition of NO or
ABA restored chilling tolerance, but did not restore CsDDII
expression. These suggest that CsDDII is involved in cold
acclimation and that H,O, plays a crucial role in activating
transcription of CsDDII. Arabidopsis lines overexpressing
CsDDII displayed faster growth in 23°C and stronger chilling
tolerance in 0°C than wild-type plants. Additionally, they
exhibited lower ROS levels and higher CAT and SOD
expression and activity than the wild-type plants at 0 °C. Nine
Arabidopsis genes involved in various defense responses were all
upregulated in Arabidopsis plants overexpressing CsDDI1. These
results strongly suggest CsDDII plays a positive role in cold
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tolerance induced by cold acclimation in harvested cucumber
fruit and that CsDDII enhances the antioxidant system to
scavenge ROS when upregulated.

DATA AVAILABILITY STATEMENT

All datasets for this study are included in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

SZ conceived and oversaw the work. BW performed the
experiments and made the tables and figures. SZ, BW and GW
wrote the manuscript. All authors have read and approved
the manuscript.

REFERENCES

Achary, V. M., Parinandi, N. L., and Panda, B. B. (2012). Aluminum induces
oxidative burst, cell wall NADH peroxidase activity, and DNA damage in root
cells of Allium cepa L. Environ. Mol. Mutagen. 53, 550-560. doi: 10.1002/
em.21719

Agarwal, S, Sairam, R. K,, Srivastava, G. C., Tyagi, A., and Meena, R. C. (2005).
Role of ABA, salicylic acid, calcium and hydrogen peroxide on antioxidant
enzymes induction in wheat seedlings. Plant Sci. (Oxford) 169, 559-570. doi:
10.1007/s10535-005-0048-z

Al Khateeb, W. M., and Schroeder, D. F. (2009). Overexpression of Arabidopsis
damaged DNA binding protein 1A (DDB1A) enhances UV tolerance. Plant
Mol. Biol. 70, 371-383. doi: 10.1007/s11103-009-9479-9

Asada, K. (2006). Production and scavenging of reactive oxygen species in
chloroplasts and their functions. Plant Physiol. 141, 391-396. doi: 10.1104/
pp.106.082040

Baxter, A., Mittler, R, and Suzuki, N. (2014). ROS as key players in plant stress
signaling. J. Exp. Bot. 65, 1229-1240. doi: 10.1093/jxb/ert375

Begara-Morales, J. C., Sanchez-Calvo, B., Chaki, M., Valderrama, R., Mata-Pérez, C.,
Padilla, M. N, et al. (2016). Antioxidant systems are regulated by nitric oxide-
mediated post-translational modifications (NO-PTMs). Front. Plant Sci. 7, 152.
doi: 10.3389/fpls.2016.00152

Ben Rejeb, K., Benzarti, M., Debez, A., Bailly, C., Savouré, A., and Abdelly, C.
(2015). NADPH oxidase-dependent H,O, production is required for salt-
induced antioxidant defense in Arabidopsis thaliana. J. Plant Physiol. 174,
5-15. doi: 10.1016/j.jplph.2014.08.022

Biedermann, S., and Hellmann, H. (2010). The DDBIla interacting proteins
ATCSA-1 and DDB2 are critical factors for UV-B tolerance and genomic
integrity in Arabidopsis thaliana. Plant ]. 62, 404-415. doi: 10.1111/j.1365-
313X.2010.04157.x

Chan, Z., Yokawa, K., Kim, W. Y., and Song, C. P. (2016). Editorial: ROS
regulation during plant abiotic stress responses. Front. Plant Sci. 7, 1536.
doi: 10.3389/fpls.2016.01536

Ciccia, A., and Elledge, S. J. (2010). The DNA damage response: making it safe to
play with knives. Mol. Cell 40, 179-204. doi: 10.1016/j.molcel.2010.09.019

Cross, A. R,, and Jones, O. T. G. (1986). The effect of the inhibitor diphenylene
iodonium on the superoxide-generating system of neutrophils. Biochem. J. 237,
111-116. doi: 10.1042/bj2370111

