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Tea is one of the most consumed and widely planted beverage plant worldwide,
which contains many important economic, healthy, and cultural values. Low
temperature inflicts serious damage to tea yields and quality. To cope with cold
stress, tea plants have evolved a cascade of physiological and molecular
mechanisms to rescue the metabolic disorders in plant cells caused by the cold
stress; this includes physiological, biochemical changes and molecular regulation
of genes and associated pathways. Understanding the physiological and molecular
mechanisms underlying how tea plants perceive and respond to cold stress is of
great significance to breed new varieties with improved quality and stress
resistance. In this review, we summarized the putative cold signal sensors and
molecular regulation of the CBF cascade pathway in cold acclimation. We also
broadly reviewed the functions and potential regulation networks of 128 cold-
responsive gene families of tea plants reported in the literature, including those
particularly regulated by light, phytohormone, and glycometabolism. We discussed
exogenous treatments, including ABA, MeJA, melatonin, GABA, spermidine and
airborne nerolidol that have been reported as effective ways to improve cold
resistance in tea plants. We also present perspectives and possible challenges for
functional genomic studies on cold tolerance of tea plants in the future.

KEYWORDS

Camellia sinensis, tea plant, cold stress, molecular mechanism, review

Introduction

Tea is one of the most popular nonalcoholic beverages favored by worldwide consumers,
and represents a valuable economic, healthy, and cultural values. It is an evergreen perennial
plant that belongs to the genus Camellia, which contains over 200 species (Banerjee, 1992;
Cetinbas-Genc et al,, 2020; Wu et al,, 2022). Tea plants are often grown in tropical and
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subtropical regions ranging from 49° N in Ukraine to 33° S in South
Africa, making them susceptible to cold weather (Carr, 2008; Tuov
and Ryndin, 2011; Hao et al,, 2018). In general, soils with a pH range
of 4.5-6.5, high humidity levels, and the temperature of 21-29°C are
the best conditions for tea plant cultivation. The continuing
deterioration of the environment and particularly cold stress have
seriously threatened the sustainable development of global tea
industry (Carr, 2008; Yadav, 2010). Tea plants have a long lifespan,
which means that their physiology has to be able to adapt to different
temperatures in order to survive in extreme environments. Therefore,
it is important to elucidate the molecular mechanisms that are
implicated in response to cold tolerance in tea plants.

Low temperature is one of the most pivotal environmental factors
that affects tea growth, yields, and quality. Under cold stress, tea
plants experience extensive physiological and biochemical changes,
including the alternations of cell membrane fluidity and protein
activity, as well as the release of many bioactivities such as reactive
oxygen species (ROS) and malonaldehyde (Theocharis et al., 2012).
Likewise, during cold acclimation of tea plants, protective
osmoregulation such as soluble sugars, amino acids (like proline)
and some amines (like polyamines) all were significantly accumulated
(Ding et al., 2020; Li et al., 2020; Wang et al., 2020). The cold-tolerant
properties of tea plants could be attributable to stronger palisade
parenchyma and reduced stomata density compared to sensitive
varieties (Samarina et al, 2020). Since tea plants are sessile and
unable to escape the adverse environment, they have to develop
relevant responsive mechanisms to adjust to cold stress. In plants, the
cold stress is perceived by cold sensors and transduced by cold
signaling, which involves a series of kinases, light receptors, calcium
channels and NO signals, and is closely correlated to the core ICE
(INDUCER OF C-REPEAT BINDING FACTOR) -CBF (C-REPEAT
BINDING FACTOR 1) -COR (COLD-RESPONSIVE GENE) pathway
or CBF-independent way. In particular, the discovery of cold sensor
of rice (COLD1) and thermosensors of rice (TT3) and Arabidopsis
(ELF3) have greatly enhanced our understanding of the plant
temperature adaptability (Ma et al., 2015; Jung et al., 2020; Zhang
et al., 2022a). Plethora of recent studies have revealed the important
roles of transcriptional, epigenetic, and post-transcriptional
regulations in cold signaling (Fowler and Thomashow, 2002;
Barrero-Gil and Salinas, 2013; Mann and Jensen, 2003).

One of the effective ways to improve the cold resistance in tea
plant is to identify the key genes responsible for cold tolerance of tea
plant and then use transgenic or cross-breeding methods to breed
new germplasms with high cold tolerance. Consequently,
investigation of the cold response mechanisms in tea plant is
fundamental for molecular breeding. Here, we summarized the
research progress of tea plants in cold response, including
molecular, physiological and biochemical responses to cold stress,
sensing and signal transduction, cold-responsive gene identification,
and their transcriptional regulation and post-transcriptional
modification during cold stress. We also propose that application of
exogenous protective substances such as ABA, MeJA (Methyl
Jasmonate), melatonin, GABA, spermidine, and airborne nerolidol
is expected to effectively improve the cold resistance of tea plants. The
key challenges and future prospects are also discussed. Despite the
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current findings on molecular mechanism of cold tolerance of tea
plants are rather limited, the development of omics would extend our
understanding for sophisticated network of low-temperature
regulation. Our goal is to offer potential future avenues for the
development of cold-responsive systems that could serve as a
resource for woody plant breeding research.

Physiological changes of tea plants
during cold stress

Low temperature inflicts irreversible disorders to plant
physiology, posing threats to the survival and sustainable
development of plants. Cold stress can lead to leaf senescence,
seedling death, pollen abortion, bud dormancy, pollen tube
abnormality, and especially damaging the tea shoots and inhibiting
their growth (Cetinbas-Genc et al., 2020; Zheng et al., 2016; Hao et al.,
2017; Song et al, 2017; Xiao et al, 2018). Cold stress caused by
extreme temperature fluctuations commonly includes chilling stress,
frost stress, and freezing stress. In general, chilling stress occurs at the
temperature of 0-15°C, while most frost damage emerges at a clear
night, wherein radiation freezing air occupies the area. Cold stress
usually solidifies the plasma membrane elasticity and phospholipids
fluidity, and affects the channels and increases permeability of plants.
The disturbed permeability will then lead to electrolyte leakage and
enzyme inactivation for the lack of optimal temperature and pH
(Lukatkin et al., 2012). Unlike chilling and frost stress, freezing stress
often occurs when air temperature is below 0°C, which results in the
formation of an ice crystal in plant tissues (Yadav, 2010; Shi et al,,
2018). Compared to chilling stress, freezing stress is usually lethal. It
forces the intracellular water into extracellular ice, and damages the
integrity of membrane, accompanied by the disruption of cellular
compartmentalization and denaturation of membrane proteins
(Wisniewski et al., 2004).

The stress response of plants is a complex and dynamic process.
Cumulative evidences have shown that hundreds of metabolic
processes of tea plants altered under cold stress (Shen et al., 2015).
The metabolism of soluble sugars, proline and reactive oxygen species
(ROS) are among the most pronounced changes. Soluble sugars level
is highly sensitive to cold stress. As is shown in Figure 1, cold stress
leads to the conversion of polysaccharide to disaccharide, which then
yields glucose and fructose to accelerate the accumulation of soluble
sugars. The sugars then act as osmoprotectants interacting with lipid
bilayer and stabling protein folding to confer plants with cold
tolerance (Ma et al., 2009). Besides, the soluble sugars were also
found to function as a signaling molecule to regulate the crosstalk of
hormones to activate the expression of cold responsive genes in
response to cold stress of plants (Couée et al., 2006; Rolland et al,
2006; Janska et al., 2010). Similarly, cold and frost stress can
significantly elevate the protein levels (by 3-4 folds), and contents
of proline and cations (potassium, calcium and magnesium), which
will serve as a common compatible osmolytes to decrease ice point
and molecular chaperone to scavenge reactive oxygen species to
rescue the cold damage in plants (Figure 1, Yoshiba et al., 1997;
Ghosh et al., 2022).
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The alternation of some metabolisms of tea plants during cold stress

Mechanisms of sensing and signal
transduction of tea plants during
cold stress

Sensing of cold signals in tea plants

Being sessile organisms, plants have evolved relative elaborate
mechanism to sense and cope with the ever-changing temperature.
Cold signals are sensed by receptors through the cell membranes,
which then participate in the regulation of intracellular signaling
networks or cell-cell communication (Ahuja et al., 2010; Norman
et al., 2011; Jogaiah et al., 2013). Much efforts have been made to
discover the cold sensors (Figure 2). The CHILLING TOLERANCE
DIVERGENCE 1 (COLD1) is one of the currently identified cold
sensors in rice, which could mediate the chilling tolerance of rice by
regulating calcium channels and OsCBFI gene expression (Ma et al.,
2015). It deserved to further investigate whether the function of
COLDI gene is conservative in tea or other plant species. In addition
to COLDI, the receptor-like kinases (RLKs) and histidine kinases
(HKs) were also able to sense environmental signals. During cold
acclimation of tea plants, almost all CsRLK and CsHK genes were
particularly found to be up-regulated, suggesting their crucial roles
for cold tolerance in tea plants (Wang et al., 2013). RLK members
constitute the largest gene family of plant membrane signaling
proteins, while HKs are the most abundant and diverse membrane
receptors. Both of them are potential cold sensors in plants
(Osakabe et al., 2013). They usually regulate the expression of
many cold-inducible genes through abscisic acid signaling
pathway and/or calcium/calmodulin signaling or other manners
under cold stimuli (Murata and Los, 2006; Yang et al., 2010; Xu
et al., 2020).

Besides, previous studies demonstrated that the light receptors
were also closely related to cold response of bacteria and plants. They
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reported that cold-stress signaling pathways showed to be closely
associated with the light perception and circadian clock, but it
remains unknown how plants sense and transmit stress signals to
regulate gene expression (Chen et al, 2004; Gould et al., 2013;
Estravis-Barcala et al., 2020; Kidokoro et al., 2021; Kidokoro et al.,
2022). An activation of the phytochromes under long day conditions
triggers PIF7 (phytochrome interacting factor 7) to interact with the
circadian oscillator TOC1, subsequently bind to a G-box sequence
(CAGTG) in the CBF promoter, and thereby downregulates CBF
expression (Wisniewski et al., 2014). The blue light receptor
phytotropin perceives cold signals in liverwort Marchantia
polymorpha at its photoactivated state (Fujii et al., 2017). In
Arabidopsis, phytochrome B (phyB) photoreceptor integrates light
and ambient temperature by reversible photoconversion between
active Pfr (far-red) state and the inactive Pr (red) light-absorbing
state (Legris et al., 2016). The physical interaction of phyB and CBF1
abrogated the interaction of phyB and PIF3/4 to promote the
photomorphogenesis at 22/17°C in the light (Lu et al., 2020) (Dong
etal., 2020) Jung et al., 2016; Legris et al., 2016). In contrast, the cold-
induced CBFs stabilized the phyB thermosensor to enhance plant cold
tolerance at 4°C (Jiang et al., 2020). In plants, phytochrome signaling
pathway related gene AtFHY3/FARI (FAR-RED ELONGATED
HYPOCOTYL 3/FAR-RED-IMPAIREDRESPONSE 1) not only
modulates the phyA activity by directly activating the expression of
FHYI1/FHL but also positively regulates cold response through
regulating JA (jasmonic acid) signaling pathway (Liu et al., 2019;
Dai et al,, 2022). Unfortunately, little research has been done on the
interaction of low temperature and light signals in tea plants, with the
exception of the expression analysis of CsFHY3/CsFARI. Almost all of
the CsFHY3/CsFARI family members were down-regulated under
cold stress of tea plants, suggesting their negative roles for regulating
cold tolerance in tea plants (Liu et al., 2021).

An increased expression in a set of genes related to red-light
perception (GRAVITROPIC IN THE LIGHT), blue and UV-light
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perception (CRYPTOCHROME 1, EARLY LIGHT-INDUCABLE
PROTEIN 1, and UVB-RESISTANCE 8), chloroplasts relocation
(CHLOROPLAST UNUSUAL POSITIONING 1), and regulation of
chlorophyll biosynthesis (Cs213 putative cold-inducible protein),
stomatal movement (PHOSPHOGLUCOMUTASE), PSII associated
light-harvesting complex II catabolic process (FILAMENTATION
TEMPERATURE-SENSITIVE H) were also observed in tea plant
under the long term cold stress. Interestingly, among all
upregulated DEGs (differential expressed genes), the highest
expression level was observed in ELIPI (EARLY LIGHT-
INDUCIBLE PROTEIN 1) which was upregulated 150-2000 folds
above control under long-term cold stress in tea leaves. ELIPs are
located in thylakoid membranes and are known to protect
photosynthetic machinery from various environmental stresses in
higher plants and have been reported to participate in the
phytochrome signaling pathway (Rizza et al.,, 2011). Additionally, it
was reported that the induction of ELIP1/2 expression is mediated via
CRYI (CRYPTOCHROME 1) in a blue light intensity-dependent
manner (Kleine et al., 2007; Yang et al., 2017). During exposure to
high irradiance, cryl Arabidopsis mutants displayed inhibition of
anthocianidin and flavonoids biosynthesis genes and
phenylpropanoid genes, peroxidase genes, GST and ERD9 genes
which are the components of various stress responses (Kleine et al.,
2007). In our RNAseq study, the expression of CRYI was also
significantly increased under the 14 days of chilling stress and 3-
day freezing temperature of tea plants. According to the previous
data, CRY1 participates in the high temperature response in plants
(Ma et al, 2016), suggesting that the mechanisms of temperature
compensation might in principle be linked to the mechanisms of light
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perception (Gould et al., 2013), however the authors did not observe
an accumulation of CRY transcripts under short-term cold stress
in Arabidopsis.

Additionally, several new identified DEGs were upregulated
under the long-term cold stress of tea plants which seems to be
related to light sensing pathways. Among them, EIDI1
(EMPFINDLICHER IM DUNKELROTEN LICHT 1) -like F-box
protein 3 is an F-box protein that related to red-light perception and
functions as a negative regulator in phytochrome A (phyA)-specific
light signaling. F-box proteins are components of SCF ubiquitin
ligase complexes that target proteins for degradation in the
proteasome, regulates photomorphogenesis and flowering in
Arabidopsis (Marrocco et al., 2006). Similar to the previous
finding (Ohta and Takaiwa, 2014), we identified DNAJI1 and
DNAJ ERDJ3B-like in tea plant which encode co-chaperone
components, stimulate Hsp70 ATPase activity, which is
responsible for stabilizing the interaction of Hsp70 with client
proteins. Knockout of these genes in Arabidopsis thaliana caused
a decrease in photosynthetic efficiency, destabilization of PSII
complexes and loss of control for balancing the redox reactions in
chloroplasts (Chen et al., 2010). Also, FTIP 1/3 (FLOWERING
LOCUS T-INTERACTING PROTEIN 1/3) was upregulated in tea
plant under the long term cold stress. This gene is an essential
regulator of FT encoding florigen and the regulator of photoperiodic
control of flowering in plants. Loss of function of FTIP]I exhibits late
flowering under long days, which is partly due to the compromised
FT movement to the shoot apex (Liu et al., 2012). To summarise our
results on tea RNAseq data, it can be suggested that the long term
overlapping stress responses include the activation of several
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important genes of photo-perception which probably activate the
phenylpropanoid pathway leading to the cell wall remodeling.

