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Abstract 

Low temperature is an abiotic stress factor that affects plant development and geographic 

expansion, resulting in significant economic losses in worldwide food production each 

year. Through evolution, plants have developed intricate adaptation systems, with epige-

netic regulation—modifying gene expression without altering DNA sequences—being 

pivotal in the cold stress response and memory formation. This review provides a system-

atic overview of the role of the main epigenetic mechanisms, including histone modifica-

tions, DNA methylation, non-coding RNA regulation, and chromatin remodeling, in plant 

cold stress responses. The article summarized research on plants, including model species 

Arabidopsis thaliana and rice, examined epigenetically mediated cold-stress memory and 

transgenerational epigenetic inheritance, and analyzed synergistic interactions among 

regulatory pathways. Finally, by integrating recent advances, the study identifies scien-

tific challenges and research bottlenecks in this field and outlines future research direc-

tions and application prospects in cold-resistant crop breeding. Finally, by integrating re-

cent advances, the study identifies scientific challenges and research bottlenecks in this 

field, outlines future research directions and application prospects for cold-resistant crop 

breeding, and provides references for further elucidating the molecular mechanisms of 

plant cold adaptation and for developing new cold-resistant crop varieties. These out-

comes offer references for further elucidating the molecular mechanisms of plant cold ad-

aptation and developing new cold-resistant crop varieties. 

Keywords: cold stress; epigenetic regulation; DNA methyltransferases; histone  

modifications; C-repeat binding factor (CBF) 

 

1. Introduction 

According to different temperatures, cold stress can be divided into chilling temper-

atures (0–15 °C) and freezing temperatures (below 0 °C) [1,2]. Cold stress can affect plant 
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development, thereby influencing yield. From a natural ecological perspective, low tem-

peratures determine the geographical boundaries of plant communities. Temperate plants 

have evolved cold-acclimation mechanisms to adapt to seasonal changes, whereas tropi-

cal and subtropical plants, such as bananas and rice, exhibit extreme sensitivity to low 

temperatures [3–5]. After plants are first exposed to temperatures below freezing, their 

frost resistance is enhanced [6,7]. After the low-temperature signal is triggered, it can 

quickly induce the corresponding genes, promoting the accumulation of osmotic sub-

stances and antifreeze proteins, which helps the process of cold acclimation [8]. Cold stress 

damages plants by destroying cell membranes [9]. Pores appear in the membrane struc-

ture, leading to increased permeability [10]. Intracellular electrolyte leakage and efflux of 

cellular ions thus damage the structure of the cell membrane [11]. Changes in osmotic 

pressure can induce the efflux of water from the cell through the plasma membrane into 

the intercellular space, leading to plasmolysis [12]. Persistent water loss causes cell vol-

ume to shrink and accelerates the destruction of cell structures. Water in the intercellular 

spaces forms ice crystals, which expand in volume, exert mechanical pressure on cells, 

and may also cause cell wall rupture. As intracellular water is lost, the concentration of 

solutes inside the cell relatively increases, sugar content in vacuoles changes, cytoplasmic 

homeostasis is disrupted, and high concentrations of ions such as K+ and Ca2+ may inter-

fere with protein activity [13]. Organelles such as chloroplasts, vacuoles, and mitochon-

dria are all damaged. The structural damage of chloroplasts further affects photosynthesis 

and systemic processes [14,15]. The light-dependent electron transfer chain is inhibited, 

resulting in excess light energy, leading to photoinhibition [16]. The cell nucleus is rela-

tively stable in the early stages. However, under long-term stress, the chromatin may ag-

gregate, and the nuclear membrane may collapse or rupture. The types of responses to 

cold stress include various functional mechanisms such as transcription factors, the in-

ducer of C-repeat binding factor, and protein kinases [7,8,17,18]. Chromatin-associated 

TMs regulate stress responses and developmental processes related to cold-climate ad-

justments in Brachypodium distachyon, therefore tailoring plant responses to environmental 

change [19]. There are many factors that affect cold stress tolerance, such as genomic var-

iation, regulation at the transcriptional level, protein translation, epigenetic regulation, 

and metabolite accumulation [20–25]. Wheat under drought, cold, and salt stress can en-

hance tolerance through epigenetic regulation [26]. Epigenetic regulatory factors recog-

nize heat response processes in various plants [27]. Therefore, epigenetic regulatory fac-

tors play an important role under extreme temperatures (Figure 1). 

Epigenetics pertains to the regulatory mechanisms of gene expression arising from 

modifications that do not involve changes to the DNA sequence, with effects that can be 

inherited through cellular division or across generations. Core types of epigenetic modi-

fications include DNA methylation, non-coding RNA regulation, histone modifications, 

and chromatin remodeling [28–30]. Unlike traditional genetic regulation, epigenetic mod-

ifications are dynamically reversible, enabling plants to rapidly adapt to environmental 

changes while maintaining genomic stability, thereby enhancing environmental fitness. 

DNA methylation represents a highly stable and thoroughly investigated epigenetic 

change, primarily mediated by DNA methyltransferases that add methyl groups to cyto-

sine, forming 5-methylcytosine. Types of methylation include CG, CHG, and CHH con-

texts, among which CG methylation is the most conserved in plants [31–33]. Here, C 

stands for cytosine, G stands for guanine, and H stands for any base except guanine. His-

tone modifications alter histone-DNA binding by covalent modifications such as methyl-

ation, acetylation, and ubiquitination, thereby influencing chromatin structure and gene 

expression. For example, it is well known that gene activation is linked to trimethylation 

of lysine 4 in histone H3, whereas trimethylation of lysine 27 in H3 is more commonly 

associated with gene silencing [34,35]. Non-coding RNAs (ncRNAs), including lncRNAs 
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and microRNAs, do not encode proteins but can bind to target genes or chromatin com-

plexes through base complementarity pairing, thereby participating in gene regulation at 

both transcriptional and post-transcriptional levels [36]. Chromatin remodeling com-

plexes regulate the position and structure of nucleosomes, altering chromatin accessibility 

to facilitate transcription factor binding. These epigenetic regulatory mechanisms do not 

exist in isolation but rather interact synergistically to form complex regulatory networks 

that collectively modulate plant responses to cold stress [37–39]. Epigenetics has great po-

tential for the development of plants characterized by enhanced production, superior 

quality, and improved resistance. DNA methylation, histone modifications, non-coding 

RNAs, and chromatin remodeling are the four main modules that work together dynam-

ically under cold stress. Below is a sequential description of each module’s molecular 

mechanisms (Figure 2). 

