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Abstract 

Cold stress affects the growth and development of cucumbers. Whether the BPC2 transcription factor participates 
in cold tolerance and its regulatory mechanism in plants have not been reported. Here, we used wild-type (WT) 
cucumber seedlings and two mutant Csbpc2 lines as materials. The underlying mechanisms were studied by deter-
mining the phenotype, physiological and biochemical indicators, and transcriptome after cold stress. The results 
showed that CsBPC2 knockout reduced cucumber cold tolerance by increasing the chilling injury index, relative 
electrical conductivity and malondialdehyde (MDA) content and decreasing antioxidant enzyme activity. We then 
conducted RNA sequencing (RNA-seq) to explore transcript-level changes in Csbpc2 mutants. A large number of dif-
ferentially expressed genes (1032) were identified and found to be unique in Csbpc2 mutants. However, only 489 
down-regulated genes related to the synthesis and transport of amino acids and vitamins were found to be enriched 
through GO analysis. Moreover, both RNA-seq and qPT-PCR techniques revealed that CsBPC2 knockout also decreased 
the expression of some key cold-responsive genes, such as CsICE1, CsCOR413IM2, CsBZR1 and CsBZR2. These results 
strongly suggested that CsBPC2 knockout not only affected cold function genes but also decreased the levels of some 
key metabolites under cold stress. In conclusion, this study reveals for the first time that CsBPC2 is essential for cold 
tolerance in cucumber and provides a reference for research on the biological function of BPC2 in other plants.
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Introduction
Cucumber (Cucumis sativus L.) is an economically 
important vegetable that is very sensitive to low tem-
peratures [1]. In 2021, the global total production of 
cucumber was 93,528,796 tons. As the main producing 
country, China produces 70% of the world’s total yield 

of cucumber and gherkin [2]. However, long-term low 
temperatures and short-term critical low temperatures 
are common problems in winter and spring cultivation 
in northern China [3]. Low-temperature stress can be 
divided into cold stress (0–20  °C) and freezing damage 
(< 0  °C) [4, 5]. Cold stress can mainly change the struc-
ture of the cell membrane, reduce the activity of enzymes, 
deteriorate nutrient absorption capacity, reduce meta-
bolic capacity, etc., which have adverse effects on the 
normal growth and development of plants [6, 7]. Cucum-
ber can be injured by cold stress during the whole growth 
and development process, leading to a reduced seed ger-
mination rate, yellowing and dying of leaf margins at the 
seedling stage, a low fertilization rate, a low fruit set rate 
at the flowering stage, and other issues. In severe cases, 
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the whole plant will die [3], thus affecting the final quality 
and yield.

Plants have evolved a complex set of cold adaptation 
mechanisms, including gene transcriptional regula-
tion and a wide range of physiological, biochemical, and 
metabolic changes [8]. Physiological changes mainly 
refer to changes in plant cell membranes, protective 
enzyme systems, osmotic substances, etc. When its lev-
els are increased, malondialdehyde (MDA), which is the 
end product of membrane lipid peroxidation under cold 
stress conditions, can cross-link and polymerize with 
proteins or nucleic acid macromolecules, leading to 
enzyme inactivation and toxic effects on cells [9], which 
further leads to damage to the cell membrane structure, 
decreases in selective permeability, inward flows of large 
amounts of substances, and increases in relative electri-
cal conductivity. Moreover, under cold stress, plant cells 
are stimulated to produce many reactive oxygen species 
(ROS), mainly hydrogen peroxide  (H2O2), hydroxide ions 
 (OH−), hydroxyl radicals (-OH), and superoxide anions 
 (O2−) [10, 11], which can damage cells. However, plants 
can protect themselves from damage through enzymatic 
and nonenzymatic antioxidant machinery systems [12]. 
The activity of antioxidant enzymes in tobacco plants 
first increases and then decreases under cold stress [13]. 
In addition to the physiological response, transcription 
factors are an important part of signalling and regula-
tory networks [14]. The transcription factor ICE (inducer 
of CBF expression) is rapidly expressed after low tem-
perature induction and promotes the expression of CBF 
family genes, after which the CBFs bind to the CRT/DRE 
(C-repeat/dehydration response element) cis-element on 
the promoter of the COR (cold-regulated gene) to activate 
the expression of COR genes, which ultimately improves 
the cold tolerance of plants [8]. Studies have found that 
overexpression of CBF1-3 enhances the expression of 
downstream COR genes and improves cold tolerance in 
Arabidopsis [15]. Another type of low-temperature sig-
nalling is the CBF-independent pathway. In cbf mutants 
of Arabidopsis, only 10%–20% of COR expression is sig-
nificantly affected [16, 17]. Overexpression of the MYB4 
gene in rice can increase its cold resistance, but this pro-
cess does not affect the expression of CBF [18]. Mutations 
in the HOS9 gene in Arabidopsis can also cause plants to 
lose cold tolerance, which does not alter the expression of 
the CBF and COR genes [19].