Messenger molecules involved in cold
signal transduction

The cold signals perceived by plant cell-surface could be
transmitted to the other cell compartments, such as the nucleus,
where the expressions of many cold-responsive genes are activated
(Zhu, 2016). An example of such mechanisms include Calcium (Ca*")
and IP; (inositol-1, 4, 5-triphosphate), which are two ubiquitous
secondary messengers and play a crucial role in eliciting downstream
cold-responsive signaling pathways (Knight et al., 1996; Virdi et al,
2015; Paknejad and Hite, 2018). Cold stress causes an activation of the
IP;-gated calcium channels, which then resulted in rapid induction of
cytosolic calcium levels (Ca** spark) and subsequent upregulation of
COR genes (Orvar et al,, 2000; Sangwan et al., 2001). After sensing
and interacting with Ca?*, calmodulin (CaM) undergoes
conformational changes to activate CaM-binding transcription
activator (CAMTA) factors to response to cold stress. The double
mutations of camtal and camta3 impaired cold tolerance of plants
compared to wild type, suggesting their significant roles in the cold
response. Many studies have also shown that the expression of
CAMTA3/5 is significantly upregulated under cold stress, in which
CAMTAS further binds the CBF2 promoter to activate the expression
of DREBIB and DREBIC genes. This establishes a link between
calcium signals and cold acclimation in plants (Doherty et al., 2009;
Eckardt, 2009; Kidokoro et al., 2017). Additionally, cold stress can
stimulate the Ca®" sensors calcineurin B-like protein (CBL), to
interact with CBL-interacting serine/threonine-protein kinases
(CIPKs), and ultimately increase the autophosphorylation and
phosphorylation activity of CIPKs. The activation of CIPKs
eventually resulted in an upregulation of CBFs genes to respond the
cold stress in plants (Zhang et al., 2019). Overall, the above evidences
indicated that Ca®>*-CaM/CBL-CAMTA3/CIPK complex enables
sensing and transduction of cold signaling of plants in response to
cold stress through CBF-dependent pathways, despite their functions
in tea plants need further investigations.

Under the long-term cold stress, we also observed the elevated
expression of several genes, related to Ca®*-dependent signaling and
protein phosphorylation in tea leaves. Among them, CNXI1
(Calnexin) and calreticulin-like (CRT) which were reported to bind
proteins on endoplasmic reticulum acting as molecular chaperones
(Liu et al., 2017; Joshi et al., 2019); also, CIPK12 and CIPK6 which
were reported to bind CBLs regulating Ca*"-signal response (Sardar
et al., 2017; Czolpinska and Rurek, 2018; Bai et al., 2022).
Additionally, several genes encoding the important components of
membrane trafficking system and related to Ca®'-signaling were
upregulated in tea plant under the long term cold stress, such as
STRAP (SERINE-THREONINE KINASE RECEPTOR-ASSOCIATED
PROTEIN), SAPK3 (SERINE/THREONINE-PROTEIN KINASE 3),
leucine-rich repeat receptor-like protein kinase PXY1 (PHLOEM
INTERCALATED WITH XYLEM-LIKE 1), INPP5A2 type I inositol
polyphosphate 5-phosphatase 2, glycine-rich protein A3-like GRP
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(GLUTAMINE-RICH PROTEIN), indicating their important roles
in response to long-term cold stress in tea plant. Similarly, in
Populus, the calcium-dependent protein kinase 10 (CPK10) is
upregulated under drought and frost and activates both drought-
and frost-responsive genes to induce stress tolerance (Chen et al,
2013). In apple DEGs encoding protein phosphatases and serine/
threonine-protein kinases were upregulated in response to different
abiotic stresses (Li et al., 2019).

In addition, the protein phosphatase 2C (PP2C) was upregulated
in tea plant under the long-term cold stress. PP2C are the key players
in plant signal transduction processes, acting as the central
components in ABA signal transduction and negative regulators of
mitogen-activated protein kinase (MAPK) pathway (Rodriguez,
1998). Also, probable translation initiation factor eIF-2B (tif224) is
increasingly expressed under 14-day-chilling and 3-day freezing stress
in tea plant. This gene encodes a protein which is activated through
phosphorylation by stress-sensing kinases, and leads to reduced levels
of ternary complex required for initiation of mRNA translation under
stress conditions (Wang et al., 2021). Our results confirmed that
activation of Ca**-signaling cascades is relevant to not only the short-
term cold response but also for the long-term chilling and freezing-
responses in tea plant.

Unlike Ca®* and IP;, the nitric oxide (NO), a gaseous signaling
molecule in plants has gained much attention for its roles in cold
tolerance. Cold acclimation induced a high expression level of
nitratereductase 1 (NIA1) and stimulated the nitrate reductase (NR)
activity, which was attributed to NR-dependent NO synthesis and
eventually resulted in freezing response of plants (Zhao et al., 2009).
Previous studies have suggested that NO could greatly induce the
expression level of the S-adenosylmethionine synthetase (MfSAMS)
gene in leaves of Medicago sativa subsp. falcata. Overexpression of
MfSAMS in plant significantly improved cold tolerance of transgenic
plants via up-regulating polyamine synthesis and oxidation (Guo
et al,, 2014). In vitro application of 0.02 mM NO could dramatically
reduce the chilling injury index in tomato fruit by up-regulating the
expression of LeCBFI, whereas NO inhibitors cause severe chilling
injury (Zhao et al., 2011). Similarly, supplementing 500 uM NO in
vitro caused the tea plants to significantly accumulate osmoregulation
substances (e.g., soluble protein, soluble sugar, and proline) and
activate superoxide dismutase and catalase. The expression levels of
CsICEI and CsCBFI genes were up-regulated by exogenous NO,
thereby alleviating the damage of cold to tea leaves under cold stress
(Pan et al,, 2016; Wang et al., 2021). However, it is unknown whether
NO regulates CBF-dependent or -independent pathways in response
to cold stress in tea plants, which needs further investigation.

Regulatory mechanisms of cold
tolerance of tea plants

ICE-CBF-COR pathway in cold response of
tea plants

Many plants have evolved sophisticated cold response
mechanisms to survive in cold stress during long-term evolution
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(Thomashow, 1999; Kalberer et al.,, 2006). It is commonly
acknowledged that the ICEI-CBF-COR transcriptional cascade is
one of the key cold signaling pathways, which is highly conserved
in tea and other flowering plants. Plant genomes contained two copies
of the ICE gene. The ICE1 protein was found particularly abundant in
the MYC-binding sites (CANNTG) of the CBF promoter
(Chinnusamy et al., 2003). A handful of studies have shown that
icel mutation blocked the expression of the CBF3 gene, whereas
overexpression of ICE1 significantly increased the expression of CBF3
in transgenic plants (Tang et al, 2020). Besides, the ICE2 is
considered a redundant duplicate of ICE1, which performs similar
activities in plants in terms of cold responsiveness (Fursova et al.,
2009; Kim et al, 2015). In plants, ICE typically regulates a large
number of downstream genes in response to cold stress, of which
CBFs serve as one of the most important targets (Vogel et al., 2005;
Wang et al,, 2012). CBFs act as the on/off switches of cold response.
Their expression levels could be rapidly induced within 15 minutes
under cold treatments, affecting the expression of over 4000 putative
downstream target genes such as CORI154, COR47, and COR6.6
(Gilmour et al., 1998; Seki et al., 2001; Maruyama et al., 2004;
Maruyama et al., 2009; Park et al., 2015; Zhao et al., 2016; Shi et al,,
2018). In Arabidopsis, the CBF gene family is composed of three
tandem genes located on chromosome IV and exhibits consistent
expression patterns in response to cold stress. CBF1,3-overexpressed
Arabidopsis plant had increased freezing tolerance, while cbfs mutants
were vulnerable to freezing stress (Jaglo-Ottosen et al., 1998; Liu et al.,
1998; Medina et al., 1999). Unlike Arabidopsis, five CsCBF members
have been identified in tea plants (Wang et al,, 2019). In another
investigation, six CsCBF genes were predicted (Hu et al, 2020).
Interestingly, all the CsCBFs were strongly upregulated under cold
stress, with the exception of CsCBF3 (TEA010806). Overexpression of
CsCBF1 (GenBank EU563238), CsCBF2 (KC702795), CsCBF3
(EU857638), and CsCBF5 (TPIA CSS001387) in Arabidopsis and
Nicotiana displayed an enhanced cold tolerance, with increased
photosynthesis ability, high level of proline, sugar and ROS content,
but reduced malondialdehyde under cold stress compared to wild
type (Chang et al., 2012; Yin et al., 2016; Zhou et al., 2022a; Zhang
et al., 2022b). CBF proteins can recognize C-repeat/dehydration-
responsive motif (CCGAC, CRT/DRE) in the promoters of a subset
of COR genes and activate the expression of COR genes. It was
predicted that a total of 685 potential COR genes were regulated by
CsCBF in tea plants, including circadian rhythms and hormone
signaling genes (Wang et al., 2019). Although the overexpression of
CORI5A and CsCORI has no discernible effect on the survival of
plants under cold stress, most COR genes greatly contribute to cold
tolerance in plants (Jaglo-Ottosen et al., 1998; Li et al.,, 2010b). For
example, the expression of RD29A was induced by CBF3, thereby
improving the survival of frozen plants (Liu et al., 1998). Further,
CBF1 occupies the clock genes LUX promoter. LUX is required for
plants to survive in freezing stress (Chow et al., 2014). Interestingly,
many previous studies also suggested that alternative splicing event is
likely to drive the regulation complexity of CsCOR during cold
acclimation (Li et al., 2020). It is possible that the alternative
splicing of CsCOR plays an important role in cold acclimation of
tea plants.
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Transcriptional and post-transcriptional
regulation of ICE-CBF-COR genes

It is well recognized that both transcriptional regulation and post-
translational modifications play important role in regulating the CBF
cascade pathway. According to recent studies, the expression of CBFs
and the stability and transcriptional activity of ICEl are very
important for cold tolerance. The ICEI/2 are constitutively
expressed (Tang et al, 2020). Previous studies have suggested that
the phosphorylation, ubiquitination and sumoylation of ICE1 greatly
regulates CBF expression by changing its own protein stability and
transcriptional activity (Figure 2, Shi et al., 2018; Ding et al., 2020).
Indeed, ICE1 is ubiquitinated and degraded by the high expression of
osmotically responsive gene 1 (HOS1, E3 ubiquitin ligase), leading to
the instability of ICE1 protein and low expression of CBF (Dong et al.,
20065 Park et al.,, 2011). Whereas cold-activated SUMO E3 ligase SIZ1
(SAP and Miz) -mediated sumoylation of ICE1 increases its stability,
positively regulating the cold tolerance in plants (Miura et al., 2007).
In addition, three protein kinases also mediated the post-translational
modification of ICE1. Low temperature induces the open stomata 1
(OST1) kinase activity, which then interacts with ICE1 and HOSI,
improving the ICE1 activity and suppressing HOS1-mediated ICE1
degradation (Ding et al., 2018). By contrast, the other two protein
kinases Brassinosteroid-insensitive 2 (BIN2) and mitogen-activated
protein kinase 3/6 (MPK3/6) interacts with, and phosphorylate ICE1,
which promoted the degradation of ICE1 (Li et al., 2017a; Ye et al,
2019). Moreover, MPK6 attenuated the inhibitory effect of MYB15 on
CBF expression to enhance freezing tolerance in Arabidopsis (Agarwal
etal, 2006; Kim et al., 2017). Mechanistically, jasmonate-zim-domain
protein 1/4 (JAZ1/4) can also inhibit the CBF translational activity by
interacting with ICE1/2 in Arabidopsis (Hu et al., 2013a). The most
recent study in tea plants found that CsWRKYs (CsWRKY29 and
CsWRKY37) conferred plants cold tolerance, and CsWRKY4/
CsOCP3 (OVEREXPRESSOR OF CATIONIC PEROXIDASE 3)
interacted with CsICEl and inhibited its transcriptional activation
on CsCBF1/3, demonstrating the relevance of CsCBF cascade
pathway on cold tolerance of tea plants (Peng et al., 2022; Zhao
et al., 2022).

The expression of CBFs is regulated by several types of
transcriptional activators or repressors involved in light signaling,
phytohormones signaling, circadian rhythms and Ca®* signaling
(Figure 2). Recent studies have shown that the PIFs (PIF3, 4, and
7), downstream genes of photoreceptor and thermosensor phyB,
negatively regulates the expression of CBF and freezing tolerance of
Arabidopsis (Leivar et al., 2008; Lee and Thomashow, 2012). Chilling
stress initiates the formation of CBFs-PIF3-phyB complex which later
serve to control the cold adaption (Jiang et al., 2020; Xu and Deng,
2020). The transcription factors (TFs) in hormone signaling maintain
the homeostasis of CBF levels. For instance, the CBFs expression are
repressed by ethylene insensitive 3 (EIN3) in ethylene pathway, but
up-regulated by brassinazole-resistant 1/brassinosteroid insensitive 1-
EMS-supressor 1 (BZR1/BES1) in brassinosteroids signaling (Shi
et al, 2012; Li et al, 2017b). Circadian rhythms core genes are
likely to antagonistically function to keep the rhythmic expression
of CBF. Circadian clock associated 1/late elongated hypocotyl (CCA1/
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LHY) are shown to activate the expression of CBFs by binding to their
promoters, while pseudo-response regulators (PRRs) inhibit the
expression of CBFs (Nakamichi et al., 2009; Dong et al,, 2011). In
Arabidopsis, CCA1/LHY regulates cold-responsive DREBI
expression only under gradual decrease in temperature during the
day, whereas rapid drop in the temperature can induce the cytosolic
calcium levels and activate Ca®* signaling (Kidokoro et al., 2017). Ca’
" signaling impairment prevents CsCBF expression but accumulates
higher catechins under cold conditions, suggesting their potential
correlations in response to cold stress of tea plants (Ding et al., 2019).
The CsCAMTA2 (orthologous gene of CAMTA3 in Arabidopsis) was
strongly up-regulated in tea plant, and the cis-element [(G/A/C)
CGCG(C/G/T) or (A/C)CGTGT, CsCAMTA targeted] was
observed in the promoter of CsCBFI and CsCBF2 (Zhou et al,
2022b). There had been at least 8 Calmodulin-like (CBL) genes and
25 CIPK genes identified in tea plants, which were further divided into
four and five subfamilies. Of them, four CsCBLs (CsCBL1/3/5/9) and
nineteen CsCIPKs genes were significantly induced by cold stress.
Studies have shown that CsCBL1 could interact with CsCIPK1/10b/
12, while CsCBL9 was found to interact with CsCIPK1/10b/12/14b;
hence, the Ca**-CsCBL-CsCIPK module mediated cold stress
signaling in tea plant was proposed (Li et al, 2019b; Ma et al,
2019; Wang et al,, 2020). In Arabidopsis, it was reported that
CAMTAs worked together to suppress the SA (salicylic acid)
synthesis by targeting EDSI (ENHANCED DISEASE
SUSCEPTIBILITY 1) and to improve freezing tolerance (Kim
et al,, 2013).

Furthermore, the post-translational modification of CBFs is
important in cold tolerance. For instance, cytosolic redox protein
thioredoxin h2 interacts with CBF and reduces the transformation of
oxidized CBF oligomers (inactive) to active monomers, whereby this
structural switching and functional activation of CBFs confers the

TABLE 1 List of the genes/gene families involved in cold tolerance of tea plant.

