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Abstract

Background The basic helix-loop-helix (bHLH) gene family is one of plants'largest transcription factor families. It
plays an important role in regulating plant growth and abiotic stress response.

Results In this study, we determined that the PavbHLH28 gene participated in cold resistance. The PavbHLH28 gene
was located in the nucleus and could be induced by low temperature. Under the treatment of ABA, PEG, and GA,,
the transcript level of PavbHLH28 was affected. At low temperature, overexpression of the PavbHLH28 gene enhanced
the cold resistance of plants with higher proline content, lower electrolyte leakage (EL) and malondialdehyde (MDA)
content. Compared with the WT plants, the transgenic plants accumulated fewer reactive oxygen species (ROS),

and the activity and expression levels of antioxidant enzymes were significantly increased. The expression of proline
synthesis enzyme genes was up-regulated, and the transcripts levels of degradation genes were significantly down-
regulated. The transcripts abundance of the cold stressed-related genes in the C-repeat binding factor (CBF) pathway
was not significantly different between WT plants and transgenic plants after cold stress. Moreover, the PavbHLH28

could directly bind to the POD2 gene promoter and promote its gene expression.

Conclusions Overall, PavbHLH28 enhanced the cold resistance of transgenic plants through a CBF-independent
pathway, which may be partly related to ROS scavenging.
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Introduction

Many extreme environments can affect plant growth
and development, such as high and low temperature,
drought, high salinity, etc. To survive, plants have evolved
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a series of regulatory mechanisms to adapt to environ-
mental changes [1, 2]. Throughout its life cycle, plants
are affected by environmental temperature. In addition
to regulating plant growth, temperature also affects its
geographical distribution and yield [3]. There are two
types of cold stress: low-temperature stress (0-15 °C)
and freezing stress (<0 °C), and plant stress resist-
ance changes with species differences and temperature
changes [4]. Low temperature can cause functional dam-
age and dysfunction of cells, mainly affecting plant res-
piration and photosynthesis while f reezing generally
freezes cells and damages cell membranes, finally causing
plant death [5, 6].
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It was previously widely accepted that temperature
affects cell membrane fluidity, changes in the cytoskel-
eton, and calcium entry, with a series of downstream
reactions [7, 8]. The three major cold-responsive genes
in plants are Inducer of CBF Expression (ICE), C-repeat
binding factors (CBF), and Cold-Regulated genes (CORs)
[9]. In most plants, these three named key players mimic
an essential signaling pathway, the ICE-CBF-COR cas-
cade, a cold-responsive pathway that relieves cold stress
in plants [10, 11]. The CBFs can be rapidly and highly
induced by low-temperature [3]. The CBF genes directly
combine with the promoter of the CORs and induces
their expression, thereby improving cold resistance [12,
13].

At the same time, the CBF gene is also regulated by
upstream transcription factors. ICEI is the first identi-
fied CBF transcriptional activator and belongs to the
MYC subfamily of the bHLH gene family [4]. Presently,
ICE1 is one of the best transcriptional activators of CBF
genes [14]. ICEI can bind to the promoter of CBFI-3 to
promote their expression under cold stress [15]. The icel
mutant showed impaired freezing tolerance and signifi-
cant defects induced by CBF genes, whereas overexpres-
sion of ICE1 promotes upregulated expression of CBFI-3
[16, 17]. Many reports have shown that bHLH can par-
ticipate in the regulation of low-temperature stress. For
example, in Arabidopsis, ICEI1, which belongs to the
bHLH transcription factor family, can activate CBF3 and
COR genes in response to low-temperature [18]. The
apple MdCIbHLHI1 protein binds to the MdCBF2 pro-
moter and up-regulates MdCBF2 expression dependent
on the CBF pathway to improve cold tolerance in trans-
genic apple plants [19]. In Prunus Mume and rice, cold
stress specifically induced the expression of genes such as
PmbHLHS57 and OsbHLH]1 [20, 21]. In addition, in sweet
cherry and peach, the bHLH gene is involved in antho-
cyanin synthesis [22, 23].

Cold stress will produce more substances harmful to
cells, one of them is the accumulation of ROS. ROS is a
toxic molecule that causes oxidative damage to proteins,
lipids and DNA [24]. On the other hand, the increase of
ROS during stress is also considered as a signal to acti-
vate the stress response pathway [25]. Therefore, the
lower ROS level of plants after low-temperature stress
can enhance the cold resistance of plants. When sub-
jected to cold stress, plants will maintain low levels of
ROS by regulating antioxidant enzymes SOD, POD and
CAT to protect plants from oxidative damage [26]. The
bHLH proteins family is one of the most important tran-
scription factor families, involved in a variety of meta-
bolic and developmental processes [27]. In addition to
ICE participating in the cold signal transduction pathway,
some bHLH proteins can also improve the resistance of
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plants to cold stress. Overexpression of rice OrbHLHO001
enhances cold resistance in transgenic Arabidopsis. But
unlike the function of ICE, OrbHLHO001 is a CBF-inde-
pendent cold response pathway [28]. In citrus, stud-
ies have found that CsbHLHI18 can directly regulate the
antioxidant gene CsPOD to regulate ROS homeostasis,
thereby playing an active role in cold tolerance [29]. Pre-
vious studies had found that bHLHs, as positive regula-
tors, participate in various ways in which plants adapt
to stress [30, 31]. Overexpression of AthHLHI1I12 sig-
nificantly enhances ROS scavenging ability to reduce the
accumulation of ROS in guard cells under ABA, salt and
osmotic stress conditions [27]. In Tamarisk, ThbHLH1 is
highly expressed under high salt induction, and signifi-
cantly increases POD and SOD activities [27]. Additional
study found that GhbHLHI8 can activate the expression
of the peroxidase gene GHPERS to improve the stress
resistance of cotton [32]. Consequently, a key indicator to
assess a plant’s capacity to withstand stress is by evalu-
ating the ability to eliminate ROS. Revealing the regula-
tion of bHLH transcription factors in the ROS clearance
mechanism can expand the understanding of bHLH
functions.