Cuevas, J. C., Lopez-Cobollo, R., Alcézar, R., Zarza, X., Koncz, C., Altabella, T.,
et al. (2008). Putrescine is involved in Arabidopsis freezing tolerance and cold
acclimation by regulating abscisic acid levels in response to low temperature.
Plant Physiol. 148, 1094-1105. doi: 10.4161/psb.4.3.7861

Cvjetko, P., Balen, B., Stefani¢, P. P., Debogovi¢, L., Pavlica, M., and Klobu¢ar, G. L. V.
(2014). Dynamics of heat-shock induced DNA damage and repair in senescent
tobacco plants. Biol. Plant. 58, 71-79. doi: 10.1007/s10535-013-0362-9

ACKNOWLEDGMENTS

This work was supported in part by Joint Project of Guangdong
Province Department of Science and Technology and China
National Ministry of Science and Technology on Production,
Education and Research (Grant number: 2011B090400580). Dr.
Jeffrey Zuber from University of Rochester is thanked for critical
reading of and grammatical improvement on the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fpls.2019.
01723/full#supplementary-material

Daghino, S., Martino, E., and Perotto, S. (2016). Model systems to unravel the
molecular mechanisms of heavy metal tolerance in the ericoid mycorrhizal
symbiosis. Mycorrhiza 26, 263-274. doi: 10.1007/s00572-015-0675-y

Dametto, A., Buffon, G., Edina Aparecida, D. R. B., and Sperotto, R. A. (2015).
Ubiquitination pathway as a target to develop abiotic stress tolerance in rice.
Plant Signal. Behav. 10, e1057369. doi: 10.1080/15592324.2015.1057369

Del Rio, L. A. (2015). ROS and RNS in plant physiology: an overview. J. Exp. Bot.
66, 2827-2837. doi: 10.1093/jxb/erv099

Ding, L. N,, Yang, G. X,, Cao, J., Zhou, Y., and Yang, R. Y. (2016). Molecular
cloning and functional characterization of a DNA damage-inducible (DDI)
gene in Arabidopsis. Physiol. Mol. Plant Pathol. 94, 126-133. doi: 10.1016/
j.pmpp.2016.06.001

Ding, H., He, J., Wu, Y., Wu, X,, Ge, C., Wang, Y., et al. (2018). The tomato
mitogen-activated protein kinase SIMPK1 is as a negative regulator of the high
temperature stress response. Plant Physiol. 4, 00067. doi: 10.1104/pp.18.00067

Dong, C. J,, Li, L, Shang, Q. M,, Liu, X. Y, and Zhang, Z. G. (2014). Endogenous
salicylic acid accumulation is required for chilling tolerance in cucumber (Cucumis
sativus L.) seedlings. Planta 240, 687-700. doi: 10.1007/s00425-014-2115-1

Durrant, W. E., Wang, S., and Dong, X. (2007). Arabidopsis SNI1 and RAD51D
regulate both gene transcription and DNA recombination during the defense
response. Proc. Natl. Acad. Sci. U. S. A. 104, 4223-4227. doi: 10.1073/
pnas.0609357104

Fan, Z. Q,, Tan, X. L,, Shan, W., Kuang, J. F., Lu, W. ], and Chen, J. Y. (2018).
Characterization of a transcriptional regulator BrWRKY®6 that associates with
gibberellin-suppressed leaf senescence of chinese flowering cabbage. J. Agric.
Food Chem. 66, 1791-1799. doi: 10.1021/acs.jafc.7b06085

Farnese, F. S., Menezes-Silva, P. E., Gusman, G. S., and Oliveira, J. A. (2016). When
bad guys become good ones: the key role of reactive oxygen species and nitric
oxide in the plant responses to abiotic stress. Front. Plant Sci. 7, 471. doi:
10.3389/pls.2016.00471

Fujimori, N., Suzuki, N., Nakajima, Y., and Suzuki, S. (2014). Plant DNA-damage
repair/toleration 100 protein repairs UV-B-induced DNA damage. DNA
Repair 21, 171-176. doi: 10.1016/j.dnarep.2014.05.009