Category Functional type Gene symbol
Expression analysis

Transcription factors Cloning identification

Functional characterization

Sugar signaling

Regulator genes

Redox

Cell remodeling

Hormone signaling

Carotenoid biosynthesis

Structural genes

Terpenoid metabolism

Ca®* signaling CAM, CBL, CML,

Osmoregulator LEA, P5CS, AQP, FAD
Amino acid Metabolism GS, ARG

Fiber signaling HCT, CesA

Light signaling psbA, psbD

Please check Supplemental Table 1 for details.
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RAV, GSP, CAMTA, GARP, NLR, SAP, SDIR

BESI1, C2H2-ZFP, CIGR, CPP, FHY3/FARI, DELA, DREB, GRF, MYB, NAC, WOX, ZF-HD, bHLH

bZIP, CBF, ICE, WRKY, HSF

AMY, BAM, FRK, GLU, GolS, HXK, TPP, RS, INV, UGT, SUT, TIP, TMT, SCAF, SWEET, PMI, SUS, SPS, PMM
AOX, C5-MTase, CIPK, CPK, CSD, dMTase, MKK, MPK, PLD, SCPL, DPE, SNRK, HDAC, MIEL, BAP, RAC
CAT, GPX, GST, POD, PPO, SOD, GSHS, GGP, GME, GMP, GPP, MIOX

AGP, ENODL, AXY, API, GALT, RRT, PPME, XTH, UXS, GAE, XUT, PMEI, TBL

LOX, NCED, G302, GR, DHN, JAZ, IPT, PNPO, GalLDH, GalUR, DHAR, GalUR, AO, APX, MIOX, TTL
CHXB, CHXE, CRTISO, PDS, ZDS, PSY, Z-ISO

TPS, DXS, DXR, HDS, LCY, IPT
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plant with cold tolerance (Lee et al., 2021). It is worth to note that
epigenetic regulation, including DNA methylation, chromatin
remodeling, and small RNA regulation, also extensively influences
the cold tolerance of plants throughout the entire life (Park et al,
2018). A recent study showed that hundreds of cold-responsive genes,
including CsCBF4 and CsUGT91Q2, were significantly demethylated
during cold stress, indicating that DNA methylation is involved in
cold response of tea plants (Tong et al.,, 2021). Besides, the histone
deacetylases were also reported to participate in the cold stress
response of tea plants. Low temperature reduced the transcription
of HD2 type histone deacetylase in tea plant, indicating that chromatin
remodeling mediated by histone modifications may regulate the
expression of cold-responsive genes (Ma et al, 2013; Yuan et al,
2020). Degradome sequencing has identified 763 related cleavage
target genes and miRNAs associated with cold stress tolerance. There
were 74 and 91 differentially expressed microRNAs (miRNAs)
identified from cold-tolerant ‘Yingshuang’ and cold-sensitive ‘Baiye
I’ cultivars, respectively. Of them, miR156, miR159, and miR396
showed distinct expression patterns among different cold-sensitive tea
varieties under cold conditions (Zhang et al., 2014b). In addition, 14
circular RNAs have been identified to contribute to the chilling
tolerance of tea plant (Huang et al., 2023).

Identification and characterization of cold-
responsive genes in tea plants

The innovation of genomic and transcriptomic sequencing,
together with functional genomics, have identified a total of 128
gene/families involved in cold response in tea plants (Table 1). For
example, the cold-responsive bZIP transcription factor CsbZIP6 and
CsbZIP18 were experimentally evidenced to reduce the freezing
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tolerance of tea plants by ABA-independent and ABA-dependent
pathway, respectively (Wang et al, 2017; Yao et al, 2020b). In
addition, a total of 89 structural genes involving in sugar signaling,
redox process, ascorbic acid metabolism, hormone signaling,
carotenoid biosynthesis, terpenoid metabolism, Ca®" signaling,
osmoregulator, amino acid metabolism, fiber signaling, and light
signaling, were also identified and characterized to be associated
with cold tolerance of tea plants. Correspondingly, 59 sugar-related
genes engaged in sugar metabolism, transportation and signaling are
solidly stimulated, including the beta-amylase gene (CsBAM),
disproportionating enzyme gene (CsDPE2), fructokinase gene
(CsFRK), invertase gene (CsINV5), Suc-phosphate synthase gene
(CsSPS) and raffinose synthase gene (CsRS2) (Yue et al, 2015).
Sugar signaling and osmoregulator related genes regulate the cold
tolerance of tea plants mainly through the osmotic-dependent
pathway. Overexpression of Invertase 5 (CsINV5) enhanced the
cold tolerance of transgenic Arabidopsis through up-regulating the
transcription of HXK2 and P5CS1/2 (Qian et al., 2018). CsSWEETa,
CsSWEET16 and CsSWEETI17 improved the freezing resistance of
plants by promoting sugar transport across the plasma membrane
(Wang et al., 2018; Yao et al, 2020a). The sequences of proline
biosynthesis and degradation have been identified and available at
NCBI, CsP5CS (pyrroline-5-carboxylate synthase, KJ143742.1),
CsOAT (Ornithine-D-aminotransferase, KJ641844.1) and CsP5CR
(pyrroline-5-carboxylate reductase, KY368574), CsP5CDH
(pyrroline-5-carboxylate dehydrogenase, KY368572) and CsProDH
(Pro-dehydrogenase, KY368573) included (Ban et al,, 2017).
Besides, the phenylpropanoid pathway serves as a rich source of
metabolites in plants, as a starting point for the biosynthesis of lignin,
flavonoids and coumarins (Fraser and Chapple, 2011; Hori et al.,
20205 Oliveira et al., 2020). Recent studies showed upregulation of
lignin biosynthesis genes along with downregulation in cellulose
biosynthesis genes under osmotic stresses in tree species
(Wildhagen et al., 2018; Chen et al, 2019; Hori et al., 2020).
Additionally, an increased level in xyloglucan endotransglucosylase/
hydrolase (XTH) and expanding proteins, affecting the cell wall
plasticity and reinforcement of the secondary wall with
hemicellulose and lignin deposition to increase cell wall thickening
were highlighted (Gall et al., 2015). In accordance with these data, our
RNAseq data revealed many upregulated genes related to the cell wall
remodeling and biosynthesis in tea plant (UDP-Arap, XTH30, AGPSI,
BGLU, ENODL2, AXY4, UEL-1, PRP-F1, API, PPME, GALTS®,
GATL7, UXS2, UXS4, TBL32, GIcATI4A, XUTI1, GAE3, 4CL, API,
RRTI, rfbC, glucan endo-1,3-beta-glucosidase 7-like and 8-like, etc.)
confirming the importance of this pathways in the long-term cold
stress in tea plant. Additionally, elevated expression of beta-
glucosidase (BGLU) that catalyzes intermediates for cell wall
lignification synthesis was observed in tea. Also, several DEGs
(RRTI1, PPME, XTH, UXS2, UXS4, GAE3, XUTI) related to
xyloglucan and pectin biosynthesis were upregulated in tea leaves
under the long-term cold stress. Among them, RRTI (RG-I
RHAMNOSYLTRANSFERASE 1) is required for both cellular
adhesion and cell wall plasticity (Takenaka et al., 2018). PPME,
pectinesterase-like PMEs (PECTIN METHYLESTERASE
INHIBITORs) maintains apoplastic Ca**-homeostasis, controlling
stomatal movements and in regulating the flexibility of the guard
cell wall (Wu et al., 2018). Previous studies have also suggested that
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inhibiting the pectin methylesterase activity of tea plants, including
Pectin Methylesterase Inhibitor 2 and 4 (CsPMEI2 and CsPMEI4),
slightly reduces the cold tolerance of transgenic Arabidopsis (Li et al.,
2021). XTHs (Xyloglucan endotransglucosylase/hydrolase) cuts and
re-joins hemicellulose chains in Plant cell wall, contributing to wall
assembly, affecting cellulose deposition (Wu et al., 2018).
Additionally, more genes related to pectin biosynthesis were found
upregulated under long-term cold stress in tea plant, namely UXS2/4
(UDP-GLUCURONIC ACID DECARBOXYLASE 2/4) and GAE3
(UDP-D-GLUCURONATE 4-EPIMERASE 3). These genes are
required for the biosynthesis of heteroxylans and xyloglucans and
for the side chains of pectin (Kuang et al., 2016; Borg et al., 2021).

Cell walls remodeling proteins contain hydroxyproline-rich O-
glycoproteins (HRGPs), which is classified into extensins (EXTSs),
arabinogalactan-proteins (AGPs) and Hyp/Pro-rich proteins (H/
PRPs) (Cassab and Varner, 1988; Basu et al, 2015; Ajayi et al,
2021). According to our results, a set of genes involved in H/PRPs
and AGPs metabolism (AGPSI, UEL-1, API, GALT6, GATL7,
GIcATI4A, ENODL2, PRP-FI, etc.) were highly upregulated in tea
plant suggesting that glycosylation of HRGPs is an important
responsive mechanism under the long-term stress. Additionally,
some genes (e.g., TBL27/32) related to O-acetylation of
polysaccharides were upregulated under long-term cold in tea plant
which is consistent with some earlier findings (Sun et al., 2020). O-
Acetylation of polysaccharides change the physicochemical properties
and acetyl-substituents inhibit the enzymatic degradation of wall
polymers (Gall et al, 2015) suggesting the important role of the
both processes for the long-term stress responses of tea plant. Thus,
the increasing the cell wall plasticity, thickness and hydrophobicity by
lignin biosynthesis, glycosylation of HRGPs, o-acetylation of
polysaccharides, pectin biosynthesis and branching, xyloglucan and
arabinogalactan biosynthesis can serve as important mechanisms of
long-term cold responses in tea plant.

A well-known effect of abiotic stress in plants is the production of
ROS, which can eventually oxidize lipids, proteins, and DNA, and
thereby trigger the cell death (Akula and Ravishankar, 2011; Bartwal
et al., 2013; Estravis-Barcala et al., 2020). Redox process and ABA
metabolism regulated cold tolerance mainly through scavenging
reactive oxygen species. For example, Glycosyltransferase
CsUGT91Q2, CsUGT78A14, and CsUGT71A59 confer cold
resistance to tea plant by improving the ROS clearance ability
(Zhao et al., 2019a; Zhao et al., 2019b; Zhao et al., 2021). According
to our recent results, in tea plant several upregulated DEGs related to
lipid metabolism were upregulated under long term cold stress. For
examples, the homologs of SECI4, an important regulators of
phospholipid metabolism (Campos and Schaaf, 2017), EDR2, a
negative regulator of cell death (Vorwerk et al, 2007), and genes
encoding remorin-like (REMs) proteins accumulated in lipid rafts
and physically interact with receptor-like kinases (Cai et al., 2020),
probable phospholipid hydroperoxide glutathione peroxidase
(PHGPX) participates in scavenging of lipid hydroperoxide (Jain
and Bhatla, 2014), endoplasmic reticulum oxidoreductin-1-like
(EROI) participating in protein folding under oxidative stress
(Matsusaki et al., 2019), probable carboxylesterase 11 (CXEII)
which is involved in the catabolism of volatile esters such as butyl
and hexyl acetate and activation of MeJA signaling (Cao et al., 2019),
luminal-binding protein genes (BIP5-like) which increase in anti-
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oxidative defenses under water stress in transgenic tabacco and
soybean (Valente et al, 2009). These results suggest the lipid
stabilization against ROS can be an important mechanism of the
long-term cold and freezing responses in tea plant.

Similarly, cold-induced enzyme or hormone pathway genes also
affect the cold tolerance of tea plants. According to the recent studies,
hormone-signaling pathways are consistently up-regulated under
cold stress, which are involving in those of JA, brassinosteroids
(BRs), and ABA (Wisniewski et al., 2014; Zheng et al., 2022).
Interestingly, auxin signal transduction is activated in the opposite
pattern with ethylene transduction it some tree species (Estravis-
Barcala et al, 2020). In tea plant several new upregulated DEGs
involved in hormone signaling were upregulated under the long-term
cold stress (GID1C-like, LOG3-like, ILR1-like6, TTL1, TTL3, and
2¢29380). These genes are related to the abovementioned signaling
pathways. For example, GID1 (GA INSENSITIVE DWARFI) can bind
negative regulators of GA responses called DELLA proteins
(Hauvermale et al, 2014). LOG is a cytokinin-activating enzyme
plays a pivotal role in regulating cytokinin activity (Kuroha et al,
2009). ILR1 (IAA-LEUCINE RESISTANT 1) regulates the rates of
amido-IAA hydrolysis resulting in activation of auxin signaling
(Sanchez Carranza et al, 2016). TTLI (TETRATRICOPEPTIDE-
REPEAT THIOREDOXIN-LIKE 1) regulates the transcript levels of
several dehydration-responsive genes, such as CBF2, ERDI (early
response to dehydration 1), ERD3, and COR15a (Rosado et al., 2006;
Lakhssassi et al.,, 2012). These results indicate a complex
transcriptional landscape in response to abiotic stress, and in
particular they show highly variable interactions between different
hormone signal transduction pathways.

Long-term cold stress down-regulated CsLOX expression while
short period of low temperatures induced the expression of CsLOX1, 6
and 7, which highlights the role of JA in triggering and regulating cold
tolerance of tea plants (Zhu et al., 2018). E3 ligase gene MIELI
inhibited the accumulation of anthocyanin in apple by degrading
MdAMYBI1 protein (An et al, 2017). Similar to the function of
MAMIELI, overexpression of the CsIELI gene in Arabidopsis
decreased anthocyanin level during cold stress, which is possibly
caused by the degradation of positive regulator through 26S-
proteasome-mediated ubiquitination pathway (Xing et al., 2021).

In addition, transcriptome analysis shows only 12% of cold-
responsive genes are dependent on the CBF regulons in Arabidopsis
thaliana, indicating the presence of the other low-temperature
regulation pathways (Fowler and Thomashow, 2002). Indeed,
several previous studies have showed that many cold-inducible
genes, including Alpha-tubulin (CaTUA), dehydrin (CsDHNI, 2),
spermine synthase (CsSPMS), fatty acid desaturase (CsSAD), HI
histone (CsHis), CsbZIP and CsHSF function in cold response of tea
plants in a CBF-independent pathway (Paul et al., 2012; Paul and
Kumar, 2013; Wang et al., 2014; Zhu et al., 2015; Ding et al., 2016).
Many phytohormone (auxin, cytokinins, ABA, gibberellins, JA,
ethylene and brassinosteroids) responsive genes are intimately
linked to the CBF-independent regulon under cold acclimation
(Zhao et al., 2014; Joshi et al., 2016; Wani et al., 2016). With the
development of transcriptomics and genomics, many CBF-
independent transcriptional regulation factors involved in cold
adaptions would be identified.
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Exogenous feeding to improve cold
tolerance in tea plants

At present, the primary method of reducing cold stress in tea
production is to breed cold-resistant tea plants and optimize
cultivation conditions, most likely in a greenhouse or with a
protective film. Applying exogenous substances, on the other hand,
are the simplest, most convenient, and most effective method (Zhang
et al, 2022b). In general, 93 metabolites changed significantly under
cold stress, such as catechin, flavonoid, ABA and JA (Hao et al., 2018).
These results corresponded to those in which low temperature
increased accumulation of flavan-3-ols and proanthocyanidins,
indicating that phytohormones and secondary metabolites may
contribute to cold regulation in tea plants (Zhang et al, 2014a).
Indeed, treatment with plant growth regulators spermidine (0.025
mM, 0.05 mM, 0.1 mM) alleviates damages caused by cold stress in
pollen tubes of tea varieties (Cetinbas-Genc et al., 2020). Exogenous
application of ABA not only induces CsCORI expression but also
rapidly close stomata to reduce water loss, thereby ABA effectively
alleviates chilling damage to plant, consistent with the changes in
proline content (Li et al, 2010a; Hong et al., 2017). As efficient
elicitor, exogenous methyl jasmonate application induces the
expression of CsMYBs, and thus effectively promotes ROS
scavenging and anthocyanin biosynthesis to alleviate cold stress
damage (Han et al., 2022). Melatonin treatment alleviates cold
stress on tea plant by improving biosynthesis antioxidant enzyme
and antioxidant defense and redox homeostasis (Li et al., 2018a; Li
et al, 2018b; Li et al,, 2019a). Additionally, supplementation of y-
aminobutyric acid also contributes to the improvement of cold
tolerance of tea plants, as exogenous application of CaCl, which
has the same effect on cold tolerance. (Huang et al., 2015; Zhu et al.,
2019). Airborne nerolidol and nerolidol glucoside exposure were also
found to enhance cold stress tolerance of the tea plant through
accumulating CsCBF1 and CsUGT91Q2 expression (Zhao et al,
2019b). However, the mechanism by which exogenous substances
orchestrate cold tolerance has yet to be determined.

