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ABSTRACT: 
Cold stress is a major environmental factor limiting agricultural expansion and 
crop yields, and plants have developed diverse molecular mechanisms to cope with 
a lifetime of exposure to cold stress. Histone modifications play a fundamental role 
in regulating chromatin dynamics and transcriptional activation, either directly or 
through protein adaptors termed effectors. Growing evidence indicates that the 
chromatin remodeling caused by histone modifications, including acetylation, 
methylation, phosphorylation, and ubiquitination, is required for stress-responsive 
transcription, stress adaptation, and stress memory in plants. In this mini-review, 
I have summarized the current knowledge regarding the histone modifications as-
sociated with plant responses to cold stress, and discussed the roles of these modi-
fications in improving plant cold tolerance.
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INTRODUCTION

Cold stress, which can be classified as chilling stress (< 
20°C) and freezing stress (< 0°C), influences the plant life 
cycle by affecting plant growth, development, and flow-
ering times (Chinnusamy et al. 2007). Chilling stress 
can suppress the kinetics of physiological and metabolic 
processes, resulting in a reduced seed-germination rate, 
growth rate, and leaf expansion (Hussain et al. 2018). 
On the other hand, in plants exposed to freezing stress, 
freeze-induced dehydration and extracellular ice crys-
tal formation are major factors inducing drought stress 
syndromes and mechanical wounding of the plasma 
membrane (Yamazaki et al. 2009). To overcome these 
problems, plants exhibit natural low-temperature accli-
mation, which is termed cold acclimation (Vyse et al. 
2019). These characteristics are mediated by a complex 
multigenic process regulated by numerous biochemical 
and physiological factors to induce cryoprotectant accu-
mulation, alterations of lipid composition, and changes 
in the transcriptome and proteome (Ouellet 2002). In 
addition, increasing evidence suggests that epigenetic 
modifications play critical roles in mediating plant re-

sponse to cold stress and cold acclimation via the regu-
lation of gene expression.

Epigenetic regulations, which are defined as herita-
ble alterations in gene expression which do not affect the 
DNA sequence, include DNA methylation, histone mod-
ifications, and non-coding RNAs (Tang et al. 2020; Lu 
& Hyun 2021), and play a fundamental role not only in 
the response to various environmental stresses, but also 
in plant growth and development (Pikaard & Mittel-
sten Scheid 2014; Liang et al. 2020; Lu & Hyun 2021). 
Among epigenetic regulations, histone modifications, 
which together represent the histone code, regulate the 
function of the nucleosome and ultimately determine 
gene expression based on conformational changes in the 
chromatin structure (Jenuwein & Allis 2001; Zhao et 
al. 2019). Various post-translational modifications of the 
N-terminal tails of histones by a wide range of writer or 
eraser enzymes define distinct epigenomes which serve 
either to promote active transcription or gene silencing 
(Zhao et al. 2019). There is increasing evidence indicat-
ing the essential functions of histone modifications in 
environmental responses as well as in the environmen-
tal memory of plants to adapt to environmental changes. 
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Thus, in this mini-review, I have provided a brief over-
view of the regulation of histone modifications in cold 
responses, and included a focused review of recent dis-
coveries which highlight the potential molecular mech-
anisms involved in cold tolerance.