The sweet cherry (Prunus avium L.), a fruit tree that is
widely grown for its economic value worldwide, is sus-
ceptible to adverse climates such early spring low tem-
peratures and late frosts. This can lead to low yields and
instability, which can have an enormous adverse effect on
the tree’s economic benefits [17]. In the previous study,
we conducted genome-wide identification and expression
analysis of the bHLH genes of sweet cherry, and identi-
fied PavbHLH?28 responses to low temperature [33]. The
current study proceeded to investigate the role of Pavb-
HLH28. Our results showed that PavbHLH28 could
actively respond to low temperature and enhance the
cold tolerance of transgenic Arabidopsis. Moreover, the
PavbHLH?28 could directly bind to the promoter of Pav-
POD2 and enhance its gene expression. Overall, rather
than a CBF-dependent cold stress response mechanism,
PavbHLH?28 improved cold resistance in sweet cherries.
This was attributed, at least in part, to the influence of
the dynamic balance of ROS through antioxidant enzyme
gene regulation. Our findings provided important clues
for elucidating the function of PavbHLHs and laid the
groundwork for investigating genes that were important
for genetic manipulation.

Result

Cloning and characterization analysis of PavbHLH28

The open reading frame (ORF) length of PavbHLH28 was
1308 bp, which encoded 435 amino acids, the molecu-
lar weight of 46.51 kDa and an isoelectric point of 6.30.
The evolutionary tree analysis showed that all branches
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contained bHLH genes from different species with no
significant correlation with species. The PavbHLH28
gene has the highest homology to the AtbHLHII2
(AT1G61660) (Fig. 1). Using Arabidopsis protoplast cells,
a transient expression assay was used to determine the
location of the gene’s function within the cell. As shown
in Fig. 2, the GFP fluorescence of pBWA(V)HS-GLosgfp
was displayed in the whole cell. The fluorescence location
of pBWA(V)HS-PavbHLH28-GLosgfp completely over-
lapped with the nuclear localization marker fluorescence,
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indicating that the PavbHLH28 protein was localized in
the nucleus (Fig. 2).

Expression profiles of PavbHLH28 in sweet cherry

To reveal gene expression profiles in different tissues,
stem, leaf, flower, fruit and fruit stalk were tested with
qRT-PCR. The results showed that the highest expression
was detected in the stem and the least accumulation in
the fruit. Moreover, the expression levels of PavbHLH28
under phytohormone treatment were analyzed (Fig. 3A).
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Fig. 1 Phylogenetic tree analysis of PavbHLH28 with Arabidopsis thaliana, Oryza sativa and Prunus persica



Cao et al. BMC Plant Biology (2023) 23:652

Nucleus Marker

GFP Fluorescence

pBWA(V)HS-
PavbHLH?28-
GLosgfp

pBWA(V)HS-GLosgfp

GFP Fluorescence

Chloroplast

Page 4 of 16

Chloroplast

Bright Merged

Bright Merged

Fig. 2 Subcellular localization of PavbHLH28 protein. pBWA(V)HS-GLosgfp and pBWA(V)HS-PavbHLH28-GLosgfp represent empty vector
and PavbHLH28 vector, respectively. GFP Fluorescence represents GFP fluorescence signal. Nucleus marker represents nuclear localization signal
fluorescence. Chloroplast represents chloroplast fluorescence signal, the fluorescence result of PavbHLH28 vector uses pseudo color purple

to distinguish nuclear localization signal

Exposure to GA; and ABA treatments, the PavbHLH28
reached a peak after 2 h treatment, and then gradually
decreased (Fig. 3C, E). After MeJA treatment, the expres-
sion of PavbHLH28 gene increased for 1 h, then the gene
expression abundance decreased, and the gene expres-
sion increased again after 3 h (Fig. 3D). For cold stress,
the gene expression increased significantly after 1 h treat-
ment, reached a peak at 3 h, and gradually decreased
after 12 h (Fig. 3B). Under the drought stress induced by
PEG, the PavbHLH?28 expression reached the maximum
after 2 h treatment, then decreased, and increased again
after 8 h, and both were significantly higher than the con-
trol (Fig. 3F).

The expression analysis and cold tolerance analysis

of PavbHLH28 overexpressed transgenic plants

To ascertain the transgenic strains’ expression level, we
evaluated the PavbHLH?28 gene abundance in each trans-
genic strain; OE8 and OE6 had the highest expression
abundances (Fig. 4). For instance, OE6 and OE8 were
chosen for further investigation. To determine cold tol-
erance of Arabidopsis, 30-day-old transgenic seedlings
and WT plants were subjected to low-temperature stress.
Under normal growth, the characterization of transgenic
seedlings was not significantly different from that of WT
(Fig. 5B). The EL and MDA content of WT plant were
significantly higher than the transgenic lines (Fig. 5C,
D), indicating that WT plants suffered more severe cold
damage than transgenic plants after low-temperature
treatment. The above data indicated that overexpression
of the PavbHLH28 gene enhances the cold tolerance of
Arabidopsis.

Expression of cold-responsive genes

in transgenic Arabidopsis

To further explore the mechanism of enhanced cold
resistance of PavbHLH28 over-expression lines, the
expression levels of several cold stress-related genes
in the CBF-dependent pathway of Arabidopsis were
detected. Our results showed that cold stress-related
genes were up-regulated in WT and transgenic plants
under low-temperature treatment (Fig. 6). The CBF3
gene was up-regulated 3.37, 6.71, and 4.35 times in
WT, OE6, and OES, respectively. The KIN gene has
the largest up-regulated expression fold after low-
temperature treatment. There was no significant
difference in the expression of genes (AtCBF1/2/3,
AtKIN, AtCOR47, AtRD29A) between WT and trans-
genic lines under low-temperature stress. The results
revealed that PavbHLH28 enhanced cold stress resist-
ance in transgenic plants not by regulating CBE-
related gene expression.

