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Abstract
Low temperature affects the yield and quality of crops. Inducer of CBF expression 1 (ICE1) plays a positive role in plant
cold tolerance by promoting the expression of CRT binding factor (CBF) and cold-responsive (COR) genes. Several ICE1-
interacting transcription factors (TFs) that regulate plant cold tolerance have been identified. However, how these TFs af-
fect the function of ICE1 and CBF expression under cold conditions remains unclear. Here, we identified the MYC-type TF
MdbHLH4, a negative regulator of cold tolerance in Arabidopsis (Arabidopsis thaliana) and apple (Malus domestica) plants.
Under cold conditions, MdbHLH4 inhibits the expression of MdCBF1 and MdCBF3 by directly binding to their promoters. It
also interacts with MdICE1L, a homolog of AtICE1 in apple, and inhibits the binding of MdICE1L to the promoters of
MdCBF1/3 and thus their expression. We showed that MdCAX3L-2, a Ca2 + /H + exchanger (CAX) family gene that nega-
tively regulates plant cold tolerance, is also a direct target of MdbHLH4. MdbHLH4 reduced apple cold tolerance by pro-
moting MdCAX3L-2 expression. Moreover, overexpression of either MdCAX3L-2 or MdbHLH4 promoted the cold-induced
ubiquitination and degradation of MdICE1L. Overall, our results reveal that MdbHLH4 negatively regulates plant cold
tolerance by inhibiting MdCBF1/3 expression and MdICE1L promoter-binding activity, as well as by promoting MdCAX3L-2
expression and cold-induced MdICE1L degradation. These findings provide insights into the mechanisms by which
ICE1-interacting TFs regulate CBF expression and ICE1 function and thus plant cold tolerance.

Introduction
Low temperature is one of the major factors that limits geo-
graphical distribution of plants and adversely affects crop
yield and quality (Thomashow, 1999; Guo et al., 2018; Ding
and Yang, 2022). To rapidly sense and respond to cold stress,
plants have evolved complex and elaborate regulatory mech-
anisms (Kidokoro et al., 2017; Guo et al., 2018; Ding et al.,

2019; Ding and Yang, 2022). The activation of cold-responsive
(COR) genes plays a key role in plant cold signaling
(Chinnusamy et al., 2003; Miura et al., 2011; Guo et al.,
2018), and DRE binding factor 1/CRT binding factor (DREB1/
CBF) transcription factors (TFs) can directly promote their
expression in response to cold (Stockinger et al., 1997;
Gilmour et al., 2004; Chinnusamy et al., 2007; Liu et al., 2018;
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Song et al., 2021). Till now, many TFs involved in the regula-
tion of CBFs expression have been identified, such as the
negative regulators MYB15 (Agarwal et al., 2006), ethylene
insensitive 3 (EIN3) (Shi et al., 2012), phytochrome-
interacting factors (PIFs) (Lee and Thomashow, 2012; Jiang
et al., 2017), and the positive regulators inducer of CBF ex-
pression 1 (ICE1) (Chinnusamy et al., 2003) and calmodulin
binding transcription activators (CAMTAs) (Doherty et al.,
2009; Kim et al., 2013).

ICE1 is a member of the basic helix–loop–helix (bHLH) TF
family (Lee et al., 2005). The bHLH domain consists of two
parts: the basic region responsible for DNA binding and the
HLH region responsible for homodimerization or heterodi-
merization (Pires and Dolan, 2010; Feller et al., 2011). Based
on sequence alignment and 3D structure analysis, a con-
served H5-E9-R13 motif and several residues crucial for DNA
binding and protein interaction have been identified in this
domain (Pires and Dolan, 2010; Lian et al., 2017; Su et al.,
2017). Generally, bHLH proteins specifically recognize and
bind to canonical E-box/MYC cis-elements (CANNTG) in
the promoters of target genes to regulate their expression
(Pires and Dolan, 2010; Feller et al., 2011). In Arabidopsis
(Arabidopsis thaliana), ICE1 directly binds to the E-box in
the CBF3 promoter and promotes its expression in response
to cold stress (Chinnusamy et al., 2003). Subsequent studies
reveal that the ICE1-CBF module is widespread and con-
served in various plant species, such as rice (Oryza sativa),
wheat (Triticum aestivum), barley (Hordeum vulgare), to-
mato (Solanum lycopersicum), potato (Solanum tuberosum),
and apple (Malus domestica) (Pino et al., 2007; Morran
et al., 2011; Feng et al., 2012, 2013; Guo et al., 2018; An
et al., 2021).

In addition to ICE1, several ICE1-interacting TFs that regu-
late CBFs expression have been identified, such as the nega-
tive regulators MYC67 and MYC70. As MYC-type bHLH TFs,
these two proteins can bind to the promoter of CBF3 and
inhibit its expression under cold stress (Ohta et al., 2018).
Moreover, MYC67/70 may suppress CBFs expression by
inhibiting the promoter-binding activity of ICE1 via un-
known mechanisms (Ohta et al., 2018). A similar situation
applies to MYB15, a key negative regulator of cold-induced
CBFs expression (Agarwal et al., 2006). Recent studies have
revealed the molecular mechanism by which cold stress reg-
ulates the activity and stability of MYB15 protein (Kim
et al., 2017; Wang et al., 2019). However, whether and how
the MYB15–ICE1 interaction affects ICE function remains
unclear (Agarwal et al., 2006). In apple, a BBX (B-box) TF
MdBBX37 functions positively in cold tolerance by directly
activating MdCBF1/4 expression. Moreover, it can enhance
the binding activity of MdICE1 to the MdCBF1 promoter by
interacting with MdICE1 (An et al., 2021).

Calcium signaling plays an important role in plant cold re-
sponse. Following exposure to cold stress, cytoplasmic Ca2 +

levels rapidly increase (Knight et al., 1996; Guo et al., 2018;
Cui et al., 2020; Ding and Yang, 2022). This Ca2 + signature
induces a series of downstream events, such as the

expression of CBF and COR genes (Chinnusamy et al., 2007;
Dodd et al., 2010). The Ca2 + signature also affects the pro-
tein stability of ICE1. Cold stress induces the degradation of
ICE1 through the 26S ubiquitin-proteasome pathway, which
is promoted by the phosphokinases mitogen-activated pro-
tein kinases 3/6 (MPK3/6) (Li et al., 2017). Two plasma
membrane-localized Ca2 + /calmodulin (CaM)-regulated
receptor-like kinases (CRLKs), CRLK1 and CRLK2, can sup-
press the activity of MPK3/6 and ICE degradation through
the MEKK1–MKK2–MPK4 cascade (Zhao et al., 2017; Guo
et al., 2018; Ding and Yang, 2022). Notably, the kinase activ-
ity of CRLKs is stimulated by Ca2 + /CaM binding (Yang
et al., 2010; Zhao et al., 2017). Open stomata 1 (OST1), a su-
crose non-fermenting-related protein kinase 2 family mem-
ber, maintains ICE stability by suppressing HOS1-mediated
ubiquitination of ICE1 (Dong et al., 2006; Ding et al., 2015).
Since the cold-activated OST1 activity does not depend on
ABA, other pathways responsible for OST1 activity have
been suggested, such as cold-induced Ca2 + signaling (Ding
et al., 2015; Lee and Seo, 2021; Ding and Yang, 2022). Several
other key factors that affect ICE1 protein stability have also
been identified, such as the SUMO E3 ligase SIZ1 (SAP and
MIZ1 domain-containing ligase 1) (Miura et al., 2007) and
the GSK3-like kinase brassinosteroid-insensitive 2 (BIN2) (Ye
et al., 2019). However, the mechanisms of their cold activa-
tion remain elusive.

Due to the crucial role of calcium signaling in cold re-
sponse, many Ca2 + channels and transporters involved in
the regulation of cold-induced Ca2 + signature and plant
cold tolerance have been identified, including cyclic
nucleotide-gated ion channel (CNGCs) (Cui et al., 2020;
Wang et al., 2021), Mid1-complementing activity (MCAs)
(Yamanaka et al., 2010; Mori et al., 2018; Yoshimura et al.,
2021), and ANNEXIN1 (Liu et al., 2021). The Ca2 + /H +

exchangers (CAXs) are a subgroup within the Ca2 + /cation
antiporter superfamily (Shigaki and Hirschi, 2006; Manohar
et al., 2011). In general, CAX proteins are localized to the
vacuole membrane and promote the compartmentalization
of cytosolic Ca2 + into vacuoles, which prevents the accumu-
lation of excess Ca2 + in the cytoplasm (Wu et al., 2013;
Pittman and Hirschi, 2016; Ma and Berkowitz, 2017). In
Arabidopsis, the expression of CAX1 is significantly induced
by cold stress, and cax1 mutants exhibit increased CBF ex-
pression and enhanced cold acclimation (Catala et al., 2003).
Ectopic expression of AtCAX1 in tobacco (Nicotiana taba-
cum) leads to hypersensitivity to cold stress (Hirschi, 1999).
The role of CAX proteins in regulating plant cold tolerance
has also been identified in some other plant species (Xu
et al., 2013; Li et al., 2017). However, the mechanisms under-
lying the cold-induced CAXs expression remain unclear. In
apple, most CAX family genes respond significantly to cold
stress (Mao et al., 2021), but no detailed functional study of
these genes in response to cold stress has been conducted
to date.