 

Figure 1. Species-specific epigenetic cascades and transgenerational cold memory in plants. Cold 

stress triggers Ca2+/ROS/ABA signaling and a central epigenetic switch, diverging into four species-

specific strategies. Arabidopsis thaliana (top left) employs the HOS15-CUL4-HD2C switch and GCN5-

mediated H3ac to activate CBF/COR genes, while PRC2-H3K27me3 and COOLAIR silence FLC for 

winter memory. Rice (top right) undergoes MET1b inhibition and ACT1 promoter demethylation 

(CG/CHG), enabling Dof1 binding and dominant inheritance (≥F5). Citrus (bottom left) utilizes the 

MET1-TET8 module; CpG demethylation upregulates TET8, validated by 5-azacytosine. Banana 

(bottom right) operates a non-CBF miR156c-MaSPL4-miR528 cascade disrupting cutin synthesis. The 

bottom axis depicts three temporal layers: immediate response (0–24 h), transgenerational memory 

(F1–F5+), and breeding applications (dCas9, 5-aza, PKL editing). Solid arrows, activation; dashed 

arrows, epigenetic signal flow. 
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Figure 2. Overview of the epigenetic regulatory network in plant cold stress responses. The diagram 

depicts a central cold signaling cascade (Ca2+–ROS–ABA–ICE1–CBF–CORs) that integrates four core 

epigenetic modules and their synergistic outputs. (1) DNA Methylation: dynamic balance between 

methyltransferases (MET1, CMT, DRM) and demethylases (ROS1), establishing CG/CHG/CHH 

methylation patterns for stress memory and transgenerational inheritance. (2) Histone Modifica-

tions: the bivalent histone switch (H3K4me3 activation vs. H3K27me3 silencing) mediates winter 

memory and vernalization. (3) Non-coding RNAs: miRNA (post-transcriptional regulation), 

lncRNA (chromatin looping), siRNA/RdDM (RNA-directed DNA methylation), and circRNA (reg-

ulatory decoy) collectively guide epigenetic silencing. (4) Chromatin Remodeling: ATP-dependent 

nucleosome sliding, SWI/SNF remodelers, and H2A.Z histone variant deposition enhance chroma-

tin accessibility for cold-responsive genes. (5) Cold Tolerance Outputs: the integrated network cul-

minates in CBF–COR activation, membrane stability, ROS homeostasis, osmoprotection/ion home-

ostasis, and stress memory with rapid acclimation. Bidirectional dashed arrows indicate reciprocal 

crosstalk among modules without implying linear causation. Abbreviations: ABA, abscisic acid; 

ATP, adenosine triphosphate; CBF, C-repeat binding factor; CG/CHG/CHH, cytosine methylation 

sequence contexts; COR, cold-regulated; H3K4me3, histone H3 lysine 4 trimethylation; H3K27me3, 

histone H3 lysine 27 trimethylation; lncRNA, long non-coding RNA; miRNA, microRNA; RdDM, 

RNA-directed DNA methylation; ROS, reactive oxygen species; siRNA, small interfering RNA. 
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2. Precise Regulation of Plant Cold Tolerance by the Dynamic Balance 

of DNA Methyltransferases and Demethylases 

DNA methylation is primarily maintained through the dynamic equilibrium be-

tween methyltransferases and demethylases. In plants, the types of genes responsible for 

GC methylation are DNA methyltransferase 1 (MET1); those responsible for CHG and 

CHH (H = A, C, or T) sites are chromatin methyltransferase (CMT2, CMT3) and domain-

rearrangement methyltransferase (DRM1, and DRM2) [40–42]. Demethylases, on the other 

hand, comprise the ROS1 family of proteins, which remove methyl groups via the base 

excision repair pathway to activate genes [43]. 

Under cold stress, plants regulate gene expression by modifying the methylation sta-

tus of key genes through modulation of DNA methyltransferase and demethylase expres-

sion [44]. Studies have found that methylation also plays a role in rice’s heat response [45]. 

Substantial advancements have been achieved in the investigation of epigenetic pathways 

underlying cold stress in crops such as rice and citrus. In rice, environmentally induced 

DNA methylation variations have been shown to mediate the transgenerational inher-

itance of cold tolerance traits, providing direct molecular evidence for acquired inher-

itance. Meanwhile, Liu’s team revealed the role of the MET1-TET8 regulatory module in 

citrus cold resistance, offering a target for cold-resistant breeding in fruit trees [46,47]. Un-

der normal conditions, cold stress induces demethylation in the promoter regions of cer-

tain cold-responsive genes, thereby relieving gene expression inhibition and augmenting 

cold resistance. Simultaneously, it may further optimize the cold resistance regulatory 

network by silencing negative regulators via methylation [39,44,46]. The dynamic adjust-

ment is species- and tissue-specific, and different plants exhibit distinct response patterns 

to low-temperature methylation. Arabidopsis thaliana, a model species for investigating 

plant epigenetics, has partially elucidated the DNA methylation mechanisms underlying 

its cold stress response [48,49]. The study found that cold stress can reduce overall ge-

nomic methylation levels in Arabidopsis, with the most significant changes observed in the 

CHH context. These changes are closely associated with alterations in the expression of 

DRM methyltransferases and ROS1 demethylases [50]. Upregulation of ROS1 expression 

under cold stress mediates demethylation of the COR gene promoter region, promotes 

expression of COR genes, and enhances plant cold resistance [51,52]. Furthermore, the 

RNA-guided DNA methylation pathway in Arabidopsis is also involved in cold stress re-

sponse. DRM methyltransferases, which carry out methylation at target sites via small 

interfering RNAs (siRNAs), are mediated by the RdDM pathway. Under cold stress, this 

pathway can participate in cold resistance regulation by silencing certain negative regu-

latory genes [53]. In Arabidopsis, DNA methylation changes induced by cold stress can also 

be transmitted to offspring through sexual reproduction. Studies have found that off-

spring of Arabidopsis plants subjected to cold stress exhibit significantly higher survival 

rates at low temperatures than those of plants that were not subjected to cold stress. This 

adaptive phenotype is closely associated with methylation differences in specific genomic 

regions [54]. The intergenerational transmission mechanism of cold stress memory still 

requires further investigation, such as how methylation modifications are stably main-

tained during meiosis and whether there are synergistic effects with other epigenetic mod-

ifications, which remain unanswered [51,55,56]. However, compared with crops, the DNA 

methylation regulatory mechanisms in Arabidopsis under cold stress are relatively simple, 

and the findings cannot be fully applied to perennial plants or crops [47,50]. 

Breakthroughs have been achieved in the study of DNA methylation-mediated cold 

stress responses in crops, with rice and citrus serving as representative examples. Through 

multi-generational continuous low-temperature treatment of the cold-sensitive rice vari-

ety Kitaake, lines with significantly enhanced cold tolerance and stable genetic inheritance 
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were obtained. Further studies revealed that demethylation occurred in the Dof1 promoter 

region in this line in the CG and CHG contexts, resulting in ACT1 expression no longer 

being inhibited by low temperatures. This demethylation state may be passed down 

steadily for a minimum of 5 generations [46]. Low temperature inhibits the expression of 

DNA methyltransferase MET1b, leading to impaired maintenance of methylation at the 

ACT1 promoter and the formation of a hypomethylated epigenetic allele [57]. The meth-

ylation region in the ACT1 promoter contains a binding site for the transcription factor 

Dof1, and the methylation status affects the binding capacity of Dof1 [58,59]. Dof1 prefer-

entially binds to unmethylated promoter regions, thereby activating ACT1 expression and 

conferring cold resistance in rice. Natural variation analysis revealed that the methylation 

status of the ACT1 gene exhibits a “high in the south, low in the north” gradient distribu-

tion. The varieties in low-latitude tropical rice regions predominantly show high methyl-

ation, whereas those in high-latitude cool rice regions are predominantly low-methylated. 

This indicates that epigenetic variation in ACT1 is a key factor in rice’s adaptation to cold 

environments during northward migration [60]. Cold stress memory is a phenomenon in 

which plants store low-temperature experiences through epigenetic changes that can be 

transmitted to later growth stages or offspring, thereby enhancing environmental adapt-

ability [61]. DNA methylation, a steady epigenetic modification, performs an essential 

function in the transgenerational transmission of cold-stress memory. The demethylation 

state of the rice ACT1 gene can be stably inherited for more than 5 generations and exhibits 

dominant inheritance. Even when offspring no longer experience low-temperature stress, 

they can maintain high cold tolerance. This is a classic example of DNA methylation-me-

diated transgenerational transmission of cold stress memory [62]. 

