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Abstract The most recent research findings on the tolerance of fruit trees to cold stress are reviewed from a molecular perspective, including

the perception and transduction of low temperature calcium signaling, CBF-dependent molecular regulatory mechanisms, non-CBF-dependent

molecular regulatory mechanisms, and so forth. The objective is to provide a reference basis for further improving the cold resistance of fruit

trees and cultivating new varieties of hardy plants.
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1 Introduction

A variety of abiotic stresses affect the growth and development of
fruit trees, including cold damage, drought, and salt stress, etc.
Among these, low temperature stress represents a significant abiot-
ic stressor, affecting the growth, development, yield, and fruit
quality of fruit trees. Furthermore, it restricts the geographical
distribution of numerous fruit tree resources''’. Low temperature
stress can be divided into two categories: chilling stress (0 —16 °C)
and freezing stress (below 0 °C). In general, the ability of plants
to adapt to low temperatures above freezing is referred to as chill-
ing resistance, while the ability to adapt to low temperatures below
freezing is known as freezing resistance or cold resistance > . Fruit
trees have evolved a multitude of intricate mechanisms to resist the
detrimental effects of chilling stress. One such mechanism is cold
acclimatization, a process by which plants adapt to low tempera-
tures, gaining higher freezing tolerance after prior exposure to non-

74 At the physiological level , low tem-

lethal low temperatures
perature not only destroys the structure of the plasma membrane of
the fruit tree, reducing its ability of photosynthesis, but also accu-
mulates reactive oxygen species (ROS) in excess, which causes
the growth and development of the fruit tree to be slowed down or

B-71 At the molecular level, fruit trees have

even stagnant
evolved a complex mechanism to resist chilling stress. Following
the exposure of fruit trees to low temperatures, a low temperature
signal is initially perceived by the cell membrane, subsequently
transmitted downstream via the corresponding low temperature
signal transduction pathway. This pathway combines with relevant
transcription factors to initiate a cascade of transcriptional regula-

tory processes, ultimately regulating the expression of target
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genes, thereby enhancing the plants’ chilling and cold stress
tolerance'® .

The paper presents a summary of recent research on the mo-
lecular regulatory mechanisms of fruit trees in response to low tem-
perature stress. The objective is to provide a theoretical basis for
further research on the response mechanisms of fruit trees to low
temperature stress and to establish a reference basis for the culti-

vation of new varieties of fruit trees with cold resistance.

2 Perception of cold signals

2.1 Perception of cold signals by cell membrane The reduc-
tion of cell membrane fluidity after low temperature stress is a
well-documented mechanism of low temperature perception. It has
been demonstrated that the expression of cold-responsive ( COR)
genes is induced by membrane hardening at 25 °C, whereas at
4 °C, it is inhibited by membrane fluidization. The fluidity of the
plasma membrane is related to the proportion of desaturated fatty
acids. Fatty acid desaturase 2 (FAD2) encodes an oleic acid de-
saturase that is essential for membrane fluidity. Mutations in
FAD2 disrupt some of the physiological responses of plants to
chilling stress, including the number of leaves and the length of
hypocotyls™’.

2.2 Perception and transduction of low temperature calcium
signaling Calcium (Ca’* ) is a crucial second messenger for
plants to respond to environmental changes. Following low temper-

ature treatment, the cytoplasm Ca’* concentration in plants in-

* channels. These Ca’"

creases rapidly through Ca’ signals then
convert external signals into a variety of intracellular biochemical
responses, which represents one of the earliest discoveries of cold
=" It is also the case that Ca™*

signaling receptors exist in

plants. The main Ca’" receptors include calmodulin ( CaMs ),
calcium-dependent protein kinases ( CDPKs), calcineurin B-like
proteins ( CBLs ), and reciprocal interaction protein kinases
(CIPKs). Relay factors in Ca>* receptors can bind Ca’* and alter
the conformation of different proteins, thereby regulating the ex-
pression of target genes. Conversely, response factors can transmit
cold signals to downstream target genes, resulting in alterations in
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the expression of target genes Ca’" transmits low tempera-
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ture signaling through the activation of CAM, which in turn medi-
ates a range of downstream pathways, including development, re-
sistance to pathogens, and responses to abiotic stresses such as
temperature , drought, salinity, and light. Calcium-related signal

transduction is typically mediated by CDPKs.

3 CBF-dependent molecular regulatory mech-

anisms
C-repeat-binding factors (CBFs) are found in a wide range of her-
baceous and woody plants"*'. In Arabidopsis thaliana, the CBF
genes are distributed in tandem on chromosome 4, with CBFI
(DREBIB), CBF2 (DREBIC), and CBF3 ( DREBIA) forming
a gene cluster arrangement. The CBF pathway represents the most
critical regulatory pathway for plants to cope with low temperature
stress. The ICE-CBF-COR signaling cascade pathway is the most
dominant low temperature signaling pathway'"” ™'’

The ICE-CBF-COR pathway is induced by low temperature
stress to activate the expression of downstream genes that encode

osmoregulatory substances'"” .