Apple is one of the most economically important fruit
crops worldwide and cold stress is one of the major
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environmental factors affecting the productivity and quality
of apples. Here, we identified a bHLH TF MdbHLH4 that
negatively regulates apple cold tolerance. It inhibits cold-
induced MdCBF1/3 expression either directly by binding to
their promoters or indirectly by inhibiting the promoter-
binding activity of MdICE1L. Besides, MdbHLH4 can reduce
cold tolerance by promoting MdCAX3L-2 expression and
MdICE1L degradation. Generally, the results of this study
provide a mechanistic understanding of how the ICE1-
interacting protein MdbHLH4 regulates CBF expression and
ICE1 function and thus apple cold tolerance.

Results

Gene cloning and characterization of the bHLH TF
MdbHLH4
In a previous study, we identified the bHLH family protein
MdbHLH4, which might play an important role in the abi-
otic stress response (Mao et al., 2017). The full-length coding
sequence (CDS) of MdbHLH4 is 1,293 bp and encoded a
protein with 430 aa. A BLASTP search against the
Arabidopsis proteome suggested that MdbHLH4 was a ho-
molog of AtMYC70 (AT2G46810) in apple. Gene structure
comparison showed that the exon–intron composition
of MdbHLH4 and AtMYC70 was similar (Supplemental
Figure S1).

Subcellular localization analysis in Nicotiana benthamiana
leaves showed that MdbHLH4 is a nuclear-localized protein
(Figure 1A). Tissue-specific expression analysis showed that
MdbHLH4 is constitutively expressed in all tested apple tis-
sues. Its expression was highest in apple leaves, followed by

the flowers and fruits, and its expression was lowest in stems
(Figure 1B). Under cold treatment, the expression of
MdbHLH4 was initially significantly down-regulated, and this
was followed by rapid and significant up-regulation of its ex-
pression (Figure 1C), suggesting that MdbHLH4 may func-
tion in the later stage of the cold response (Zhao et al.,
2017; Ye et al., 2019).

Protein sequence analysis revealed that MdbHLH4 con-
tains the conserved bHLH domain, which contains the con-
served HER (H5-E9-R13) motif and several residues that are
crucial for DNA binding and dimer stabilization (Figure 1D;
Pires and Dolan, 2010). 3D structure prediction showed that
the bHLH domain of MdbHLH4 can interact with itself to
form a homodimer (Figure 1E and Supplemental Figure
S2A), and the side chains of the H5-E9-R13 residues can
form a perfect clip-like structure for DNA binding
(Figure 1E; Su et al., 2017). In addition to the bHLH domain,
the C-terminal of MdbHLH4 may be an important
region for dimer formation (Figure 1F and Supplemental
Figure S2B).

MdbHLH4 negatively regulates cold tolerance in
transgenic Arabidopsis and apple plants
To identify the function of MdbHLH4 in regulating plant cold
tolerance, MdbHLH4 was transformed into Col-0 and myc70
mutant (SALK_069605C) Arabidopsis seedlings. T3 seeds of ho-
mozygous transgenic Arabidopsis with high MdbHLH4 expres-
sion were selected for the following experiments
(Supplemental Figure S3). Seedlings grown on 0.5 MS medium
were divided into non-acclimated (NA) and cold-acclimated

Figure 1 Protein characteristics and expression analysis of MdbHLH4. A, Subcellular localization of MdbHLH4-GFP in N. benthamiana leaves. Bars
= 30 lm. B, Relative expression levels of MdbHLH4 in different apple tissues. C, Expression analysis of MdbHLH4 in apple leaves under cold treat-
ment. Different letters in B and C represent significant differences based on one-way ANOVA and Duncan’s test (P 5 0.05). Error bars indicate
the SD of three biological replicates. D, Sequence alignment of the bHLH domain of MdbHLH4 and bHLH proteins in Arabidopsis. Rectangular
boxes represent the bHLH domain. Triangles indicate the HER motif. Dots and stars represent highly conserved amino acids (R10, R12, L23, L64,
and P28) in the bHLH family. E and F, The 3D structure diagram of the dimer formed by the bHLH domain (E) or the C-terminal domain (F) of
MdbHLH4.
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(CA) groups for cold treatment. The survival rate of myc70
mutant seedlings was highest under both NA and CA treat-
ment conditions. Ectopic expression of MdbHLH4 in myc70
mutant could complement its cold-insensitivity phenotype.
Moreover, ectopic expression of MdbHLH4 significantly de-
creased the survival rate of Col seedlings (Figure 2A).

To further determine the function of MdbHLH4 in cold
tolerance regulation in Arabidopsis, 3-week-old seedlings
grown in nutrition pots were subjected to freezing treat-
ment after cold accumulation. Ectopic expression of
MdbHLH4 significantly decreased the survival rate of myc70
and Col seedlings (Figure 2B). We analyzed the expression of
several well-known COR genes in Arabidopsis, which contain
CBF1, CBF3, KIN1, RD29A, COR47, and COR15A. Cold treat-
ment significantly induced their expression, which was
clearly inhibited by the ectopic expression of MdbHLH4
(Figure 2C). These results indicate that MdbHLH4 plays a
negative role in the Arabidopsis cold response.

To identify the function of MdbHLH4 in regulating cold
tolerance in apple, several transgenic apple plants overex-
pressing MdbHLH4 (overexpression [OE]) or with MdbHLH4
expression interfered (RNA interference [RNAi]) were gener-
ated (Supplemental Figure S4A). Three OE lines (OE-1, OE-2,
and OE-3) with high MdbHLH4 expression and three RNAi
lines (RNAi-5, RNAi-7, and RNAi-8) with MdbHLH4 expres-
sion significantly inhibited were used for subsequent cold
treatments (Supplemental Figure S4B). Plants in the NA
group were treated with –6�C for 3 h without cold acclima-
tion. After recovering at 4�C for 12 h, all three OE lines

showed obvious cold stress damage, with most leaves turn-
ing brown. In contrast, most leaves of WT and RNAi lines
were still green (Figure 2D). After culture at 25�C for 2 days,
the phenotypic differences among lines were more obvious.
Most leaves of the OE lines withered and died, while several
leaves of the RNAi plants remained alive and even appeared
bright green, suggesting that stress-induced damage in OE
plants was more severe (Figure 2D).

Plants in the CA group were treated with –8�C for 4 h af-
ter cold acclimation. OE plants exhibited more severe stress
damage and RNAi plants experienced less damage com-
pared with WT plants (Figure 2D). Measurements of the
survival rate and leaf ion leakage were consistent with the
phenotypic differences. Compared with WT plants, OE lines
had a lower survival rate and higher ion leakage, whereas
RNAi lines had a higher survival rate and lower ion leakage;
this pattern was observed for plants in both the NA and CA
groups (Figure 2, E and F). Moreover, the expression of COR
genes was down-regulated in OE plants but significantly up-
regulated in RNAi plants compared with WT (Figure 2G).
These findings indicate that MdbHLH4 plays a negative regu-
latory role in the cold stress response of apple plants.

MdbHLH4 directly binds to the promoters of
MdCBF1/MdCBF3 and inhibits their expression
Since the expression of MdCBF1 and MdCBF3 decreased in
MdbHLH4-OE plants under cold conditions, we identified
the role of MdbHLH4 in regulating the expression of these
two genes using the dual-luciferase (LUC) reporter system.