The activities and expression levels of antioxidant enzyme
in transgenic plants

To explore whether transgenic strains enhance cold
resistance by promoting the expression of antioxidant
enzyme genes, the antioxidant enzyme activities of the
transgenic lines and WT plants were measured after low-
temperature treatment. The POD and SOD enzyme activ-
ities of the over-expression lines were significantly higher
than those of the WT plants after cold stress (Fig. 7A, B).
For CAT enzyme activity, there was no significant dif-
ference between transgenic strains and wild type before
cold treatment, and CAT activity of transgenic strains
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Fig. 3 The gRT-PCR analysis of PavbHLH28 expression patterns in sweet cherry. A represents PavbHLH28 gene expression analysis in different
tissues, including stem, leaf, flower, fruit and peduncle. B, C, D, E, F represent the gene expression analysis of PavbHLH28 under different treatments,

including cold, ABA, MeJA, GA; and PEG treatments

was higher than that of WT plants after cold treatment
(Fig. 7C). In addition, the expression levels of POD and
SOD genes in plants before and after cold stress were
detected. The highest transcription level is found in the
POD4 gene out of the four POD genes whose mRNA
abundance was assessed. After the cold treatment, the
POD4 gene expression of the transgenic line was 1.78
times (OE6) and 1.47 times (OE8) that of the W'T, respec-
tively (Fig. 8D). Besides, the POD3 gene expression had
the largest fold change between transgenic lines and WT
plants, the POD3 gene expression of the transgenic line
was 9.48 times (OE6) and 10.23 times (OE8) that of the

WT, respectively (Fig. 8C). The expression of the trans-
genic line was much higher than that of the WT under
cold treatment (Fig. 9), and for the AtSOD genes, all three
(AtSOD2/3/4) showed significant increases in expression,
except the AtSODI gene.

Transgenic plants accumulate less ROS

Since the transgenic plants showed higher cold resist-
ance than the WT, the NBT and DAB for histochemical
staining were used to detect the accumulation of the two
main ROS. The results showed that the WT strain had
deeper staining (Fig. 10A, B). Further determination of
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Fig. 5 Overexpression of PavbHLH28 enhanced cold tolerance in transgenic Arabidopsis. A and B represent the growth of transgenic strains and WT
plants under normal conditions and cold treatment, respectively. C and D represent MDA content and electrolyte leakage of transgenic and WT
plants after cold treatment, respectively. Different letters indicate the significant differences of three replicates as determined by SPSS software
(p<0.05)

the ROS content in the cells confirmed that it was con-  than that of the WT plants after a low-temperature treat-
sistent with the results of histochemical staining. The ment (Fig. 10C, D). This suggests that the transgenic
transgenic plants’ ROS content was significantly lower  plants’ high expression of antioxidant enzymes improved
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their capacity to scavenge ROS and prevented them from
accumulating as much ROS.

Analysis of expression levels related to proline metabolism
genes and proline content

To reveal the mechanism of cold resistance in trans-
genic lines, the expression levels of proline synthesis
and metabolism genes in transgenic lines and WT were
detected. The results showed that the expression abun-
dance of proline synthetic genes in transgenic lines was
significantly higher than that in WT plants with normal
growth. After low-temperature treatment, the transcript
level of proline synthase (P5CS1/2) increased rapidly,
and the expression of P5CSI in the transgenic line was
1.66 and 1.87 times that of the WT plant, respectively
(Fig. 11A). In addition, the gene abundance of the P5CS2
in the transgenic line was 1.64 and 2.02 times that of the
WT after low-temperature stress (Fig. 11B). In contrast,
the proline dehydrogenase gene was significantly down-
regulated. The PRODHI expression of the transgenic
lines OE6 and OES8 were significantly down-regulated by
1.67 and 1.84 times compared with the WT plants under

low-temperature stress (Fig. 11C). Meantime, compared
with the WT plants, the transgenic line accumulated
more proline after cold treatment (Fig. 12).

PavbHLH28 promotes the expression of the PavPOD2 gene
The transcriptional activity of the PavbHLH28 indicated
that its entire length possesses activation ability, which
allowed us to confirm if the PavbHLH28 directly regu-
lated the expression of genes that encode antioxidant
enzymes (Fig. 13). Subsequently, the POD gene promoter
obtained by cloning was verified for interactions, and
yeast one-hybrid and double-luciferase experiments con-
firmed that PavbHLH28 could directly bind the promoter
of PavPOD2 gene and promote its expression (Fig. 14).

Discussion

Transcription factor (TF), also known as cis-acting
factor, played a key role in the regulation of related
physiological processes. It combined with the cis-act-
ing element on the promoter to regulate the expres-
sion of downstream target genes [34]. The bHLH
gene was involved in a variety of plants metabolic and
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physiological processes, such as growth and morpho-
genesis, hormonal signaling, and secondary metabo-
lism [35]. In addition, the overexpression of bHLHs
endowed plants with tolerance to salt, osmosis, freez-
ing, cold and oxidative stress [27, 36]. The ICE gene
was the MYC subfamily of the bHLH gene family. There
have been many reports on the functions of plants
involved in cold stress. Some recent research on Rosa
[37], sweet potato [38], Zoysia japonica [39], Saussurea
involucrata [40], Malus domestica [41], the homolo-
gous genes of Arabidopsis ICEI can enhance the cold
resistance of plants. However, there are few studies on
the involvement of bHLH gene in plant stress resistance
in sweet cherry. The homology comparison of the Pavb-
HLH?28 gene identified with Arabidopsis showed that it
does not belong to the ICE transcription factor in this
study. The study found that the expression of this gene
could be highly induced by cold treatment, and the
expression level was significantly increased under PEG
and ABA treatment. It indicated that this gene may also

play a role in the regulation of drought resistance in
sweet cherry.