Conclusions and perspectives

Tea is a perennial and evergreen woody crop, which is mainly
cultivated in tropical and temperate regions. Low temperature stress
poses serious threat to the tea plant growth and distribution.
Therefore, it is critical to elucidate the physiological and molecular
mechanisms through which tea plant cope with cold stress and
introduce the most effective and preventive measures for cold
stress. In the last few decades, the research on cold stress has
mainly focused on the physiological and biochemical changes and
gene expression profiles of different tea varieties during low
temperature. Here, we described the putative cold sensors and
signaling transduction pathways, coupled with existing research.
Despite significant efforts, only a few potential cold sensors have
been identified due to redundancy in sensor coding genes and
challenging experimental techniques. (Zhu, 2016). To survive in
adverse cold conditions, tea plant has evolved precise adaptive
mechanisms, particularly known as ICE-CBF-COR pathway.
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Growing reports suggest the crosstalk between other factors, such as
hormones, light and circadian clock pathway, and cold signaling can
effectively balance the cold tolerance and plant growth, which is
worthy for further research (Achard et al., 2008; Hong et al., 2017;
Janda et al, 2021). Although emerging evidence shows that the
transcriptional regulation, epigenetic regulation and post-
transcriptional modifications played a significant role in CBF
signaling, the related regulatory networks still wait for further study
in tea plant. We also carefully checked the literature and listed
hundreds of gene families involving in cold stress. Finally, the
influence of exogenous application on tea plant was also outlined,
albeit with an unclear molecular basis.

The recent comparative genomics, transcriptomics, and
proteomics-based analysis have revealed large numbers of genes
related to low temperature and enriched the gene resource of tea
plant, expanding comprehensive understanding about process
involving cold stress (Wang et al., 2013; Hu et al., 2013b; Li et al,
2019; Xia et al., 20205 Lei et al., 2021). However, the biological nature
of tea plants precludes the biotechnological strategies in itself; for
instance, perennial woody and self-incompatible characteristics,
successful genetic transformation systems and some experimental
protocols successfully used for Arabidopsis and other model plants
cannot be fully applied in case of tea plants. Thus, the discovery of
novel genes and most reliable functional identification of candidate
genes is still an important but challenging topic for tea researchers.

The cold signaling, light and hormone signaling are tightly
connected under cold stress. The light receptor also functions as cold
sensor, suggesting the integration between temperature and
photoreceptors, while the exact mechanism of cold perception needs
further study. Due to resource limitations, plants tend to transfer more
resources at the expense of normal growth and development to activate
the defense system under cold stress, a response termed tradeoff
between growth and defense. Low temperature induced the increase
of growth inhibiting hormones such as ABA and JA, and the decrease
of growth promoting hormone levels such as IAA and GA; therefore,
unraveling the connection between hormone and cold signals is an
important step for researching plant growth and development.

In the near future, establishing high-efficient transgenic system
for tea plant are necessary. The rich polyphenols directly kill
Agrobacterium as antibacterial agent and block the T-DNA
transport channel to tea plant cells as protein precipitation agent,
thus leading to low conversion efficiency. Thus, the co-domestication
of Agrobacterium and issues of tea pant could be a good method to
establish an efficient genetic transformation system. Compared with

References

Achard, P., Gong, F., Cheminant, S., Alioua, M., Hedden, P., and Genschik, P. (2008).
The cold-inducible CBF1 factor-dependent signaling pathway modulates the
accumulation of the growth-repressing DELLA proteins via its effect on gibberellin
metabolism. Plant Cell 20 (8), 2117-2129. doi: 10.1105/tpc.108.058941

Agarwal, M., Hao, Y., Kapoor, A., Dong, C.-H., Fujii, H., Zheng, X, et al. (2006). A
R2R3 type MYB transcription factor is involved in the cold regulation of CBF genes and in
acquired freezing tolerance. J. Biol. Chem. 281 (49), 37636-37645. doi: 10.1074/
jbc.m605895200

Ahuja, I, de Vos, R. C, Bones, A. M., and Hall, R. D. (2010). Plant molecular stress
responses face climate change. Trends Plant Sci. 15 (12), 664-674. doi: 10.1016/
j-tplants.2010.08.002

Frontiers in Plant Science

10.3389/fpls.2023.1145609

many other crops, tea plants need more measures to be taken to
accelerate molecular design breeding for highly cold-tolerant
tea plants.

Author contributions

EX designed the project. YW collected and analyzed the data. YW
and LS wrote the paper. EX, WT, LS, AM, and WT revised the paper
with inputs from all authors. All authors contributed to the article and
approved the submitted version.

Funding

This work is supported by the National Science Foundation of
China (32261133519), Russian Science Foundation (#23-46-00002),
and the Outstanding Youth Project of Anhui Provincial University
(2022AH020060). We apologize for not being able to cite many of the
excellent publications on tea plants due to the limit of paper length.
No conflict of interest declared.

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1145609/

full#supplementary-material

Ajayi, O. O., Held, M. A., and Showalter, A. M. (2021). Three B-
glucuronosyltransferase genes involved in arabinogalactan biosynthesis function in
arabidopsis growth and development. Plants 10 (6) 1172. doi: 10.3390/
plants10061172

Akula, R., and Ravishankar, G. A. (2011). Influence of abiotic stress signals on
secondary metabolites in plants. Plant Signal Behav. 6 (11), 1720-1731. doi: 10.4161/
psb.6.11.17613

An, J. P, Liu, X,, Li, H. H,, You, C. X., Wang, X. F,, and Hao, Y. J. (2017). Apple
RING E3 ligase MAMIELI inhibits anthocyanin accumulation by ubiquitinating and
degrading MAMYB1 protein. Plant Cell Physiol. 58 (11), 1953-1962. doi: 10.1093/pcp/
pex129

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1145609/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1145609/full#supplementary-material
https://doi.org/10.1105/tpc.108.058941
https://doi.org/10.1074/jbc.m605895200
https://doi.org/10.1074/jbc.m605895200
https://doi.org/10.1016/j.tplants.2010.08.002
https://doi.org/10.1016/j.tplants.2010.08.002
https://doi.org/10.3390/plants10061172
https://doi.org/10.3390/plants10061172
https://doi.org/10.4161/psb.6.11.17613
https://doi.org/10.4161/psb.6.11.17613
https://doi.org/10.1093/pcp/pcx129
https://doi.org/10.1093/pcp/pcx129
https://doi.org/10.3389/fpls.2023.1145609
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Bai, X., Ji, J., Wang, W., Gu, C,, Yu, Q,, Jiang, J., et al. (2022). Characterization of CBL-
interacting protein kinases’ gene family and expression pattern reveal their important
roles in response to salt stress in poplar. Forests 13 1353. doi: 10.3390/f13091353

Ban, Q., Wang, X, Pan, C., Wang, Y., Kong, L., Jiang, H., et al. (2017). Comparative
analysis of the response and gene regulation in cold resistant and susceptible tea plants.
PLoS One 12 (12), 0188514. doi: 10.1371/journal.pone.0188514

Banerjee, B. (1992). “Botanical classification of tea,” in Tea: Cultivation to consumption.
Eds. K. C. Willson and M. N. Clifford (London, Dordrecht: Springer), 25-51. doi: 10.1007/
978-94-011-2326-6_2

Barrero-Gil, J., and Salinas, J. (2013). Post-translational regulation of cold acclimation
response. Plant Sci. an Int. ]. Exp. Plant Biol. 205-206, 48-54. doi: 10.1016/
j.plantsci.2013.01.008

Bartwal, A., Mall, R, Lohani, P., Guru, S. K,, and Arora, S. (2013). Role of secondary
metabolites and brassinosteroids in plant defense against environmental stresses. J. Plant
Growth Regul. 32, 216-232. doi: 10.1007/s00344-012-9272-x

Basu, D., Tian, L., Wang, W., Bobbs, S., Herock, H., Travers, A., et al. (2015). A small
multigene hydroxyproline-o-galactosyltransferase family functions in arabinogalactan-
protein glycosylation, growth and development in arabidopsis. BMC Plant Biol. 15, 295.
doi: 10.1186/s12870-015-0670-7

Borg, A. J., Dennig, A., Weber, H., and Nidetzky, B. (2021). Mechanistic
characterization of UDP-glucuronic acid 4-epimerase. FEBBS J. 288 (4), 1163-1178.
doi: 10.1111/febs.15478

Cai, J., Chen, T., Wang, Y., Qin, G., and Tian, S. (2020). SIREM1 triggers cell death by
activating an oxidative burst and other regulators. Plant Physiol. 183 (2), 717-732.
doi: 10.1104/pp.20.00120

Campos, M. K., and Schaaf, G. (2017). The regulation of cell polarity by lipid transfer
proteins of the SEC14 family. Curr. Opin. Plant Biol. 40, 158-168. doi: 10.1016/
j.pbi.2017.09.007

Cao, X, Duan, W., Wei, C,, Chen, K., Grierson, D., and Zhang, B. (2019). Genome-
wide identification and functional analysis of carboxylesterase and methylesterase gene
families in peach (Prunus persica 1. batsch). Front. Plant Sci. 10. doi: 10.3389/
fpls.2019.01511

Carr, M. K. V. (2008). The climatic requirements of the tea plant: A review. Exp. Agric.
8 (1), 1-14. doi: 10.1017/s0014479700023449

Cassab, G. L, and Varner, J. E. (1988). Cell wall proteins. Annu. Rev. Plant Biol. 39 (1),
321-353. doi: 10.1146/annurev.pp.39.060188.001541

Cetinbas-Genc, A., Cai, G., and Del Duca, S. (2020). Treatment with spermidine
alleviates the effects of concomitantly applied cold stress by modulating Ca**, pH and
ROS homeostasis, actin filament organization and cell wall deposition in pollen tubes of
Camellia sinensis. Plant Physiol. Biochem. 156, 578-590. doi: 10.1016/
j.plaphy.2020.10.008

Chang, X,, Pang, L., Li, Y., Wei, Y., and Jiang, C. (2012). Eukaryotic expression and
cold-resistance analysis of CsCBF1 from tea plant (Camellia sinensis). J. Northwest A&F
Univ. 40 (10), 173-179. doi: 10.13207/j.cnki.jnwafu.2012.10.021

Chen, M., Chory, J., and Fankhauser, C. (2004). Light signal transduction in higher
plants. Annu. Rev. Genet. 38, 87-117. doi: 10.1146/annurev.genet.38.072902.092259

Chen, K. M., Holmstrm, M., Raksajit, W., Suorsa, M., Piippo, M., and Aro, E. M.
(2010). Small chloroplast-targeted DnaJ proteins are involved in optimization of
photosynthetic reactions in arabidopsis thaliana. BMC Plant Biol. 10, 43. doi: 10.1186/
1471-2229-10-43

Chen, X., Wang, H,, Li, X., Ma, K,, Zhan, Y., and Zeng, F. (2019). Molecular cloning
and functional analysis of 4-coumarate: CoA ligase 4 (4CL-like 1) from fraxinus
mandshurica and its role in abiotic stress tolerance and cell wall synthesis. BMC Plant
Biol. 19, 231. doi: 10.1186/s12870-019-1812-0

Chen, J., Xue, B., Xia, X., and Yin, W. (2013). A novel calcium-dependent protein
kinase gene from populus euphratica, confers both drought and cold stress tolerance.
Biochem. Biophy.s Res. Commun. 441 (3), 630-636. doi: 10.1016/j.bbrc.2013.10.103

Chinnusamy, V., Ohta, M., Kanrar, S., Lee, B. H., Hong, X., Agarwal, M., et al. (2003).
ICEI: a regulator of cold-induced transcriptome and freezing tolerance in arabidopsis.
Genes Dev. 17 (8), 1043-1054. doi: 10.1101/gad.1077503

Chow, B. Y., Sanchez, S. E., Breton, G., Pruneda-Paz, J. L., Krogan, N. T, and Kay, S. A.
(2014). Transcriptional regulation of LUX by CBF1 mediates cold input to the circadian
clock in arabidopsis. Curr. Biol. 24 (13), 1518-1524. doi: 10.1016/j.cub.2014.05.029

Couée, L, Sulmon, C., Gouesbet, G., and Amrani, E. A. (2006). Involvement of soluble
sugars in reactive oxygen species balance and responses to oxidative stress in plants. J.
Exp. Bot. 57 (3), 449-459. doi: 10.1093/jxb/erj027

Czolpinska, M., and Rurek, M. (2018). Plant glycine-rich proteins in stress response:
An emerging, still prospective story. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00302

Dai, J., Sun, J., Peng, W., Liao, W., Zhou, Y., Zhou, X,, et al. (2022). FAR1/FHY3
transcription factors positively regulate the salt and temperature stress responses in
eucalyptus grandis. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.883654

Ding, C,, Lei, L., Yao, L., Wang, L., Hao, X,, Li, N,, et al. (2019). The involvements of
calcium-dependent protein kinases and catechins in tea plant [Camellia sinensis (L.) o.
kuntze] cold responses. Plant Physiol. Biochem. 143, 190-202. doi: 10.1016/
i.plaphy.2019.09.005

Ding, Y., Lv, J,, Shi, Y., Gao, J., Hua, J,, Song, C., et al. (2018). EGR2 phosphatase
regulates OST1 kinase activity and freezing tolerance in arabidopsis. EMBO J. 38 (1),
€99819. doi: 10.15252/embj.201899819

Frontiers in Plant Science

1

10.3389/fpls.2023.1145609

Ding, Z., Shen, J. Z., Pan, L.-1, Wang, Y., Li, Y. S., Wang, Y., et al. (2016). CsSAD: a fatty
acid desaturase gene involved in abiotic resistance in Camellia sinensis (L.). Genet 15 (1),
15017512. doi: 10.4238/gmr.15017512

Ding, Y., Shi, Y., and Yang, S. (2020). Molecular regulation of plant responses to
environmental temperatures. Mol. Plant 13 (4), 544-564. doi: 10.1016/j.molp.2020.02.004

Doherty, C.J., Van Buskirk, H. A., Myers, S. J., and Thomashow, M. F. (2009). Roles for
arabidopsis CAMTA transcription factors in cold-regulated gene expression and freezing
tolerance. Plant Cell. 21 (3), 972-984. doi: 10.1105/tpc.108.063958

Dong, C. H., Agarwal, M., Zhang, Y., Xie, Q., and Zhu, J. K. (2006). The negative
regulator of plant cold responses, HOSI, is a RING E3 ligase that mediates the
ubiquitination and degradation of ICE1. PNAS 103 (21), 8281-8286. doi: 10.1073/
pnas.0602874103

Dong, M. A, Farre, E. M., and Thomashow, M. F. (2011). Circadian clock-associated 1
and late elongated hypocotyl regulate expression of the c-repeat binding factor (CBF)
pathway in arabidopsis. PNAS 108 (17), 7241-7246. doi: 10.1073/pnas.1103741108

Dong, X,, Yan, Y., Jiang, B, Shi, Y., Jia, Y., Cheng, J., et al. (2020). The cold response
regulator CBF1 promotes arabidopsis hypocotyl growth at ambient temperatures. EMBO
J. 39 (13), 103630. doi: 10.15252/embj.2019103630

Eckardt, N. A. (2009). CAMTA proteins: a direct link between calcium signals and cold
acclimation? Plant Cell 21 (3), 697. doi: 10.1105/tpc.109.210310

Estravis-Barcala, M., Mattera, M. G., Soliani, C., Bellora, N., Opgenoorth, L., Heer, K.,
et al. (2020). Molecular bases of responses to abiotic stress in trees. J. Exp. Bot. 71 (13),
3765-3779. doi: 10.1093/jxb/erz532

Fowler, S., and Thomashow, M. F. (2002). Arabidopsis transcriptome profiling
indicates that multiple regulatory pathways are activated during cold acclimation in
addition to the CBF cold response pathway. Plant Cell 14 (8), 1675-1690. doi: 10.1105/
tpc.003483