Figure 2 Functional characterization of MdbHLH4 in regulating cold tolerance in transgenic Arabidopsis and apple plants. A, Growth phenotype
and survival rate of Arabidopsis seedlings after cold treatment. NA, without cold acclimation; CA, with cold acclimation (4�C for 12 h). Scale bars,
1 cm. B, The growth phenotype and survival rate of Arabidopsis plants (3 weeks old) after cold treatment. Scale bar, 2 cm. C, Expression analysis
of COR genes in Arabidopsis under cold treatment. D–F, Freezing phenotype (D), survival rate (E), and leaf REL (F) of WT and MdbHLH4 trans-
genic apple plants under cold treatment. Scale bars, 9 cm. G, Expression analysis of COR genes in apple plants. Error bars indicate the SD of three
biological replicates in all graphs. Bars labeled with * in each panel are significantly different from the Col-0 in C and WT in G (P 5 0.05, Student’s
t test). Different letters in A, B, E, F, and G indicate significant differences at P 5 0.05 based on one-way ANOVA and Duncan’s tests.
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The promoter sequences of MdCBF1 and MdCBF3 were
cloned into the reporter vector, and the CDS of MdbHLH4
was cloned into the effector vector (Figure 3A). No fluores-
cence was observed when the two empty vectors were
co-expressed. When the MdCBF1pro::LUC or MdCBF3pro::
LUC construct was co-expressed with the empty effector
vector, an obvious fluorescence signal was observed after
cold treatment, and this signal was significantly inhibited by
the co-expression of the MdbHLH4 protein (Figure 3B).
Measurements of relative LUC/REN (Firefly Luciferase/Renilla
Luciferase) activity were also consistent with the fluores-
cence observation results (Figure 3B). These findings suggest
that MdbHLH4 inhibits the expression of MdCBF1 and
MdCBF3 in plants under cold conditions.

To determine whether MdbHLH4 can directly bind to the
promoters of MdCBF1/3, the yeast one-hybrid (Y1H) system
was used. Compared with the control group, yeast strains
transformed with the MdbHLH4-pGADT7 and proMdCBF1-
pHIS2 (or proMdCBF3-pHIS2) vectors grew better in the
screening medium (Figure 3C). To further confirm the direct
binding of MdbHLH4 protein to the promoters of MdCBF1
and MdCBF3, electromobility shift assays (EMSAs) were car-
ried out. Sequence analysis showed that there were six and
eight putative binding sites in the promoters of MdCBF1
and MdCBF3, respectively (Figure 3D). We focused on the
five sites closest to the start codons of these two genes in
this study. Gene-specific probes labeled with biotin were
designed and synthesized according to sequences around
these sites (Supplemental Figure S5 and Supplemental Table
S1). The EMSA results showed that MdbHLH4 binds directly
to the second and fifth sites of the MdCBF1 promoter and
to the second, fourth, and fifth sites of the MdCBF3 pro-
moter (Figure 3E). To further confirm the binding specificity
of MdbHLH4 to these sites, mutant probes with core
sequences in the E-box altered were generated, and probes
without biotin labels (competitor probes) were synthesized
(Supplemental Figure S5 and Supplemental Table S1).
MdbHLH4 could not bind to the mutant probes and the ad-
dition of competitor probes could clearly inhibit the binding
of MdbHLH4 to the corresponding biotin-labeled probes
(Figure 3F). These findings indicate that MdbHLH4 could di-
rectly bind to the promoters of MdCBF1 and MdCBF3 and
inhibit their expression under cold conditions.

Protein interactions between MdbHLH4 and
MdICE1L/MdICE1
Using AtICE1 protein as a query, we conducted BLASTP
searches of the apple proteome (GDDH13). The protein
MD09G1003800 had the highest score and was identified as
the ICE1 homolog in apple. To distinguish this protein from
the recently published MdICE1 (An et al., 2021), which has
also been referred to as MdCIbHLH1 (Feng et al., 2012), we
refer to it as MdICE1L (Supplemental Figure S6). The full-
length MdbHLH4 protein exhibited strong self-activation ac-
tivity; consequently, 55 aa in its N-terminal were removed
to abolish this activity (MdbHLH4-N55; Figure 4A). The yeast

two-hybrid (Y2H) results showed that MdbHLH4 could ei-
ther interact with itself or with MdICE1L/MdICE1
(Figure 4B). To verify the interaction between MdbHLH4
and MdICE1L/MdICE1 in vivo, MdbHLH4-GFP and
MdICE1L-HA (or MdICE1-HA) proteins were transiently co-
expressed in N. benthamiana leaves. The results of the co-
immunoprecipitation (Co-IP) assays showed that MdbHLH4
could interact with both MdICE1L and MdICE1 in vivo
(Figure 4C).

To identify the important regions of MdbHLH4 underlying
the protein interaction, we predicted the effects of point
mutations in the MdbHLH4 amino acid sequence. Amino
acids within the bHLH domain and the C-terminal region
are most conserved (Figure 4D and Supplemental Figure S7).
Consequently, we divided the MdbHLH4 protein into three
regions: the N-terminal region (N, 1–159 aa), the intermedi-
ate region (M, 160–288 aa), and the C-terminal region (C,
289–430 aa). The N-terminal region showed strong self-
activation activity, and no self-activation activity was ob-
served for the other regions (Figure 4D), suggesting that this
region is the transcriptional activation domain. Furthermore,
the Y2H assays showed that either the M or C region of
MdbHLH4 could individually interact with MdICE1L/MdICE1
(Figure 4E), indicating that the C-terminal of MdbHLH4 is a
key region mediating the MdbHLH4–MdICE1L/MdICE1 in-
teraction in addition to the bHLH domain.

To identify the crucial regions of MdICE1L/MdICE1 under-
lying the protein interaction, we further divided these two
proteins into three regions (N, M, and C), based on previous
studies on AtICE1 (Hu et al., 2013, 2019) and the prediction
results of the effects of point mutations on MdICE1L/
MdICE1 (Supplemental Figure S8). The Y2H results showed
that the M and C regions of MdICE1L/MdICE1 proteins
could interact with the corresponding regions of MdbHLH4,
respectively (Figure 4F). These results further support that
both the M and C regions of MdbHLH4 are important for
the MdbHLH4–MdICE1L/MdICE1 interaction.

The MdbHLH4–MdbICE1L interaction inhibits the
binding ability of MdICE1L on MdCBF1/MdCBF3
promoters
We identified the binding of MdICE1L to the promoters of
MdCBF1 and MdCBF3 by EMSAs. As expected, MdICE1L
binds directly to the promoters of these two genes.
Moreover, the binding sites of MdICE1L were the same as
those of the MdbHLH4 protein (Figures 3E and 5A). We
identified the transcriptional activation activity of MdICE1L
on MdCBF1/MdCBF3 promoters by dual-LUC assays.
Compared with the combinations MdCBF1pro::LUC or
MdCBF3pro::LUC plus empty effector vector (control), the
fluorescence intensity and relative LUC/REN activity were
significantly increased when MdICE1L was co-expressed
(Figure 5B). When MdbHLH4 protein was further co-
expressed in these combinations, the MdICE1L-mediated
transcriptional activation was significantly inhibited
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(Figure 5B), indicating that MdbHLH4 inhibits the transcrip-
tional activation of MdICE1L on MdCBF1/MdCBF3.

To characterize the effect of MdbHLH4 on the promoter-
binding ability of MdICE1L, we first identified the MdICE1L-
binding sites that were most significantly affected by
MdbHLH4 using the dual-LUC system. Segments containing
a single binding site were cloned into the reporter vector
and then transiently co-expressed with the 35S::ICE1L effec-
tor vector in N. benthamiana leaves. Among these binding

sites, the relative LUC/REN activity of combinations contain-
ing MdCBF1-pro2 and MdCBF3-pro4 declined most signifi-
cantly (Figure 5C). Competing EMSAs also showed that
MdbHLH4 should have the strongest binding activity to
these two sites (Figure 3F). Thus, these two sites were se-
lected for subsequent experiments.