To reveal the function of PavbHLH28 gene in cold tol-
erance, we genetically transformed Arabidopsis thaliana
by constructing an overexpression vector. The trans-
genic lines showed higher cold tolerance following four
days of 4 °C treatment, in accordance with the results.
The electrical conductivity and MDA content were sig-
nificantly lower than that of WT plants, indicating that
the transgenic plants were less damaged by cold stress
(Fig. 5). Thus, the results demonstrate that PavbHLH28
has a positive role in cold stress. In most plants, the cold
response was especially mediated by the CBF-CORs
regulatory pathway, within which CBFs directly bound
to the promoter of the CORs and enhanced their expres-
sion, thereby improved cold resistance [42]. To reveal
the molecular mechanism of PavbHLH28 enhancing
cold tolerance of transgenic plants, the expression levels
of cold stress-related genes were analyzed. Our results
showed that the transcript levels of CBFI-3 enhanced



Cao et al. BMC Plant Biology (2023) 23:652

OE6

Before cold

After cold

legT staining

WT OE6

Before cold

After cold

DAB staining

Fig. 10 Analysis of ROS levels in WT and transgenic lines. WT stands for wild type plant. The OE6 and OE8 were PavbHLH28 transgenic lines.
A-B Histochemical staining with NBT (A) and DAB (B) for detecting the accumulation of O?~ and H,0,, respectively. C and D for the content of o
and H,0, in the WT and transgenic lines. Before cold and after cold respectively represent before and after 4 °C treatment

considerably when cold treatment, and therefore the
upward trend of CBF3 factor was the foremost vital
(Fig. 6). However, there were no vital changes within the
relative expression levels of CBFI-3 genes between W'T
and transgenic plants. The other cold-responsive genes
COR47, RD29A and KIN showed similar results with
CBFs genes, only induced by cold treatment (Fig. 6). The
above results demonstrated that PavbHLH28 enhanced
cold resistance by regulating the expression of CBF-inde-
pendent pathway genes in transgenic Arabidopsis.

To reduce the over-generation of ROS under different
abiotic stresses, plants developed a multifaceted anti-
oxidant defense network. Among them, POD, SOD and
CAT were essential for ROS detoxification, enabling
plants to maintain better condition under abiotic stress
[24, 43]. It was well known that many other bHLHs can
bind to E-box elements, which retain the four nucleotides
(ACGT or CANNTG) of the G-box core [44]. In addition,
it was reported that AthHLHI22 enhances tolerance to
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abiotic stress by inhibiting the expression of CYP707A3
[45]. Many studies have also revealed that bHLH tran-
script factors directly regulated the expression of anti-
oxidant enzymes and participated in the regulation of
plant resistance. For example, AthbHLHI112 combined
with E-box/G-box to control the expression of con-
nected genes and increase the resistance of Arabidopsis
to a range of abiotic stresses [27]. It was found that Ah112
can directly bind to the AZPOD promoter and affect the
drought resistance of plants in peanuts [46]. In citrus,
CsbHLHI8 could directly activate CsPOD gene expres-
sion, but does not combine with CsCAT and CsSOD gene
promoters [29]. In our research, we found that the activi-
ties of SOD and POD enzyme in transgenic plants was
significantly higher than those of WT plants. Moreover,
the gene expression analysis showed that the abundance
of AtPOD3/4 and AtSOD2/3/4 genes in the transgenic
plants was also higher than that of the WT after cold
stress treatment (Figs. 8 and 9). This result also explained
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the lower ROS content in transgenic plants at low-tem-
perature. The aforementioned finding suggested that the
PavbHLH?28 gene may directly control the expression of

antioxidant enzymes to boost transgenic Arabidopsis's
resistance to cold. Further experiments confirmed that
PavbHLH?28 directly binds to the promoter of PavPOD2
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(Fig. 14), demonstrating that PavbHLH28 could enhance
plant cold resistance by promoting the expression of anti-
oxidant enzyme.

Proline was an important plant penetrant that also
acted as a ROS scavenger and stabilizer to protect mac-
romolecules from denaturation [47]. It plays a key role
in abiotic stress response including low temperature [48,
49]. The A-1-pyrroline-5-carboxylic acid synthase (P5CS)
is the key enzyme that regulates proline biosynthesis [50].
In contrast, the PORDH gene mainly functions in proline
catabolism [51]. In this study, the transgenic plants had
a higher proline content after cold treatment (Fig. 12).
Meanwhile, the transcription level of the proline synthase
gene P5CS1/2 in the overexpressed lines was higher than
that in the WT plants. In addition, the expression abun-
dance of the degrading enzyme PORDH]I gene was lower
than that of WT (Fig. 11). The results were also consist-
ent with the higher proline content in transgenic plants.
In summary, the PavbHLH28 gene might increase the
proline content by promoting the synthesis of proline and
inhibiting proline degradation, thereby enhancing the
cold resistance of transgenic plants.

Conclusion

In the present research, PavbHLH28 was highly induced
to express under cold stress. Compared with WT plants,
the transgenic plants of PavbHLH28 showed a significant
increase in proline content, accompanied by up-regu-
lated expression of proline synthesis genes. The antioxi-
dant enzyme activity and gene expression in transgenic
plants were higher, which is consistent with the lower
ROS content in vivo. The PavbHLH28 could enhance the
expression of their genes by binding to the promoter of
PavPOD2. In conclusion, The PavbHLH28 could enhance
cold tolerance in plants directly by increasing the activ-
ity of antioxidant enzymes, but not through the ICE-CBF
pathway. Our research validated the function of the Pavb-
HLH28, and provided new insights into the regulatory
functions of the bPHLH gene family members involved in
resistance to cold stress in plants.

Materials and methods

Plant materials and treatments

The healthy adult sweet cherry (Brooks) trees growing
under natural conditions were selected, and the healthy
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branches from the same part were collected for subse-
quent cold treatment and PEG treatment. Five branches
were included in each biological replicate treatment sam-
ple. For cold treatment, the branches in a culture bottle
containing water were placed in two artificial climate
boxes. The photoperiod was set to 14 h of light/10 h of
darkness, and the temperature was set to 4 and 25 °C,
respectively. The leaves were collected 0, 1, 3, 6, 12, 24,
48, 72 h after treatment and stored at -80 °C. As a drought
treatment, sweet cherry branches were soaked in 20%
PEG 6000. The leaf tissues from the branches were col-
lected at 0, 2, 4, 6, and 8 h after treatment. All processed
leaf samples were immediately frozen in liquid nitrogen
and stored at -80 °C. For phytohormones treatment, the
branchs of healthy adult sweet cherry trees were selected
and sweet cherry leaves were sprayed with 100 mg/L
GA;, ABA, MeJA, and 10 mL per branch. The leaves were
collected at 0, 1, 2, 3, 4, and 5 h after treatment, and then
quickly frozen in liquid nitrogen and stored at -80 °C. For
different tissue samples, the mature leaves, annual stems,
blooming flowers, mature fruits, and mature fruit stalks
were collected. The above experiments were all set with
three biological replicates.