HISTONE METHYLATION IN RESPONSE TO 
COLD STRESS

Histone methylation refers to the addition of methyl 
groups to the lysine and arginine residues of histone pro-
teins, and is associated with either the activation or si-
lencing of gene expression, which depends on the meth-
ylated residues or the methylation levels (mono-, di-, and 
trimethylation) (Zhang et al. 2009). The methylation 
targets are lysine residues 4, 9, 27, 36, and 79 in histone 
H3 and lysine residue 20 in H4 (Black et al. 2012). In 
general, methylations of H3K9, K27, and H4K20 have 
been implicated in gene silencing, whereas methylations 
of H3K4, K36, and K79 have been shown to be involved 
in transcriptional activation (Black et al. 2012). In ad-
dition, cold stress selectively unsilences tandem repeats 
in heterochromatin associated with the accumulation of 
H3K9 acetylation (H3K9ac) and the reduction of DNA 
methylation and H3K9 dimethylation (H3K9me2) (Hu 
et al. 2012). In Arabidopsis, cold stress was shown to in-
duce a reduction in H3K27 trimethylation (H3K27me3) 
at the promoter regions of two cold-responsive genes, 
cold-regulated 15A (COR15A) and galactinol synthase 
3 (ATGOLS3), resulting in the upregulation of CO-
R15A and ATGOLS3 (Kwon et al. 2009). Interestingly, 
the cold-induced decrease in H3K27me3 does not con-
tribute to the transcriptional induction of COR15A and 
ATGOLS3 upon re-exposure to cold stress (Kwon et al. 
2009), indicating that H3K27me3 possibly plays the role 
of a memory mark. During vegetative growth, FLOW-
ERING LOCUS C (FLC) is in a transcriptionally active 
state marked by H3K4me3 and H3K36me3, where-
as vernalisation induces COOLAIR (long non-coding 
RNA transcribed antisense from FLC) and H3K27me3 
to repress FLC transcription for timely flowering (Fig. 
1; Yang et al. 2014; Tian et al. 2019; Luo & He 2020). 
Recent studies have shown that H3K27me3-mediated si-
lencing of FLC during vernalisation is reset in the next 
generation to influence transcriptional re-activation 
(Crevillén et al. 2014; Tao et al. 2017), indicating that 
H3K27me3 facilitates epigenetic memory in the context 
of nuclear reprogramming (Borg et al. 2020). In addi-
tion, a large number of active genes involved in stress re-
sponse and developmental processes are associated with 
bivalent H3K4me3-H3K27me3 in the response to cold 
stress in potato tubers (Zeng et al. 2019). Furthermore, 
cold-induced WRKY70, which positively regulates sali-
cylic acid-responsive genes, is correlated with the status 
of H3K4me3 (Miura et al. 2020). These findings indicate 
that histone methylation is involved in gene regulation 

during responses to cold stress, thus suggesting that an 
understanding of cold-induced histone methylation and 
its targets will facilitate the elucidation of the network of 
plant cold responses.

ALTERATIONS OF HISTONE ACETYLATION 
DURING RESPONSE TO COLD STRESS

Reversible histone acetylation by histone acetyltrans-
ferases (HATs) and deacetylation by histone deacetylas-
es (HDACs) at the histone N-terminal tails play a crucial 
role in gene repression (Pandey et al. 2002; Lu & Hyun 
2021). Since the identification of 12 HATs and 18 HDACs 
in the Arabidopsis thaliana genome, several HATs and 
HDACs have been identified and isolated from several 
species (Aquea et al. 2010; Eom & Hyun 2021). Although 
very little is known about the detailed mechanisms reg-
ulated by HATs and HDACs, dynamic changes in global 
histone acetylation and deacetylation in response to stress 
indicate their role in reprogramming gene expression for 
plant responses or tolerance to stress (Hu et al. 2019). On 
exposure to cold stress, the hyper-acetylation of H3K9 
promotes chromatin remodelling at the promoter and up-
stream region of the rice dehydration responsive element 
binding protein 1b, which functions in cold stress re-
sponse (Roy et al. 2014), indicating that modifications in 

Fig. 1. An epigenetic switch for the repression of FLOWERING 
LOCUS C (FLC) during vernalisation. Before cold exposure (au-
tumn), histone 3 methylation at lysine 4 and 36 (H3K4me3 and 
H3K36me3) contributed to the transcriptional induction of FLC 
sense mRNA. During winter, the increased histone 3 methylation 
at lysine 27 (H3K27me) and the induction of long non-coding 
RNA COOLAIR repressed FLC transcription.
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histone acetylation patterns are associated with the tran-
scription of stress response genes. GENERAL CONTROL 
NON-REPRESSIBLE PROTEIN 5 (GCN5), a well-known 
plant histone acetyltransferase responsible for the lysine 
acetylation of histone H3 and H4, plays an important role 
in the responses to heat stress, cold stress, and nutrient el-
ement deficiency by regulating transcriptional activation 
to maintain the homeostasis of certain key metabolites 
(Gan et al. 2021). In cold acclimation, the C-REPEAT/
DRE BINDING FACTOR (CBF)-dependent pathway has 
been recognized as a key factor which increases plant 
freezing tolerance by regulating the transcription of COR 
genes (Liu et al. 2019). In the gcn5 mutant, the expression 
of COR genes (e.g. COR15A) is increased in response to 
chilling stress (5°C), but the rate of induction was delayed 
in comparison with that in wild-type plants, indicating 
that GCN5 plays a contributory role which enhances the 
transcriptional level of COR genes (Vlachonasios et al. 
2003). Although the acetylation of histone H3 at the COR 
gene promoters increased on cold acclimation in the gcn5 
mutant to a degree similar to that observed for wild-type 
plants, the gcn5 mutant showed delayed cold-induced 
acetylation of histone H3 at the COR15A promoter (Pa-
vangadkar et al. 2010). Thus, delayed COR15A expres-
sion in the gcn5 mutant is associated with the slow re-
modeling of chromatin at the COR15A promoter, thus 
indicating functional redundancy between HATs. 