In citrus, the role of the MET1-TET8 regulatory module in cold stress response was 

elucidated. Through combined methylation and transcriptome analysis of cold-resistant 

Yichang orange and cold-sensitive lemon, 33 key genes were identified as highly ex-

pressed and hypomethylated in Yichang orange, with the most significant changes ob-

served in the expression and methylation of the TET8 gene [47]. The TET8 gene is primar-

ily methylated at CpG sites, and its methylation level is regulated by MET1. Under cold 

stress, MET1 expression in Yichang orange is reduced, leading to decreased methylation 

of the TET8 gene and upregulation of its expression, thereby improving the plant’s cold 

resistance [61]. Treatment of citrus with the DNA methylation inhibitor 5-azacytosine re-

duced TET8 methylation, increased its expression, and significantly enhanced cold re-

sistance, demonstrating the functionality of this regulatory module and providing a po-

tential target for cold-resistant breeding in citrus [63–65]. In many plants, MET is the main 

functional gene in the methylation process. Under cold stress, the equilibrium between 

DNA demethylases (ROS1, via base excision repair) and methyltransferases (MET1, 

CMT2/3, DRM1/2) is shifted. In rice, cold-induced inhibition of MET1b leads to hypometh-

ylation at the ACT1 promoter in CG and CHG contexts, enabling Dof1 transcription factor 

binding and activation of ACT1 expression, thereby conferring enhanced cold tolerance 

and allowing dominant inheritance for over five generations (Figure 3). 
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Figure 3. DNA methylation dynamic balance and transgenerational cold memory in plants. The 

upper panel shows the dynamic balance between DNA methyltransferases (MET1, CMT2/3, 

DRM1/2) and demethylases (ROS1) under cold stress, with CG/CHG/CHH methylation contexts 

indicated. The lower left panel shows rice ACT1 promoter demethylation enabling Dof1 binding and 

dominant transgenerational inheritance (F1–F5+). The lower right panel shows citrus TET8 CpG is-

land demethylation regulated by MET1, with 5-azacytosine validation. Red lines represent inhibi-

tion/methylation; green lines represent activation/demethylation; filled red circles indicate methyl-

ated cytosines, whereas open circles indicate demethylated/unmethylated cytosines; dashed lines 

indicate transgenerational inheritance; the dashed box indicates the base excision repair pathway. 

3. Role of Histone Modifications in Plant Cold Stress Responses 

Core components of eukaryotic chromatin, called nucleosomes, are histone octamers, 

which include two molecules of each histone subtype (H2A, H2B, H3, and H4), and 

around 147 base pairs (bp) of DNA [66]. Histone modification refers to the covalent mod-

ification of amino acid residues at the N-terminal tail of histones by histone-modifying 

enzymes, including various types such as acetylation, ubiquitination, methylation, and 

phosphorylation. Similarly, phosphatases, demethylases, deacetylases, and deubiquiti-

nases can remove these reversible epigenetic marks [67]. Different combinations of these 

modification types form the ‘histone code,’ which regulates gene expression [68]. 

Histone acetyltransferases are enzymes that catalyze histone acetylation, a process 

commonly linked to gene activation. It weakens the interface between DNA and histones, 

loosening chromatin and facilitating the binding of transcription factors. Conversely, his-

tone deacetylation, catalyzed by histone deacetylases, leads to chromatin condensation 
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and inhibits gene expression [69]. In Arabidopsis, GCN5 is a conserved HAT that is upreg-

ulated by cold stress, mediating elevated H3 acetylation in the promoter regions of CBF 

and COR genes, thereby promoting their expression [70]. The study revealed that the gcn5 

mutant Arabidopsis exhibited significantly enhanced cold sensitivity, whereas overexpres-

sion of GCN5 improved the plant’s cold resistance, demonstrating the core role of GCN5 

in regulating histone acetylation under cold stress [71]. The dynamic equilibrium of his-

tone acetylation/deacetylation is essential for plants to react to cold stress. In Arabidopsis 

thaliana, HOS15 is a key histone deacetylase-related protein. Under normal temperature 

conditions, HOS15 binds to HD2C and inhibits COR gene expression by deacetylation 

[72,73]. HOS15 interacts with CUL4 ubiquitin ligase to promote HD2C ubiquitination and 

degradation under cold stress, thereby relieving COR gene inhibition. Simultaneously, 

HOS15 also recruits the CBF transcription factor to the COR gene promoter, facilitating 

histone H3 acetylation and elevating the plant’s cold tolerance through boosting COR 

gene expression [74]. 

The functions of histone methylation are diverse, contingent upon the modification 

site and degree of methylation. For instance, it is common to associate H3K4me3 and 

H3K36me3 with the activation of gene transcription, whereas H3K9me2 and H3K27me3 

are related to the silencing of gene expression [75]. Under cold stress, plants rapidly acti-

vate or silence temperature-related genes by adjusting the activity of histone modification 

enzymes, thereby altering the histone modification status of cold-responsive genes to 

adapt to low-temperature environments [74]. The H3K27me3-mediated gene silencing 

mechanism is the most extensively studied [76–78]. In Arabidopsis, the polycomb repres-

sive complexes 1 (PRC1) and 2 (PRC2) play roles in the establishment and maintenance of 

H3K27me3 (trimethylation of lysine 27 on histone H3). PRC2 catalyzes H3K27me3 to ini-

tiate gene silencing, while PRC1 maintains the silencing state by catalyzing H2Aub (his-

tone H2A monoubiquitination) [79]. Temperature regulates plant cell fate by modulating 

the dynamics of PRC1-H2A. Zub and PRC2-H3K27me3. Under low-temperature condi-

tions, PRC2 mutants exhibit increased enrichment of H2A.Z at embryonic key gene loci, 

which, together with PRC1, suppresses gene expression. This enables the mutants to de-

velop normal plant structures, whereas at normal temperature (22 °C), they undergo cal-

lus formation [80]. In addition to H3K27me3, other histone methylation modifications are 

also involved in the cold stress response. In Arabidopsis, cold stress can increase H3K4me3 

levels in the promoter region of the CBF gene, thereby promoting CBF gene expression, 

while decreasing H3K9me2 levels, thereby releasing gene silencing [81,82]. In rice, upreg-

ulation of the OsTrx1 gene expression under cold stress mediates increased H3K4me3 

modification, activates cold-resistant gene expression, and enhances cold tolerance. Con-

versely, OsJMJ703 can activate cold-responsive genes by removing the H3K27me3 modi-

fication, thereby participating in rice’s adaptation to cold stress [50]. Histone methylation 

is also involved in the formation and maintenance of cold stress memory. In Arabidopsis, 

He Yuehui’s team discovered that wintering low temperatures induce the FLC gene to 

form an H3K27me3-mediated polycomb silencing domain, leading to FLC gene silencing. 

This silencing state remains stably maintained after spring warming, endowing plants 

with “wintering memory” and ensuring normal spring flowering [83]. Further studies re-

vealed that the “cold memory element” region of the FLC gene exhibits a bivalently chro-

matinized state, coexisting with H3K4me3 and H3K27me3. Plant-specific EBS and SHL 

proteins can form dimers, recognize this bivalent modification, recruit the VIN3-PRC2 

complex, and promote the enrichment of H3K27me3 in the CME region. Upon warming, 

PRC2 diffuses to the entire FLC locus, maintaining H3K27me3 and establishing a stable 

silencing state, thereby sustaining winter memory [84]. 