Isolation and bioinformatics analysis of PavbHLH28

Total RNA was extracted from sweet cherry leaves
according to the RNA extraction kit method (SENO,
Zhangjiakou, China), and the cDNA was synthesized by
PrimeScript " RT reagent Kit with gDNA Eraser (TaKaRa,
Dalian, China). According to the gene sequence in the
sweet cherry genome (https://www.rosaceae.org/species/
prunus/all), primers were designed to clone the ORF full-
length sequence of PavbHLH28. The primers used are in
Table S1. Use the online website (https://web.expasy.org/
protparam/) to analyze the isoelectric point (PI), molec-
ular weight (MW) of the protein. The evolutionary tree
construction using plugins for Tbtools, including MUS-
CLE Wrapper, trimAL Wrapper and 1Q-Tree Wrapper
[52]. The sequences of bHLH genes were obtained from
the iTAK online database, including Arabidopsis thali-
ana, Oryza sativa and Prunus persica (http://itak.feilab.
net/cgi-bin/itak/index.cgi) [53].

Expression profile analysis of PavbHLH28

Extracted the RNA from samples of different tissues and
different treatments, and then first-strand ¢cDNA was
synthesized by PrimeScript’ RT reagent Kit with gDNA
Eraser (TaKaRa, Dalian, China). PCR amplification was
conducted in a volume of 10 pL, including 5 uL 2Xx Pow-
erUp" SYBR Green Master Mix (Thermo Fisher Scien-
tific, USA), 0.5 pL of each forward primer (10 pM) and
reverse primer (10 uM), 2 uL ¢cDNA and 2 pL ddH,O.
They were performed on the CFX Connect " Real-Time
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PCR Detection System (Bio-Rad Laboratories, CA, USA).
All experiments were performed in three biological and
technical replicates. The elongation factor (EF) was used
as the internal gene [54]. The relative expression levels of
genes were calculated using the 272" method [55]. The
primers are listed in Table S1.

Subcellular localization analysis

The coding sequence of PavbHLH28 with the stop codon
removed was cloned into the pPBWA(V)-Glosgfp vector
to construct the pBWA(V)-PavbHLH28-Glosgfp GPE-
fusion vector. The detailed preparation and transform-
ing methods of protoplasts are completed by referring
to the manual [56]. After transforming the Arabidopsis
protoplasts, the fluorescence was observed using laser
scanning confocal microscopy (Wuhan BIORUN BIO,
Wuhan, China). The nuclear localization marker uses an
NLS signal (protein sequence: MDPKKKRKYV) vector
[57].

Transformation and characterization of transgenic plants
The ORF of PavbHLH28 was inserted into the plant
expression vector pBWA(V)KS-35s-GUS. It was trans-
formed into GV3101 agrobacterium by freeze-thaw
method, and pBWA(V)KS-35s-PavbHLH28-GUS was
transformed into ecotype Arabidopsis thaliana Colum-
bia (the plant specimen was deposited in the New York
Botanical Garden, Barcode 1365355) by the inflores-
cence method. The T, generation seeds were screened
for Kana resistance, and qRT-PCR was used to detect
gene expression. The homozygous transgenic plants of
Arabidopsis T3 generation were used in this study. After
extracting RNA from transgenic plants and synthesiz-
ing the first strand cDNA, qRT-PCR was used to detect
gene expression in transgenic lines.The PCR amplifica-
tion was conducted in a volume of 10 pL, including 5 pL
2x PowerUp"" SYBR Green Master Mix (Thermo Fisher
Scientific, USA), 0.5 pL of each forward primer (10 uM)
and reverse primer (10 uM), 2 pL cDNA and 2 pL ddH,O.
They were performed on the CFX Connect " Real-Time
PCR Detection System (Bio-Rad Laboratories, CA, USA).
The actin gene of Arabidopsis was used as an internal
reference, and the relative expression of the PavbHLH28
was calculated using 2-ACT [55],

Analysis of cold-responsive and antioxidant enzymes
genes

The transgenic lines and WT seedlings transplanted for
20 days were used in the cold treatment experiment. The
gene expression of transgenic lines and WT plants was
measured at 0 h (before cold) and 96 h (After cold) after
4 °C treatment. Total RNA of transgenic and WT plants
before and after treatment was extracted. The method of
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total RNA extraction was referred to as the RNA extrac-
tion kit method (SENO, Zhangjiakou, China). Then, the
first-strand cDNA was synthesized by PrimeScript " RT
reagent Kit with gDNA Eraser (TaKaRa, Dalian, China).
The cold-responsive genes were selected to detect the
expression levels of WT plants and transgenic lines,
including AtCBF1/2/3, AtCOR47 (cold-regulated genes),
AtRD29A (RESPONSIVE TO DESICCATION 29A),
AtKIN (kinesin) of the CBF-dependent pathway. The
antioxidant enzyme genes referred to in the article,
the AtSOD1/2/3/4, AtPOD1/2/3/4 as candidate genes
were detected in the expression levels [27]. The qRT-
PCR amplification was conducted in a volume of 10 pL,
including 5 pL 2x PowerUp" SYBR Green Master Mix
(Thermo Fisher Scientific, USA), 0.5 pL of each forward
primer (10 uM) and reverse primer (10 uM), 2 uL cDNA
and 2 pL ddH,O. They were performed on the CFX Con-
nect" Real-Time PCR Detection System (Bio-Rad Labo-
rato-ries, CA, USA). All experiments were performed in
three biological and technical replicates. The actin gene
of Arabidopsis was used as an internal reference, and the
relative expression of the gene was calculated using 272¢T
[55].

Physiological analyses and histochemical staining

The MDA (Kit No. BC0020, Beijing Solarbio, China) and
proline (Kit No. BC0290, Beijing Solarbio, China) content
of transgenic and WT plants were determined at 96 h
after 4 °C treatment. Each sample includes three bio-
logical replicates. Referring to the method published by
Geng, the accumulation of H,O, and O?" was examined
by nitroblue tetrazolium (NBT) and 3,3-diaminobenzi-
dine (DAB) staining in situ [29]. The peroxidase (SOD),
superoxide dismutase (POD) and catalase (CAT) activi-
ties of transgenic and WT plants were measured at 0 h
(“Before cold”) and 96 h (“After cold”) after 4 °C treat-
ment. The measurement methods of the above param-
eters referred to the kit protocol (Kit No. BC0020 for
MDA, Kit No. BC0290 for proline, Kit No. BC0090 for
POD, Kit No. BC0170 for SOD, Beijing Solarbio, China).