EMSAs showed that the size of the bands of the probe-
bound MdbHLH4-GST and MdICE1L-HIS proteins was simi-
lar and could not be distinguished (Figure 5D). To analyze

Figure 3 MdbHLH4 directly represses MdCBF1/3 expression under cold stress. A, Schematic diagram of the constructed reporter and effector vec-
tors. B, Fluorescence observations and relative LUC/REN activity measurements in dual-LUC assays. The relative LUC/REN value is the average of
three biological replicates, with each replicate containing three N. benthamiana plants. Error bars indicate the SD of three biological replicates. 1,
empty reporter and effector; 2, empty reporter + 35S::MdbHLH4; 3, proMdCBF1::LUC + empty effector; 4, proMdCBF1::LUC + 35S::MdbHLH4; 5,
proMdCBF3::LUC + empty effector; and 6, proMdCBF3::LUC + 35S::MdbHLH4. C, Identification of the promoter-binding ability of MdbHLH4 on the
promoters of MdCBF1/3 by Y1H assays. D, Diagram of the potential MdbHLH4-binding sites within the MdCBF1/3 promoters. E, EMSAs showing
the binding of MdbHLH4 to the MdCBF1/3 promoters. Numbers indicate the potential binding sites in D. F, Verification of the binding specificity
of MdbHLH4 by competing EMSAs. Competitor, probes without biotin labeling. Mut, mutant probes with core sequences within E-box altered.
5� , 10� , and 50� represent the rates of competitor probes. Sequences of different probes are provided in Supplemental Table S1.
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the effect of MdbHLH4 on the probe-binding ability of
MdICE1L, we added the MdbHLH4 protein to various
content gradients. The addition of MdbHLH4 protein sub-
stantially reduced the brightness of the bands of the probe-
bound MdICE1L protein (Figure 5D), suggesting that the
MdbHLH4–MdICE1L interaction has a negative effect on the
binding ability of MdICE1L. Furthermore, when the content
of MdbHLH4 protein was more than that of MdICE1 (molar
ratios 4 1), the brightness of the bands increased with the
MdbHLH4 content (Figure 5D), indicating that this protein
interaction also inhibits the binding ability of MdbHLH4.
These results suggest that the MdbHLH4–MdbICE1L interac-
tion may block the binding ability of both MdICE1L and
MdbHLH4 proteins on MdCBF1/MdCBF3 promoters.

To further confirm this result in vivo, MdICE1L-HA and
MdbHLH4-Flag OE vectors were constructed, and several
transgenic apple calli transformed with different combina-
tions of these vectors were obtained (Figure 5E and
Supplemental Figure S9). Under 4�C, MdICE1L OE signifi-
cantly alleviated the inhibitory effect of cold stress on
growth. This effect of MdICE1L was inhibited by MdbHLH4
OE but significantly enhanced when MdbHLH4 expression
was interfered, suggesting that MdbHLH4 negatively regu-
lates the function of MdICE1L in apple (Figure 5, E and F).

Subsequently, these transgenic apple calli were used for
chromatin immunoprecipitation-quantitative PCR (ChIP-
qPCR) analysis. Results further support that MdICE1L could
bind to the two sites MdCBF1-pro2 and MdCBF3-pro4
(Figure 5G). Furthermore, MdbHLH4 OE significantly inhib-
ited the binding activity of MdICE1L to these sites, and the
opposite effect was observed when MdbHLH4 expression
was interfered, especially under cold treatment (Figure 5G).
We also detected the expression level of MdCBF1 and
MdCBF3 in these transgenic apple calli. Under cold treat-
ment, MdICE1L OE significantly promoted their expression,
which was inhibited by MdbHLH4 co-expression (Figure 5H).
These results further support the negative effect of the
MdbHLH4–MdbICE1L interaction on MdICE1L promoter-
binding activity and thus MdCBF1/3 expression.

MdbHLH4 directly binds to the MdCAX3L-2
promoter and promotes its expression
In our recent study, we identified a CAX family gene
MdCAX3L-2 that significantly responds to cold stress and
promotes the compartmentalization of Ca2 + into vacuoles
(Mao et al., 2021). To identify the upstream TFs that regu-
late MdCAX3L-2 expression, we screened the apple cDNA li-
brary using Y1H assays. These assays revealed that

Figure 4 MdbHLH4 interacts with MdICE1L/MdICE1. A, Identification of the self-activation activity of full-length and truncated MdbHLH4
(MdbHLH4-N55) based on Y2H assays. B and C, Protein interaction identification between MdbHLH4 and MdICE1L/MdICE1 by Y2H (B) and Co-
IP (C) assays. D, Prediction of the effects of point mutations, functional region division, and self-activation activity identification of different
regions of MdbHLH4. Detailed results of the effects of point mutations are provided in Supplemental Figure S7. E, Identification of crucial regions
for the MdbHLH4–MdICE1L/MdICE1 interaction in MdbHLH4. AD, pGAD424 and BD, pGBT9. F, Identification of crucial regions for the
MdbHLH4–MdICE1L/MdICE1 interaction in MdICE1L/MdICE1. AD, pGADT7; BD, pGBKT7; DDO, SD medium without leucine and tryptophan;
and QDO, SD medium without leucine, tryptophan, histidine, and adenine.
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MdbHLH4 could bind to the promoter of MdCAX3L-2
(Figure 6A). To further verify the direct binding of
MdbHLH4 to the MdCAX3L-2 promoter, EMAS assays were
performed. Sequence analysis showed that there were five
putative binding sites in the MdCAX3L-2 promoter

(Figure 6B and Supplemental Figure S5). The EMSA results
showed that MdbHLH4 could directly bind to the first and
third sites in the MdCAX3L-2 promoter (Figure 6B). The
binding specificity of MdbHLH4 to these two sites was also
verified by EMAS assays with the addition of mutant and

Figure 5 MdbHLH4 represses the binding activity of MdICE1L on MdCBF1/3 promoters. A, EMSAs showing that MdICE1L directly binds to the
promoters of MdCBF1/3. Numbers indicate the binding sites in Figure 3. B, Dual-LUC assays showing that MdbHLH4 inhibits the transcriptional
activation of MdCBF1/3 by MdICE1L under cold stress. C, Identification of the MdICE1L-binding sites that are most significantly affected by
MdbHLH4 through dual-LUC assays. pro2, pro4, and pro5 represent the effector vectors containing the corresponding binding sites in MdCBF1/3
promoters in A. Significant differences (*) were determined using Student’s t test: P 5 0.05. D, EMSAs showing that MdbHLH4 inhibits the pro-
moter-binding activity of MdICE1L. MdbHLH4-GST and MdICE1L-HIS proteins were added to the binding buffer at the indicated molar ratios. E
and F, MdbHLH4 reduced the enhancement effect of MdICE1L on the cold tolerance of transgenic apple calli. Growth phenotype (E) and fresh
weight (F) after cold treatment are shown. EV-HA indicates apple calli transformed with the empty vector pCambia35S-3HA. Bars represent 1 cm.
G, ChIP-qPCR assays showing that MdbHLH4 inhibits the binding of MdICE1L to the promoters of MdCBF1/3 in apple. Apple calli treated with
4�C/25�C for 3 h were harvested for ChIP assays. Immunoprecipitation was performed with or without anti-HA antibody. The relative enrichment
was calculated as the ratio of MdbHLH4/MdICE1L transgenic to control (EV-HA) samples. H, Expression analysis of MdCBF1/3 in transgenic calli.
Apple calli treated with 4�C/25�C (control) for 3 h were harvested for RT-qPCR analysis. Error bars indicate the SD of three biological replicates in
all graphs. Different letters in B, F, G, and H represent significant differences based on one-way ANOVA and Duncan’s tests (P 5 0.05).
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competing probes (Figure 6C; Supplemental Figure S5 and
Supplemental Table S1).

To investigate the transcriptional regulatory activity of
MdbHLH4 on MdCAX3L-2 promoter, the dual-LUC system
was used. Fluorescence observation indicated that the tran-
scriptional activity of the MdCAX3L-2 promoter was low un-
der normal conditions and could be induced by cold
treatment (Figure 6D). When the MdbHLH4 protein was co-
expressed, the transcriptional activity of the MdCAX3L-2
promoter increased obviously under both normal and cold
treatment conditions (Figure 6D). Measurements of the rela-
tive LUC/REN activity were also consistent with the fluores-
cence observation results (Figure 6E). These results indicate
that MdbHLH4 can directly promote MdCAX3L-2 expression
in response to cold conditions.

MdCAX3L-2 enhances the negative effect of
MdbHLH4 on cold tolerance
We transiently expressed the MdCAX3L-2-GFP fusion protein
in N. benthamiana leaves to identify its subcellular localiza-
tion. The green fluorescence of the MdCAX3L-2-GFP fusion
protein was a perfect match with the red fluorescence of

AtCBL2-mCherry, which made the false color of the fluores-
cence yellow (Figure 7A). This result indicates that
MdCAX3L-2 is a tonoplast-localized protein. We also identi-
fied the subcellular localization of MdCAX3L-2 in yeast cells.
The green fluorescence of the MdCAX3L-2-GFP fusion pro-
tein could only be detected in the vacuole membrane in
yeast cells (Figure 7B). These results, combined with the abil-
ity of MdCAX3L-2 to strongly promote the compartmentali-
zation of cytosolic Ca2 + into vacuoles (Mao et al., 2021),
indicate that MdCAX3L-2 should play a negative role in
cold-induced Ca2 + signatures.