Gichner, T., Patkova, Z., Szdkova, J., Znidarc, I, and Mukherjee, A. (2008). DNA
damage in potato plants induced by cadmium, ethyl methanesulphonate and y-
rays. Environ. Exp. Bot. 62, 113-119. doi: 10.1016/j.envexpbot.2007.07.013

Gillet, L. C., and Scharer, O. D. (2006). Molecular mechanisms of mammalian
global genome nucleotide excision repair. Chem. Rev. 106, 253-276. doi:
10.1021/cr040483f

Glickman, M. H., and Ciechanover, A. (2002). The ubiquitin-proteasome
proteolytic pathway: destruction for the sake of construction. Physiol. Rev.
82, 373-428. doi: 10.1152/physrev.00027.2001

Grof3, F., Dumer, J., and Gaupels, F. (2013). Nitric oxide, antioxidants and
prooxidants in plant defence responses. Front. Plant Sci. 29, 419. doi:
10.3389/fpls.2013.00419

Frontiers in Plant Science | www.frontiersin.org

January 2020 | Volume 10 | Article 1723


https://www.frontiersin.org/articles/10.3389/fpls.2019.01723/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.01723/full#supplementary-material
https://doi.org/10.1002/em.21719
https://doi.org/10.1002/em.21719
https://doi.org/10.1007/s10535-005-0048-z
https://doi.org/10.1007/s11103-009-9479-9
https://doi.org/10.1104/pp.106.082040
https://doi.org/10.1104/pp.106.082040
https://doi.org/10.1093/jxb/ert375
https://doi.org/10.3389/fpls.2016.00152
https://doi.org/10.1016/j.jplph.2014.08.022
https://doi.org/10.1111/j.1365-313X.2010.04157.x
https://doi.org/10.1111/j.1365-313X.2010.04157.x
https://doi.org/10.3389/fpls.2016.01536
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.1042/bj2370111
https://doi.org/10.4161/psb.4.3.7861
https://doi.org/10.1007/s10535-013-0362-9
https://doi.org/10.1007/s00572-015-0675-y
https://doi.org/10.1080/15592324.2015.1057369
https://doi.org/10.1093/jxb/erv099
https://doi.org/10.1016/j.pmpp.2016.06.001
https://doi.org/10.1016/j.pmpp.2016.06.001
https://doi.org/10.1104/pp.18.00067
https://doi.org/10.1007/s00425-014-2115-1
https://doi.org/10.1073/pnas.0609357104
https://doi.org/10.1073/pnas.0609357104
https://doi.org/10.1021/acs.jafc.7b06085
https://doi.org/10.3389/fpls.2016.00471
https://doi.org/10.1016/j.dnarep.2014.05.009
https://doi.org/10.1016/j.envexpbot.2007.07.013
https://doi.org/10.1021/cr040483f
https://doi.org/10.1152/physrev.00027.2001
https://doi.org/10.3389/fpls.2013.00419
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

CsDDI1 in Cucumber Cold Adaption

Guo, Q.,, Zhang, J., Gao, Q., Xing, S, Li, F,, and Wang, W. (2008). Drought
tolerance through overexpression of monoubiquitin in transgenic tobacco. J.
Plant Physiol. 165, 1745-1755. doi: 10.1016/j.jplph.2007.10.002

Gusta, L. V., Trischuk, R., and Weiser, C. J. (2005). Plant cold acclimation: the role
of abscisic acid. J. Plant Growth Regul. 24, 308-318. doi: 10.1007/s00344-005-
0079-x

Hong, J. H., Savina, M., Du, J., Devendran, A., Kannivadi Ramakanth, K., Tian, X.,
et al. (2017). A sacrifice-for-survival mechanism protects root stem cell niche
from chilling stress. Cell 170, 102-113. doi: 10.1016/j.cell.2017.06.002

Jahnke, L. S, Hull, M. R, and Long, S. P. (2010). Chilling stress and oxygen
metabolizing enzymes in Zea mays, and Zea diploperennis. Plant Cell Environ.
14, 97-104. doi: 10.1111/j.1365-3040.1991.tb01375.x