The upstream component of this
cascade, ICE1, binds to the promoter region of the CBF gene,
thereby activating its expression. The CBF protein, which is enco-
ded by the upstream component of this cascade, binds to the cis-
acting element CRT/DRE in the downstream promoter region.
This binding facilitates the expression of cold resistance-related
genes, which are known as CORs, thereby mediating plant cold
resistance. The homologue of ICE1, ICE2, exhibits a high degree
of sequence identity with ICEl, encoding the same bHLH struc-
tural domain sequence. Both ICEl and ICE2 are significant regu-
lators of stomatal formation and play pivotal roles in regulating cold
response processes " . The most prominent downstream responsive
gene in ICE-CBF-COR signaling is the COR gene'”’'. The CBF,
activated by the upstream ICE gene, activates the expression of
the downstream COR gene and enhances the low temperature re-
sistance of plants™’. The COR gene, which is regulated by CBF,
encodes a hydrophilic polypeptide that forms a secondary structure
to stabilize the cellular lipid membrane. It was demonstrated that
following the overexpression of VvCBF4 in grapevine, the trans-
genic plants exhibited not only enhanced cold tolerance but also a
reduction in plant height'™''. The expression of the CBF gene un-
der cold treatment conditions demonstrated that PtCBF could be
induced to be expressed by low temperature stress. However, the
response of PtCBF to low temperature differed in different tissues
and organs. It is possible that there may be a difference in the
transcriptional regulation level of PtCBF and navel orange CsCBF

genes =

4 Non-CBF-dependent molecular regulatory
mechanisms

It has been demonstrated that specific genes are not contingent up-
on the CBF pathway. The introduction or removal of their func-
tionality does not influence the expression of CBF gene functional-

ity; however, it can result in a modification of the freezing toler-

ance of the plant. For instance, the expression of HOS9, a consti-
tutively expressed gene, induced by low temperatures, results in
significantly higher transcript levels of RD29A and other COR
genes than in the wild type. In contrast, in the mutant hos9-1, the
expression of CBF genes is unaffected, yet they still exhibit sensi-

tivity to freezing stress'™

5 Interaction between two signaling pathways

It has been demonstrated that COR genes in A. thaliana can be in-
duced by CBF-dependent and non-CBF-dependent signaling path-
ways, with the capacity to regulate the CBF-dependent pathway of
cold stress through CBF/DREBI. Nevertheless, subsequent re-
search has revealed that the non-CBF-dependent pathway is not
entirely independent and that there is an interaction between

1 Previous studies have demonstrated that abscisis acid

them
(ABA) also activates CRT-promoting factor cis-acting elements.
ABA has been shown to induce the AtCBF4/DREBI1D transcrip-

1 Studies on

tion factor in preference to low temperature stress
A. thaliana have demonstrated that ABA treatment results in a
sufficient increase in CBF protein expression to induce the expres-
sion of cold-regulated genes. This suggests that the accumulation
of CBF1-3 transcript levels induced by ABA can trigger the ex-
pression of CRT components™™’. Nevertheless, the interaction of
ABA-dependent and non-ABA-dependent signaling pathways re-

mains to be elucidated.

6 Conclusions and prospects

It is evident that the low temperature environment impedes the
growth and development of fruit trees. The study of the molecular
regulatory mechanisms of fruit trees in response to low temperature
stress is of significant theoretical and practical importance for the
future selection and breeding of excellent hardy varieties. It has
been demonstrated that substantial alterations in cell membrane
permeability, osmotic pressure regulating substances, and antioxi-
dant systems occur in fruit trees when subjected to low temperature
stress. The molecular regulatory mechanisms are divided into two
categories; CBF-dependent and non-CBF-dependent regulatory
pathways. Among the cold signaling pathways, the ICE1-CBF-
COR signaling pathway is the most widely studied and considered
the most critical regulatory pathway. Nevertheless, there is a pau-
city of research investigating the interactions between physiologi-
cal, biochemical, and molecular mechanisms and regulatory
mechanisms of fruit trees under low temperature stress. Conse-
quently, future research will prioritize comprehensive and system-
atic studies, such as the integration of transcriptomics, pro-
teomics, and metabolomics to elucidate the intricate response
mechanisms of low temperature stress in fruit trees. This approach
promises to provide a more comprehensive understanding of the re-

sponse to low temperature stress in fruit trees.
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