Similar to HATs, the expression pattern of HDACs 
is changed by environmental stresses (Eom & Hyun 
2021), indicating that the functional interplay between 
HATs and HDACs is required for the dynamic balance 
in histone acetylation status during the response to en-
vironmental stresses. Under cold stress conditions (2°C), 
the overexpression of HD2D (also known as HDT4) in 
Arabidopsis exhibits a lower level of malondialdehyde 
than wild-type plants, yielding improved cold stress tol-
erance (Han et al. 2016). In contrast, HD2C (also known 
as HDT3)-overexpressing plants exhibit sensitivity to 
freezing stress in comparison with the wild-type plants 
(Park et al. 2018). The WD40-repeat protein HIGH 
EXPRESSION OF OSMOTICALLY RESPONSIVE 
GENES15 (HOS15) forms a complex with HD2C to re-
press COR gene expression by removing acetyl groups 
from COR chromatin under normal growth conditions. 
However, in response to cold stress, HOS15 recruits 
the CULLIN4-based E3 ubiquitin ligase to induce the 
ubiquitination and degradation of HD2C, resulting in 
increased levels of acetylated histone H3 on COR chro-
matin (Fig. 2; Park et al. 2018). In addition, the hos15 
mutant exhibits increased expression of stress-regulated 
genes, and is hypersensitive to freezing stress (Zhu et al. 
2008). Thus, plant-specific HD2-type HDAC members 
play distinct roles in cold response processes, suggest-
ing that an understanding of cold-induced HD2-type 
HDACs and their targets will facilitate the elucidation 
of the network of plant cold stress responses. In maize, 

histone hyperacetylation by treatment with the HDAC 
inhibitor trichostatin A results in hypersensitivity to 
freezing stress (Hu et al. 2011), indicating that the ac-
tivity of HDACs is positively involved in plant respons-
es to cold stress. Similarly, a loss-of-function mutation 
in HDA6, Arabidopsis histone deacetylase 6, resulted in 
low expression levels of those genes which influence li-
pid composition and cellular membrane fluidity, reduc-
ing the freezing tolerance (To et al. 2011). These find-
ings indicate that HDACs facilitate the expression of 
cold-response genes by regulating histone modification, 
suggesting that clarification of the functional differences 
between HATs and HDACs will represent a significant 
challenge to our future understanding of plant cold re-
sponses and cold acclimation.

OTHER HISTONE MODIFICATIONS

Other histone modifications, including phosphoryla-
tion, ubiquitination, and glycosylation, also regulate 
chromatin-associated processes, such as transcription-
ally active/inactive states (Lu & Hyun 2021). Protein 
ubiquitination, such as monoubiquitination and poly-
ubiquitination, is a common regulatory mechanism 
used to control protein quality and can be utilised to 
degrade misfolded or redundant proteins (Balchin 
et al. 2016). In plant chromatin, monoubiquitination 
found both in histone H2A and H2B is the most abun-
dant ubiquitin conjugate, and is linked to active gene 
transcription (Woloszynska et al. 2019). Histone H2B 
monoubiquitination (H2Bub1) occurs on K143 or K145 
by the heterodimeric HISTONE MONOUBIQUITINA-
TION1/2 (HUB1/2) E3 ubiquitin ligase in Arabidopsis 