BASIC PENTACYSTEINE (BPC) is a class of plant-spe-
cific transcription factors first identified in soybean and 
contains five conserved CYSTEINE residues in the C-ter-
minal domain [20, 21]. It is also known as GAGA-binding 
protein (GBP) because of its ability to bind GAGA repeats 
specifically to regulate the expression of downstream 
genes [21, 22]. Currently, seven BPC genes have been 

identified in Arabidopsis and classified into three cat-
egories, including class I (BPC1–BPC3), class II (BPC4–
BPC6), and class III (BPC7). Among them, BPC5 is a 
pseudogene without coding function [21], and the other 
six BPC genes are all activators or repressors of their tar-
get genes [23]. However, in cucumber, four BPC members 
have been identified and have been divided into two cat-
egories: class I (CsBPC1-CsBPC2) and class II (CsBPC3-
CsBPC4). BPC transcription factors play an important 
role in regulating plant growth and development [24]. 
It has been found that overexpression of CsBPC2 in 
tobacco inhibits seed germination [20]. The BPC protein 
is also involved in the regulation of lateral root develop-
ment, floral organ development, long-horn fruit elonga-
tion, and ovule development [23, 25]. In addition, BPCs 
are also involved in the regulation of hormones, such as 
cytokinin [26, 27], ethylene [23], and brassinosteroids 
[28]. CsBPC2  is the most highly expressed  CsBPC  gene 
under various types of abiotic stresses and hormone treat-
ments [20]. Recently, a study found that BPC2 knockout 
decreased the salt tolerance of tobacco [20] and cucumber 
[24]. Therefore, BPC is involved not only in the regulation 
of plant growth and development but also in the regula-
tion of abiotic stress.

Our previous study showed that the expression of 
CsBPC2 significantly increased during cold stress in 
cucumber [20]. However, whether BPC2 is essential in 
cold tolerance and how BPC2 regulates cold responses in 
plants are still unknown. In this study, by comparing WT 
and Csbpc2 mutants under cold stress, we found for the 
first time that CsBPC2 knockout significantly reduced the 
cold tolerance of cucumber. This study provides a refer-
ence for research on the biological functions of BPC2 in 
other plants under cold stress and a theoretical basis for 
genetic engineering to breed low-temperature-tolerant 
cucumber varieties.

Materials and methods
Materials and treatments
Cucumber of WT (‘Changchunmici’) and two Csbpc2 
mutant lines (-54  bp, L2; -31  bp, L3) in which Csbpc2 
was knocked out by CRISPR/Cas9 [24] were used in this 
study. The seeds of the WT and two Csbpc2 mutants of 
the same size and fullness were selected and immersed in 
water at 55 °C for 30 min and placed on a petri dish with 
two layers of filter paper in an incubator at 28 °C for ger-
mination. The germinated seeds were sown in a seedling 
pot (7 cm × 7 cm). The substrate (peat:vermiculite:chicken 
manure = 4:2:1, V:V:V) was added to fill the pot and 
watered thoroughly, and the plants were grown in a con-
trolled greenhouse. Cucumber seedlings were grown 
under 14-h light (25  °C, 600  μmol   m−2   s−1)/10-h dark 
(18 °C) photoperiods with 60%-70% air relative humidity. 
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After approximately 25  days, the seedlings were treated 
with continuous cold at a temperature as low as 4 °C. This 
temperature and time were chosen because our previ-
ous preliminary experiments showed that the phenotype 
between WT and Csbpc2 mutant cucumber seedlings 
was the most different. Furthermore, the activity of anti-
oxidant enzymes had changed significantly after 6  h of 
cold stress. Therefore, samples were collected at 0, 6 and 
24 h on the first leaf for the analysis of relative electrical 
conductivity, while the other indices were analyzed using 
samples obtained at 0 and 6  h. Samples were then put 
into an ultra-low-temperature freezer at -80 °C for subse-
quent experimental measurements.

Methods
Measurement of the chilling injury index
The measurement of the chilling injury index was based 
on the method described in [29] with slight modifica-
tions. Each treatment had four biological replicates 
with four seedlings for each biological replicate. The 
leaves of cucumber seedlings were investigated accord-
ing to the following classification criteria. Grade 0: 
cotyledons and true leaves were intact without obvious 
injury symptoms; Grade 1: one cotyledon was withered; 
Grade 2: both cotyledons were withered, and two true 
leaves appeared with few dehydration spots; Grade 3: 
two cotyledons and the heart leaf were withered, and 
the area of dehydration spots on the true leaves reached 
half of the whole leaf area; Grade 4: the area of dehy-
dration spots on true leaves and heart leaves was more 
than half of the leaf area; and Grade 5: the whole plant 
was dehydrated and wilted.