Jiang, B., Shi, Y., Zhang, X., Xin, X, Qi, L., Guo, H,, et al. (2017). PIF3 is a negative
regulator of the CBF pathway and freezing tolerance in Arabidopsis. Proc. Natl.
Acad. Sci. U. S. A. 114, E6695-E6702. doi: 10.1073/pnas.1706226114

Lamotte, O., Bertoldo, J. B., Besson-Bard, A., Rosnoblet, C., Aimé, S., Hichami, S.,
et al. (2015). Protein S-nitrosylation: specificity and identification strategies in
plants. Front. Chem. 2, 114. doi: 10.3389/fchem.2014.00114

Lin, A., Wang, Y., Tang, J., Xue, P, Li, C, Liu, L., et al. (2012). Nitric oxide and
protein S-nitrosylation are integral to hydrogen peroxide-induced leaf cell
death in rice. Plant Physiol. 158, 451-464. doi: 10.2307/41435473

Liu, Y., Yang, X, Zhu, S., and Wang, Y. (2016). Postharvest application of MeJA
and NO reduced chilling injury in cucumber (Cucumis sativus) through
inhibition of H,O, accumulation. Postharvest Biol. Technol. 119, 77-83. doi:
10.1016/j.postharvbio.2016.04.003

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR. Methods 25, 402-408. doi: 10.1006/
meth.2001.1262

Lyzenga, W. J., and Stone, S. L. (2012). Abiotic stress tolerance mediated by
protein ubiquitination. J. Exp. Bot. 63, 599-616. doi: 10.1093/jxb/err310

Malamy, J., Carr, J. P., Klessig, D. F., and Paskin, L. (1990). Salicylic acid: a likely
endogenous signal in the resistance response of tobacco to viral infection.
Science 252, 1002-1004. doi: 10.1126/science.250.4983.1002

Maric, A., Kaljanac, A. H., Kadunic, A., and Gawwad, M. R. A. (2017). Analysis of
DNA damage-binding poteins (DDBs) in Arabidopsis thaliana and their
protection of the plant from UV radiation. Curr. Proteomics 14, 146-156.
doi: 10.2174/1570164614666161205143327

Miao, M., Zhu, Y., Qiao, M., Tang, X., Zhao, W., Xiao, F,, et al. (2014). The tomato
DWD motif-containing protein DDI1 interacts with the CLU4-DDBI1-based
ubiquitin ligase and plays a pivotal role in abiotic stress responses. Biochem.
Biophys. Res. Commun. 450, 1439-1445. doi: 10.1016/j.bbrc.2014.07.011

Miller, G., Schlauch, K., Tam, R., Cortes, D., Torres, M. A., Shulaev, V., et al.
(2009). The plant NADPH oxidase RBOHD mediates rapid systemic signaling
in response to diverse stimuli. Sci. Signal. 2, ra45. doi: 10.1126/scisignal.
2000448

Miller, G., Suzuki, N., Ciftciyilmaz, S., and Mittler, R. (2010). Reactive oxygen
species homeostasis and signalling during drought and salinity stresses. Plant
Cell Environ. 33, 453-467. doi: 10.1111/j.1365-3040.2009.02041.x

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant
Sci. 7, 405-410. doi: 10.1016/S1360-1385(02)02312-9

Mukhopadhyay, D., and Riezman, H. (2007). Proteasome-independent functions
of ubiquitin in endocytosis and signaling. Science 315, 201-205. doi: 10.1126/
science.1127085

Nowicka, U., Zhang, D., Walker, O., Krutauz, D., Castafieda, C. A., Chaturvedi, A.,
et al. (2015). DNA-damage-inducible 1 protein (Ddil) contains an
uncharacteristic ubiquitin-like domain that binds ubiquitin. Structure 23,
542-557. doi: 10.1016/j.5tr.2015.01.010

Pang, Q., Hays, J. B., and Rajagopal, 1. (1992). A plant cDNA that partially
complements Escherichia coli recA mutations predicts a polypeptide not
strongly homologous to RecA proteins. Proc. Natl. Acad. Sci. U.S.A. 89,
8073-8077. doi: 10.1073/pnas.89.17.8073