Transcriptional activity analysis

To verify the activation activity of the PavbHLH28, the
recombinant plasmid pGBKT7-PavbHLH28 was con-
structed by inserting the full length of the PavbHLH28
gene into the pGBKT7 vector. The recombinant plasmid
and the negative control plasmid (pGBKT7) were trans-
fected into AH109 yeast cells, respectively. Subsequently,
the yeast colonies were inoculated on SD/-Trp/-His-/-
Ade medium without or with 4 mg/mL X-a-gal, respec-
tively, and incubated at 30 C for 3 d. The yeast growth
status was observed to determine the transcription activ-
ity. The primers used are in Table S1.
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Yeast one-hybrid and dual luciferase assay

Based on the sweet cherry genome, 2000 bp upstream
of the PavPOD?2 gene was obtained as its promoter. The
promoter of PavPOD2 was cloned from sweet cherry leaf
DNA and inserted into the pHIS2 vector. The full-length
open reading frame of PavbHLH28 was inserted into the
pGADT7-Rec2 vector. The steps of yeast single hybridi-
zation experiments were referred to Matchmaker "~ One-
Hybrid Library Construction & Screening kit protocol
(TaRaKa, Dalian, China). The PavbHLH28 and promoter
of PavPOD?2 gene were inserted into pGreen II 62-SK
and pGreen II 0800-LUC vectors, respectively. Then,
the recombinant plasmids pGreenll 62-SK-PavbHLH28
and pGreen II 0800-pPavPOD2-LUC were constructed,
and heat-stimulated transformation of Agrobacterium
3101 was carried out to obtain the positive monoclo-
nes. The fluorescein luminescence intensity was detected
using plant live imaging PlantView100 (BLT,Guangzhou,
China) concerning the borrowed tobacco leaf transient
transformation method [58]. The primers are listed in
Table S1.

Statistical analysis

The data were analyzed for significant differences using
a student’s t-test at (P<0.05) with SPSS 21.0 software
(IBM, Chicago, USA). The graphs were constructed using
Origin 9.0 (Origin Lab, Northampton, USA).
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ORF Open reading frame
TF Transcription factor

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512870-023-04666-1.

[ Additional file 1: Table S1. The primers used in the study. }

Acknowledgements
Not applicable.

Authors’ contributions

XJC performed most of the experiments and wrote the original draft
preparation; ZW performed part of the experiments and the data analysis; TJS
performed part of the experiments; XWC and CQS participated in the writing-
review and editing; QDH provided technical support and writing-review &
editing; GQ designed experiment, supervision, funding acquisition. All authors
read and approved the manuscript.


https://doi.org/10.1186/s12870-023-04666-1
https://doi.org/10.1186/s12870-023-04666-1

Cao et al. BMC Plant Biology (2023) 23:652

Funding

This research was supported by the National Natural Science Foundation of
China (Grant No. 32160700), the Guizhou Provincial Science and Technology
Projects of China (Grant No. YQK[2023]008), and the National Guidance Foun-
dation for Local Science and Technology Development of China (2023-009).

Availability of data and materials
All data generated or analysed during this study are included in this article
and supplementary information files.

Declarations

Ethics approval and consent to participate

The plant material Prunus avium L."Brooks’ used for the study was obtained
from Guiyang City (106058 E, 26082”), which was a demonstration base of
Guizhou University, China. It does not require a special permit. The Arabidopsis
thaliana (L.) Heynh Columbia was used in plant transgenic experiments to
verify gene function and is not a protected species. The plant specimen was
deposited in the New York Botanical Garden (Barcode 1365355). The Arabidop-
sis seeds were provided by our laboratory.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 15 October 2023 Accepted: 6 December 2023
Published online: 18 December 2023

References

1. Huang XS, Wang W, Zhang Q, Liu JH. A basic helix-loop-helix transcription
factor, PtrbHLH, of Poncirus trifoliata confers cold tolerance and modulates
peroxidase-mediated scavenging of Hydrogen Peroxide. Plant Physiol.
2013;162:1178-94.

2. Jian-Kang Zhu. Abiotic stress signaling and responses in plants. Cell.
2016;167:313-24.

3. DingY, ShiY,Yang S. Molecular regulation of plant responses to environ-
mental temperatures. Mol Plant. 2020;13:544-64.

4. LiuJ, ShiY,Yang S. Insights into the regulation of C-repeat binding factors
in plant cold signaling. J Integr Plant Biol. 2018;60:780-95.

5. McCully ME, Canny MJ, Huang CX. The management of extracellular ice
by petioles of frost-resistant herbaceous plants. Ann Bot. 2004;94:665-74.

6. Knight H, Mugford SG, Ulker B, Gao D, Thorlby G, Knight MR. Identification
of SFR6, a key component in cold acclimation acting post-translationally
on CBF function. Plant J. 2009;58:97-108.

7. Zhang Q, Chen Q Wang S, Hong Y, Wang Z. Rice and cold stress: methods
for its evaluation and summary of cold tolerance-related quantitative trait
loci. Rice. 2014;7:1-12.

8. MaY,DaiX, XuY,LuoW, Zheng X, Zeng D, et al. COLD1 confers chilling
tolerance in rice. Cell. 2015;160:1209-21.

9. Mehrotra S, Verma S, Kumar S, Kumari S, Mishra BN. Transcriptional
regulation and signalling of cold stress response in plants: an overview of
current understanding. Environ Exp Bot. 2020;180:104243.

10. Wang DZ, Jin YN, Ding XH, Wang WJ, Zhai SS, Bai LP, et al. Gene regulation
and signal transduction in the ICE-CBF-COR signaling pathway during
cold stress in plants. Biochem. 2017,82:1103-17.

11. Thomashow MF. Plant cold acclimation: freezing tolerance genes and
regulatory mechanisms. Annu Rev Plant Biol. 1999;50:571-99.