Measurement of relative electrical conductivity
The relative electrical conductivity was measured accord-
ing to the method described by Yan, 2019 [30]. We took 
the first leaf of cucumber and rinsed it once with tap 
water and then three times with distilled water. The water 
on the blades was blotted out as much as possible using 
clean filter paper. Next, 0.1 g was weighed, and the leaves 
were cut into 5 mm lengths with scissors. The cut leaves 
were then placed into a centrifuge tube and soaked in 
10 ml of distilled water at 32  °C for 2 h. Following this, 
the initial conductivity (EC1) of the solution was meas-
ured using an electrical conductivity meter. Then, the 
immersion solution was placed in a boiling water bath 
for 20  min and cooled to 25  °C before measuring the 
final conductivity (EC2). The electrical conductivity of 

Chilling injury index =

Number of Plants of per Grade × Corresponding Grade

Number of Total Plants × Highest Grade
×100%

distilled water (EC3) was also determined. Relative elec-
trical conductivity (EC) was calculated using the formula 
EC = (EC1-EC3)/(EC2-EC3) × 100%. There were three 
biological replicates for each treatment, and a random 
seedling was selected for each replicate.

Measurement of malondialdehyde (MDA) content
MDA levels were quantified via the thiobarbituric acid 
(TBA) reaction. The reagent (Suzhou Comin Biotechnol-
ogy Co., Ltd, Suzhou, China) was added to 0.1  g of the 
prepared sample according to the manufacturer’s instruc-
tions, and the MDA content was then measured on a 
spectrophotometer. There were three biological repli-
cates for each treatment, and two random seedlings were 
selected for each replicate.

Measurement of antioxidant enzyme activity
The activity of catalase (CAT) and peroxidase (POD) 
was measured by UV spectrophotometry, and the activ-
ity of superoxide dismutase (SOD) was measured by the 
nitroblue tetrazolium (NBT) method. The reagents were 
added according to the manufacturer’s instructions. All 
kits were provided by Suzhou Comin Biotechnology Co., 
Ltd, Suzhou, China. There were four biological replicates 
for each treatment, and a random seedling was selected 
for each replicate.

Transcriptome sequencing
Each treatment was set up with three biological replicates 
for transcriptome sequencing. Upon the isolation of total 
RNA from cucumber leaves, the purity and concentra-
tion of RNA were measured by a NanoDrop 2000 spec-
trophotometer. The RNA integrity was precisely assessed 

with Agient2100/LabChip GX. When the sample was 
qualified, library construction was initiated. After library 
construction was completed, a Qubit 3.0 fluorescence 
quantifier was used for preliminary quantification. The 
criterion was a concentration greater than 1 ng/µl. Next, 
a Qsep400 high-throughput analysis system was used to 
assess the inserted fragments of the library. When the 
inserted fragments met expectations, qPCR was used 
to accurately quantify the effective concentration of the 
library (effective concentration of the library > 2 nM) to 
ensure the quality of the library. Once the quality of the 
library had been confirmed, the Illumina NovaSeq 6000 
sequencing platform was used for PE150 mode sequenc-
ing (Baimke Biotechnology Co., Ltd.). Then, the resulting 
raw data were filtered, and high-quality clean reads were 
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obtained. These clean reads were then aligned to the 
cucumber reference genome by using TopHat software. 
The fragments per kilobase of transcript per million 
fragments mapped (FPKM) method was used to measure 
gene expression, and DESeq2 was used to screen differ-
entially expressed genes. The filtering standard was set 
as  log2|Fold Change|≥ 2 and FDR < 0.05. ClusterProfiler 
was used to perform Gene Ontology (GO) enrichment 
analyses of differentially expressed genes (https:// github. 
com/ Guang chuan gYu/ clust erPro filer/ issues). Hypergeo-
metric tests were used to identify GO terms that were 
significantly enriched for differentially expressed genes 
compared to the whole genomic background.

Measurement of gene expression
To further verify the accuracy of the sequencing data, 
we incorporated the techniques of quantitative real-
time PCR (qRT‒PCR). We chosen six genes related to 
cold stress and randomly selected four differentially 
expressed genes. First, RNA isolation was carried out 
by using the Quick RNA Isolation Kit (Beijing Hua Yue 
Yang Biotechnology Co., Ltd.) from the prepared sam-
ples. The integrity of the RNA was evaluated by 1% 
agarose gel electrophoresis, and subsequently, the con-
centration of RNA was determined by using a BioLion 
spectrophotometer (BioLion Technology). A Super-
Script Eraser cDNA Synthesis Kit (Beijing Hua Yue Yang 
Biotechnology Co., Ltd.) was employed for reverse tran-
scription to obtain first-strand cDNA. After tenfold dilu-
tion of the first strand of the resulting cDNA, the diluted 
cDNA was used as a template for amplification. We used 
Primer Premier 5.0 software to design the primers. The 
primers were synthesized by Shanghai Biotech Co., Ltd., 
and real-time PCR mix (SYBR Green) (Beijing Ju He 
Mei Biotechnology Co., Ltd.) was used to perform real-
time quantitative fluorescent qRT‒PCR amplification 
on an Mx3000P real-time quantitative fluorescent PCR 
instrument (Agilent Technologies). CsActin was used as 
the reference gene. The gene IDs used in the experiment 
and their primers are shown in Table  2. Based on the 
obtained Ct values, the relative expression of the target 
genes under different treatments was calculated by the 
 2− ΔΔCt method. There were three biological replicates 
for each treatment, and a random seedling was selected 
for each replicate.