Park, S., Lee, C., Doherty, C. J., Gilmour, S. J., Kim, Y., and Thomashow, M. F.
(2015). Regulation of the Arabidopsis CBF regulon by a complex low-
temperature regulatory network. Plant J. 82, 193-207. doi: 10.1111/tpj.12796

Rejeb, K. B., Benzarti, M., Debez, A., Bailly, C., Savouré, A., and Abdelly, C. (2015).
NADPH oxidase-dependent H,0,, production is required for salt-induced
antioxidant defense in Arabidopsis thaliana. J. Plant Physiol. 174, 5-15. doi:
10.1016/j.jplph.2014.08.022

Roldan-Arjona, T., and Ariza, R. R. (2009). Repair and tolerance of oxidative DNA
damage in plants. Mutat. Res. 681, 169-179. doi: 10.1016/j.mrrev.2008.07.003

Roy, S. (2014). Maintenance of genome stability in plants: repairing DNA double
strand breaks and chromatin structure stability. Front. Plant Sci. 5, 487. doi:
10.3389/fpls.2014.00487

Sevilla, F.,, Camejo, D., Ortiz-Espin, A., Calderén, A., Lazaro, J. J., and Jiménez, A.
(2015). The thioredoxin/peroxiredoxin/sulfiredoxin system: current overview
on its redox function in plants and regulation by reactive oxygen and nitrogen
species. J. Exp. Bot. 66, 2945-2955. doi: 10.1093/jxb/erv146

Sewelam, N., Kazan, K., and Schenk, P. M. (2016). Global plant stress signaling:
reactive oxygen species at the cross-road. Front. Plant Sci. 7, 187. doi: 10.3389/
fpls.2016.00187

Shapiro, A. D. (2005). Nitric oxide signaling in plants. Vitam. Horm. 72, 339-398.
doi: 10.1016/S0083-6729(05)72010-0

Sharma, P., Jha, A. B,, Dubey, R. S., and Pessarakli, M. (2012). Reactive oxygen
species, oxidative damage, and antioxidative defense mechanism in plants
under stressful conditions. J. Bot. 2012, 1-16. doi: 10.1155/2012/217037

Shim, J. S., Oh, N,, Chung, P. ], Kim, Y. S., Choi, Y. D., and Kim, J. K. (2018).
Overexpression of OsNACI4 improves drought tolerance in rice. Front. Plant
Sci. 9, 310. doi: 10.3389/fpls.2018.00310

Shuck, S. C., Short, E. A., and Turchi, J. J. (2008). Eukaryotic nucleotide excision
repair: from understanding mechanisms to influencing biology. Cell Res. 18,
64-72. doi: 10.1038/cr.2008.2

Tan, X,, Fan, Z., Shan, W,, Yin, X,, Kuang, J., Lu, W., et al. (2018). Association of
BrERF72 with methyl jasmonate-induced leaf senescence of Chinese flowering
cabbage through activating JA biosynthesis-related genes. Hortic. Res. 5, 22.
doi: 10.1038/s41438-018-0028-z

Thomashow, M. F. (1999). Plant cold acclimation: freezing tolerance genes and
regulatory mechanisms. Annu. Rev. Plant Biol. 50, 571-599. doi: 10.1146/
annurev.arplant.50.1.571

Tian, M. M., and Xie, Q. (2013). Non-26S proteasome proteolytic role of ubiquitin
in plant endocytosis and endosomal trafficking. J. Integr. Plant Biol. 55, 54-63.
doi: 10.1111/jipb.12007

Valenzuela, J. L., Manzano, S., Palma, F., Carvajal, F., Garrido, D., and Jamilena, M.
(2017). Oxidative stress associated with chilling injury in immature fruit:
postharvest technological and biotechnological solutions. Int. J. Mol. Sci. 18,
1467. doi: 10.3390/ijms18071467

Wang, B., and Zhu, S. J. (2017). Pre-storage cold acclimation maintained quality of
cold-stored cucumber through differentially and orderly activating ROS scavengers.
Postharvest Biol. Technol. 129, 1-8. doi: 10.1016/j.postharvbio.2017.03.001