Fraser, C. M., and Chapple, C. (2011). The phenylpropanoid pathway in arabidopsis.
Arabidopsis Book 9, e0152. doi: 10.1199/tab.0152

Fujii, Y., Tanaka, H., Konno, N., Ogasawara, Y., Hamashima, N., Tamura, S., et al.
(2017). Phototropin perceives temperature based on the lifetime of its photoactivated
state. PNAS 114 (34), 9206-9211. doi: 10.1073/pnas.1704462114

Fursova, O. V., Pogorelko, G. V., and Tarasov, V. A. (2009). Identification of ICE2, a
gene involved in cold acclimation which determines freezing tolerance in Arabidopsis
thaliana. Gene 429 (1), 98-103. doi: 10.1016/j.gene.2008.10.016

Gall, H. L., Philippe, F., Domon, J. M., Gillet, F., Pelloux, J., and Rayon, C. (2015). Cell
wall metabolism in response to abiotic stress. Plants 4 (1), 112-166. doi: 10.3390/
plants4010112

Ghosh, U. K., Islam, M. N, Siddiqui, M. N., Cao, X., and Khan, M. A. R. (2022).
Proline, a multifaceted signalling molecule in plant responses to abiotic stress:
understanding the physiological mechanisms. Plant Biol. 24 (2), 227-239. doi: 10.1111/
plb.13363

Gilmour, S. J., Zarka, D. G., Stockinger, E. J., Salazar, M. P., Houghton, J.-M., and
Thomashow, M. F. (1998). Low temperature regulation of the Arabidopsis CBF family of
AP2 transcriptional activators as an early step in cold-induced COR gene expression.
Plant J. 16 (4), 433-442. doi: 10.1046/j.1365-313x.1998.00310.x

Gould, P. D, Ugarte, N., Domijan, M., Costa, M., Foreman, J., MacGregor, D., et al.
(2013). Network balance via CRY signaling controls the arabidopsis circadian clock over
ambient temperatures. Mol. Sys Biol. 9, 650. doi: 10.1038/msb.2013.7

Guo, Z., Tan, J., Zhuo, C., Wang, C., Xiang, B., and Wang, Z. (2014). Abscisic acid,
H202 and nitric oxide interactions mediated cold-induced s-adenosylmethionine
synthetase in medicago sativa subsp. falcata that confers cold tolerance through up-
regulating polyamine oxidation. Plant Biotechnol. J. 12 (5), 601-612. doi: 10.1111/
pbi.12166

Han, Z., Zhang, C., Zhang, H., Duan, Y., Zou, Z., Zhou, L., et al. (2022). CsMYB
transcription factors participate in jasmonic acid signal transduction in response to cold
stress in tea plant (Camellia sinensis). Plants 11 (21), 2869. doi: 10.3390/plants11212869

Hao, X,, Tang, H., Wang, B., Yue, C., Wang, L., Zeng, J., et al. (2018). Integrative
transcriptional and metabolic analyses provide insights into cold spell response
mechanisms in young shoots of the tea plant. Tree Physiol. 38 (11), 1655-1671.
doi: 10.1093/treephys/tpy038

Hao, X., Yang, Y., Yue, C., Wang, L., Horvath, D. P., and Wang, X. (2017).
Comprehensive transcriptome analyses reveal differential gene expression profiles of
Camellia sinensis axillary buds at para-, endo-, ecodormancy, and bud flush stages. Front.
Plant Sci. 8. doi: 10.3389/fpls.2017.00553

Hauvermale, A. L., Ariizumi, T., and Steber, C. M. (2014). The roles of the GA
receptors GID1a, GID1b, and GIDIc in slyl-independent GA signaling. Plant Signal.
Behav. 9 (2), €28030. doi: 10.4161/psb.28030

Hong, J. H,, Savina, M. S., Du, J. D., Devendran, A. S., Ramakanth, K. K, Tian, X,, et al.
(2017). A sacrifice-for-Survival mechanism protects root stem cell niche from chilling
stress. Cell 170 (1), 102-113.e14. doi: 10.1016/j.cell.2017.06.002

Hori, C., Yu, X., Mortimer, J. C., Sano, R., Matsumoto, T., Kikuchi, J., et al. (2020).
Impact of abiotic stress on the regulation of cell wall biosynthesis in populus trichocarpa.
Plant Biotechnol. 37, 273-283. doi: 10.5511/plantbiotechnology.20.0326a

Hu, Z., Ban, Q., Hao, J., Zhu, X,, Cheng, Y., Mao, J., et al. (2020). Genome-wide
characterization of the c-repeat binding factor (CBF) gene family involved in the response
to abiotic stresses in tea plant (Camellia sinensis). Front. Plant Sci. 11. doi: 10.3389/
fpls.2020.00921

frontiersin.org


https://doi.org/10.3390/f13091353
https://doi.org/10.1371/journal.pone.0188514
https://doi.org/10.1007/978-94-011-2326-6_2
https://doi.org/10.1007/978-94-011-2326-6_2
https://doi.org/10.1016/j.plantsci.2013.01.008
https://doi.org/10.1016/j.plantsci.2013.01.008
https://doi.org/10.1007/s00344-012-9272-x
https://doi.org/10.1186/s12870-015-0670-7
https://doi.org/10.1111/febs.15478
https://doi.org/10.1104/pp.20.00120
https://doi.org/10.1016/j.pbi.2017.09.007
https://doi.org/10.1016/j.pbi.2017.09.007
https://doi.org/10.3389/fpls.2019.01511
https://doi.org/10.3389/fpls.2019.01511
https://doi.org/10.1017/s0014479700023449
https://doi.org/10.1146/annurev.pp.39.060188.001541
https://doi.org/10.1016/j.plaphy.2020.10.008
https://doi.org/10.1016/j.plaphy.2020.10.008
https://doi.org/10.13207/j.cnki.jnwafu.2012.10.021
https://doi.org/10.1146/annurev.genet.38.072902.092259
https://doi.org/10.1186/1471-2229-10-43
https://doi.org/10.1186/1471-2229-10-43
https://doi.org/10.1186/s12870-019-1812-0
https://doi.org/10.1016/j.bbrc.2013.10.103
https://doi.org/10.1101/gad.1077503
https://doi.org/10.1016/j.cub.2014.05.029
https://doi.org/10.1093/jxb/erj027
https://doi.org/10.3389/fpls.2018.00302
https://doi.org/10.3389/fpls.2022.883654
https://doi.org/10.1016/j.plaphy.2019.09.005
https://doi.org/10.1016/j.plaphy.2019.09.005
https://doi.org/10.15252/embj.201899819
https://doi.org/10.4238/gmr.15017512
https://doi.org/10.1016/j.molp.2020.02.004
https://doi.org/10.1105/tpc.108.063958
https://doi.org/10.1073/pnas.0602874103
https://doi.org/10.1073/pnas.0602874103
https://doi.org/10.1073/pnas.1103741108
https://doi.org/10.15252/embj.2019103630
https://doi.org/10.1105/tpc.109.210310
https://doi.org/10.1093/jxb/erz532
https://doi.org/10.1105/tpc.003483
https://doi.org/10.1105/tpc.003483
https://doi.org/10.1199/tab.0152
https://doi.org/10.1073/pnas.1704462114
https://doi.org/10.1016/j.gene.2008.10.016
https://doi.org/10.3390/plants4010112
https://doi.org/10.3390/plants4010112
https://doi.org/10.1111/plb.13363
https://doi.org/10.1111/plb.13363
https://doi.org/10.1046/j.1365-313x.1998.00310.x
https://doi.org/10.1038/msb.2013.7
https://doi.org/10.1111/pbi.12166
https://doi.org/10.1111/pbi.12166
https://doi.org/10.3390/plants11212869
https://doi.org/10.1093/treephys/tpy038
https://doi.org/10.3389/fpls.2017.00553
https://doi.org/10.4161/psb.28030
https://doi.org/10.1016/j.cell.2017.06.002
https://doi.org/10.5511/plantbiotechnology.20.0326a
https://doi.org/10.3389/fpls.2020.00921
https://doi.org/10.3389/fpls.2020.00921
https://doi.org/10.3389/fpls.2023.1145609
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Hu, Y., Jiang, L., Wang, F,, and Yu, D. (2013a). Jasmonate regulates the inducer of cbf
expression-c-repeat binding factor/DRE binding factor1 cascade and freezing tolerance in
arabidopsis. Plant Cell 25 (8), 2907-2924. doi: 10.1105/tpc.113.112631

Hu, Y, Lu, Y, and Lu, J. (2013b). Comparative proteomics analysis of tea leaves
exposed to subzero temperature: Molecular mechanism of freeze injury. Int. J. Agric. Biol.
Eng. 6, 27-34. doi: 10.25165/IJABE.V614.964

Huang, Y. T., Qian, W. J,, Wang, B., Cao, H. L., Wang, L., Hao, X. Y,, et al. (2015).
Effects of exogenous calcium and inhibitors of calcium signaling transduction pathway on
cold resistance of tea plant. J. Tea Sci. 35 (6), 520-526. doi: 10.13305/j.cnki.jts.2015.06.002

Huang, J., Wang, Y., Yu, J,, Li, F,, Yi, L,, Li, Y., et al. (2023). Evolutionary landscape of
tea circular RNAs and its contribution to chilling tolerance of tea plant. Int. J. Mol. Sci. 24
(2), 1478. doi: 10.3390/ijms24021478

Jaglo-Ottosen, K. R., Gilmour, S. J., Zarka, D. G., Schabenberger, O., and Thomashow,
M. F. (1998). Arabidopsis CBF1 overexpression induces COR genes and enhances freezing
tolerance. Science 280 (5360), 104-106. doi: 10.1126/science.280.5360.104

Janda, T., Prerostova, S., Vankova, R., and Darko, E. (2021). Crosstalk between light-
and temperature-mediated processes under cold and heat stress conditions in plants. Int.
J. Mol. Sci. 22 (16), 8602. doi: 10.3390/ijms22168602

Janska, A., Marsik, P., Zelenkova, S., and Ovesna, J. (2010). Cold stress and acclimation
- what is important for metabolic adjustment? Plant Biol. 12 (3), 395-405. doi: 10.1111/
j.1438-8677.2009.00299.x

Jiang, B., Shi, Y., Peng, Y., Jia, Y., Yan, Y., Dong, X,, et al. (2020). Cold-induced CBF-
PIF3 interaction enhances freezing tolerance by stabilizing the phyB thermosensor in
arabidopsis. Mol. Plant 13 (6), 894-906. doi: 10.1016/j.molp.2020.04.006

Jogaiah, S., Govind, S. R, and Tran, L. S. (2013). Systems biology-based approaches
toward understanding drought tolerance in food crops. Crit. Rev. Biotechnol. 33 (1), 23—
39. doi: 10.3109/07388551.2012.659174

Joshi, R., Paul, M., Kumar, A., and Pandey, D. (2019). Role of calreticulin in biotic and
abiotic stress signaling and tolerance mechanisms in plants review. Gene 714, 144004.
doi: 10.1016/j.gene.2019.144004

Joshi, R,, Wani, S. H., Singh, B., Bohra, A, Dar, Z. A,, Lone, A. A,, et al. (2016).
Transcription factors and plants response to drought stress: Current understanding and
future directions. Front. Plant Sci. 14 (7). doi: 10.3389/fpls.2016.01029

Jung, J. H., Barbosa, A., Hutin, S., Kumita, J., Gao, M., Derwort, D., et al. (2020). A
prion-like domain in ELF3 functions as a thermosensor in Arabidopsis. Nature 585
(7824), 256-260. doi: 10.1038/541586-020-2644-7

Jung, J. H., Domijan, M., Klose, C., Biswas, S., Ezer, D., Gao, M., et al. (2016).
Phytochromes function as thermosensors in Arabidopsis. Science 354 (6314), 886-889.
doi: 10.1126/science.aaf6005

Kalberer, S. R., Wisniewski, M., and Arora, R. (2006). Deacclimation and reacclimation
of cold-hardy plants: Current understanding and emerging concepts. Plant Sci. 171 (1), 3-
16. doi: 10.1016/j.plantsci.2006.02.013

Kidokoro, S., Hayashi, K., Haraguchi, H., Ishikawa, T., Soma, F., Konoura, L, et al.
(2021). Posttranslational regulation of multiple clock-related transcription factors triggers
cold-inducible gene expression in arabidopsis. PNAS 118 (10), €2021048118. doi: 10.1073/
pnas.2021048118

Kidokoro, S., Yoneda, K., Takasaki, H., Takahashi, F., Shinozaki, K., and Yamaguchi-
Shinozaki, K. (2017). Different cold-signaling pathways function in the responses to rapid
and gradual decreases in temperature. Plant Cell 29 (4), 760-774. doi: 10.1105/
tpc.16.00669

Kim, S. H,, Kim, H. S., Bahk, S., An, ], Yoo, Y., Kim, J.-Y., et al. (2017). Phosphorylation
of the transcriptional repressor MYB15 by mitogen-activated protein kinase 6 is required
for freezing tolerance in arabidopsis. Nucleic Acids Res. 45 (11), 6613-6627. doi: 10.1093/
nar/gkx417

Kim, Y. S, Lee, M., Lee, J. H., Lee, H. J., and Park, C. M. (2015). The unified ICE-CBF
pathway provides a transcriptional feedback control of freezing tolerance during cold
acclimation in arabidopsis. Plant Mol. Biol. 89 (1-2), 187-201. doi: 10.1007/s11103-015-
0365-3

Kim, Y., Park, S., Gilmour, S. J., and Thomashow, M. F. (2013). Roles of CAMTA
transcription factors and salicylic acid in configuring the low-temperature transcriptome
and freezing tolerance of arabidopsis. Plant J. 75 (3), 364-376. doi: 10.1111/tpj.12205

Kleine, T., Kindgren, P., Benedict, C., Hendrickson, L., and Strand, A. (2007). Genome-
wide gene expression analysis reveals a critical role for CRYPTOCHROMEL in the
response of arabidopsis to high irradiance. Plant Physiol. 144 (3), 1391-1406.
doi: 10.1104/pp.107.098293

Knight, H., Trewavas, A., and Knight, M. R. (1996). Cold calcium signaling in
arabidopsis involves two cellular pools and a change in calcium signature after
acclimation. Plant Cell. 8, 489-503. doi: 10.1105/tpc.8.3.489

Kuang, B., Zhao, X., Zhou, C., Zeng, W., Ren, J., Ebert, B,, et al. (2016). Role of UDP-
glucuronic acid decarboxylase in xylan biosynthesis in arabidopsis. Mol. Plant 9, 1119-
1131. doi: 10.1016/j.molp.2016.04.013

Kuroha, T., Tokunaga, H., Kojima, M., Ueda, N., Ishida, T., Nagawa, S., et al. (2009).
Functional analyses of LONELY GUY cytokinin-activating enzymes reveal the
importance of the direct activation pathway in arabidopsis. Plant Cell 21 (10), 3152-
3169. doi: 10.1105/tpc.109.068676

Lakhssassi, N., Doblas, V. G., Rosado, A., del Valle, A. E., Pose, D., Jimenez, A. J., et al.
(2012). The arabidopsis TETRATRICOPEPTIDE THIOREDOXIN-LIKE gene family is
required for osmotic stress tolerance and Male sporogenesis. Plant Physiol. 158 (3), 1252
1266. doi: 10.1104/pp.111.188920

Frontiers in Plant Science

12

10.3389/fpls.2023.1145609

Lee, E. S, Park, J. H.,, Wi, S. D,, Kang, C. H., Chi, Y. H.,, Chae, H. B,, et al. (2021). Redox-
dependent structural switch and CBF activation confer freezing tolerance in plants. Nat.
Plants 7 (7), 914-922. doi: 10.1038/s41477-021-00944-8