12. ShiY, Ding Y, Yang S. Molecular regulation of CBF signaling in cold accli-
mation. Trends Plant Sci. 2018;23:623-37.

13. Devireddy AR, Tschaplinski TJ, Tuskan GA, Muchero W, Chen JG. Role of
reactive oxygen species and hormones in plant responses to tempera-
ture changes. Int J Mol Sci. 2021;22(16):8843.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

Page 150f 16

Chinnusamy V, Ohta M, Kanrar S, Lee B, ha, Hong X, Agarwal M, et al.
ICE1: a regulator of cold-induced transcriptome and freezing tolerance in
Arabidopsis. Genes Dev. 2003;17:1043-54.

Lee BH, Henderson DA, Zhu JK. The Arabidopsis cold-responsive transcrip-
tome and its regulation by ICET. Plant Cell. 2005;17:3155-75.

Ding Y, Li H, Zhang X, Xie Q Gong Z, Yang S. OST1 kinase modulates
freezing tolerance by enhancing ICE1 stability in Arabidopsis. Dev Cell.
2015;32:278-89.

Chmielewski FM, G&tz KP, Weber KC, Moryson S. Climate change and
spring frost damages for sweet cherries in Germany. Int J Biometeorol.
2018,62:217-28.

XuW, Zhang N, Jiao Y, Li R, Xiao D, Wang Z. The grapevine basic helix-
loop-helix (bHLH) transcription factor positively modulates CBF-pathway
and confers tolerance to cold-stress in Arabidopsis. Mol Biol Rep.
2014;41:5329-42.

Feng X-M, Zhao Q, Zhao L-L, Qiao Y, Xie X-B, Li H-F, et al. The cold-induced
basic helix-loop-helix transcription factor gene MdCIbHLH1 encodes an
ICE-like protein in apple. BMC Plant Biol. 2012;12:1-14.

Wang Y-J, Zhang Z-G, He X-J, Zhou H-L, Wen Y-X, Dai J-X; et al. A rice tran-
scription factor OsbHLHT is involved in cold stress response. Theor Appl
Genet. 2003;107:1402-9.

Ding A, Ding A, Li P, Wang J, Cheng T, Bao F, et al. Genome-wide identifi-
cation and low-temperature expression analysis of bHLH genes in Prunus
mume. Front Genet. 2021;12:762135.

Starkevic¢ P, Razanskiené A, Starkevi¢ U, Kazanavicitteé V, Denkovskiené E,
Bendokas V, et al. Expression and anthocyanin biosynthesis-modulating
potential of sweet cherry (Prunus avium L) MYB10 and bHLH genes. PLoS
One. 2015;10:e0126991.

Tani E, Tsaballa A, Stedel C, Kalloniati C, Papaefthimiou D, Polidoros A,

et al. The study of a SPATULA-like bHLH transcription factor expressed
during peach (Prunus persica) fruit development. Plant Physiol Biochem.
2011;49:654-63.

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R. Reactive oxygen species
homeostasis and signalling during drought and salinity stresses. Plant
Cell Environ. 2010;33:453-67.

Hossain MA, Bhattacharjee S, Armin SM, Qian P, Xin W, Li HY, et al.
Hydrogen peroxide priming modulates abiotic oxidative stress toler-
ance: insights from ROS detoxification and scavenging. Front Plant Sci.
2015;6:420.

Zuo ZF, Kang HG, Park MY, Jeong H, Sun HJ, Song PS, et al. Zoysia japonica
MYC type transcription factor ZjICET regulates cold tolerance in trans-
genic Arabidopsis. Plant Sci. 2019;289:110254.

Liu, Ji X, Nie X, Qu M, Zheng L, Tan Z, et al. Arabidopsis AtbHLH112 regu-
lates the expression of genes involved in abiotic stress tolerance by bind-
ing to their E-box and GCG-box motifs. New Phytol. 2015;207:692-709.
LiF, Guo S, ZhaoY, Chen D, Chong K, Xu Y. Overexpression of a homopep-
tide repeat-containing bHLH protein gene (OrbHLHO001) from Dongxiang
Wild Rice confers freezing and salt tolerance in transgenic Arabidopsis.
Plant Cell Rep. 2010;29:977-86.

Geng J, Liu JH. The transcription factor CsbHLH18 of sweet orange
functions in modulation of cold tolerance and homeostasis of reac-

tive oxygen species by regulating the antioxidant gene. J Exp Bot.
2018;69:2677-92.

Babitha KC, Vemanna RS, Nataraja KN, Udayakumar M. Overexpression

of EcbHLH57 transcription factor from Eleusine coracana L. in tobacco
confers tolerance to salt, oxidative and drought stress. PLoS ONE.
2015;10:e0137098.

Zhao Q, Ren YR, Wang QJ, Yao YX, You CX, Hao YJ. Overexpression of Mdb-
HLH104 gene enhances the tolerance to iron deficiency in apple. Plant
Biotechnol J. 2016;14:1633-45.

Gao Z, Sun W, Wang J, Zhao C, Zuo K. GhbHLH18 negatively regulates
fiber strength and length by enhancing lignin biosynthesis in cotton
fibers. Plant Sci. 2019;286:7-16.

Shen T, Wen X, Wen Z, Qiu Z, Hou Q, Li Z, et al. Genome-wide identi-
fication and expression analysis of bHLH transcription factor family

in response to cold stress in sweet cherry (Prunus avium L.). Sci Hortic
(Amsterdam). 2021;279:109905.

Golldack D, Luking I, Yang O. Plant tolerance to drought and salinity:
stress regulating transcription factors and their functional significance in
the cellular transcriptional network. Plant Cell Rep. 2011;30:1383-91.



Cao et al. BMC Plant Biology (2023) 23:652

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Feller A, MacHemer K, Braun EL, Grotewold E. Evolutionary and com-
parative analysis of MYB and bHLH plant transcription factors. Plant J.
2011,66:94-116.

Peng HH, Shan W, Kuang JF, Lu WJ, Chen JY. Molecular characterization of
cold-responsive basic helix-loop-helix transcription factors MabHLHs that
interact with MalCET in banana fruit. Planta. 2013;238:937-53.