Histone ubiquitination exhibits synergistic effects with modifications such as meth-

ylation and acetylation in regulating plant cold stress responses. In Arabidopsis, H2Aub, 
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catalyzed by PRC1, and H3K27me3, catalyzed by PRC2, work synergistically to maintain 

the cold stress-induced gene silencing state [85]. PRC1 inhibits the expression of embry-

onic development genes by catalyzing the mono-ubiquitination of histone variant H2A.Z, 

while PRC2 maintains this inhibitory state through H3K27me3. The two proteins act syn-

ergistically to regulate plant cell-fate determination under cold stress. Additionally, 

H2Bub participates in the cold stress response. In Arabidopsis, H2Bub modification pro-

motes the establishment of H3K4me3, thereby activating CBF pathway gene expression 

and enhancing plant cold resistance [86]. Histone ubiquitination regulates gene expres-

sion by modifying chromatin structure or recruiting other regulatory factors. For instance, 

monoubiquitination of histone H2A is commonly linked to gene silencing, whereas mon-

oubiquitination of H2B promotes gene transcription [87]. 

Phosphorylation of histones mainly occurs on the N-terminal domains of serine and 

threonine [66]. Multiple serine and threonine sites on H2A and H3 in plants are phosphor-

ylated and dynamically modified during chromosome division [66,88]. Phosphorylation 

of H3 often occurs in the centromeric region and the pericentromeric region [89–91]. Phos-

phorylation of histones may be involved in chromosome condensation and disappears 

along with chromosome decondensation [92]. During metaphase and anaphase, Haspin-

mediated histone H3 threonine 3 phosphorylation occurs at centromeres, whereas during 

meiosis it occurs at telomeres. Chromosome misalignment and segregation were observed 

during mitosis in ZmHaspin mutants, which were associated with reduced H3T3 and his-

tone H3 serine 10 phosphorylation [93]. Phosphorylation plays an important role in the 

cell cycle, and dephosphorylation is equally important. The application of specific inhibi-

tors of PP2A and PP1 phosphatases (cantharidin) has been detected to result in high levels 

of phH3Ser10 along the chromosome arms during mitosis [94]. In BY-2 cells subjected to 

high salt and low temperature stress, changes in the phosphorylation of histone H3 are 

associated with the activation of stress-responsive genes [95]. There is relatively little re-

search on histone phosphorylation under temperature stress, and further in-depth study 

is needed. 

There is also a synergistic regulatory relationship between DNA methylation and 

histone modifications. In the regulation of the rice ACT1 gene, DNA demethylation pro-

motes Dof1 binding, and Dof1 may further recruit histone modification enzymes to alter 

histone modification status at the ACT1 gene, thereby enhancing gene expression [46]. In 

citrus, the DNA methylation status of the TET8 gene correlates with histone acetylation 

levels. Under low-methylation conditions, elevated histone acetylation at the TET8 gene 

promoter region enhances gene expression. This synergistic interaction among different 

epigenetic modifications forms a sophisticated regulatory network, ensuring rapid and 

accurate plant responses to cold stress [96]. 

4. The Regulatory Network of Non-Coding RNA in Plant Cold  

Stress Response 

miRNA is a class of non-coding single-stranded RNA with a length of 20–24 nucleo-

tides (nt). It mediates the degradation or translation inhibition of target mRNA by com-

plementary base pairing, thereby regulating gene expression at the post-transcriptional 

level. Non-coding RNAs are involved in plant growth, yield, and responses to biotic and 

abiotic stresses [97–102]. For example, miRNAs, a type of non-coding RNA, play a crucial 

role in plant responses to cold stress by modifying key genes in cold-responsive pathways, 

thereby influencing plant cold resistance [61]. Research on miRNAs and cold stress has 

been reported across various plants. [101,103–106]. A research team discovered that 

miR528 influences the balance of reactive oxygen species in banana peels by regulating 

the expression of polyphenol oxidase, thereby inducing cold-induced browning [107]. Un-

der cold stress, miR156c is significantly upregulated in banana peel, whereas its target 
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gene, MaSPL4, is downregulated. The promoter of MIR528 is regulated by MaSPL4, which 

enhances its expression. Consequently, downregulation of MaSPL4 inhibits miR528 accu-

mulation, leading to upregulation of the PPO gene and a significant increase in reactive 

oxygen species. Additionally, MaSPL4 affects the synthesis of long-chain fatty acids and 

cutin in the peel, disrupting their structural stability and ultimately leading to cold-dam-

age phenotypes [108]. This miR156c-MaSPL4-miR528-MaPPO model pathway reveals a 

cold-stress response independent of the CBF classical pathway, thereby enriching the 

plant cold-stress regulation network. In Arabidopsis, miR169 contributes to the cold stress 

response [109]. On the other hand, miR397 influences lignin synthesis by targeting the 

laccase gene, thereby improving Arabidopsis cold tolerance [110]. Knockdown of MIR1868 

increased pollen fertility, seed setting, and grain yield under cold stress in rice, whereas 

its overexpression conferred the opposite result [111]. These studies indicate that miRNAs 

establish a complex regulatory network in response to cold stress by targeting genes with 

diverse functions, thereby playing multifaceted roles in plant cold resistance [112]. 

lncRNA refers to non-coding RNA with a length exceeding 200 nucleotides. Alt-

hough it does not encode proteins, lncRNA can participate in gene regulation through 

various mechanisms, such as serving as molecular scaffolds, guides, or decoys, thereby 

influencing chromatin structure, transcription factor activity, or RNA stability [113]. The 

epigenetic regulatory network of the CBF pathway has been elucidated in A. thaliana, in-

cluding histone modifications that activate CBF gene expression and lncRNA-mediated 

fine-tuning of CBF expression [50]. In recent years, the function of lncRNAs in the re-

sponse of plants to cold stress has attracted attention, with their regulatory mechanisms 

primarily involving cis- and trans-regulation. In Arabidopsis, the lncRNAs SVALNA and 

SVALKA participate in the cold stress response by regulating the expression of CBF1 and 

CBF3. Studies have revealed that SVK possesses both cis-and trans-regulatory functions, 

modulating the expression of CBF1 and CBF3 through RNA polymerase II and chromatin 

remodeling mechanisms. In contrast, SVN exerts only cis-regulatory effects, negatively 

regulating CBF3 expression via the RNA polymerase II collision mechanism [114]. Fur-

thermore, SVK exhibits multiple alternative splicing isoforms, the stability of which may 

be closely related to regulatory functions, indicating that the structural diversity of 

lncRNAs significantly influences their biological roles. Another lncRNA, COOLAIR, is in-

volved in Arabidopsis vernalization by regulating FLC gene expression [115]. COOLAIR is 

an antisense lncRNA upstream of the FLC gene. Under cold stress, COOLAIR expression 

is upregulated, recruiting the PRC2 complex to the FLC gene locus, promoting H3K27me3 

modification and suppressing FLC gene expression, thereby assisting plants in forming 

winter memory [116,117]. The COOLAIR expression is regulated by histone modifications 

and DNA methylation, forming a complex epigenetic regulatory circuit that ensures the 

stable silencing of FLC genes under low temperatures. 

Plant responses to cold stress involve not just miRNAs and lncRNAs, but also small 

interfering RNAs (siRNAs). siRNAs can modulate gene expression through mediating 

DNA methylation via the RdDM pathway, silencing target genes, or directly degrading 

target mRNA [31,118].In A. thaliana, cold stress can induce the expression of specific siR-

NAs that silence genes negatively regulated by cold resistance via the RdDM pathway, 

thereby enhancing plant cold tolerance. In rice, siRNAs regulate ACT1 expression by mod-

ulating DNA methylation, thereby influencing cold resistance [119]. 