Data analysis
The Tukey method (IBM SPSS 22.0 software) was utilized 
to determine the significance of differences in the data 
(α = 0.05, indicated in lowercase letters). GraphPad Prism 
10.0 software was used to generate figures.

Results
Effects of CsBPC2 knockout on the phenotype of cucumber 
seedlings under cold stress
Before treatment (0 h) (Fig. 1A), the sizes of the WT and 
Csbpc2 mutants were similar. However, after 6 h of cold 
stress at 4  °C, the leaves of Csbpc2 mutants were more 
wilted and droopy than those of the WT (Fig.  1B-C). 
The chilling injury index values of the Csbpc2 mutant 
lines L2 and L3 were 2- and 1.8-fold higher, respectively, 
than that of the WT (Fig. 1D). These results implied that 
the  Csbpc2  mutants were much more sensitive to cold 
stress than the WT control. Cold stress caused more seri-
ous damage to the Csbpc2 mutant cucumber plants than 
to the WT plants.

Effects of CsBPC2 knockout on the relative electrical 
conductivity and MDA content of cucumber seedlings 
under cold stress
According to the data presented in Fig.  2, there was no 
significant difference in relative electrical conductivity or 
MDA content between WT and Csbpc2 mutants under 
normal conditions. In contrast, when cucumber seed-
lings were exposed to cold stress at 4  °C, both the rela-
tive electrical conductivity and MDA content gradually 
increased in all plants, with significantly greater increases 
in the Csbpc2 mutants L2 and L3 than in the WT con-
trol. After 6  h of cold stress, the relative electrical con-
ductivity of the mutant lines L2 and L3 were 27.7% and 
70.6% greater than that of the WT, respectively. After 
24 h of cold stress, the relative electrical conductivity of 
the mutant plant lines L2 and L3 increased by 12.8% and 
13.8%, respectively (Fig.  2A). Similarly, the MDA con-
tent of the mutant lines L2 and L3 was 58.5% and 39.9%, 
respectively, after 6 h of cold stress than in the WT con-
trol (Fig. 2B). Therefore, CsBPC2 knockout led to weak-
ened membrane stability of cucumber seedlings under 
cold stress.

Effects of CsBPC2 knockout on the activity of antioxidant 
enzymes in cucumber seedlings under cold stress
Under normal growth conditions, there was no sig-
nificant difference in the activity of the CAT and 
POD enzymes between the WT and Csbpc2 mutants 
(Fig. 3A,C). After cold stress, the enzyme activity of CAT, 
SOD, and POD in the leaves of WT and mutant plants 
showed an upward trend. Nevertheless, the antioxidant 
enzyme activity in L2 and L3 was significantly lower than 
in the WT control (Fig. 3). After 6 h of cold stress treat-
ment, the CAT activity of the WT was 13.1% and 12.0% 
than that of mutants L2 and L3, respectively (Fig.  3A). 
The SOD activity of the WT was 5.3% and 39.7% greater 
than that of mutants L2 and L3, respectively (Fig.  3B). 
The POD activity of WT was 9.1% and 16.0% greater than 
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Fig. 1 Effects of CsBPC2 knockout on the phenotype and chilling injury index of cucumber seedlings under cold stress. A Phenotype of untreated 
cucumber plants. B-C Phenotype of cucumber plants treated at 4 °C for 6 h. D Chilling injury index of cucumber seedlings treated at 4 °C for 6 h. 
WT: wild-type cucumber seedlings; L2: cucumber Csbpc2 mutant line L2; L3: cucumber Csbpc2 mutant line L3. The different letters indicate 
significant differences as indicated by Tukey’s test (p < 0.05)

Fig. 2 Effects of CsBPC2 knockout on the relative electrical conductivity and MDA content of cucumber seedlings under cold stress. A Relative 
electrical conductivity. B MDA content. The different letters indicate significant differences tested by Tukey’s test (p < 0.05)
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that of mutants L2 and L3, respectively (Fig. 3C). These 
results indicated that CsBPC2 knockout significantly 
inhibited the antioxidant enzyme activity induced by cold 
stress, reduced the ability of plants to clear reactive oxy-
gen species, and resulted in a weaker cold stress tolerance 
of seedlings.

Transcriptome data quality analysis
The findings presented above showed that cucumber 
seedlings with Csbpc2 mutations exhibited reduced tol-
erance to cold stress, both in terms of their phenotype 
and in terms of their physiological indicators. Then, we 
explored the changes at the transcriptome level. Tran-
scriptome sequencing was performed on the leaves of the 
cucumber WT and the Csbpc2 mutants L2 and L3, which 

were treated at 4  °C for 0 h and 6 h, respectively. From 
a total of 18 samples, we obtained 110.94  Gb of clean 
data. The clean data of each sample reached 5.74 Gb, and 
the percentage of Q30 bases was 93.12% or more. Clean 
reads of each sample were sequentially compared with 
the reference genome of Cucumis sativus. ChineseLong_
v2.genome.fa, and the alignment efficiency was 92.25% to 
96.88% (Table 1). In summary, the quality of the database 
was satisfactory.