To identify the role of MdCAX3L-2 in regulating plant cold
tolerance, we obtained transgenic Arabidopsis seedlings with
“Col” background (Supplemental Figure S10). Under normal
conditions, no obvious phenotypic differences were ob-
served. After cold treatment, the survival rate of the
MdCAX3L-2 transgenic lines was significantly lower than
that of the WT plants (Figure 7, C and D). Measurements of
the REL also indicated that the MdCAX3L-2 transgenic seed-
lings experienced more severe stress damage (Figure 7E).
These results indicate that MdCAX3L-2 negatively regulates
cold tolerance in Arabidopsis.

Figure 6 MdbHLH4 directly binds to the promoter of MdCAX3L-2 and activates its expression. A, Y1H assays showing the interaction between
MdbHLH4 and the MdCAX3L-2 promoter. B, EMSAs showing that MdbHLH4 directly binds to the MdCAX3L-2 promoter. Putative binding sites in
the MdCAX3L-2 promoter are shown in the schematic diagram. C, Identification of MdbHLH4-binding specificity to sites 1 and 3 in B by compet-
ing EMSAs. Sequences of different probes can be found in Supplemental Table S1. D and E, Dual-LUC assays showing the transcriptional activation
activity of MdbHLH4 on the MdCAX3L-2 promoter in N. benthamiana. 1, empty reporter and effector; 2, empty reporter + 35S::MdbHLH4; 3,
proMdCAX3L-2::LUC + empty effector; and 4, proMdCAX3L-2::LUC + 35S::MdbHLH4. Error bars indicate the SD of three biological replicates.
Different letters represent significant differences based on one-way ANOVA and Duncan’s tests (P 5 0.05).
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Figure 7 MdCAX3L-2 enhances the negative effect of MdbHLH4 on cold tolerance. A and B, Localization of MdCAX3L-2 protein in N. benthami-
ana epidermal cells (A) and yeast cells (B). AtCBL2-mCherry was used as a tonoplast location marker. GFP protein was used as a control. Scale
bars, 30 lm in A and 3 lm in B. C–E, OE of MdCAX3L-2 reduced Arabidopsis cold tolerance. Growth phenotype (C), survival rate (D), and REL (E)
of WT and MdCAX3L-2 transgenic Arabidopsis seedlings (1-mouth-old) after cold treatment. Scale bar, 4 cm. F, MdbHLH4 increased the sensitivity
of MdCAX3L-2-OE transgenic apple calli to cold stress. 1, WT; 2, MdCAX3L-2-RNAi; 3, MdCAX3L-2-Flag; 4, MdbHLH4-GFP; 5, proMdCAX3L-
2::MdCAX3L-2-Flag + MdbHLH4-GFP; and 6, MdCAX3L-2-Flag + MdbHLH4-GFP. Bars represent 1 cm. G, Fresh weight of calli in F. H, Expression
analysis of MdCAX3L-2 and MdCBF1/3 in WT and transgenic apple calli in F. Apple calli treated at 4�C for 3 h were harvested for RT-qPCR analysis.
Error bars indicate the SD of three biological replicates in all graphs. Different letters in D, E, G, and H represent significant differences based on
one-way ANOVA and Duncan’s tests (P 5 0.05).
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To confirm the negative role of MdCAX3L-2 in regulating
cold tolerance in apple, MdCAX3L-2 expression vectors
driven by 35S (35S::MdCAX3L-2-Flag) or its own promoter
(MdCAX3L-2pro::MdCAX3L-2-Flag) and the RNAi vector
MdCAX3L-2-RNAi were constructed and transformed into
apple calli (Figure 7F). After cold treatment, the growth of
WT was significantly inhibited, and this inhibitory effect
could be alleviated by interfering with MdCAX3L-2 expres-
sion; the inhibitory effect was strengthened when MdCAX3L-
2 expression was up-regulated (Figure 7, F and G). These
results demonstrate that MdCAX3L-2 plays a negative role
in cold tolerance regulation in apple.

To determine whether MdbHLH4 could reduce apple cold
tolerance by promoting MdCAX3L-2 expression, the
MdbHLH4-GFP OE vector was transformed into these
MdCAX3L-2 transgenic lines to obtain double transgenic ap-
ple calli. Apple calli transformed with MdCAX3L-
2pro::MdCAX3L-2 did not show significant differences in
growth and MdCAX3L-2 expression compared with WT
plants (Supplemental Figure S11). However, when
35S::MdbHLH4-GFP and MdCAX3L-2pro::MdCAX3L-2-Flag vec-
tors were co-transformed in apple calli, the growth inhibi-
tory effect of cold on this double transgenic line was more
pronounced than that on apple calli overexpressing
MdbHLH4 alone. After cold treatment, the growth status of
this double transgenic line was similar to that of apple calli
co-transformed with 35S::MdbHLH4-GFP and 35S::MdCAX3L-
2-Flag vectors (Figure 7, F and G). Expression analysis also
revealed that the expression of MdCAX3L-2 was more signifi-
cantly up-regulated by MdbHLH4-GFP co-transformation
(Figure 7H). These findings indicate that in addition to
inhibiting MdCBF1/3 expression, MdbHLH4 may also reduce
apple cold tolerance by promoting MdCAX3L-2 expression.

OE of MdCAX3L-2 and MdbHLH4 promotes the
cold-induced ubiquitination and protein degrada-
tion of MdICE1L in apple
Under cold stress, MPK3/6 promotes the ubiquitination and
degradation of ICE1 by phosphorylation of ICE1, and Ca2 + /
CAM-activated CRLKs inhibit this process to promote ICE
stability (Zhao et al., 2017). Given that MdCAX3L-2 inhibits
Ca2 + accumulation in the cytoplasm (Mao et al., 2021) and
MdCBF1/3 expression (Figure 7H), it may negatively regulate
the stability of MdICE1L under cold stress. To test this hy-
pothesis, we first studied the interaction between MdICE1L
and MdMPK3/6. Two MdMPK3 and two MdMPK6 proteins
were identified from the apple genome through a BLASTP
search using AtMPK3 and AtMPK6 as queries, and these
were referred to as MdMPK3a/b and MdMPK6a/b, respec-
tively. Y2H and split-LUC assays revealed that MdICE1L
interacted with MdMPK6a/b (but not MdMPK3a/b) both
in vitro and in vivo (Figure 8, A and B). Subsequently,
MdICE1L-HA transgenic apple calli were exposed to cold
conditions for different periods, and the protein level of
MdICE1L-HA was detected. The protein level of MdICE1L-
HA decreased noticeably under cold treatment (Figure 8C),

and this process was substantially inhibited by the 26S pro-
teasome inhibitor MG132, suggesting that the process of
cold-induced ubiquitination and degradation of ICE1 is con-
served in apple.

Using MdICE1L-HA transgenic apple callus as background,
double transgenic apple calli overexpressing MdbHLH4 or
MdCAX3L-2 and calli with the expression of these two genes
interfered were generated. MdCAX3L-2-OE promoted the
cold-induced degradation of MdICE1L-HA, and interference
of MdCAX3L-2 expression delayed the degradation process
(Figure 8C). Besides, OE of MdbHLH4 also promoted the
degradation of MdICE1L-HA, which could be delayed by in-
terfering MdbHLH4 expression (Figure 8C). These results in-
dicate that the MdbHLH4–MdCAX3L-2 module negatively
affects MdICE1L stability under cold stress.

To investigate whether MdbHLH4 and MdCAX3L-2 pro-
mote MdICE1L degradation by promoting its ubiquitination,
we detected the ubiquitination level of MdICE1L-HA in
transgenic apple calli. As expected, interference of
MdCAX3L-2 expression inhibited the cold-induced ubiquiti-
nation of MdICE1L, and OE of MdCAX3L-2 promoted its
ubiquitination (Figure 8D). Similar patterns were observed in
MdbHLH4/MdICE1L-HA double transgenic apple calli
(Figure 8E). These findings suggest that the MdbHLH4–
MdCAX3L-2 module can reduce apple cold tolerance by
promoting the cold-induced ubiquitination and degradation
of MdICE1L.

Discussion
Cold stress is one of the major environmental factors ad-
versely affecting crop yield and quality. The ability of plants
to sense cold stress and acclimate to freezing conditions has
been studied extensively in the last several decades (Guo
et al., 2018; Ding and Yang, 2022). In China, cold stress seri-
ously restricts the development of the apple industry, espe-
cially early spring chilling and late spring frosts (Feng et al.,
2012; An et al., 2021). Elucidating the mechanisms underly-
ing the response of plants to cold stress could facilitate the
breeding of cold-tolerant varieties.