Circular RNAs (circRNAs) are novel types of non-coding RNAs that show promise 

in plants’ reactions to cold stress. CircRNAs can regulate target genes via miRNA adsorp-

tion, thereby forming circRNA-epigenetic networks [120]. In wheat, multiple circRNAs 

exhibit substantial changes in expression levels under cold stress, regulating miRNA and 

target gene expression through the ceRNA mechanism, thereby participating in cold stress 

adaptation. Further investigation into the precise regulatory mechanisms and activities of 
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circular RNAs is necessary, as the field of research on their role in cold stress in plants is 

still in its early stages. [121–124]. 

During vernalization, the FLC locus is stably silenced by H3K27me3and H2Aub, es-

tablishing winter memory. The CME region exhibits a bivalent chromatin state with coex-

isting H3K4me3 and H3K27me3. The EBS/SHL dimer recognizes this bivalent modifica-

tion, recruits the VIN3-PRC2 complex to promote H3K27me3 enrichment, and, upon 

warming, PRC2 diffuses across the entire FLC locus to maintain stable silencing. Note that 

FLC silencing requires prolonged cold/vernalization. HOS15 functions as an epigenetic 

switch: at normal temperature, it binds HD2C to repress COR genes via deacetylation; 

under cold stress, it recruits the CUL4 ubiquitin ligase to promote HD2C ubiquitination 

and degradation, while simultaneously recruiting the CBF transcription factor to facilitate 

H3 acetylation at the COR promoter. At the CBF/COR locus, activating marks including 

H3K4me3, H3ac, and H2Bub promote chromatin opening and immediate transcription of 

cold-responsive genes, conferring enhanced cold tolerance. CBF/COR activation triggers 

an immediate cold response, in addition to the prolonged vernalization process at FLC 

(Figure 4). 

 

Figure 4. The histone code for cold-responsive gene activation and silencing in plants. The left panel 

depicts the FLC locus with H3K27me3-mediated silencing, the CME bivalent chromatin state 

(H3K4me3 and H3K27me3), and EBS/SHL-mediated VIN3-PRC2 recruitment for winter memory. 

The central panel shows the HOS15 switch recruiting CUL4 to degrade HD2C and recruiting CBF to 

activate COR. The right panel shows the CBF/COR locus with activating marks (H3K4me3, H3ac, 

H2Bub). The legend indicates: green flag, H3K4me3; red flag, H3K27me3; purple Ac, H3ac; orange 

Ub, H2Bub; red Ub, H2Aub; snowflake, cold stress input; Y-shape, HOS15 scaffold. 
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5. The Mechanism of Chromatin Remodeling and Cold Stress Response 

Chromatin remodeling is a process that regulates gene expression by adjusting the 

position, structure, or composition of nucleosomes through chromatin remodeling com-

plexes, thereby altering chromatin accessibility. These complexes primarily include the 

SWI/SNF, ISWI, and INO80 families, which provide energy via ATP hydrolysis to move 

nucleosomes or replace histone variants, enabling transcription factors to bind to DNA 

and repress or activate gene expression [72,125–127]. The replacement of histone variants 

is a key form of chromatin remodeling, with distinct histone variants performing distinct 

functions. The histone variant H2A.Z plays a critical role in plant temperature sensing by 

altering chromatin structure, thereby influencing the expression of temperature-respon-

sive genes [119]. Under cold stress, plants regulate gene expression by adjusting nucleo-

some positioning and histone variant composition through chromatin remodeling com-

plexes, thereby altering the chromatin accessibility of cold-responsive genes to achieve 

adaptation to low-temperature environments [120]. Studies in Arabidopsis have revealed 

mechanisms of chromatin remodeling and histone modification that synergistically regu-

late the cold stress response. The transcription factor TOE1 interacts with the INO80 chro-

matin remodeling complex to remove H2A.Z from the nucleosomes of key genes [128,129], 

and low temperatures attenuated this process by suppressing TOE1 expression, resulting 

in the accumulation of PRC1-H2A. Zub on embryonic key genes, which inhibited gene 

expression and altered cell fate [130]. This mechanism demonstrates that chromatin re-

modeling, through regulation of histone variant distribution, synergizes with histone 

modifications to modulate plant adaptations to low temperature jointly [87]. One of the 

factors that Arabidopsis uses to respond to cold stress is the chromatin remodeling factor 

PKL [131]. The chromatin state of cold-responsive genes, including COR, is regulated by 

PKL, a chromatin remodeling protein belonging to the CHD3 family, through processes 

that rely on H3K27me3 [132]. Under normal temperature conditions, PKL inhibits COR 

gene expression by promoting H3K27me3 modification. Under cold stress, PKL function 

is suppressed, causing a decline in H3K27me3 levels at the COR gene, resulting in gene 

activation and enhanced cold resistance in the plant [76,133–135]. Furthermore, PKL in-

teracts with histone deacetylases to co-regulate the expression of cold-responsive genes, 

further elucidating the synergistic relationship between chromatin remodeling and other 

epigenetic modifications [136]. 

Chromatin remodeling exhibits close synergy with DNA methylation and histone 

modifications in jointly regulating the plant cold stress response [137]. In rice, after DNA 

demethylation in the promoter region of the ACT1 gene, the chromatin remodeling com-

plex may be recruited to this region, adjusting nucleosome positioning to facilitate bind-

ing of the Dof1 transcription factor, thereby activating gene expression [46]. In the regula-

tion of Arabidopsis FLC genes, the chromatin remodeling complex participates in the re-

placement of H2A.Z, while the presence of H2A.Z facilitates the recognition of bivalent 

chromatin marks by EBS/SHL proteins, promoting the establishment of H3K27me3 mod-

ifications and forming a stable silencing state [138–142]. Furthermore, chromatin remod-

eling may potentially affect the expression of non-coding RNAs. Studies have revealed 

that chromatin remodeling complexes can modulate the accessibility of lncRNA genes, 

thereby regulating lncRNA transcription [143]; lncRNAs can further influence chromatin 

structure by recruiting chromatin remodeling complexes to target gene loci, thereby form-

ing regulatory loops [144]. This multi-level synergy ensures the stability and precision of 

the plant’s cold stress response regulatory network. 
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6. Species-Specific and Synergistic Networks of Epigenetic Regulation 

of Plant Cold Stress 

6.1. Epigenetic Regulation Differences Among Different Plant Groups 

The epigenetic regulation of plants under cold stress exhibits significant species spec-

ificity, which is closely related to their evolutionary history, growth environment, and 

cold resistance [145]. Arabidopsis thaliana, as a temperate herbaceous plant, exhibits strong 

cold acclimatization capacity. Its epigenetic regulation of cold stress is centered on the 

CBF pathway, forming a complex network through histone modifications and lncRNA 

regulation. Moreover, cold stress memory is primarily maintained via H3K27me3 modi-

fication [146]. Rice, a crop native to tropical regions, primarily relies on DNA methylation 

for epigenetic regulation under cold stress. Methylation variation in the ACT1 gene is cru-

cial for its adaptation to low-temperature environments in high latitudes, and this epige-

netic variation can be transmitted across generations [46]. As a perennial woody plant, 

citrus species rely on the MET1-TET8 regulatory module to respond to cold stress, which 

modulates key gene expression through DNA methylation. The perennial nature of 

woody plants may endow them with a more complex cold-stress memory mechanism 

[147]. These species differences indicate that plants have evolved epigenetic regulatory 

strategies adapted to their growth environments. An in-depth investigation of regulatory 

mechanisms across different species contributes to a comprehensive understanding of the 

evolutionary patterns of cold adaptation in plants [148]. 