Lee, C. M., and Thomashow, M. F. (2012). Photoperiodic regulation of the c-repeat
binding factor (CBF) cold acclimation pathway and freezing tolerance in arabidopsis
thaliana. PNAS 109 (37), 15054-15059. doi: 10.1073/pnas.1211295109

Legris, M., Klose, C., Burgie, E. S., Rojas, C. C., Neme, M., Hiltbrunner, A, et al. (2016).
Phytochrome b integrates light and temperature signals in arabidopsis. Science 354 (6314),
897-900. doi: 10.1126/science.aaf5656

Lei, X., Wang, Y., Zhou, Y., Chen, Y., Chen, H., Zou, Z,, et al. (2021). TeaPGDB: Tea
plant genome database. Beverage Plant Res. 1), 1-12. doi: 10.48130/bpr-2021-0005

Leivar, P., Monte, E., Oka, Y., Liu, T., Carle, C., Castillon, A., et al. (2008). Multiple
phytochrome-interacting bHLH transcription factors repress premature seedling
photomorphogenesis in darkness. Curr. Biol. 18 (23), 1815-1823. doi: 10.1016/
j.cub.2008.10.058

Li, J., Arkorful, E., Cheng, S., Zhou, Q., Li, H., Chen, X,, et al. (2018a). Alleviation of
cold damage by exogenous application of melatonin in vegetatively propagated tea plant (
Camellia sinensis (L.) o. kuntze). Sci. Hortic. 238, 356-362. doi: 10.1016/
j.scienta.2018.04.068

Li, H,, Ding, Y., Shi, Y., Zhang, X., Zhang, S., Gong, Z., et al. (2017a). MPK3- and
MPK6-mediated ICE1 phosphorylation negatively regulates ICE1 stability and freezing
tolerance in arabidopsis. Dev. Cell 43 (5), 630-642.e634. doi: 10.1016/j.devcel.2017.09.025

Li, X. W,, Feng, Z. G,, Yang, H. M,, Zhu, X. P,, Liu, J,, and Yuan, H. Y. (2010a). A novel
cold-regulated gene from Camellia sinensis, CsCORI1, enhances salt- and dehydration-
tolerance in tobacco. Biochem. Biophys. Res. Commun. 394 (2), 354-359. doi: 10.1016/
j.bbrc.2010.03.011

Li, X. W,, Feng, Z. G,, Yang, H. M., Zhu, X. P, Liu, J., and Yuan, H. Y. (2010b). A novel
cold-regulated gene from Camellia sinensis, CsCOR1, enhances salt- and dehydration-
tolerance in tobacco. Biochem. Biophys. Res. Commun. 394 (2), 354-359. doi: 10.1016/
j.bbrc.2010.03.011

Li, X,, Li, M., Zhou, B., Yang, Y., Wei, Q., and Zhang, J. (2019b). Transcriptome
analysis provides insights into the stress response crosstalk in apple (Malus x domestica)
subjected to drought, cold and high salinity. Sci. Rep. 9, 9071. doi: 10.1038/s41598-019-
45266-0

Li,M,, Ly, ], Tao, M., Li, M., Yang, H., Xia, E,, et al. (2020). Genome-wide identification of
seven polyamine oxidase genes in Camellia sinensis (L.) and their expression patterns under
various abiotic stresses. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.544933

Li, B, Wang, H,, He, S, Ding, Z., Wang, Y., Li, N,, et al. (2021). Genome-wide identification
of the PMEI gene family in tea plant and functional analysis of CsPMEI2 and CsPMEI4
through ectopic overexpression. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.807514

Li, X,, Wei, J. P, Scott, E. R,, Liu, J. W,, Guo, S, Li, Y., et al. (2018b). Exogenous
melatonin alleviates cold stress by promoting antioxidant defense and redox homeostasis
in Camellia sinensis 1. Molecules 23 (1), 165. doi: 10.3390/molecules23010165

Li, J,, Yang, Y., Sun, K., Chen, Y., Chen, X, and Li, X. (2019a). Exogenous melatonin
enhances cold, salt and drought stress tolerance by improving antioxidant defense in tea
plant (Camellia sinensis (L.) o. kuntze). Molecules 24 (9), 1826. doi: 10.3390/
molecules24091826

Li, H, Ye, K,, Shi, Y., Cheng, J., Zhang, X, and Yang, S. (2017b). BZR1 positively
regulates freezing tolerance via CBF-dependent and CBF-independent pathways in
arabidopsis. Mol. Plant 10 (4), 545-559. doi: 10.1016/j.molp.2017.01.004

Liu, Z.,, An, C,, Zhao, Y., Xiao, Y., Bao, L., Gong, C,, et al. (2021). Genome-wide
identification and characterization of the CsFHY3/FARI gene family and expression
analysis under biotic and abiotic stresses in tea plants (Camellia sinensis). Plants 10 (3),
570. doi: 10.3390/plants10030570

Liu, Q., Kasuga, M., Sakuma, Y., Abe, H., Miura, S., Yamaguchi-Shinozaki, K., et al.
(1998). Two transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA
binding domain separate two cellular signal transduction pathways in drought- and
low-Temperature-Responsive gene expression, respectively, in arabidopsis. Plant Cell 10
(8), 1391-1406. doi: 10.1105/tpc.10.8.1391

Liu, L., Liu, C., Hou, X., Xi, W., Shen, L., Tao, Z., et al. (2012). FTIP1 is an essential
regulator required for florigen transport. PloS boil. 10 (4), 6e1001313. doi: 10.1371/
journal.pbio.1001313

Liu, D. Y., Smith, P., Barton, D. A,, Day, D. A, and Overall, R. L. (2017).
Characterisation of arabidopsis calnexin 1 and calnexin 2 in the endoplasmic reticulum
and at plasmodesmata. Protoplasma 254 (1), 125-136. doi: 10.1007/s00709-015-0921-3

Liu, Y., Wei, H,, Ma, M., Li, Q., Kong, D., Sun, J., et al. (2019). Arabidopsis FHY3 and
FARI regulate the balance between growth and defense responses under shade conditions.
Plant Cell. 31 (9), 2089-2106. doi: 10.1105/tpc.18.00991

Lu, X,, Zhou, Y., Fan, F., Peng, J., and Zhang, J. (2020). Coordination of light, circadian
clock with temperature: The potential mechanisms regulating chilling tolerance in rice. J.
Integr. Plant Biol. 62 (6), 737-760. doi: 10.1111/jipb.12852

Lukatkin, A. S., Brazaityte, A., Bobinas, C., and Duchovskis, P. (2012). Chilling injury
in chilling-sensitive plants: a review. Zemdirbyste 99 (2), 111-124.

Ma, Y., Dai, X, Xu, Y., Luo, W., Zheng, X,, Zeng, D,, et al. (2015). COLD1 confers
chilling tolerance in rice. Cell 160 (6), 1209-1221. doi: 10.1016/j.cell.2015.06.046

Ma, D., Li, X,, Guo, Y., Chu, J., Fang, S., Yan, C,, et al. (2016). Cryptochrome 1 interacts
with PIF4 to regulate high temperature-mediated hypocotyl elongation in response to
blue light. PNAS 113 (1), 224-229. doi: 10.1073/pnas.1511437113

frontiersin.org


https://doi.org/10.1105/tpc.113.112631
https://doi.org/10.25165/IJABE.V6I4.964
https://doi.org/10.13305/j.cnki.jts.2015.06.002
https://doi.org/10.3390/ijms24021478
https://doi.org/10.1126/science.280.5360.104
https://doi.org/10.3390/ijms22168602
https://doi.org/10.1111/j.1438-8677.2009.00299.x
https://doi.org/10.1111/j.1438-8677.2009.00299.x
https://doi.org/10.1016/j.molp.2020.04.006
https://doi.org/10.3109/07388551.2012.659174
https://doi.org/10.1016/j.gene.2019.144004
https://doi.org/10.3389/fpls.2016.01029
https://doi.org/10.1038/s41586-020-2644-7
https://doi.org/10.1126/science.aaf6005
https://doi.org/10.1016/j.plantsci.2006.02.013
https://doi.org/10.1073/pnas.2021048118
https://doi.org/10.1073/pnas.2021048118
https://doi.org/10.1105/tpc.16.00669
https://doi.org/10.1105/tpc.16.00669
https://doi.org/10.1093/nar/gkx417
https://doi.org/10.1093/nar/gkx417
https://doi.org/10.1007/s11103-015-0365-3
https://doi.org/10.1007/s11103-015-0365-3
https://doi.org/10.1111/tpj.12205
https://doi.org/10.1104/pp.107.098293
https://doi.org/10.1105/tpc.8.3.489
https://doi.org/10.1016/j.molp.2016.04.013
https://doi.org/10.1105/tpc.109.068676
https://doi.org/10.1104/pp.111.188920
https://doi.org/10.1038/s41477-021-00944-8
https://doi.org/10.1073/pnas.1211295109
https://doi.org/10.1126/science.aaf5656
https://doi.org/10.48130/bpr-2021-0005
https://doi.org/10.1016/j.cub.2008.10.058
https://doi.org/10.1016/j.cub.2008.10.058
https://doi.org/10.1016/j.scienta.2018.04.068
https://doi.org/10.1016/j.scienta.2018.04.068
https://doi.org/10.1016/j.devcel.2017.09.025
https://doi.org/10.1016/j.bbrc.2010.03.011
https://doi.org/10.1016/j.bbrc.2010.03.011
https://doi.org/10.1016/j.bbrc.2010.03.011
https://doi.org/10.1016/j.bbrc.2010.03.011
https://doi.org/10.1038/s41598-019-45266-0
https://doi.org/10.1038/s41598-019-45266-0
https://doi.org/10.3389/fpls.2020.544933
https://doi.org/10.3389/fpls.2021.807514
https://doi.org/10.3390/molecules23010165
https://doi.org/10.3390/molecules24091826
https://doi.org/10.3390/molecules24091826
https://doi.org/10.1016/j.molp.2017.01.004
https://doi.org/10.3390/plants10030570
https://doi.org/10.1105/tpc.10.8.1391
https://doi.org/10.1371/journal.pbio.1001313
https://doi.org/10.1371/journal.pbio.1001313
https://doi.org/10.1007/s00709-015-0921-3
https://doi.org/10.1105/tpc.18.00991
https://doi.org/10.1111/jipb.12852
https://doi.org/10.1016/j.cell.2015.06.046
https://doi.org/10.1073/pnas.1511437113
https://doi.org/10.3389/fpls.2023.1145609
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Ma, X,, Lv, S., Zhang, C., and Yang, C. (2013). Histone deacetylases and their functions
in plants. Plant Cell Rep. 32 (4), 465-478. doi: 10.1007/s00299-013-1393-6

Ma, Y., Zhang, Y., Ly, J., and Shao, H. (2009). Roles of plant soluble sugars and their
responses to plant cold stress. African Journal of Biotechnology 8 (10), 2004-2010.
doi: 10.1186/1471-2164-10-234

Ma, Q., Zhou, Q., Chen, C,, Cui, Q., Zhao, Y., Wang, K,, et al. (2019). Isolation and
expression analysis of CsCML genes in response to abiotic stresses in the tea plant
(Camellia sinensis). Sci. Rep. 9 (1), 8211. doi: 10.1038/541598-019-44681-7

Marrocco, K., Zhou, Y., Bury, E., Dieterle, M., Funk, M., Genschik, P., et al. (2006).
Functional analysis of EID1, an f-box protein involved in phytochrome a-dependent light
signal transduction. Plant J. 45 (3), 423-438. doi: 10.1111/j.1365-313X.2005.02635.x

Maruyama, K., Sakuma, Y., Kasuga, M., Ito, Y., Seki, M., Goda, H., et al. (2004).
Identification of cold-inducible downstream genes of the arabidopsis DREB1A/CBF3
transcriptional factor using two microarray systems. Plant J. 38 (6), 982-993.
doi: 10.1111/j.1365-313X.2004.02100.x

Maruyama, K., Takeda, M., Kidokoro, S., Yamada, K., Sakuma, Y., Urano, K,, et al.
(2009). Metabolic pathways involved in cold acclimation identified by integrated analysis
of metabolites and transcripts regulated by DREB1A and DREB2A. Plant Physiol. 150 (4),
1972-1980. doi: 10.1104/pp.109.135327

Matsusaki, M., Okuda, A., Matsuo, K., Gekko, K., Masuda, T., Naruo, Y., et al. (2019).
Regulation of plant ER oxidoreductin 1 (ERO1) activity for efficient oxidative protein
folding. J. Biol. Chem. 294 (49), 18820-18835. doi: 10.1074/jbc.RA119.010917

Medina, J., Bargues, M., Terol, J., Perez-Alonso, M., and Salinas, J. (1999). The
arabidopsis CBF gene family is composed of three genes encoding AP2 domain-
containing proteins whose expression is regulated by low temperature but not by
abscisic acid or dehydration. Plant Physiol. 119 (2), 463-470. doi: 10.1104/pp.119.2.463

Miura, K., Jin, J. B., Lee, J., Yoo, C. Y., Stirm, V., Miura, T., et al. (2007). SIZ1-mediated
sumoylation of ICE1 controls CBF3/DREB1A expression and freezing tolerance in
arabidopsis. Plant Cell. 19 (4), 1403-1414. doi: 10.1105/tpc.106.048397

Murata, N, and Los, D. A. (2006). Histidine kinase Hik33 is an important participant
in cold-signal transduction in cyanobacteria. Physiol. Plant 126 (1), 17-27. doi: 10.1111/
j.1399-3054.2006.00608.x

Nakamichi, N., Kusano, M., Fukushima, A., Kita, M., Ito, S., Yamashino, T., et al.
(2009). Transcript profiling of an arabidopsis PSEUDO RESPONSE REGULATOR
arrhythmic triple mutant reveals a role for the circadian clock in cold stress response.
Plant Cell Physiol. 50 (3), 447-462. doi: 10.1093/pcp/pcp004

Norman, J. M., Breakfield, N. W., and Benfey, P. N. (2011). Intercellular communication
during plant development. Plant Cell 23 (3), 855-864. doi: 10.1105/tpc.111.082982

Ohta, M., and Takaiwa, F. (2014). Emerging features of ER resident J-proteins in plants.
Plant Signal. Behav. 9 (3), €28194. doi: 10.4161/psb.28194

Oliveira, D. M., Mota, T. R,, Salatta, F. V., Sinzker, R. C., Kon?itikova, R., Kope?ny, D.,
et al. (2020). Cell wall remodeling under salt stress: Insights into changes in
polysaccharides, feruloylation, lignification, and phenolic metabolism in maize. Plant
Cell Environ. 43 (9), 2172-2191. doi: 10.1111/pce.13805

Orvar, B. L., Sangwan, V., Omann, F., and Dhindsa, R. S. (2000). Early steps in cold
sensing by plant cells: the role of actin cytoskeleton and membrane fluidity. Plant J. 23 (6),
785-794. doi: 10.1046/j.1365-313x.2000.00845.x

Osakabe, Y., Yamaguchi-Shinozaki, K., Shinozaki, K., and Tran, L. S. (2013). Sensing
the environment: key roles of membrane-localized kinases in plant perception and
response to abiotic stress. J. Exp. Bot. 64 (2), 445-458. doi: 10.1093/jxb/ers354

Paknejad, N., and Hite, R. K. (2018). Structural basis for the regulation of inositol
trisphosphate receptors by Ca®* and IP3. Nat. Struct. Mol. Biol. 25 (8), 660-668.
doi: 10.1038/s41594-018-0089-6

Pan, J., Wang, W, Li, D,, Shu, Z., Ye, X,, Chang, P., et al. (2016). Gene expression
profile indicates involvement of NO in Camellia sinensis pollen tube growth at low
temperature. BMC Genom. 17 (1), 809. doi: 10.1186/s12864-016-3158-4