Differential gene expression patterns under cold stress
To understand how gene expression patterns changed in 
the WT and Csbpc2 mutants under cold stress, we analysed 
transcriptional data. As shown in Fig. 4A and Table S1, there 
were 2593 common differentially expressed genes shared 

Fig. 3 Effects of CsBPC2 knockout on the activity of the antioxidant enzymes CAT (A), SOD (B) and POD (C) in cucumber seedlings under cold stress. 
The different letters indicate significant differences tested by Tukey’s test (p < 0.05)

Table 1 Statistical criteria of the transcriptome sequencing data

Samples Total reads Clean reads Clean bases GC content % ≥ Q30 Mapping ratio

0 h-WT-1 46,698,690 23,349,345 6,987,035,978 44.34% 94.65% 96.70%

0 h-WT-2 39,832,516 19,916,258 5,961,421,700 44.23% 94.32% 96.82%

0 h-WT-3 40,442,870 20,221,435 6,052,180,658 44.53% 94.68% 96.16%

0 h-L2-1 39,648,528 19,824,264 5,931,364,386 44.46% 94.83% 96.52%

0 h-L2-2 42,377,044 21,188,522 6,342,339,252 44.23% 94.67% 96.88%

0 h-L2-3 40,898,050 20,449,025 6,118,997,538 44.80% 93.83% 96.19%

0 h-L3-1 40,363,938 20,181,969 6,039,962,410 43.98% 93.12% 96.21%

0 h-L3-2 42,798,128 21,399,064 6,403,580,358 45.02% 94.70% 92.25%

0 h-L3-3 41,483,912 20,741,956 6,205,228,358 44.10% 94.39% 96.67%

6 h-WT-1 38,373,648 19,186,824 5,740,142,498 44.02% 94.46% 96.48%

6 h-WT-2 40,552,436 20,276,218 6,066,290,918 44.15% 94.49% 96.64%

6 h-WT-3 40,282,554 20,141,277 6,027,263,606 43.96% 94.10% 96.58%

6 h-L2-1 40,669,314 20,334,657 6,083,389,134 44.12% 93.87% 96.42%

6 h-L2-2 40,166,458 20,083,229 6,009,679,630 44.09% 93.39% 96.22%

6 h-L2-3 41,971,962 20,985,981 6,277,400,236 44.26% 94.80% 96.65%

6 h-L3-1 39,805,680 19,902,840 5,955,646,082 44.18% 94.26% 96.53%

6 h-L3-2 45,255,956 22,627,978 6,765,563,802 43.81% 94.47% 96.74%

6 h-L3-3 39,940,984 19,970,492 5,976,063,820 44.01% 94.05% 96.85%
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by the WT and Csbpc2 mutants (L2, L3) under cold stress. 
Only 77 genes showed significant differences between 
the WT and Csbpc2 mutants, which could be divided into 
four categories (Fig.  4B; Fig. S1). One large category con-
tained the genes whose expression was up-regulated after 
cold stress, but the expression in Csbpc2 mutants increased 
more than that in the WT (28 genes). The other large cat-
egory contained genes whose expression was down-regu-
lated after cold stress, but the expression in Csbpc2 mutants 
decreased more than that in the WT (33 genes). Moreover, 
there were only 968 cold-responsive differentially expressed 

genes unique to the WT, including 410 up-regulated genes 
and 558 down-regulated genes (Fig. 4C; Fig. S2, Table S2). 
The Csbpc2 mutant L2 line had 1295 unique cold-respon-
sive genes, while the Csbpc2 mutant L3 line had 1126. There 
were 1032 common cold-responsive genes between the two 
mutant lines, of which 543 were up-regulated and 489 were 
down-regulated (Fig. 4D; Fig. S3; Table S3). Interestingly, the 
number of unique cold-responsive genes in Csbpc2 mutants 
was higher than that in the WT. All these results indicated 
that CsBPC2 knockout resulted in more cold-responsive 
genes under cold stress than were in the WT.