6.2. Synergistic Interactions Among Different Epigenetic Regulatory Pathways 

The various epigenetic regulatory pathways involved in plant cold stress responses 

are not isolated but rather interact synergistically to form a complex regulatory network 

[149]. DNA methylation can influence chromatin structure by providing binding sites for 

histone-modifying enzymes and chromatin remodeling complexes; histone modifications, 

in turn, recruit non-coding RNAs to regulate gene expression [150–153]. Non-coding 

RNAs can, in turn, influence DNA methylation and histone modification states, thereby 

forming regulatory loops [154]. Taking the Arabidopsis FLC gene as an example, under cold 

stress, COOLAIR lncRNA expression is upregulated, recruiting the PRC2 complex to the 

FLC locus and promoting H3K27me3 modification [117,155,156]. Meanwhile, the 

EBS/SHL protein recognizes bivalent chromatin markers, further enhancing the 

H3K27me3 modification; the chromatin remodeling complex then adjusts nucleosome po-

sitioning to facilitate the diffusion of the PRC2 complex [157]. Furthermore, the DNA 

methylation status of FLC loci also influences these processes, collectively maintaining the 

silencing of FLC genes and forming winter memory [158]. In rice, DNA demethylation of 

the ACT1 gene promotes Dof1 binding, which may recruit histone acetyltransferases to 

increase histone acetylation levels. Concurrently, the chromatin remodeling complex ad-

justs nucleosome positioning, further activating gene expression and enhancing cold re-

sistance [46,159,160]. This multi-pathway, coordinated regulatory network allows plants 

to swiftly and accurately respond to cold stress while preserving genomic stability and 

plasticity [161]. 

7. Research Prospects and Application Perspectives 

7.1. Problems and Bottlenecks in Current Research 

Despite significant progress in understanding epigenetic regulatory mechanisms un-

der plant cold stress, numerous scientific questions and research bottlenecks remain. The 

mechanisms underlying the synergistic interactions among different epigenetic modifica-

tions have not been fully elucidated, and the interaction networks of various regulatory 

factors remain to be further analyzed. In particular, the regulatory relationships among 
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non-coding RNAs, DNA methylation, and histone modifications remain unclear, with 

most studies still limited to correlation analysis rather than establishing causal relation-

ships [162]. The mechanism underlying the intergenerational transmission of cold stress 

memory remains unclear. How methylation and histone modifications are stably main-

tained during meiosis, and whether specific regulatory factors exist to ensure memory 

transmission, remain unanswered and require further in-depth research [163]. 

Furthermore, research on the epigenetic mechanisms underlying cold stress re-

sponses in perennial and woody plants remains relatively underdeveloped. Current stud-

ies predominantly focus on annual plants such as Arabidopsis thaliana and rice, while the 

long-term cold-stress adaptation and memory mechanisms in perennial plants may differ 

from those in annual species [164]. Meanwhile, the dynamic detection technology for ep-

igenetic modifications still requires optimization. How to monitor epigenetic modifica-

tions in plants under cold stress in real time, as well as the dynamic correlations between 

these changes and gene expression and phenotypes, remains a technical bottleneck in cur-

rent research [165]. Finally, the application of epigenetic editing technology in cold-re-

sistant crop breeding is still in its infancy. The key challenge lies in efficiently and precisely 

editing epigenetic loci while avoiding off-target effects, which is crucial for its practical 

application in agricultural production [166]. 

7.2. Future Research Direction 

To address the existing issues in current research, future studies could focus on the 

following aspects: First, employing multi-omics technologies to analyze the synergistic 

interaction networks among different epigenetic modifications systematically, elucidate 

the interaction relationships and molecular mechanisms of various regulatory factors, and 

construct a comprehensive epigenetic regulatory network model for cold stress [167]. Sec-

ondly, the focus is on the intergenerational transmission mechanism of cold-stress 

memory, with in-depth research into the maintenance mechanisms of epigenetic modifi-

cations during meiosis, the identification of key regulatory factors involved in memory 

transmission, and the provision of more comprehensive molecular evidence to better un-

derstand acquired inheritance [55,168–170]. 

Thirdly, it is necessary to strengthen research on the epigenetic regulation of cold 

stress in perennial and woody plants, to compare regulatory mechanisms across plant life 

forms, and to reveal the evolutionary laws of plant cold adaptation [148]. Fourth, develop 

and optimize epigenetic dynamic detection technologies, such as real-time fluorescence 

quantitative detection and single-cell epigenomics, to enable real-time monitoring of epi-

genetic modification changes under cold stress and further elucidate the causal relation-

ship between epigenetic modifications and phenotypes [171–174]. Fifth, explore cross-in-

teractions between epigenetic regulation and other signaling pathways to comprehen-

sively understand the molecular processes governing plant responses to cold stress 

[175,176]. 

7.3. Application Prospects of Cold-Resistant Breeding 

The study of epigenetic regulatory mechanisms provides novel insights and strate-

gies for cold-resistant crop breeding, with broad application prospects. Firstly, by identi-

fying key epigenetic loci responsive to cold stress, epigenetic molecular markers can be 

developed for screening and identifying cold-resistant germplasm resources, thereby en-

hancing breeding efficiency [177]. Secondly, epigenetic editing technology is used to tar-

get epigenetic loci in crops, thereby regulating the expression of cold-resistant genes and 

breeding crop varieties with enhanced cold resistance [178–180]. 

For instance, targeted reduction in methylation levels in the promoter region of the 

rice ACT1 via the CRISPR/dCas9 system can enhance ACT1 gene expression and improve 
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cold tolerance in rice [46]. In citrus, editing the MET1 gene to reduce TET8 methylation 

can enhance cold resistance [47]. Furthermore, epigenetic regulatory factors can be used 

to develop plant cold-resistance modulators, thereby enhancing crop cold tolerance 

through exogenous treatment and mitigating the impact of sudden low-temperature dis-

asters [181]. 

However, epigenetic breeding still faces numerous challenges, such as the stability 

of epigenetic modifications and the efficiency and specificity of editing technologies, both 

of which require further optimization and refinement. With the ongoing advancement of 

technology, research on epigenetic regulatory mechanisms will yield more effective strat-

egies for cold-resistant crop breeding, thereby making significant contributions to global 

food security [182]. 

8. Conclusions 

The epigenetic regulation of plant responses to cold stress constitutes a complex net-

work system. Through coordinated mechanisms including histone modifications, DNA 

methylation, non-coding RNA regulation, and chromatin remodeling, this system dynam-

ically adjusts gene expression patterns to enable plants to rapidly adapt to low-tempera-

ture environments and establish stable stress memory [183]. DNA methylation regulates 

gene expression and mediates the transgenerational transmission of cold tolerance traits 

by altering the methylation status of key genes [46]. Histone modifications finely regulate 

the activation and silencing of cold-responsive genes by forming a ‘histone code’ and par-

ticipate in the formation and maintenance of stress memory [39,76,184]. Non-coding 

RNAs establish diverse regulatory pathways through mechanisms such as miRNA-medi-

ated post-transcriptional regulation and lncRNA-mediated chromatin regulation [185]. 

Chromatin remodeling alters gene chromatin accessibility by modifying nucleosome 

structure and histone variant composition, thereby enabling other epigenetic modifica-

tions [186]. 