Park, S., Lee, C.-M., Doherty, C. J., Gilmour, S. J., Kim, Y., and Thomashow, M. F.
(2015). Regulation of the arabidopsis CBF regulon by a complex low-temperature
regulatory network. Plant J. 82, (2) 193-207. doi: 10.1111/tpj.12796

Park, J., Lim, C. J., Shen, M., Park, H. J,, Cha, J. Y., Iniesto, E., et al. (2018). Epigenetic
switch from repressive to permissive chromatin in response to cold stress. PNAS 115 (23),
E5400-E5409. doi: 10.1073/pnas.1721241115

Park, H. J,, Park, H. C, Lee, S. Y., Bohnert, H. J,, and Yun, D.-J. (2011). Ubiquitin and
ubiquitin-like modifiers in plants. J. Plant Biol. 54, 275-285. doi: 10.1007/s12374-011-9168-5

Paul, A., and Kumar, S. (2013). Dehydrin2 is a stress-inducible, whereas Dehydrin1 is
constitutively expressed but up-regulated gene under varied cues in tea [Camellia sinensis
(L.) o. kuntze]. Mol. Biol. Rep. 40 (5), 3859-3863. doi: 10.1007/s11033-012-2466-2

Paul, A, Lal, L., Ahuja, P. S, and Kumar, S. (2012). Alpha-tubulin (CsTUA) up-
regulated during winter dormancy is a low temperature inducible gene in tea [Camellia
sinensis (L.) o. kuntze]. Mol. Biol. Rep. 39 (4), 3485-3490. doi: 10.1007/s11033-011-1121-7

Peng, J,, Li, N, Di, T,, Ding, C,, Li, X,, Wu, Y., et al. (2022). The interaction of CSWRKY4
and CsOCP3 with CsICEI regulates CsCBF1/3 and mediates stress response in tea plant
(Camellia sinensis). Environ. Exp. Bot. 199, 104892. doi: 10.1016/j.envexpbot.2022.104892

Qian, W., Xiao, B., Wang, L., Hao, X, Yue, C., Cao, H,, et al. (2018). CsINVS5, a tea
vacuolar invertase gene enhances cold tolerance in transgenic arabidopsis. BMC Plant
Biol. 18 (1), 228. doi: 10.1186/512870-018-1456-5

Rizza, A., Boccaccini, A., Lopez-Vidriero, I, Costantino, P., and Vittorioso, P. (2011).
Inactivation of the ELIP1 and ELIP2 genes affects arabidopsis seed germination. New
Phytol. 190 (4), 896-905. doi: 10.1111/j.1469-8137.2010.03637.x

Frontiers in Plant Science

10.3389/fpls.2023.1145609

Rodriguez, P. L. (1998). Protein phosphatase 2C (PP2C) function in higher plants.
Plant Mol. Biol. 38 (6), 919-927. doi: 10.1023/a:1006054607850

Rolland, F., Baena-Gonzalez, E., and Sheen, J. (2006). Sugar sensing and signaling in
plants: conserved and novel mechanisms. Annu. Rev. Plant Biol. 57, 675-709.
doi: 10.1146/annurev.arplant.57.032905.105441

Rosado, A., Schapire, A. L., Bressan, R. A, Harfouche, A. L., Hasegawa, P. M., and
Valpuesta, V. (2006). The arabidopsis tetratricopeptide repeat-containing protein TTL1 is
required for osmotic stress responses and abscisic acid sensitivity. Plant Physiol. 142 (3),
1113-1126. doi: 10.1104/pp.106.085191

Samarina, L. S., Malyukova, L. S., Efremov, A. M., Simonyan, T. A., Matskiv, A. O.,
Koninskaya, N. G., et al. (2020). Physiological, biochemical and genetic responses of
Caucasian tea (Camellia sinensis (L.) kuntze) genotypes under cold and frost stress. Peer]
8, €9787. doi: 10.7717/peerj.9787

Sanchez Carranza, A. P., Singh, A., Steinberger, K., Panigrahi, K., Palme, K.,
Dovzhenko, A., et al. (2016). Hydrolases of the ILR1-like family of arabidopsis thaliana
modulate auxin response by regulating auxin homeostasis in the endoplasmic reticulum.
Sci. Rep. 6, 24212. doi: 10.1038/srep24212

Sangwan, V., Foulds, I, Singh, J., and Dhindsa, R. S. (2001). Cold-activation of brassica
napus BN115 promoter is mediated by structural changes in membranes and cytoskeleton,
and requires Ca*" influx. Plant J. 27 (1), 1-12. doi: 10.1046/1.1365-313x.2001.01052.x

Sardar, A., Nandi, A. K., and Chattopadhyay, D. (2017). CBL-interacting protein kinase
6 negatively regulates immune response to pseudomonas syringae in arabidopsis. J. Exp.
Bot. 68 (13), 3573-3584. doi: 10.1093/jxb/erx170

Seki, M., Narusaka, M., Abé, H., Kasuga, M., Yamaguchi-Shinozaki, K., Carninci, P.,
et al. (2001). Monitoring the expression pattern of 1300 arabidopsis genes under drought
and cold stresses by using a full-length ¢cDNA microarray. Plant Cell 13, 61-72.
doi: 10.1105/tpc.13.1.61

Shen, J., Wang, Y., Chen, C,, Ding, Z., Hu, J., Zheng, C, et al. (2015). Metabolite
profiling of tea (Camellia sinensis 1.) leaves in winter. Scientia Horticulturae 192 (1), 1-9.
doi: 10.1016/j.scienta.2015.05.022

Shi, Y., Ding, Y., and Yang, S. (2018). Molecular regulation of CBF signaling in cold
acclimation. Trends Plant Sci. 23 (7), 623-637. doi: 10.1016/j.tplants.2018.04.002

Shi, Y., Tian, S., Hou, L., Huang, X., Zhang, X., Guo, H., et al. (2012). Ethylene signaling
negatively regulates freezing tolerance by repressing expression of CBF and type-a ARR
genes in arabidopsis. Plant Cell 24, 2578-2595. doi: 10.1105/tpc.112.098640

Song, D., Jaganathan, G. K., Han, Y., and Liu, B. (2017). Seed dormancy in Camellia
sinensis 1. (Theaceae), effects of cold-stratification and exogenous gibberellic acid
application on germination. Botany 95 (2), 147-152. doi: 10.1139/c¢jb-2016-0149

Sun, A, Yu, B, Zhang, Q., Peng, Y., Yang, J., Sun, Y., et al. (2020). MYC2-activated
TRICHOME BIREFRINGENCE-LIKE37 acetylates cell walls and enhances herbivore
resistance. Plant Physiol. 184 (2), 1083-1096. doi: 10.1104/pp.20.00683

Takenaka, Y., Kato, K., Ogawa-Ohnishi, M., Tsuruhama, K., Kajiura, H., Yagyu, K,,
et al. (2018). Pectin RG-I rhamnosyltransferases represent a novel plant-specific
glycosyltransferase family. Nat. Plants 4 (9), 669-676. doi: 10.1038/s41477-018-0217-7

Tang, K., Zhao, L., Ren, Y., Yang, S., Zhu, J., and Zhao, C. (2020). The transcription
factor ICE1 functions in cold stress response by binding to the promoters of CBF and
COR genes. J. Integr. Plant Biol. 62 (3), 258-263. doi: 10.1111/jipb.12918

Theocharis, A., Clement, C., and Barka, E. A. (2012). Physiological and molecular
changes in plants grown at low temperatures. Planta 235 (6), 1091-1105. doi: 10.1007/
§00425-012-1641-y

Thomashow, M. F. (1999). PLANT COLD ACCLIMATION: Freezing tolerance genes
and regulatory mechanisms. Annu. Rev. Plant Biol. 50 (1), 571-599. doi: 10.1146/
annurev.arplant.50.1.571

Tong, W., Li, R, Huang, J., Zhao, H., Ge, R.,, Wu, Q,, et al. (2021). Divergent DNA
methylation contributes to duplicated gene evolution and chilling response in tea plants.
Plant J. Cell Mol. Biol. 106 (5), 1312-1327. doi: 10.1111/tpj.15237

Tuov, M. T., and Ryndin, A. V. (2011). Perspective tea hybrids in subtropics of the
Russian federation. Subtropical Ornamental Horticulture 44, 101-109.

Valente, M. A. S., Faria, J. A., Soares-Ramos, J. R, Reis, P. A., Pinheiro, G. L., Piovesan,
N. D, etal. (2009). The ER luminal binding protein (BiP) mediates an increase in drought
tolerance in soybean and delays drought-induced leaf senescence in soybean and tobacco.
J. Exp. Bot. 60 (2), 533-546. doi: 10.1093/jxb/ern296

Virdi, A. S., Singh, S., and Singh, P. (2015). Abiotic stress responses in plants: roles of
calmodulin-regulated proteins. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00809

Vogel, J. T., Zarka, D. G., Van Buskirk, H. A, Fowler, S. G., and Thomashow, M. F. (2005).
Roles of the CBF2 and ZAT12 transcription factors in configuring the low temperature
transcriptome of arabidopsis. Plant J. 41 (2), 195-211. doi: 10.1111/j.1365-313X.2004.02288.x

Vorwerk, S., Schiff, C., Santamaria, M., Koh, S., Nishimura, M., Vogel, J., et al. (2007). EDR2
negatively regulates salicylic acid-based defenses and cell death during powdery mildew
infections of arabidopsis thaliana. BMC Plant Biol. 7, 35. doi: 10.1186/1471-2229-7-35

Wang, L., Cao, H,, Qian, W., Yao, L., Hao, X,, Li, N,, et al. (2017). Identification of a novel
bZIP transcription factor in Camellia sinensis as a negative regulator of freezing tolerance in
transgenic arabidopsis. Ann. Bot. 119 (7), 1195-1209. doi: 10.1093/aob/mcx011

Wang, P., Chen, X,, Guo, Y., Zheng, Y., Yue, C,, Yang, J., et al. (2019). Identification of
CBF transcription factors in tea plants and a survey of potential CBF target genes under
low temperature. Int. J. Mol. Sci. 20 (20), 5137. doi: 10.3390/ijms20205137

Wang, L., Feng, X, Yao, L., Ding, C,, Lei, L., Hao, X,, et al. (2020). Characterization of
CBL-CIPK signaling complexes and their involvement in cold response in tea plant. Plant
Physiol. 154, 195-203. doi: 10.1016/j.plaphy.2020.06.005

frontiersin.org


https://doi.org/10.1007/s00299-013-1393-6
https://doi.org/10.1186/1471-2164-10-234
https://doi.org/10.1038/s41598-019-44681-7
https://doi.org/10.1111/j.1365-313X.2005.02635.x
https://doi.org/10.1111/j.1365-313X.2004.02100.x
https://doi.org/10.1104/pp.109.135327
https://doi.org/10.1074/jbc.RA119.010917
https://doi.org/10.1104/pp.119.2.463
https://doi.org/10.1105/tpc.106.048397
https://doi.org/10.1111/j.1399-3054.2006.00608.x
https://doi.org/10.1111/j.1399-3054.2006.00608.x
https://doi.org/10.1093/pcp/pcp004
https://doi.org/10.1105/tpc.111.082982
https://doi.org/10.4161/psb.28194
https://doi.org/10.1111/pce.13805
https://doi.org/10.1046/j.1365-313x.2000.00845.x
https://doi.org/10.1093/jxb/ers354
https://doi.org/10.1038/s41594-018-0089-6
https://doi.org/10.1186/s12864-016-3158-4
https://doi.org/10.1111/tpj.12796
https://doi.org/10.1073/pnas.1721241115
https://doi.org/10.1007/s12374-011-9168-5
https://doi.org/10.1007/s11033-012-2466-2
https://doi.org/10.1007/s11033-011-1121-7
https://doi.org/10.1016/j.envexpbot.2022.104892
https://doi.org/10.1186/s12870-018-1456-5
https://doi.org/10.1111/j.1469-8137.2010.03637.x
https://doi.org/10.1023/a:1006054607850
https://doi.org/10.1146/annurev.arplant.57.032905.105441
https://doi.org/10.1104/pp.106.085191
https://doi.org/10.7717/peerj.9787
https://doi.org/10.1038/srep24212
https://doi.org/10.1046/j.1365-313x.2001.01052.x
https://doi.org/10.1093/jxb/erx170
https://doi.org/10.1105/tpc.13.1.61
https://doi.org/10.1016/j.scienta.2015.05.022
https://doi.org/10.1016/j.tplants.2018.04.002
https://doi.org/10.1105/tpc.112.098640
https://doi.org/10.1139/cjb-2016-0149
https://doi.org/10.1104/pp.20.00683
https://doi.org/10.1038/s41477-018-0217-7
https://doi.org/10.1111/jipb.12918
https://doi.org/10.1007/s00425-012-1641-y
https://doi.org/10.1007/s00425-012-1641-y
https://doi.org/10.1146/annurev.arplant.50.1.571
https://doi.org/10.1146/annurev.arplant.50.1.571
https://doi.org/10.1111/tpj.15237
https://doi.org/10.1093/jxb/ern296
https://doi.org/10.3389/fpls.2015.00809
https://doi.org/10.1111/j.1365-313X.2004.02288.x
https://doi.org/10.1186/1471-2229-7-35
https://doi.org/10.1093/aob/mcx011
https://doi.org/10.3390/ijms20205137
https://doi.org/10.1016/j.plaphy.2020.06.005
https://doi.org/10.3389/fpls.2023.1145609
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Wang, Y., Jiang, C. J., Li, Y. Y., Wei, C. L., and Deng, W. W. (2012). CsICE1 and
CsCBFI: two transcription factors involved in cold responses in Camellia sinensis. Plant
Cell Rep. 31 (1), 27-34. doi: 10.1007/s00299-011-1136-5

Wang, W., Wang, Y., Du, Y., Zhao, Z., Zhu, X,, Jiang, X,, et al. (2014). Overexpression
of Camellia sinensis H1 histone gene confers abiotic stress tolerance in transgenic tobacco.
Plant Cell Rep. 33, 1829-1841. doi: 10.1007/500299-014-1660-1

Wang, L., Yao, L., Hao, X,, Li, N,, Qian, W, Yue, C,, et al. (2018). Tea plant SWEET
transporters: expression profiling, sugar transport, and the involvement of CsSSWEET16
in modifying cold tolerance in arabidopsis. Plant Mol. Biol. 96 (6), 577-592. doi: 10.1007/
s11103-018-0716-y

Wang, Y., Yu, Q, Li, Y., Li, ], Chen, ., Liu, Z., et al. (2021). Mechanisms of nitric oxide
in the regulation of chilling stress tolerance in Camellia sinensis. Horticulturae 7 (10), 410.
doi: 10.3390/horticulturae7100410

Wang, X., Zhao, Q.,, Ma, C., Zhang, Z., Cao, H., Kong, Y., et al. (2013). Global
transcriptome profiles of Camellia sinensis during cold acclimation. BMC Genom. 14, 415.
doi: 10.1186/1471-2164-14-415

Wani, S. H., Kumar, V., Shriram, V., and Sah, S. K. (2016). Phytohormones and their
metabolic engineering for abiotic stress tolerance in crop plants. Crop J. 4 (3), 162-176.
doi: 10.1016/.¢j.2016.01.010

Wildhagen, H., Paul, S., Allwright, M., Smith, H. K., Malinowska, M., Schnabel, S. K.,
et al. (2018). Genes and gene clusters related to genotype and drought-induced variation
in saccharification potential, lignin content and wood anatomical traits in populus nigra.
Tree Physiol. 38 (3), 320-339. doi: 10.1093/treephys/tpx054

Wisniewski, M. E., Fuller, M., Palta, J., Carter, J. V., and Arora, R. (2004). Ice
nucleation, propagation, and deep supercooling in woody plants. Journal of Crop
Improvement 10(1), 5-16. doi: 10.1300/J411v10n01_02