Wang, B., Shen, F., and Zhu, S. J. (2018a). Proteomic analysis of differentially
accumulated proteins in cucumber (Cucumis sativus) fruit peel in response to
pre-storage cold acclimation. Front. Plant Sci. 8, 2167. doi: 10.3389/fpls.2017.02167

Wang, B., Wang, G., Shen, F., and Zhu, S. J. (2018b). A glycine-rich RNA-binding
protein, CsGR-RBP3, is involved in defense responses against cold stress in
harvested cucumber (Cucumis sativus L.) fruit. Front. Plant Sci. 9, 540. doi:
10.3389/fpls.2018.00540

Ward, E. R, Uknes, S. J., Williams, S. C., Dincher, S. S., Wiederhold, D. L.,
Alexander, D. C,, et al. (1991). Coordinate gene activity in response to agents
that induce systemic acquired resistance. Plant Cell 3, 1085-1094. doi: 10.1105/
tpc.3.10.1085

Xia, X., Wang, Y., Zhou, Y., Tao, Y., Mao, W., Shi, K., et al. (2009). Reactive oxygen
species are involved in brassinosteroid induced stress tolerance in cucumber.
Plant Physiol. 150, 801-814. doi: 10.1104/pp.109.138230

Xia, X., Zhou, Y., Shi, K., Zhou, J., Foyer, C. H., and Yu, J. (2015). Interplay between
reactive oxygen species and hormones in the control of plant development and
stress tolerance. J. Exp. Bot. 66, 2839-2856. doi: 10.1093/jxb/erv089

Xia, X., Fang, P., Guo, X., Qian, X,, Zhou, J., Shi, K,, et al. (2017). Brassinosteroid-
mediated apoplastic H,O,-glutaredoxin 12/14 cascade regulates antioxidant
capacity in response to chilling in tomato. Plant Cell Environ. 41, 1052-1064.
doi: 10.1111/pce.13052

Xu, X. M., Lin, H., Maple, J., Bjérkblom, B., Alves, G., Larsen, J. P., et al. (2010).
The Arabidopsis DJ-1a protein confers stress protection through cytosolic SOD
activation. J. Cell Sci. 123, 1644-1651. doi: 10.4161/psb.5.8.12298

Yao, Y., Bilichak, A., Titov, V., Golubov, A., and Kovalchuk, I. (2013). Genome
stability of Arabidopsis atm, ku80 and rad51b mutants: somatic and
transgenerational responses to stress. Plant Cell Physiol. 54, 982-989. doi:
10.1093/pcp/pct051

Frontiers in Plant Science | www.frontiersin.org

January 2020 | Volume 10 | Article 1723


https://doi.org/10.1016/j.jplph.2007.10.002
https://doi.org/10.1007/s00344-005-0079-x
https://doi.org/10.1007/s00344-005-0079-x
https://doi.org/10.1016/j.cell.2017.06.002
https://doi.org/10.1111/j.1365-3040.1991.tb01375.x
https://doi.org/10.1073/pnas.1706226114
https://doi.org/10.3389/fchem.2014.00114
https://doi.org/10.2307/41435473
https://doi.org/10.1016/j.postharvbio.2016.04.003
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1093/jxb/err310
https://doi.org/10.1126/science.250.4983.1002
https://doi.org/10.2174/1570164614666161205143327
https://doi.org/10.1016/j.bbrc.2014.07.011
https://doi.org/10.1126/scisignal.2000448
https://doi.org/10.1126/scisignal.2000448
https://doi.org/10.1111/j.1365-3040.2009.02041.x
https://doi.org/10.1016/S1360-1385(02)02312-9
https://doi.org/10.1126/science.1127085
https://doi.org/10.1126/science.1127085
https://doi.org/10.1016/j.str.2015.01.010
https://doi.org/10.1073/pnas.89.17.8073
https://doi.org/10.1111/tpj.12796
https://doi.org/10.1016/j.jplph.2014.08.022
https://doi.org/10.1016/j.mrrev.2008.07.003
https://doi.org/10.3389/fpls.2014.00487
https://doi.org/10.1093/jxb/erv146
https://doi.org/10.3389/fpls.2016.00187
https://doi.org/10.3389/fpls.2016.00187
https://doi.org/10.1016/S0083-6729(05)72010-0
https://doi.org/10.1155/2012/217037
https://doi.org/10.3389/fpls.2018.00310
https://doi.org/10.1038/cr.2008.2
https://doi.org/10.1038/s41438-018-0028-z
https://doi.org/10.1146/annurev.arplant.50.1.571
https://doi.org/10.1146/annurev.arplant.50.1.571
https://doi.org/10.1111/jipb.12007
https://doi.org/10.3390/ijms18071467
https://doi.org/10.1016/j.postharvbio.2017.03.001
https://doi.org/10.3389/fpls.2017.02167
https://doi.org/10.3389/fpls.2018.00540
https://doi.org/10.1105/tpc.3.10.1085
https://doi.org/10.1105/tpc.3.10.1085
https://doi.org/10.1104/pp.109.138230
https://doi.org/10.1093/jxb/erv089
https://doi.org/10.1111/pce.13052
https://doi.org/10.4161/psb.5.8.12298
https://doi.org/10.1093/pcp/pct051
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