Fig. 2. Cold induces the expression of cold-regulated (COR) genes 
through the HOS15-mediated proteasome pathway and/or GEN-
ERAL CONTROLNON-DEREPRESSIBLE5 (GCN5). Under cold 
stress conditions, HOS15 recruits the CULLIN4-based E3 ubiq-
uitin ligase complex (CRL complex) to induce the dissociation 
and degradation of HD2C, resulting in the hyperacetylation of 
histone H3 on COR gene chromatin. In addition, GCN5 modu-
lates the histone acetylation of COR genes.
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(Bergmuller et al. 2007). H2Bub1 regulates the tran-
scription of FLC and circadian clock genes such as CIR-
CADIAN CLOCK ASSOCIATED 1 and TIMING OF 
CAB EXPRESSION 1 by stimulating H3K4me3 modi-
fication (Cao et al. 2008; Himanen et al. 2012; Mala-
peira et al. 2012). In addition, growing evidence indi-
cates that HUB1/2 is required for the response to abiotic 
and biotic stresses (Dhawan et al. 2009; Hu et al. 2014; 
Zou et al. 2014; Chen et al. 2019). HUB1/2-mediated 
H2Bub1 is required for controlling the transcription of 
the auxin biosynthesis genes TRYPTOPHAN BIOSYN-
THESIS 2/TRYPTOPHAN SYNTHASE BETA-SUBU-
NIT 1, ANTHRANILATE SYNTHASE BETA 1/WEAK 
ETHYLENE INSENSITIVE7, YUCCA7, and AMIDASE 
1 (Zhang et al. 2021). In switchgrass, the overexpression 
of miR393 downregulates the expression of those genes 
involved in the auxin signaling pathway, resulting in the 
enhancement of cold tolerance by increasing the expres-
sion of cold tolerance-related genes (Liu et al. 2017). Al-
though the regulation of histone ubiquitination in cold 
responses is poorly understood, these findings indicate 
the possible link between histone ubiquitination and 
cold responses through the auxin signaling pathway. 
Therefore, it will be interesting to determine the cold 
stress response using the gain-of-function and the loss-
of-function mutants in HUB1/2.

In yeast, mammalian cells, and plants, the phospho-
rylation of histone H3 can occur on serine 10 (H3S10ph), 
serine 28 (H3S28ph), threonine 3 (H3T3ph), and threo-
nine 11 (H3T11ph), and is involved in transcriptional acti-
vation, chromosome condensation/segregation, and DNA 
damage repair (Rossetto et al. 2012; Zhang et al. 2014). 
MUT9P-LIKE-KINASES (MLKs) target diverse proteins 
involved in light signaling, circadian rhythms, phytohor-
mones, and plant defense (Kang et al. 2020). In Arabidop-
sis, MUT9P-LIKE-KINASE (MLK) 1 and 2 function as ki-
nases to induce H3T3ph, and MLK4 phosphorylates H2A 
at serine 95, a plant-specific site (Wang et al. 2015; Su et 
al. 2017). When tobacco BY-2 and Arabidopsis T87 cells 
were exposed to salt and cold stresses, dynamic changes 
in histone H3 phosphorylation were observed (Sokol et 
al. 2007), suggesting that histone phosphorylation is in-
volved in cold-induced transcriptional reprogramming, 
although the specific mechanisms underlying the rela-
tionship between histone phosphorylation and stress re-
sponses have not been identified. 

CONCLUSIONS

Over the last two decades, several exciting studies have 
provided models to illuminate the role of histone modi-
fication in response to cold stress. Although cold-histone 
modification appears to be essential for the transcription-
al reprogramming which regulates plant physiological 
and developmental processes, including vernalisation, 
epigenetic memory, and cold tolerance, the studies con-

ducted to date have yielded relatively little knowledge on 
the distribution pattern of histone marks in response to 
cold stress, the distribution patterns required for cold-in-
duced transcriptional reprogramming, and the interac-
tions among different histone modifications. The answers 
to these questions are essential not only to increase our 
knowledge but also to facilitate agricultural applications. 
In addition, comparative genome-wide analysis of the 
distribution of histone marks under different stress con-
ditions will provide a solid foundation for further eval-
uation of the potential of histone modification in stress 
tolerance. Explorations of the physiological functions of 
histone modification are an interesting and important 
endeavour which will serve to shed light on the hidden 
wonders of plant life under cold conditions.
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Hladni stres je glavni faktor životne sredine koji ograničava ekspanziju poljoprivrede i prinose useva, a biljke su razvile različite molekularne 
mehanizme koji im omogućavaju da se nose sa izlaganjem hladnom stresu tokom čitavog života. Modifikacije histona igraju osnovnu ulogu 
u regulisanju dinamike hromatina i aktivacije transkripcije, bilo direktno ili preko proteinskih adaptera koji se nazivaju efektori. Sve je više 
dokaza da su remodeliranje hromatina uzrokovano modifikacijama histona, uključujući acetilaciju, metilaciju, fosforilaciju i ubikvitinaciju 
potrebni za transkripciju koja reaguje na stres, adaptaciju na stres i memoriju stresa kod biljaka. U ovom preglednom radu sažeta su tre-
nutna saznanja u vezi modifikacija histona povezanim sa odgovorima biljaka na stres od hladnoće i diskutovano o ulozi ovih modifikacija u 
poboljšanju tolerancije biljaka na hladnoću. 
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