Wisniewski, M., Nassuth, A., Teulieres, C., Marque, C., Rowland, J., Cao, P. B,, et al.
(2014). Genomics of cold hardiness in woody plants. Crit. Rev. Plant Sci. 33 (2-3).
doi: 10.3389/fpls.2018.01612

Wu, H. C, Bulgakov, V. P, and Jinn, T. L. (2018). Pectin methylesterases: Cell wall
remodeling proteins are required for plant response to heat stress. Front. Plant Sci. 9,
1612. doi: 10.3389/fpls.2018.01612

Wu, Q., Tong, W., Zhao, H., Ge, R, Li, R.,, Huang, J., et al (2022). Comparative
transcriptomic analysis unveils the deep phylogeny and secondary metabolite evolution of
116 Camellia plants. Plant J. 111(2), 406-421. doi: doi.org/10.1111/tpj.15799

Xia, E., Tong, W., Hou, Y., An, Y., Chen, L., Wu, Q,, et al. (2020). The reference
genome of tea plant and resequencing of 81 diverse accessions provide insights into its
genome evolution and adaptation. Mol. Plant 13 (7), 1013-1026. doi: 10.1016/
j.molp.2020.04.010

Xiao, N., Gao, Y., Qian, H., Gao, Q., Wu, Y., Zhang, D, et al. (2018). Identification of
genes related to cold tolerance and a functional allele that confers cold tolerance. Plant
Physiol. 177 (3), 1108-1123. doi: 10.1104/pp.18.00209

Xing, D., Li, T, Ma, G., Ruan, H., Gao, L., and Xia, T. (2021). Transcriptome-wide
analysis and functional verification of RING-type ubiquitin ligase involved in tea plant
stress resistance. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.733287

Xu, D., and Deng, X. W. (2020). CBF-phyB-PIF module links light and low
temperature signaling. Trends Plant Sci. 25 (10), 952-954. doi: 10.1016/
j-tplants.2020.06.010

Xu, W, Gao, S., Song, J., Yang, Q., Wang, T., Zhang, Y., et al. (2020). NDW,
encoding a receptor-like protein kinase, regulates plant growth, cold tolerance and
susceptibility to botrytis cinerea in tomato. Plant Sci. 301, 110684. doi: 10.1016/
j.plantsci.2020.110684

Yadav, S. K. (2010). Cold stress tolerance mechanisms in plants. a review. Agron.
Sustain Dev. . 30 (3), 515-527. doi: 10.1051/agro/2009050

Yang, Z, Liu, B,, Su, ], Liao, ], Lin, C., and Oka, Y. (2017). Cryptochromes orchestrate
transcription regulation of diverse blue light responses in plants. Photochem. Photobiol. 93
(1), 112-127. doi: 10.1111/php.12663

Yang, T, Shad, A. G, Yang, L., Du, L., Reddy, A. S. N., and Poovaiah, B. W. (2010).
Calcium/calmodulin-regulated receptor-like kinase CRLKI1 interacts with MEKKI in
plants. Plant Signal. Behav. 5 (8), 991-994. doi: 10.4161/psb.5.8.12225

Yao, L, Ding, C., Hao, X, Zeng, J., Yang, Y., Wang, X,, et al. (2020a). CsSWEET1a
and CsSWEET17 mediate growth and freezing tolerance by promoting sugar transport
across the plasma membrane. Plant Cell Physiol. 61 (9), 1669-1682. doi: 10.1093/pcp/
pcaa091

Yao, L., Hao, X,, Cao, H.,, Ding, C.,, Yang, Y., Wang, L., et al. (2020b). ABA-
dependent bZIP transcription factor, CsbZIP18, from Camellia sinensis negatively
regulates freezing tolerance in arabidopsis. Plant Cell Rep. 39 (4), 553-565.
doi: 10.1007/500299-020-02512-4

Ye, K., Li, H,, Ding, Y., Shi, Y., Song, C., Gong, Z., et al. (2019). BRASSINOSTEROID-
INSENSITIVE2 negatively regulates the stability of transcription factor ICE1 in response
to cold stress in arabidopsis. Plant Cell 31 (11), 2682-2696. doi: 10.1105/tpc.19.00058

Yin, Y., Ma, Q.-p., Zhu, Z., Cui, Q.-y., Chen, C.-s., Chen, X,, et al. (2016). Functional
analysis of CsCBF3 transcription factor in tea plant (Camellia sinensis) under cold stress.
Plant Growth Regul. 80, 335-343. doi: 10.1007/s10725-016-0172-0

Yoshiba, Y., Kiyosue, T., Nakashima, K., Yamaguchi-Shinozaki, K., and Shinozaki,
K. (1997). Regulation of levels of proline as an osmolyte in plants under water stress.
Plant & Cell Physiology 38, 10, 1095-1102. doi: 10.1093/oxfordjournals.pcp.a029093

Frontiers in Plant Science

10.3389/fpls.2023.1145609

Yuan, L., Dai, H., Zheng, S., Huang, R, and Tong, H. (2020). Genome-wide
identification of the HDAC family proteins and functional characterization of
CsHD2C, a HD2-type histone deacetylase gene in tea plant (Camellia sinensis 1. o.
kuntze). Plant Physiol. Biochem. 155, 898-913. doi: 10.1016/j.plaphy.2020.07.047

Yue, C, Cao, H., Wang, L., Zhou, Y., Huang, Y.-T., Hao, X,, et al. (2015). Effects of cold
acclimation on sugar metabolism and sugar-related gene expression in tea plant during
the winter season. Plant Mol. Biol. 88 (6), 591-608. doi: 10.1007/s11103-015-0345-7

Zhang, D., Guo, X,, Xu, Y., Li, H,, Ma, L., Yao, X,, et al. (2019). OsCIPK?7 point-
mutation leads to conformation and kinase-activity change for sensing cold response. J.
Integr. Plant Biol. 61 (12), 1194-1200. doi: 10.1111/jipb.12800

Zhang, H., Han, Z. L., Zhu, X. J., Fang, W. P., Hao, S., Ma, Y. C,, et al. (2022b).
Systematic evaluation on cold resistance of tea plant. CHINATEA 40 (9), 8-15. (In
Chinese).

Zhang, Q., Shi, Y., Ma, L., Yi, X,, and Ruan, J. (2014a). Metabolomic analysis using
ultra-performance liquid chromatography-quadrupole-time of flight mass spectrometry
(UPLC-Q-TOF MS) uncovers the effects of light intensity and temperature under shading
treatments on the metabolites in tea. PloS One 9 (11), el12572. doi: 10.1371/
journal.pone.0112572

Zhang, H., Zhou, J., Kan, Y., Shan, J., Ye, W., Dong, N, et al. (2022a). A genetic module
at one locus in rice protects chloroplasts to enhance thermotolerance. Science 376 (6599),
1293-1300. doi: 10.1126/science.abo5721

Zhang, Y., Zhu, X, Chen, X,, Song, C., Zou, Z., Wang, Y., et al. (2014b). Identification
and characterization of cold-responsive microRNAs in tea plant (Camellia sinensis) and
their targets using high-throughput sequencing and degradome analysis. BMC Plant Biol.
14, 271. doi: 10.1186/s12870-014-0271-x

Zhao, M. G., Chen, L., Zhang, L. L., and Zhang, W. H. (2009). Nitric reductase-
dependent nitric oxide production is involved in cold acclimation and freezing tolerance
in arabidopsis. Plant Physiol. 151 (2), 755-767. doi: 10.1104/pp.109.140996

Zhao, M., Jin, J., Gao, T., Zhang, N., Jing, T., Wang, J., et al. (2019a).
Glucosyltransferase CsUGT78A14 regulates flavonols accumulation and reactive
oxygen species scavenging in response to cold stress in Camellia sinensis. Front. Plant
Sci. 10. doi: 10.3389/fpls.2019.01675

Zhao, M., Jin, J., Wang, J., Gao, T., Luo, Y., Jing, T., et al. (2021). Eugenol functions as a
signal mediating cold and drought tolerance via UGT71A59-mediated glucosylation in
tea plants. Plant J. 109(6), 1489-1506. doi: 10.1111/tpj.15647

Zhao, M., Liu, W., Xia, X., Wang, T., and Zhang, W. H. (2014). Cold acclimation-
induced freezing tolerance of medicago truncatula seedlings is negatively regulated by
ethylene. Physiol. Plant 152 (1), 115-129. doi: 10.1111/ppl.12161

Zhao, H., Mallano, A. L, Li, F,, Li, P.,, Wu, Q., Wang, Y., et al. (2022). Characterization
of CsWRKY29 and CsWRKY37 transcription factors and their functional roles in cold
tolerance of tea plant. Beverage Plant Res. 2 (1), 1-13. doi: 10.48130/BPR-2022-0015

Zhao, R., Sheng, J., Lv, S., Zheng, Y., Zhang, J., Yu, M., et al. (2011). Nitric oxide
participates in the regulation of LeCBF1 gene expression and improves cold tolerance in
harvested tomato fruit. Postharvest Biol. Technol. 62 (2), 121-126. doi: 10.1016/
j.postharvbio.2011.05.013

Zhao, M., Zhang, N., Gao, T, Jin, ], Jing, T., Wang, J., et al. (2019b). Sesquiterpene
glucosylation mediated by glucosyltransferase UGT91Q2 is involved in the modulation of
cold stress tolerance in tea plants. New Phytol. 226 (2), 362-372. doi: 10.1111/nph.16364

Zhao, C., Zhang, Z., Xie, S., Si, T., Li, Y., and Zhu, J. K. (2016). Mutational evidence for
the critical role of CBF transcription factors in cold acclimation in arabidopsis. Plant
Physiol. 171 (4), 2744-2759. doi: 10.1104/pp.16.00533

Zheng, Y., Luo, L., Chen, Q,, Yang, D., Gong, Y., Yang, Y., et al. (2022). Cold response
transcriptome analysis of the alternative splicing events induced by the cold stress in d.
catenatum. Int. J. Mol. Sci. 23, 981. doi: 10.3390/ijms23020981

Zheng, C., Wang, Y., Ding, Z., and Zhao, L. (2016). Global transcriptional analysis
reveals the complex relationship between tea quality, leaf senescence and the responses to
cold-drought combined stress in Camellia sinensis. Front. Plant Sci. 7. doi: 10.3389/
fpls.2016.01858

Zhou, Q., Liu, D., Wei, Y., Ma, N., Zhang, R., Zhang, Z., et al. (2022a). Functional
characterization of tea plant (Camellia sinensis 1.) CsCBF2 gene involved in multiple

abiotic stress response in tobacco (Nicotiana tabacum l.). Horticulturae 8 (9), 853.
doi: 10.3390/horticulturae8090853

Zhou, Q., Zhao, M., Xing, F., Mao, G., Wang, Y., Dai, Y., et al. (2022b). Identification
and expression analysis of CAMTA genes in tea plant reveal their complex regulatory role
in stress responses. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.910768

Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167 (2), 313-324.
doi: 10.1016/j.cell.2016.08.029

Zhu, X, Li, Q, Hu, ], Wang, M., and Li, X. (2015). Molecular cloning and characterization
of spermine synthesis gene associated with cold tolerance in tea plant (Camellia sinensis). Appl.
Biochem. Biotechnol. 177 (5), 1055-1068. doi: 10.1007/s12010-015-1796-7

Zhu, X,, Liao, J., Xia, X., Xiong, F., Li, Y., Shen, ], et al. (2019). Physiological and
iTRAQ-based proteomic analyses reveal the function of exogenous gamma-aminobutyric
acid (GABA) in improving tea plant (Camellia sinensis 1.) tolerance at cold temperature.
BMC Plant Biol. 19 (1), 43. doi: 10.1186/512870-019-1646-9

Zhu, J., Wang, X., Guo, L., Xu, Q., Zhao, S, Li, F., et al. (2018). Characterization and
alternative splicing profiles of the lipoxygenase gene family in tea plant (Camellia
sinensis). Plant Cell Physiol. 59 (9), 1765-1781. doi: 10.1093/pcp/pcy091

frontiersin.org


https://doi.org/10.1007/s00299-011-1136-5
https://doi.org/10.1007/s00299-014-1660-1
https://doi.org/10.1007/s11103-018-0716-y
https://doi.org/10.1007/s11103-018-0716-y
https://doi.org/10.3390/horticulturae7100410
https://doi.org/10.1186/1471-2164-14-415
https://doi.org/10.1016/j.cj.2016.01.010
https://doi.org/10.1093/treephys/tpx054
https://doi.org/10.1300/J411v10n01_02
https://doi.org/10.3389/fpls.2018.01612
https://doi.org/10.3389/fpls.2018.01612
https://doi.org/doi.org/10.1111/tpj.15799
https://doi.org/10.1016/j.molp.2020.04.010
https://doi.org/10.1016/j.molp.2020.04.010
https://doi.org/10.1104/pp.18.00209
https://doi.org/10.3389/fpls.2021.733287
https://doi.org/10.1016/j.tplants.2020.06.010
https://doi.org/10.1016/j.tplants.2020.06.010
https://doi.org/10.1016/j.plantsci.2020.110684
https://doi.org/10.1016/j.plantsci.2020.110684
https://doi.org/10.1051/agro/2009050
https://doi.org/10.1111/php.12663
https://doi.org/10.4161/psb.5.8.12225
https://doi.org/10.1093/pcp/pcaa091
https://doi.org/10.1093/pcp/pcaa091
https://doi.org/10.1007/s00299-020-02512-4
https://doi.org/10.1105/tpc.19.00058
https://doi.org/10.1007/s10725-016-0172-0
https://doi.org/10.1093/oxfordjournals.pcp.a029093
https://doi.org/10.1016/j.plaphy.2020.07.047
https://doi.org/10.1007/s11103-015-0345-7
https://doi.org/10.1111/jipb.12800
https://doi.org/10.1371/journal.pone.0112572
https://doi.org/10.1371/journal.pone.0112572
https://doi.org/10.1126/science.abo5721
https://doi.org/10.1186/s12870-014-0271-x
https://doi.org/10.1104/pp.109.140996
https://doi.org/10.3389/fpls.2019.01675
https://doi.org/10.1111/tpj.15647
https://doi.org/10.1111/ppl.12161
https://doi.org/10.48130/BPR-2022-0015
https://doi.org/10.1016/j.postharvbio.2011.05.013
https://doi.org/10.1016/j.postharvbio.2011.05.013
https://doi.org/10.1111/nph.16364
https://doi.org/10.1104/pp.16.00533
https://doi.org/10.3390/ijms23020981
https://doi.org/10.3389/fpls.2016.01858
https://doi.org/10.3389/fpls.2016.01858
https://doi.org/10.3390/horticulturae8090853
https://doi.org/10.3389/fpls.2022.910768
https://doi.org/10.1016/j.cell.2016.08.029
https://doi.org/10.1007/s12010-015-1796-7
https://doi.org/10.1186/s12870-019-1646-9
https://doi.org/10.1093/pcp/pcy091
https://doi.org/10.3389/fpls.2023.1145609
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Recent progress and perspectives on physiological and molecular mechanisms underlying cold tolerance of tea plants
	Introduction
	Physiological changes of tea plants during cold stress
	Mechanisms of sensing and signal transduction of tea plants during cold stress
	Sensing of cold signals in tea plants
	Messenger molecules involved in cold signal transduction

	Regulatory mechanisms of cold tolerance of tea plants
	ICE-CBF-COR pathway in cold response of tea plants
	Transcriptional and post-transcriptional regulation of ICE-CBF-COR genes
	Identification and characterization of cold-responsive genes in tea plants
	Exogenous feeding to improve cold tolerance in tea plants

	Conclusions and perspectives
	Author contributions
	Funding
	Supplementary material
	References



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

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