To balance the allocation of resources to growth, develop-
ment, and the cold stress response, plants have evolved a se-
ries of regulatory mechanisms to mediate the expression of
CBF genes (Ding et al., 2019; Chen et al., 2021; Ding and
Yang, 2022). In Arabidopsis, there are three COR CBF genes
(CBF1–CBF3) (Chinnusamy et al., 2003; Gilmour et al., 2004).
ICE1 and its homolog ICE2 regulate the expression of down-
stream COR genes and plant cold tolerance by binding to
the promoters of CBF3 and CBF1, respectively (Chinnusamy
et al., 2003; Fursova et al., 2009). Besides, the increased cold
tolerance and expression of CBF1/3 in the cbf2 knock-out
mutant suggest that CBF2 is a negative regulator of CBF1/3
expression (Novillo et al., 2004). These results indicate that
CBF1 and CBF3 are key factors in the cold signaling pathway
mediated by ICE1 and its homologs (Guo et al., 2018; Ding
and Yang, 2022). MYC70 is an ICE1-interacting protein that
negatively regulates CBF expression by directly binding to
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the CBF3 promoter, while MdICE1 enhances apple cold tol-
erance by directly regulating MdCBF1 expression (An et al.,
2021). Since MdbHLH4 is a homolog of MYC70 and inter-
acts with MdICE1L/MdICE1 (Figures 1, 2, and 4 and
Supplemental Figure S1), we focused on the regulatory func-
tion of MdbHLH4 on both MdCBF1 and MdCBF3 in this
study. Our findings indicate that MdbHLH4 negatively regu-
lates apple cold tolerance by directly inhibiting the expres-
sion of MdCBF1 and MdCBF3 under cold stress (Figures 2
and 3), suggesting a key negative role of MdbHLH4 in cold-
induced CBFs expression in apple. This also suggests that the
function and regulatory mechanism of MYC70 in cold re-
sponse may be conserved in different plant species.

In addition to directly inhibiting CBF3 expression, MYC70
may also inhibit the binding activity of ICE1 to the CBF3 pro-
moter via unknown mechanisms (Ohta et al., 2018). It has
been proposed that MYC70 homodimer or MYC67–MYC70
heterodimer may inhibit the binding activity of ICE1 by cov-
ering the E-box/MYC cis-elements in the CBF3 promoter
(Ohta et al., 2018). Besides, MYC67/MYC70 might affect the
transcriptional activation activity of ICE1 by interacting with
ICE1 (Ohta et al., 2018). For example, EIN3 and EIN3-like 1
antagonize the transcriptional activation activity of MYC2 by
interacting with MYC2 (Song et al., 2014). In this study, we
found that MdICE1L could bind to the promoters of
MdCBF1/3 to enhance their expression and thus apple cold
tolerance (Figure 5). The inhibitory effect of MdbHLH4 on
the transcriptional activation of MdCBF1/3 by MdICE1L

(Figure 3, A and B) and the MdbHLH4–MdICE1L interaction
(Figure 4) suggests that these two hypotheses may also apply
to MdbHLH4, especially the binding sites of MdbHLH4 are
identical to those of MdICE1L (Figures 3E and 5A). To deter-
mine how MdbHLH4 affects the function of MdICE1L, EMSAs
with the MdbHLH4 protein added to various content gra-
dients were carried out (Figure 5D). The results revealed that
the MdbHLH4–MdICE1L interaction inhibits the binding ac-
tivity of both proteins on CBF promoters. ChIP assays also in-
dicated that MdbHLH4 inhibits MdICE1L promoter-binding
activity (Figure 5G). These results indicate that MdbHLH4
more likely abolishes the binding activity of MdICE1L (and it-
self) by interacting with MdICE1L, rather than via the routes
proposed in the two aforementioned hypotheses. These find-
ings provide insights into the mechanisms by which ICE1-
interacting proteins affect ICE1 function; this information
could be used to guide studies of other key negative regula-
tors in cold response, such as MYB15, MYC67, and MYC70
(Agarwal et al., 2006; Ohta et al., 2018).

Calcium signaling is crucial for plant development and
stress responses. Upon exposure to cold, a rapid Ca2 + influx
into the cytosol occurs, which is achieved via several types of
Ca2 + channels and transporters (Demidchik et al., 2018; Guo
et al., 2018; Kudla et al., 2018; Lee and Seo, 2021). Recent
studies in Arabidopsis and rice have shown that loss of func-
tion of these Ca2 + channels or transporters, which contain
AtCNGC2, AtCNGC4 (Cui et al., 2020), OsCNGC9 (Wang
et al., 2021), OsCNGC14, OsCNGC16 (Cui et al., 2020),

Figure 8 MdbHLH4 and MdCAX3L-2 promote the cold-induced ubiquitination and degradation of MdICE1L. A, Identification of the MdICE1L-
MdMPK6a/b interaction using Y2H assays. B, Identification of the MdICE1L–MdMPK6a/b interaction through split-LUC assays. C, MdCAX3L-2
and MdbHLH4 promoted the cold-induced degradation of MdICE1L protein. The protein levels of MdICE1L-HA in transgenic calli (incubated
with CHX) were detected at specified time points under 4�C treatment with the anti-HA antibody. Apple calli treated with CHX plus MG132
were sampled at 9 h of cold treatment. Numbers under the upper panel represent the band intensity, which was determined using ImageJ soft-
ware. D and E, OE of either MdCAX3L-2 (D) or MdbHLH4 (E) promotes the ubiquitination of MdICE1L under cold stress. The ubiquitination level
of MdICE1L-HA was detected using anti-ubiquitin (left) and anti-HA (right) antibodies.
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AtANNEXIN1 (Liu et al., 2021), AtMCA1, and AtMCA2 (Mori
et al., 2018), reduces the cold-induced Ca2 + signature and
results in decreased cold tolerance. CAX proteins are Ca2 + /
H + antiporters that inhibit Ca2 + accumulation in the cyto-
plasm by mediating the entry of cytosolic Ca2 + into vacuoles
to maintain a basal cytosolic Ca2 + concentration (Lee and
Seo, 2021). This suggests that CAXs may negatively regulate
cold-induced Ca2 + signatures and thus plant cold tolerance,
such as AtCAX1 (Hirschi, 1999; Catala et al., 2003). To date,
the mechanisms underlying the cold-induced expression of
CAX genes remain unclear. In apple, cold stress significantly
induces MdCAX3L-2 expression. Ectopic expression of
MdCAX3L-2 in yeast cells strongly promotes the compart-
mentalization of Ca2 + into vacuoles (Mao et al., 2021), sug-
gesting a potential role of MdCAX3L-2 in the regulation of
cold-induced Ca2 + signature. Here, we proved that
MdCAX3L-2 had a negative effect on cold tolerance and CBFs
expression in Arabidopsis and apple calli (Figure 7). Moreover,
MdbHLH4 can directly bind to the MdCAX3L-2 promoter to
enhance its expression (Figure 6) and thus negatively regulate
apple cold tolerance (Figure 7, F–H). These results provide
insights into the response of CAX genes to cold stress, and
suggest that MdbHLH4 may negatively affect apple cold toler-
ance by inhibiting cold-induced Ca2 + signatures via the
MdbHLH4–MdCAX3L-2 module.

The cold-induced Ca2 + signature positively regulates the
protein stability of ICE1. Phosphorylation of ICE1 mediated
by the MKK4/5-MPK3/6 cascade has been shown to pro-
mote ubiquitination and thus the degradation of ICE1 in re-
sponse to cold (Li et al., 2017; Zhao et al., 2017). Two
plasma membrane (PM)-localized kinases CRLK1 and
CRLK2, whose activity is stimulated by binding to Ca2 + /
CaM (Yang et al., 2010), positively regulate ICE1 stability and
freezing tolerance by suppressing the cold-induced activity
of MPK3/MPK6 (Zhao et al., 2017). These results, combined
with the MdICE1L–MdMPK6 interaction and cold-induced
MdICE1L degradation (Figure 8, A–C), suggest that the
MPK6-promoted ICE1 ubiquitination and degradation path-
way may be conserved in apple, and that the MdbHLH4–
MdCAX3L-2 module may negatively regulate MdICE1L sta-
bility by inhibiting cold-induced Ca2 + signatures. To test
this hypothesis, we compared the degradation rate and
ubiquitination level of MdICE1L in various transgenic apple
calli under cold treatment. As expected, OE of either
MdbHLH4 or MdCAX3L-2 promoted the cold-induced ubiq-
uitination and degradation of MdICE1L (Figure 8, C and D).
These findings suggest that the MdbHLH4–MdCAX3L-2
module negatively regulates MdICE1L stability under cold
stress, and provide a basis for further studies on the func-
tion and regulatory mechanisms of CAX proteins in plant
cold response.