CsDDI1 in Cucumber Cold Adaption

Yao, Y., He, R. ], Xie, Q. L., Zhao, X. H,, Deng, X. M,, He, J. B,, et al. (2017).
Ethylene response factor 74 (ERF74) plays an essential role in controlling a
respiratory burst oxidase homolog D (RbohD)-dependent mechanism in
response to different stresses in Arabidopsis. New Phytol. 213, 1667-1681.
doi: 10.1111/nph.14278

Yoshimura, K., Miyao, K., Gaber, A., Takeda, T., Kanaboshi, H., and Miyasaka, H.
(2004). Enhancement of stress tolerance in transgenic tobacco plants
overexpressing Chlamydomonas glutathione peroxidase in chloroplasts or
cytosol. Plant ]. 37, 21-33. doi: 10.1046/j.1365-313X.2003.01930.x

Yoshioka, H., Numata, N., Nakajima, K., Katou, S., Kawakita, K., Rowland, O.,
et al. (2003). Nicotiana benthamiana gp91phox homologs NbrbohA and
NbrbohB participate in H,O, accumulation and resistance to Phytophthora
infestans. Plant Cell 15, 706-718. doi: 10.1504/IJPLAP.2013.051011

Yu, M, Lamattina, L., Spoel, S. H., and Loake, G. J. (2014). Nitric oxide function in
plant biology: a redox cue in deconvolution. New Phytol. 202, 1142-1156. doi:
10.1111/nph.12739

Yun, B. W,, Feechan, A., Yin, M., Saidi, N. B., Le Bihan, T., Yu, M., et al. (2011). S-
nitrosylation of NADPH oxidase regulates cell death in plant immunity.
Nature 478, 264-268. doi: 10.1111/nph.12739

Zhang, Y., and Wang, X. (2009). Phospholipase Dol and phosphatidic acid
regulate NADPH oxidase activity and production of reactive oxygen species in
ABA-mediated stomatal closure in Arabidopsis. Plant Cell 21, 2357-2377. doi:
10.1105/tpc.108.062992

Zhang, X., Henriques, R, Lin, S. S.,, Niu, Q. W., and Chua, N. H. (2006).
Agrobacterium-mediated transformation of Arabidopsis thaliana using the
floral dip method. Nat. Protoc. 1, 641-646. doi: 10.1038/nprot.2006.97

Zhang, Y., Wen, C,, Liu, S., Zheng, L., Shen, B., and Tao, Y. (2015a). Shade
avoidance 6 encodes an Arabidopsis flap endonuclease required for
maintenance of genome integrity and development. Nucleic Acids Res. 44,
1271-1284. doi: 10.1093/nar/gkv1474

Zhang, Q., Liu, Y., He, C., and Zhu, S. (2015b). Postharvest exogenous application
of abscisic acid reduces internal browning in pineapple. J. Agric. Food Chem.
63, 5313-5320. doi: 10.1021/jf506279x