Luo P, Li Z, Chen W, Xing W, Yang J, Cui Y. Overexpression of RmICE1, a
bHLH transcription factor from Rosa multiflora, enhances cold tolerance
via modulating ROS levels and activating the expression of stress-respon-
sive genes. Environ Exp Bot. 2020;178:104160.

JinR, Kim H-S,YuT, Zhang A, Yang Y, Liu M, et al. Identification and func-
tion analysis of bHLH genes in response to cold stress in sweetpotato.
Plant Physiol Biochem. 2021;169:224-35.

Zuo ZF, Sun HJ, Lee HY, Kang HG. Identification of bHLH genes

through genome-wide association study and antisense expression of
ZjbHLH076/ZjICE 1 influence tolerance to low temperature and salinity in
Zoysia japonica. Plant Sci. 2021;313:111088.

Wu CL, Lin LF, Hsu HC, Huang LF, Hsiao C, Chou ML. Saussurea involucrata
(Snow lotus) ICET and ICE2 orthologues involved in regulating cold stress
tolerance in transgenic Arabidopsis. Int J Mol Sci. 2021;22:10850.

An J-P, Xu R-R, Liu X, Su L, Yang K, Wang X-F, et al. Abscisic acid insensitive
4 interacts with ICET and JAZ proteins to regulate ABA signaling-medi-
ated cold tolerance in apple. J Exp Bot. 2022;73:980-997.

Hwarari D, Guan Y, Ahmad B, Movahedi A, Min T, Hao Z, et al. ICE-CBF-COR
signaling cascade and its regulation in plants responding to cold stress.
Int J Mol Sci. 2022,23:1549

Berni R, Luyckx M, Xu X, Legay S, Sergeant K, Hausman JF, et al. Reactive
oxygen species and heavy metal stress in plants: impact on the cell wall
and secondary metabolism. Environ Exp Bot. 2019;161:98-106.

Ezer D, Shepherd SJK, Brestovitsky A, Dickinson P, Cortijo S, Charoensawan
V, et al. The G-box transcriptional regulatory code in Arabidopsis. Plant
Physiol. 2017;175:628-40.

LiuW, Tai H, Li S, Gao W, Zhao M, Xie C, et al. bHLH122 is important for
drought and osmotic stress resistance in Arabidopsis and in the repres-
sion of ABA catabolism. New Phytol. 2014;201:1192-204.

Li G, Yan C, Sun Q, Wang J, Yuan C, Mou Y, et al. The bHLH transcription
factor AhbHLH112 improves the drought tolerance of peanut. BMC Plant
Biol. 2021;21:1-12.

Kavi Kishor PB, Sreenivasulu N. Is proline accumulation per se correlated
with stress tolerance or is proline homeostasis a more critical issue? Plant.
Cell Environ. 2014,37:300-11.

Yang SL, Lan SS, Deng FF, Gong M. Effects of calcium and calmodulin
antagonists on chilling stress-induced proline accumulation in Jatropha
curcas L. J Plant Growth Regul. 2016,35:815-26.

Wang J, Yang Y, Liu X, Huang J, Wang Q, Gu J, et al. Transcriptome profiling
of the cold response and signaling pathways in Lilium lancifolium. BMC
Genomics. 2014;15:1-20.

Funck D, Winter G, Baumgarten L, Forlani G. Requirement of proline
synthesis during Arabidopsis reproductive development. BMC Plant Biol.
2012;,12:1-12.

Cecchini NM, Monteoliva MI, Alvarez ME. Proline dehydrogenase contrib-
utes to pathogen defense in Arabidopsis. Plant Physiol. 2011;155:1947-59.
Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, et al. TBtools: an
integrative Toolkit developed for interactive analyses of big Biological
Data. Mol Plant. 2020;13:1194-202.

Zheng, Jiao C, Sun H, Rosli HG, Pombo MA, Zhang P, et al. iTAK: a pro-
gram for genome-wide prediction and classification of plant transcrip-
tion factors, transcriptional regulators, and protein kinases. Mol Plant.
2016,9:1667-70.

Qiu Z, He M, Wen Z,Yang K, Hong Y, Wen X. Selection and validation of
reference genes in sweet cherry flower bud at different development
stages (in Chinese). Seed. 2020;39:37-43.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive CT method. Nat Protoc. 2008;3:1101-8.

Mitula F, Kasprowicz-Maluski A, Michalak M, Marczak M, Kuczynski K, Lud-
wikw A. Protein degradation assays in Arabidopsis protoplasts. Bio Protoc.
2015;5:e1397.

Zhao F, Zhao T, Deng L, Lv D, Zhang X, Pan X, et al. Visualizing the
essential role of complete virion assembly machinery in efficient hepatitis
c virus cell-to-cell transmission by a viral infection-activated split-intein-
mediated reporter system. J Virol. 2017;91:10.1128.

Page 16 of 16

58. ZhaoY, Zhou J. Luciferase complementation assay for detecting protein
interactions. Chin Bull Bot. 2020;55:69-75.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Overexpression of PavbHLH28 from Prunus avium enhances tolerance to cold stress in transgenic Arabidopsis
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Result
	Cloning and characterization analysis of PavbHLH28
	Expression profiles of PavbHLH28 in sweet cherry
	The expression analysis and cold tolerance analysis of PavbHLH28 overexpressed transgenic plants
	Expression of cold-responsive genes in transgenic Arabidopsis
	The activities and expression levels of antioxidant enzyme in transgenic plants
	Transgenic plants accumulate less ROS
	Analysis of expression levels related to proline metabolism genes and proline content
	PavbHLH28 promotes the expression of the PavPOD2 gene

	Discussion
	Conclusion
	Materials and methods
	Plant materials and treatments
	Isolation and bioinformatics analysis of PavbHLH28
	Expression profile analysis of PavbHLH28
	Subcellular localization analysis
	Transformation and characterization of transgenic plants
	Analysis of cold-responsive and antioxidant enzymes genes
	Physiological analyses and histochemical staining
	Transcriptional activity analysis
	Yeast one-hybrid and dual luciferase assay
	Statistical analysis

	Anchor 29
	Acknowledgements
	References