Fig. 4 Number of differential genes responsible to cold stress in the WT and Csbpc2 mutants. A Venn diagram of cold-responsive differentially 
expressed genes. B Classification of common cold-responsive differentially expressed genes in the WT and Csbpc2 mutants (WT-up more: 
the expression of the genes increased more in the WT than in mutants. Csbpc2-up more: the expression of the genes increased more in the mutants 
than in the WT. Csbpc2-down more: the expression of the genes decreased more in the mutants than in the WT. WT-down more: the expression 
of the genes decreased more in the WT than in mutants) (log2FC ≥ 2). C Number of unique up-/down-regulated cold-responsive differentially 
expressed genes in the WT. D Number of unique up-/down-regulated cold-responsive differentially expressed genes in the Csbpc2 mutants
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GO enrichment analysis of differentially expressed genes
To understand the potential functions of the cold-respon-
sive differentially expressed genes, GO enrichment analy-
sis was carried out. As shown in Fig. 5 and Table S4, GO 
analysis showed that the up-regulated genes unique to 
the mutants were related to biosynthesis. Nevertheless, 
the main enriched GO term was associated with down-
regulated cold-responsive genes, whose functions were 
mainly related to amino acid transport, vitamin metab-
olism and transport, etc. These GO results suggest that 
CsBPC2 knockout affects plant tolerance to cold stress 
in different ways. However, it seems that the down-reg-
ulation of the genes related to the biosynthesis of amino 
acids and vitamins could negatively affect cold tolerance 
in cucumber plants. The down-regulated genes unique to 
the WT were related mainly to photosynthesis. This indi-
cated that cold stress could affect plant photosynthesis. In 
addition to analysing the function of genes specific to the 
WT and specific to Csbpc2 mutations, we also analysed 
common differentially expressed genes between the WT 
and Csbpc2 mutants (Fig. 6). The common cold-respon-
sive differentially expressed genes between the WT and 
Csbpc2 mutants were enriched mainly in two major cat-
egories. In one category, these genes were down-regu-
lated, and the expression in the WT was down-regulated 
more than that in Csbpc2 mutants. The functions of these 
genes were related mainly to purine transport and trans-
porter protein activity. In the other category, the genes 

were down-regulated, and the expression in Csbpc2 
mutants was down-regulated more than that in the WT. 
The functions of these genes were related mainly to the 
activity of protein histidine kinase, phosphotransferase, 
etc. The results showed that in Csbpc2 mutants and the 
WT, plants could also reduce the expression of purine 
transport, transporter, protein histidine kinase and phos-
photransferase genes to affect their cold tolerance.

CsBPC2 was essential for the expression of some key 
cold‑responsive genes
To verify the accuracy of the transcriptome sequenc-
ing results, we randomly selected four differentially 
expressed genes and six genes that played an important 
role in the cold response process for qRT‒PCR verifica-
tion (Table  2). Compared with the RNA-seq results, we 
found that the differential gene expression results tended 
to coincide, indicating that the sequencing results had 
high accuracy and reliability (Fig. 7; Fig. S4). Among the 
ten differentially expressed genes, the six cold-responsive 
genes involved the CBF-dependent pathway and BR sig-
nal synthesis and transduction genes, which are key genes 
regulating plant cold tolerance. The relative expression of 
CsICE1 (Csa3G598900), CsCOR413IM2 (Csa1G459500), 
CsBZR1 (Csa6G501930) and CsBZR2 (Csa2G361450) was 
up-regulated after cold stress. The relative expression of 
CsDET2 (Csa3G732550) and CsCYP90A1 (Csa5G202330) 
was down-regulated after cold stress. However, compared 

Fig. 5 GO analysis of cold-responsive differentially expressed genes unique to the WT (blue) or Csbpc2 mutants (orange and green)
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with the WT plants, CsBPC2-knockout plants exhibited 
significantly reduced expression of these genes, indicating 
the importance of CsBPC2 for cold tolerance in cucumber.

Discussion
CsBPC2 may positively regulate the cold tolerance 
of cucumber
Cold has been an important factor limiting the yield of 
cucumber in protected cultivation [1]. The signal sensing 
and response model of plants to cold stress was estab-
lished on the basis of extensive research on Arabidopsis 
[31]. However, research on the molecular mechanisms 
of the Cucurbitaceae family in response to cold stress 
is weak compared with that on model plants. Further 
detailed studies are needed to understand the mecha-
nisms by which signals are received and transmitted, as 
well as plants’ response to cold [32, 33].

BPCs are homologous to the GBP (GAGA binding 
protein) protein in soybean [22]. Several studies have 
shown that BPCs are of vital importance in the regula-
tion of plant growth and development. They participate 
in processes within the internodes, leaves, flowers [23, 
26, 34], ovules, embryos [21, 35, 36], and seeds [23] of 
Arabidopsis as well as in other regulatory processes. Our 
previous research found four BPC genes in cucumber 
that were classified into two groups. These four types 
of CsBPCs were all widely expressed in both nutritional 
and reproductive organs. In addition, different abiotic 
stresses and hormonal treatments could induce the 
expression of CsBPCs [20]. Overexpression of CsBPC2 

in tobacco inhibited the germination of seeds under 
saline, polyethylene glycol, and abscisic acid (ABA) 
conditions [20]. CsBPC2 is also essential in the salt tol-
erance of cucumber [24]. These results suggest that CsB-
PCs may actively participate in regulating abiotic stress 
and phytohormones in cucumber. The function of BPCs 
in plant resistance to cold stress has not been reported. 
In this study, Csbpc2 mutants were used to investigate 
the function of CsBPC2 in cold tolerance. We found that 
the loss of CsBPC2 increased the sensitivity of cucum-
ber seedlings to cold stress. The mutants suffered more 
severe water loss, greater wilting, and a higher chilling 
injury index than the WT (Fig. 1). MDA is an end prod-
uct of membrane lipid peroxidation, which can damage 
the structure and function of the biological membrane 
and change the membrane permeability such that its 
content can reflect the degree of plant damage. Stud-
ies have shown that the amount of MDA increases in 
cucumber seedlings under cold stress [13]. Similarly, 
the MDA content and the relative electrical conductiv-
ity of Csbpc2 mutants were significantly higher than 
those of the WT after cold stress in this study (Fig. 2), 
indicating that their membrane structure and cells were 
more seriously damaged and that their cell membrane 
permeability had increased, further leading to an out-
flow of intracellular electrolytes and an increase in rela-
tive electrical conductivity. The above results showed 
that knockout of CsBPC2 reduced the cold tolerance of 
cucumber seedlings, which indicated that CsBPC2 was 
essential for cold tolerance.