The epigenetic regulation of cold stress across different plant groups exhibits signif-

icant species specificity, reflecting the adaptive evolution of plants to their growth envi-

ronments [75]. Although current studies have revealed some regulatory mechanisms, is-

sues such as unclear mechanisms of synergistic interactions, ambiguous mechanisms of 

cross-generational transmission, and insufficient research on perennial plants remain un-

resolved [169,187,188]. In the future, through the application of multi-omics technologies 

and epigenetic editing techniques, in-depth analysis of epigenetic regulatory networks is 

expected to elucidate further the molecular mechanisms underlying plant cold adaptation 

[189]. Meanwhile, the crop cold resistance breeding strategy based on epigenetic mecha-

nisms will provide new solutions for breeding cold-resistant crop varieties and for coping 

with low-temperature disasters caused by global climate change, which has important 

theoretical value and application prospects [190]. 

In conclusion, the epigenetic regulation of plant responses to cold stress constitutes 

a complex network of multi-pathway synergy, with DNA methylation, non-coding RNA 

regulation, and histone modifications forming the core regulatory modules (Table 1) [187]. 

DNA methylation mediates the transgenerational inheritance of cold tolerance traits 

through dynamic reprogramming, providing molecular evidence for acquired inheritance. 

lncRNAs and antisense RNAs can target the regulation of CBF family genes via chromatin 

remodeling, R-loop formation, and other mechanisms, thereby modulating the cold accli-

mation process [114,191]. The antagonistic distribution of H3K4me3 and H3K27me3 in 

histone modifications challenges the traditional understanding of single-modification 

switches, demonstrating the precision of regulatory mechanisms. Current research has 

identified key regulatory sites and pathways, but the interaction networks among differ-

ent mechanisms and the specific regulation of cold damage in horticultural crops remain 
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to be elucidated [192–194]. The integration of epigenetic editing technologies in the future, 

coupled with in-depth comparative studies of cross-species mechanisms, could establish 

a novel paradigm for molecular breeding of cold-resistant crops, thereby addressing ag-

ricultural challenges posed by global climate warming. Precise breeding at the molecular 

level greatly reduces time spent selecting high-quality germplasm. Breeding designs 

based on multiple dynamic epigenetics are more in line with future breeding trends. 

Table 1. Summary of key epigenetic regulators and their functions under cold stress in plants. 

Gene/Protein Species 
Epigenetic 

Category 

Expression/Activ-

ity Change Under 

Cold Stress 

Molecular Mechanism Biological Function 
Refer-

ence 

MET1/MET1b 

Oryza 

sativa 

L., Cit-

rus 

DNA methyla-

tion (mainte-

nance) 

Expression inhib-

ited/reduced 

Impaired maintenance of CG 

methylation at target promot-

ers; hypomethylation enables 

transcription factor access 

Negative regulator 

(relief of repression) 

[40–

42,46,47,

57] 

ROS1 
Ara-

bidopsis 

DNA demeth-

ylation 

Expression upreg-

ulated 

Removes methyl groups via 

base excision repair; demethyl-

ates COR gene promoters to ac-

tivate expression 

Positive regulator of 

cold tolerance 

[43,50–

52] 

ACT1 

Oryza 

sativa 

L. 

Target gene 

(epigenetically 

regulated) 

Promoter hypo-

methylation 

(CG/CHG) 

Loss of methylation allows 

Dof1 binding and transcrip-

tional activation; epigenetic al-

lele stably inherited for >5 gen-

erations 

Dominant transgen-

erational cold toler-

ance 

[46,57–

60] 

TET8 Citrus 

Target gene 

(epigenetically 

regulated) 

Promoter CpG 

demethylation 

MET1 reduction leads to de-

creased methylation and ele-

vated TET8 expression 

Enhanced cold re-

sistance in citrus 
[47,61] 

GCN5 
Ara-

bidopsis 

Histone acetyl-

transferase 

(HAT) 

Expression upreg-

ulated 

Catalyzes H3 acetylation at 

CBF and COR promoters; pro-

motes chromatin opening 

Activation of cold-re-

sponsive transcrip-

tion 

[70,71] 

HOS15 
Ara-

bidopsis 

Scaf-

fold/switch 

protein 

Activity switched 

(not expression) 

Recruits CUL4 ubiquitin ligase 

to degrade HD2C; simultane-

ously recruits CBF to COR pro-

moters 

Epigenetic switch 

from repression to 

activation 

[72–74] 

HD2C 
Ara-

bidopsis 

Histone 

deacetylase 

(HDAC) 

Ubiquitinated and 

degraded 

Repression of COR is relieved 

upon HD2C removal 

Negative regulator 

(removed under 

stress) 

[72,73] 

FLC 
Ara-

bidopsis 

Target gene 

(memory) 

Silenced by 

H3K27me3 

spreading 

CME bivalent state recognized 

by EBS/SHL → recruits VIN3-

PRC2; PRC2 diffuses across lo-

cus upon warming 

Winter memory; ver-

nalization ensuring 

spring flowering 

[83,115] 

OsTrx1 

Oryza 

sativa 

L. 

H3K4 methyl-

transferase 

Expression upreg-

ulated 

Increases H3K4me3 at cold-re-

sponsive gene promoters 

Activation of cold-

tolerance genes 
[50] 
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OsJMJ703 

Oryza 

sativa 

L. 

H3K27me3 de-

methylase 
Active (implied) 

Removes H3K27me3 repres-

sive marks from cold-respon-

sive genes 

Activation of cold-re-

sponsive genes 
[50] 

EBS/SHL 
Ara-

bidopsis 

Bivalent his-

tone reader 
Active (implied) 

Forms dimers to recognize 

H3K4me3/H3K27me3 bivalent 

marks; recruits VIN3-PRC2 to 

FLC 

Establishment of 

winter memory 
[84] 

VIN3 
Ara-

bidopsis 

PRC2-associ-

ated protein 
Cold-induced 

Associates with PRC2 to cata-

lyze H3K27me3 at the FLC lo-

cus 

Vernalization-medi-

ated epigenetic si-

lencing 

[84] 

miR1432 

Oryza 

sativa 

L. 

miRNA 
Expression regu-

lated 

Targets OsACAs (Ca2+-ATPase) 

to impair Ca2+ homeostasis and 

negatively regulate cold toler-

ance 

Negative regulator 

of cold tolerance 
[103] 

NAT1850 (pri-

miR1850) 

Oryza 

sativa 

L. 

NAT/lncRNA 
Expression upreg-

ulated 

Cis-natural antisense transcript 

of pri-miR1850; represses 

NPR3 to negatively regulate 

cold tolerance 

Negative regulator 

of cold tolerance 
[106] 

miR156c 

Musa 

acu-

minata 

'(AAA)' 

miRNA 
Significantly up-

regulated 

Suppresses MaSPL4 → inhibits 

miR528 → MaPPO upregula-

tion → ROS burst 

Negative regulator 

of cold tolerance 

(tropical sensitive 

crop) 

[108,109] 

miR169 
Ara-

bidopsis 
miRNA 

Expression down-

regulated 

Derepression of NF-YA tran-

scription factor → activation of 

COR genes 

Positive regulator of 

cold tolerance 
[109] 

miR172 

Oryza 

sativa 

L. 

miRNA 
Expression regu-

lated 

Regulates AP2/ERF transcrip-

tion factor; overexpression en-

hances rice cold tolerance 

Positive regulator of 

cold tolerance 
[112] 

miR397 
Ara-

bidopsis 
miRNA 

Expression regu-

lated 

Targets laccase gene to influ-

ence lignin synthesis 

Improves cold toler-

ance 
[110] 

miR528 

Musa 

acu-

minata 

'(AAA)' 

miRNA 
Accumulation in-

hibited 

Targeted by MaSPL4; reduced 

accumulation leads to PPO up-

regulation and ROS burst 

ROS homeostasis 

regulator; negative 

regulator of cold tol-

erance in tropical 

crops 

[107,108] 