Zhang, J., Luo, W., Zhao, Y., Xu, Y., Song, S., and Chong, K. (2016a). Comparative
metabolomic analysis reveals a reactive oxygen species-dominated dynamic
model underlying chilling environment adaptation and tolerance in rice. New
Phytol. 211, 1295-1310. doi: 10.1111/nph.14011

Zhang, Q., Rao, X,, Zhang, L., He, C,, Yang, F., and Zhu, S. (2016b). Mechanism of
internal browning of pineapple: the role of gibberellins catabolism gene
(AcGA20x) and GAs. Sci. Rep. 6, 33344. doi: 10.1038/srep33344

Zhao, M. G., Chen, L., Zhang, L. L., and Zhang, W. H. (2009). Nitric reductase-
dependent nitric oxide production is involved in cold acclimation and freezing
tolerance in Arabidopsis. Plant Physiol. 151,755-767. doi: 10.2307/40537809

Zhou, B., Guo, Z., Xing, J., and Huang, B. (2005). Nitric oxide is involved in
abscisic acid-induced antioxidant activities in Stylosanthes guianensis. ]. Exp.
Bot. 56, 3223-3228. doi: 10.1093/jxb/eri319

Zhou, J., Wang, J., Shi, K., Xia, X., Zhou, Y., and Yu, J. (2012). Hydrogen peroxide
is involved in the cold acclimation-induced chilling tolerance of tomato plants.
Plant Physiol. Biochem. 60, 141-149. doi: 10.1016/j.plaphy.2012.07.010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wang, Wang and Zhu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author
(s) and the copyright owner(s) are credited and that the original publication in this
Jjournal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

January 2020 | Volume 10 | Article 1723


https://doi.org/10.1111/nph.14278
https://doi.org/10.1046/j.1365-313X.2003.01930.x
https://doi.org/10.1504/IJPLAP.2013.051011
https://doi.org/10.1111/nph.12739
https://doi.org/10.1111/nph.12739
https://doi.org/10.1105/tpc.108.062992
https://doi.org/10.1038/nprot.2006.97
https://doi.org/10.1093/nar/gkv1474
https://doi.org/10.1021/jf506279x
https://doi.org/10.1111/nph.14011
https://doi.org/10.1038/srep33344
https://doi.org/10.2307/40537809
https://doi.org/10.1093/jxb/eri319
https://doi.org/10.1016/j.plaphy.2012.07.010
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	DNA Damage Inducible Protein 1 is Involved in Cold Adaption of Harvested Cucumber Fruit
	Introduction
	Materials and Methods
	Plant Materials and Treatment
	Evaluation of Chilling Injury, Secondary Disease, and Electrolyte Leakage
	Analysis of Chlorophyll Fluorescence
	RNA Extraction and Gene Expression Analysis
	Isolation and Bioinformatics Analysis of CsDDI1
	Subcellular Localization of CsDDI1 Protein
	Over-expression of CsDDI1 in Arabidopsis
	Phenotype Analysis of Transgenic Arabidopsis Plants
	Chilling Tolerance Test of Transgenic Arabidopsis Plants
	Determination of ROS Accumulation and antioxidant enzyme activities
	Statistical Analysis

	Results
	Expression of CsDDI1, DDR1, and DDB1 Genes in Response to Cold Acclimation
	Biosynthesis of Both ABA and NO are Involved in Cold Acclimation
	H2O2 Plays Crucial Roles in Initiating Cold Acclimation
	Bioinformatics Analysis and Localization of CsDDI1
	Phenotype of Transgenic Arabidopsis Plants Overexpressing CsDDI1
	CsDDI1 Overexpression Confers Chilling Tolerance in Arabidopsis Plants
	CsDDI1 Overexpression Enhanced Antioxidant Capacity in Transgenic Arabidopsis Lines under Chilling Stress
	CsDDI1 Overexpression Enhances Expression of Multiple Defense-Related Genes in Arabidopsis Under Chilling Stress

	Discussion
	Data Availability Statement
	Author Contributions 
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