Fig. 6 GO analysis of common cold-responsive differentially expressed genes in both the WT (blue) and Csbpc2 mutants (orange)
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CsBPC2 participated in the regulation of the antioxidant 
pathway in cucumber seedlings under cold stress
Stress causes the accumulation of toxic substances and 
induces other stresses [37, 38]. Under normal condi-
tions, the production and elimination of free radicals 
within cells are balanced. However, when subjected to 
cold stress, plants are stimulated to produce excessive 
amounts of reactive oxygen species (ROS). The balance 
of energy supply within the cell is disrupted. The mas-
sive accumulation of ROS, which possess strong oxida-
tive capacity, leads to cellular damage [3, 12]. The activity 
of protective enzymes such as CAT, SOD, and POD in 
the plant will be increased to alleviate damage to plants 
under cold stress [39]. In this study, the enzyme activ-
ity of CAT, SOD, and POD in both the Csbpc2 mutants 
and WT cucumber seedling leaves showed an increasing 
trend under cold stress. However, in the Csbpc2 mutants, 
the enzyme activity was consistently lower than that in 
the WT, and the increase rate was also lower than that 

in the WT (Fig. 3), suggesting that CsBPC2 was involved 
in the regulation process of the antioxidant enzyme path-
way under cold stress.

CsBPC2 knockout decreased gene expression related 
to the synthesis and transport of amino acids and vitamins 
under cold stress
Plant adaptation to cold stress is a complex process that 
involves a series of changes at both physiological and 
molecular levels [32]. Transcriptome sequencing is a 
powerful technology capable of revealing the transcrip-
tional activities of any species at the mononucleotide 
level [40, 41]. The results of the present study indicated 
that CsBPC2 was involved in cold tolerance in cucumber. 
However, how CsBPC2 knockout affected the global tran-
scriptome under cold stress was not clear. In our study, 
the composition and expression of cold-responsive genes 
in cucumber seedlings significantly changed in Csbpc2 
mutants. Cold stress caused more gene changes in the 

Table 2 Differentially expressed genes in the WT and Csbpc2 mutants used for analysis of qRT‒PCR

Gene ID WT‑log2 fold 
Change

L2‑log2 fold 
Change

L3‑log2 fold 
Change

WT‑regulation L2‑regulation L3‑regulation Forward 
primer 
Sequence 
(5’‑3’)

Reverse primer 
Sequence 
(5’‑3’)

Csa3G598900 1.160573749 0.71314422 0.970121949 up up up TTT AGG CGG 
TGA AAA TGG 
TC

CAC AGG CAT 
CGA AGT TCT CA

Csa1G459500 0.485592215 0.148236934 0.037536613 up up up GTT GTG CTC 
CGT CTC TTC TT

TCC GAT GGG ATC 
GTT TCT TATG 

Csa3G732550 -0.760215992 -0.103116865 -0.022952602 down down down AGA AGT CAT 
TTG TGA CAA 
TGGC 

CAA TAC CAA TAG 
CTC CGA CTCT 

Csa5G202330 -1.089579003 -1.509829003 -1.514338257 down down down TCT TCA TCA 
TCT TGT CAC 
CCAA 

TCG TTC TTA CGC 
GTC ACA TATA 

Csa6G501930 1.271882853 1.057699327 1.258896149 up up up CGA AGC AAA 
GAA GCA AAA 
CATC 

TCA AGC TAA AAT 
GTT CGG TTCG 

Csa2G361450 0.364259096 0.216829221 0.243954024 up up up CTC TCT CTC 
TTT CCC AAT 
CGAA 

CGA TTC TTC AGT 
TCC GAC AATC 

Csa3G643770 0.777739139 1.741103697 1.712188562 up up up GGA GAG TTC 
AGC CGT GAC 
AGT AGA 

ACA CAT CCT TCT 
TCC TGA CCC 
AAA TG

Csa7G407550 0.803906259 1.796374033 1.798755046 up up up CGA TAA CTC 
CGT CTC CGT 
CCT CTT 

GAA CAA CTC 
TCC GAT CAA CCT 
CAC TC

Csa1G533380 -0.631431667 -1.412083745 -1.363809409 down down down TTG GTG TGA 
TTC AAG GCT 
CTAT 

TCC GTC GCC ATA 
TAA GCA TAAT 

Csa2G369740 -0.765350909 -1.584917728 -1.810774018 down down down AAC AAA AGT 
TCA CGA GCT 
ACAC 