The temporal expression patterns of CBF genes can be di-
vided into the off, on, and attenuated stages during the cold
response (Zhao et al., 2017; Ye et al., 2019). Upon exposure to
cold stress, CBF expression is strongly induced within 15–30
min and peaks at 2–3 h, and the protein level of ICE1 begins

to decrease at 3 h after cold treatment (Novillo et al., 2004;
Medina et al., 2011; Ye et al., 2019). These results, combined
with the expression pattern of MdbHLH4 and its negative role
on MdICE1L stability under cold stress (Figures 1C and 8),
suggest that MdbHLH4 should function in the attenuated
stage of cold signaling. We propose a working model for the
molecular mechanism by which MdbHLH4 regulates the cold
response in apple (Figure 9). Upon exposure to cold stress,
MdICE1L is activated rapidly and initials the expression of
MdCBF1/3 to activate the cold response. MdbHLH4 expression
is then induced, and MdbHLH4 protein accumulates.
MdbHLH4 directly inhibits MdCBF1/3 expression by binding
to their promoters. MdbHLH4 also interacts with MdICE1L to
inhibit its promoter-binding activity and thus MdCBF1/3 ex-
pression. Besides, MdbHLH4 helps attenuate cold-induced
Ca2 + signatures by promoting MdCAX3L-2 expression to in-
hibit overreactions, which lead to the enhanced ubiquitination
and degradation of MdICE1L. The multiple roles of MdbHLH4
in regulating CBF expression and ICE1 function indicate that
it is a key negative regulator in the apple cold response. The
results of this study provide insights that will aid future stud-
ies of the mechanisms underlying the ICE1-mediated cold
stress response as well as plant growth and development.

Materials and methods

Plant materials and growth conditions
Plant materials used in this study included “GL-3” (a seedling
clone from open-pollinated “Royal Gala”) apple (M. domes-
tica) plants (Dai et al., 2013), apple calli (“Orin”), and A.
thaliana seedlings (Col-0 and myc70 mutant). Before cold
treatment, tissue-cultured apple plants were transferred to
rooting medium (MS medium supplemented with 0.5 mg/L
IAA (3-Indoleacetic acid) and 0.5 mg/L IBA (Indolebutyric
acid)). Thirty-five days later, plants with roots were trans-
planted into pots containing a mixture of nutrient soil and
perlite (1:1, v/v) and grown in a growth chamber under
long-day (LD; 16-h light/8-h dark) conditions. “Orin” calli
were grown on MS medium containing 1.5 mg/L 2,4-D and
0.4 mg/L 6-BA (6-benzyl aminopurine) in the dark at 25�C
unless stated otherwise. Arabidopsis seedlings were grown at
23�C under short-day (SD; 8-h light/16-h dark) conditions
before cold treatment.

Bioinformatics analysis
The intron–exon schematic structures of MdbHLH4 and
AtMYC70 were drawn using GSDS software (http://gsds.gao-
lab.org/). The conserved bHLH domain in MdbHLH4 was
identified using CD-Search (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi), SMART (http://smart.embl-heidel
berg.de/), and HMMER (https://www.ebi.ac.uk/Tools/
hmmer/). Multiple sequence alignment of bHLH proteins
from Arabidopsis and apple was performed using DNAMAN
software (Version 6.0.3.99). The 3D structures of the bHLH
and C-terminal domains of MdbHLH4 were predicted using
SWISS-MODEL (https://swissmodel.expasy.org/) and visual-
ized using RsaMol software (Version 2.7.5.2). Point mutation

MdbHLH4 negatively regulates apple cold tolerance PLANT PHYSIOLOGY 2023: 191; 789–806 | 801

http://gsds.gao-lab.org/
http://gsds.gao-lab.org/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://www.ebi.ac.uk/Tools/hmmer/
https://www.ebi.ac.uk/Tools/hmmer/
https://swissmodel.expasy.org/


prediction of the MdbHLH4 protein was performed using
PredictProtein (https://predictprotein.org/).

Vector construction and genetic transformation
The CDSs of MdbHLH4 and MdCAX3L-2 were cloned into
the pCambia2300-GFP and pCambia35S-4MYC-3FLAG vec-
tors, respectively, to construct the OE vectors (MdbHLH4-
GFP/-Flag and MdCAX3L-2-GFP/-Flag). Selected gene-specific
fragments of MdbHLH4 and MdCAX3L-2 were cloned into
the RNAi vector pK7GWIWG2D (with a GFP selection
marker) to generate MdbHLH4-RNAi and MdCAX3L-2-RNAi
vectors, respectively. The CDS of MdICE1L was inserted into
pCambia35S-3HA to generate MdICE1L-HA. To construct a
MdCAX3L-2 OE vector driven by its own promoter, the
MdCAX3L-2 promoter (1500 bp upstream of the start co-
don) was cloned from apple and used to replace the 35S
promoter of the constructed MdCAX3L-2-Flag vector. The
primers are listed in Supplemental Table S1.

Transgenic Arabidopsis and apple materials were obtained
using the Agrobacterium-mediated transformation method.
Six-week-old wild-type (Col-0) and myc70 mutant
Arabidopsis plants were used for genetic transformation,
which was conducted via the floral dip method (Clough and
Bent, 1998). Twenty-day-old liquid apple calli were used for
genetic transformation as described in a previous study
(Yang et al., 2021). Thirty-day-old tissue-cultured “GL-3”
plants were used to obtain MdbHLH4-OE and MdbHLH4-
RNAi transgenic apple plants as previously described (Dai
et al., 2013; Zhao et al., 2020).

Cold treatment
Both Arabidopsis and apple plants were subjected to two
types of cold treatments: with cold acclimation (4�C for 12
h; CA) or without cold acclimation (NA). For Arabidopsis
seedlings (7 days old) grown in 0.5 MS medium, seedlings in
the NA group were treated with –4�C for 1 h, whereas seed-
lings in the CA group were treated with –8�C for 1 h. After

Figure 9 A working model showing the roles of MdbHLH4 in cold stress signaling. When plants are exposed to cold stress, MdICE1L is activated rap-
idly, and the expression of MdCBF1/3 is initiated, a process that as least partially depends on cold-induced Ca2 + signaling. Subsequently, cold signaling
activates the expression of MdbHLH4. The accumulated MdbHLH4 protein directly inhibits MdCBF1/3 expression by binding to their promoters.
MdbHLH4 also inhibits their expression by inhibiting the promoter-binding activity of MdICE1L through the MdbHLH4–MdICE1L interaction.
Besides, MdbHLH4 activates the expression of MdCAX3L-2 to promote the compartmentalization of cytosolic Ca2 + into vacuoles and thus attenuate
the cold-induced Ca2 + signature. This reduces the cold-induced expression of CBF and COR genes and thus plant cold tolerance. This also leads to
the enhanced ubiquitination and degradation of MdICE1L in response to cold, a process that may be related to MdMPK6a/b in apple.
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cold treatment, seedlings were placed at 4�C for 12 h under
dark conditions for recovery. After 2 days of culture at 23�C
under LD conditions, the survival rate was calculated. One
replicate comprised five plates and there were a total of
three biological replicates. Arabidopsis plants grown in nutri-
tion pots were treated with –8�C for 4 h after cold acclima-
tion. Other treatments after cold treatment were consistent
with those of Arabidopsis seedlings cultured in plates. Three
independent biological replications were performed, with 20
seedlings of each line in each biological replicate.

For apple plants, 6-week-old WT and MdbHLH4 transgenic
(OE/RNAi) plants with a consistent growth state were used
in cold treatments (CA/NA). Plants in the NA group were
treated with –6�C for 3 h, whereas plants in the CA group
were treated with –8�C for 4 h after cold acclimation (4�C
for 12 h). For the NA and CA treatments, freezing began at
0�C, the temperature dropped by 2�C per hour until reach-
ing the desired temperature, and then the plants were held
at this temperature for specified time period. After cold
treatment, all plants were exposed to 4�C under dark condi-
tions for 12 h for recovery. Subsequently, these plants were
cultured at 25�C for 2 days under LD conditions. Three in-
dependent biological replications were performed, with 15
plants of each line in each biological replicate.

For apple calli, WT and transgenic calli were placed on
new medium plates and pre-cultured for 5 days under nor-
mal conditions (25�C, dark). These plates were then sub-
jected to 4�C under dark conditions for cold treatment.
After 20 days of growth, images were taken and the fresh
weight was measured. WT and calli transformed with the
empty vector pCambia35S-3HA were used as controls. One
replicate comprised three plates and there were a total of
three biological replicates.

Subcellular localization
To determine the subcellular localization of proteins in
plants, MdbHLH4-GFP and MdCAX3L-2-GFP fusion proteins
were transiently expressed in N. benthamiana leaves as pre-
viously described (Yang et al., 2021). AtCBL2-mCherry was
used as a tonoplast location marker. To identify the subcel-
lular localization of MdCAX3L-2 in yeast, the CDS of
MdCAX3L-2 was cloned into the pDR196-GFP vector. The
recombinant vector was then transformed into the K667
yeast strain using the LiAc/PEG method. The fluorescence
was captured by a confocal laser scanning microscope (TCS-
SP8 SR, Leica). GFP fluorescence signals were detected at
500–535 nm after excitation at 488 nm, while mCherry was
excited at 543 nm and scanned at 600–630 nm.

RNA extraction, gene expression analysis, and REL
measurement
Total RNA of different plant materials was isolated using an
RNAprep pure Plant Kit (Tiangen, Beijing, China) according
to the manufacturer’s instructions. Reverse transcription was
conducted for single-stranded DNA synthesis using the
PrimeScript RT Reagent Kit (TaKaRa, Shiga, Japan). Reverse
transcription qPCR (RT-qPCR) analysis was performed as

previously described (Mao et al., 2017) using MdMDH as the
reference gene. Relative electrolyte leakage (REL) was deter-
mined according to the following formula: REL = (D1 – D0)/
(D2 – D0)�100% (Hang et al., 2021; Yang et al., 2021).

Y1H assays
The promoter fragments of MdCBF1 (1,200 bp), MdCBF3
(1,000 bp), and MdCAX3L-2 (1,500 bp) were cloned into the
pHIS2 vector, and the CDSs of MdbHLH4 and MdICE1L were
cloned into the pGADT7 vector. These constructs were
transformed into the Y187 yeast strain with specified combi-
nations, with the empty pGADT7 as a negative control.
Positive transformants were inoculated to the screening me-
dium (SD base/-Ura-Trp supplemented with 3-AT) to test
for possible interactions.

Dual-LUC assays
The designed promoter fragments (1,500 bp) were cloned
into the reporter vector pGreenII 0800-LUC, and the CDSs
of MdbHLH4 and MdICE1L were cloned into the effector
vector pGreenII 62-SK. The recombinant vectors were
injected into N. benthamiana leaves with specified combina-
tions by Agrobacterium-mediated transformation for tran-
sient expression. After 3 days of culture under normal
conditions (25�C, LD) and treatment with 4�C for 6 h, the
parts surrounding the injection site were collected for lumi-
nescence detection with a detection kit (Promega, Madison,
Wisconsin, USA). LUC fluorescence was photographed with
a Lumazone Pylon 2048B imaging system (Princeton, New
Jersey, USA).

Electromobility shift assays
MdbHLH4-GST and MdICE1L-HIS fusion proteins were
expressed in Escherchia coli BL21 and purified with GST and
HIS purification columns (Beyotime, Shanghai, China), re-
spectively. EMSAs were performed using the LightShift
Chemiluminescent EMSA kit (Thermo Scientific, Waltham,
Massachusetts, USA) according to the manufacturer’s
instructions. Sequences of various probes are listed in
Supplemental Table S1.

ChIP-qPCR assays
MdICE1L-HA and MdICE1-HA/MdbHLH4 transgenic apple
calli were treated at 4�C for 3 h and then were harvested
and immersed in formaldehyde solution for cross-linking.
After sonication, chromatin from control (EV-HA) and
MdICE1L-HA transgenic calli was immunoprecipitated with
or without anti-HA antibody (Yeasen, Shanghai, China).
Relative enrichment values of the promoter fragments were
detected by qPCR, with the enrichment of control (EV-HA)
samples used as the reference, which was set to 1.0. Three
biological replicates were performed, with each containing
four technical replicates. The primers are listed in
Supplemental Table S1.
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Y2H assays
The CDSs or truncated fragments of MdbHLH4, MdICE1L,
and MdICE1 were cloned into the prey vector pGAD424 (or
pGADT7) and the bait vector pGBT9 (or pGBKT7), respec-
tively. The recombinant vectors were co-transformed into
the yeast strain Y2H-Gold with specified combinations.
Positive transformants grown on SD-Trp/-Leu (DDO) me-
dium were inoculated to the screening medium (SD-Trp/-
Leu/-His/-Ade, QDO) for identification of possible
interactions.

Co-IP assays
The MdbHLH4-GFP, MdICE1L-HA, MdICE1-HA, and
pCambia2300-GFP vectors were transiently co-expressed in
N. benthamiana leaves with specified combinations. After 3
days of culture under normal conditions, total protein was
extracted from leaves and incubated with anti-HA magnetic
beads (Beyotime) at 4�C overnight. The eluted solution was
detected with anti-HA and anti-GFP antibodies (Yeasen).

LUC complementation imaging assays
The CDSs of MdICE1L and MdMPK6a/b were cloned into
the pRI101-nLUC and pRI101-cLUC vectors, respectively.
The recombinant vectors were injected into N. benthamiana
leaves with specified combinations by Agrobacterium-medi-
ated transformation for transient expression. Combinations
containing empty nLUC or cLUC vectors were used as nega-
tive controls. After 3 days of culture under normal condi-
tions (25�C, LD), the parts surrounding the injection site
were collected for luminescence detection with a detection
kit (Promega). The LUC fluorescence signal was captured us-
ing a Lumazone Pylon 2048B imaging system.

Protein degradation and ubiquitination analysis
For in vivo protein degradation assays, various transgenic
calli showing consistent growth were placed on MS medium
supplemented with 250 lM cycloheximide (CHX) (or CHX
plus 100 lM MG132) and treated at 4�C. Samples were
taken at specified time points. The protein level of
MdICE1L-HA was detected using anti-HA antibody (Yeasen).

For ubiquitination detection, transgenic calli were treated
at 4�C for 6 h in MS medium supplemented with 250 lM
CHX and 100 lM MG132. The protein extracts were immu-
noprecipitated using anti-HA magnetic beads. The eluted so-
lution was detected with anti-HA and anti-Ubi (Cell
Signaling Technology, USA) antibodies.

Statistical analysis
IBM SPSS Statistics software (version 26; SPSS Inc., Chicago,
IL, USA) was used for statistical analysis. Error bars in the
bar graphs show means ± SD of three biological replicates.
Significant differences (P5 0.05) were determined by one-
way ANOVA followed by Duncan’s test or Student’s t test.

Accession numbers
Arabidopsis sequence data in this article can be found in
the Arabidopsis Information Resource (TAIR, http://www.

Arabidopsis.org/index.jsp) under accession nos. AtMYC70
(AT2G46810), AtCBF1 (AT4G25490), AtCBF3 (AT4G25480),
AtKIN1 (AT5G15960), AtRD29A (AT5G52310), AtCOR47
(AT1G20440), AtCOR15A (AT2G42540), AtMPK3
(AT3G45640), and AtMPK6 (AT2G43790). Apple sequence
data can be found in the Genome Database for Rosaceae
(GDR; https://www.rosaceae.org) data libraries under acces-
sion nos. MdbHLH4 (MD01G1089300), MdCAX3L-2 (MD12
G1165800), MdICE1 (MDP0000662999), MdICE1L (MD09G
1003800), MdCBF1 (MD07G1262900), MdCBF3 (MD01G1196
100), MdKIN1 (MD09G1079600), MdRD29A (MD01G120
1000), MdCOR47 (MD08G1004500), MdCOR15A (MD10G
1035600), MdMPK3a (MD11G1121500), MdMPK3b (MD03
G1108500), MdMPK6a (MD15G1147300), and MdMPK6b
(MD02G1004000).
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The authors confirm that all experimental data are available
and accessible via the main text and/or the supplemental
data.
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Supplemental Figure S1. Schematic diagram of the gene
structures of MdbHLH4 and AtMYC70.
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Supplemental Figure S3. Identification of MdbHLH4
transgenic Arabidopsis seedlings.

Supplemental Figure S4. Identification of MdbHLH4
transgenic apple plants.

Supplemental Figure S5. Sequences of probes used in
EMSAs.

Supplemental Figure S6. Sequence alignment of
MdCIbHLH1, MdICE1, and MdICE1L.
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