CTG CTA TGT ACT 
CTC CAT TCGT 

CsActin / / / / / / TTC TGG TGA 
TGG TGT GAG 
TC

GGC AGT GGT 
GGT GAA CAT G
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Csbpc2 mutants than in the WT (Fig. 4). Amino acids are 
osmoregulatory factors that maintain and stabilize cell 
structure and usually accumulate in plants in response to 
stress [42]. Our results showed that the down-regulated 
cold-responsive differentially expressed genes unique to 
Csbpc2 mutants were significantly enriched. The func-
tions of these genes were related mainly to amino acid 
transport, vitamin metabolism, and transport (Fig.  5). 
Thus, the functional loss of CsBPC2 led to decreases in 
amino acid transport, vitamin metabolism, and transport 
processes during cold stress, which may ultimately affect 
metabolism to reduce the cold tolerance of cucumber 
seedlings. In addition, interestingly, we found that the 
photosynthesis-related genes of WT decreased signifi-
cantly under cold stress, while the photosynthesis-related 
genes of Csbpc2 mutants showed no difference under 
cold stress (Fig.  5). While, our previous study showed 
that under normal conditions, knocking out CsBPC2 
improved the expression of photosynthesis-related genes 
[43], suggesting that CsBPC2 negatively regulated the 
expression of these genes, which may be the main reason 
why there was no change in photosynthesis of Csbpc2 
mutants during cold stress compared to the WT in the 
present study. Another reason may be the stress applied 
in our experiment was too short to generalize the link 
between the expression of photosynthesis-related genes 
and Csbpc2 mutants. In general, we are the first time 
found that knocking out CsBPC2 mainly decreased 
the expression of molecules involving in amino acid 

transport, vitamin metabolism and ICE-CBF pathways 
that reduced the cold tolerance of cucumber seedlings.

CsBPC2 was involved in the regulation of important 
cold‑responsive genes in cucumber seedlings under cold 
stress
At present, the expression of CBF pathway genes in 
plant hypothermia molecular regulatory mechanisms 
is of great significance for enhancing plant tolerance 
to cold stress [44, 45]. Upstream CBF genes are regu-
lated by the transcription factor ICE, while downstream 
binding of the COR gene promoter activates COR gene 
expression, thereby improving plant cold tolerance [46]. 
Transgenic tomato plants possessing the LeCBF1 gene 
exhibit greater cold tolerance than WT plants [47]. The 
expression of the COR gene is crucial for cold tolerance 
and low-temperature acclimation [48]. Overexpression 
of the CBF gene can increase COR gene expression and 
enhance plant cold tolerance [15, 49–51]. The expres-
sion of COR413IM2 has been reported to be induced 
by cold [52]. In Arabidopsis thaliana, the expression 
of COR413IM2 is significantly increased under cold 
stress [53]. We found that the expression of CsICE1 and 
CsCOR413IM2 was up-regulated after cold stress but 
that the expression in Csbpc2 mutants was lower than 
that in the WT (Fig. 7A-B). In addition to the CBF regula-
tory pathway, brassinosteroids (BRs) also play an impor-
tant role in regulating plant resistance to cold stress [54]. 
DET2, CYP90A1, CsBZR1 and BZR2 are all key regulators 

Fig. 7 Relative expression  (2-ΔΔCt) of the cold-responsive genes
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of the BR pathway, and a study has found that BZR1 can 
positively regulate cold tolerance in plants [55, 56]. Our 
results showed that the expression of BR synthesis genes 
(CsDET2, CsCYP90A1) was down-regulated under cold 
stress and decreased more in Csbpc2 mutants than in the 
WT (Fig. 7C-D). The expression of CsBZR1 and CsBZR2 
increased, but the increase in mutants was less than that 
in the WT (Fig. 6E-F). In short, both RNA-seq and qPCR 
techniques indicated that CsBPC2 regulated the expres-
sion of CsICE1, CsCOR413IM2, CsDET2, CsCYP90A1, 
CsBZR1 and CsBZR2 and that CsBPC2 knockout sup-
pressed the expression of these genes to reduce cold tol-
erance in cucumber seedlings.

Conclusion
Csbpc2 mutant cucumber seedlings showed significant 
increases in chilling injury index, relative electrical con-
ductivity, and MDA content after cold stress. The activity 
of the antioxidant enzymes CAT, SOD, and POD was sig-
nificantly reduced. Moreover, CsBPC2 knockout not only 
affected the expression of cold function genes but also 
decreased the expression of some key metabolic genes 
under cold stress. In conclusion, this study reveals for 
the first time that CsBPC2 is essential for cold tolerance 
under cold stress.

Abbreviation
WT  Wild-type
MDA  Malondialdehyde
RNA-seq  RNA Sequencing
GO  Gene Ontology
qPT-PCR  Quantitative real-time polymerase chain reaction
ICE  Inducer of CBF expression
CBF  C-repeat/dehydration response element
COR  Cold-regulated gene
BPC  Basic pentacysteine
CAT   Catalase
SOD  Superoxide dismutase
POD  Peroxidase
L2  Mutant line L2
L3  Mutant line L3
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