COOLAIR 
Ara-

bidopsis 
lncRNA 

Expression upreg-

ulated 

Recruits PRC2 complex to FLC 

locus; promotes H3K27me3 es-

tablishment 

Assists winter 

memory formation 
[116,117] 

SVALKA / 

SVALNA 

Ara-

bidopsis 
lncRNA 

Cold-induced (ex-

pression) 

SVALKA: cis- and trans-regula-

tion of CBF1 / CBF3 via RNA 

Pol II collision; SVALNA: cis-

regulation of CBF3 

Fine-tuning of CBF 

cold signaling 
[114] 
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H2A.Z 
Ara-

bidopsis 

Histone vari-

ant 

Removal attenu-

ated under cold 

TOE1-INO80 removes H2A.Z 

from nucleosomes; cold sup-

presses TOE1 leading to accu-

mulation 

Temperature sens-

ing; cell fate determi-

nation 

[80,128,1

29] 

PKL 
Ara-

bidopsis 

Chromatin re-

modeler 

(CHD3 family) 

Function sup-

pressed 

Decreases H3K27me3 at COR 

locus; interacts with HDACs to 

co-regulate cold-responsive 

genes 

Relief of repression; 

activation of COR 

[131,132,

136] 

TOE1 
Ara-

bidopsis 

Transcription 

factor (inter-

acts with 

INO80) 

Expression sup-

pressed by low 

temperature 

Interacts with INO80 complex 

to remove H2A.Z from nucleo-

somes; attenuated under cold 

stress 

Temperature sensing 

via H2A.Z dynamics 
[128–130] 

MaSPL4 

Musa 

acu-

minata 

'(AAA)' 

Transcription 

factor 

(miR156c tar-

get) 

Expression down-

regulated 

Target of miR156c; normally 

binds to MIR528 promoter and 

activates cutin synthesis in peel 

Mediator of miR156c-

dependent cold 

damage phenotype 

[108] 
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156c; miR169: microRNA 169; miR172: microRNA 172; miR397: microRNA 397; miR528: microRNA 

528; MtNAC80: Medicago truncatula NAC 80; NAT1850: natural antisense transcript 1850; NPR3: 

nonexpressor of pathogenesis-related genes 3; nt: nucleotides; OsACAs: Oryza sativa autoinhibited 

Ca2+-ATPase; OsCIPK7: Oryza sativa CBL-interacting protein kinase 7; OsGSTU26: Oryza sativa glu-

tathione S-transferase U26; OsHDA706: Oryza sativa histone deacetylase 706; OsJMJ703: Oryza sativa 

jumonji 703; OsTMF: Oryza sativa TMF; OsTrx1: Oryza sativa trithorax 1; OsWRKY72: Oryza sativa 

WRKY 72; PKL: PICKLE; SHL: short life; siRNA: small interfering RNA; SVALKA (SVK): lncRNA 

regulating CBF1 expression; SVALNA (SVN): lncRNA regulating CBF3 expression; SWI/SNF: 
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switch/sucrose non-fermentable; TET8: tetraspanin 8; TOE1: target of eat 1; ZmHaspin: Zea mays 

Haspin; CBF: C-repeat binding factor; Dof1: DNA binding with one finger 1; DRM1/DRM2: domain-

rearrangement methyltransferase 1/2; EBS: early bolting in short days; FLC: flowering locus C; 

GCN5: general control non-derepressible 5; H2A.Z: histone variant H2A.Z; H2Aub: histone H2A 

monoubiquitination; H2Bub: histone H2B monoubiquitination; H3ac: histone H3 acetylation; 

H3K4me3: histone H3 lysine 4 trimethylation; H3K27me3: histone H3 lysine 27 trimethylation; 

H3K36me3: histone H3 lysine 36 trimethylation; H3K9me2: histone H3 lysine 9 dimethylation; HAT: 

histone acetyltransferase; HDAC: histone deacetylase; HD2C: histone deacetylase 2C; HOS15: high 

expression of osmotically responsive gene 15; INO80: INO80 chromatin remodeling complex; ISWI: 

ISWI chromatin remodeling complex; MET1b: DNA methyltransferase 1b; NF-YA: nuclear factor Y 

subunit A; PPO: polyphenol oxidase; PRC1: polycomb repressive complex 1; PRC2: polycomb re-

pressive complex 2; RdDM: RNA-directed DNA methylation; ROS: reactive oxygen species; VIN3: 

vernalization insensitive 3.  

References 

1. Lyons, J.M. Chilling Injury in Plants. Annu. Rev. Plant Physiol. 1973, 24, 445–466. https://doi.org/10.1146/an-

nurev.pp.24.060173.002305. 

2. Liu, J.; Shi, Y.; Yang, S. Insights into the Regulation of CBF Cold Signaling in Plants: Regulation of CBF Cold Signaling. J. Integr. 

Plant Biol. 2018, 60, 780–795. https://doi.org/10.1111/jipb.12657. 

3. Janská, A.; Maršík, P.; Zelenková, S.; Ovesná, J. Cold Stress and Acclimation—What Is Important for Metabolic Adjustment? 

Plant Biol. 2010, 12, 395–405. https://doi.org/10.1111/j.1438-8677.2009.00299.x. 

4. Cruz, R.P.D.; Sperotto, R.A.; Cargnelutti, D.; Adamski, J.M.; De FreitasTerra, T.; Fett, J.P. Avoiding Damage and Achieving Cold 

Tolerance in Rice Plants. Food Energy Secur. 2013, 2, 96–119. https://doi.org/10.1002/fes3.25. 

5. Ramalho, J.C.; DaMatta, F.M.; Rodrigues, A.P.; Scotti-Campos, P.; Pais, I.; Batista-Santos, P.; Partelli, F.L.; Ribeiro, A.; Lidon, 

F.C.; Leitão, A.E. Cold Impact and Acclimation Response of Coffea spp. Plants. Theor. Exp. Plant Physiol. 2014, 26, 5–18. 

https://doi.org/10.1007/s40626-014-0001-7. 

6. Zhao, C.; Zhang, Z.; Xie, S.; Si, T.; Li, Y.; Zhu, J.-K. Mutational Evidence for the Critical Role of CBF Transcription Factors in 

Cold Acclimation in Arabidopsis. Plant Physiol. 2016, 171, 2744–2759. https://doi.org/10.1104/pp.16.00533. 

7. Jia, Y.; Ding, Y.; Shi, Y.; Zhang, X.; Gong, Z.; Yang, S. The Cbfs Triple Mutants Reveal the Essential Functions of CBFs in Cold 

Acclimation and Allow the Definition of CBF Regulons in Arabidopsis. New Phytol. 2016, 212, 345–353. 

https://doi.org/10.1111/nph.14088. 

8. Shi, Y.; Ding, Y.; Yang, S. Molecular Regulation of CBF Signaling in Cold Acclimation. Trends Plant Sci. 2018, 23, 623–637. 

https://doi.org/10.1016/j.tplants.2018.04.002. 

9. Guo, X.; Liu, D.; Chong, K. Cold Signaling in Plants: Insights into Mechanisms and Regulation. J. Integr. Plant Biol. 2018, 60, 745–

756. https://doi.org/10.1111/jipb.12706. 

10. Barajas-Lopez, J.D.D.; Tiwari, A.; Zarza, X.; Shaw, M.W.; Pascual, J.; Punkkinen, M.; Bakowska, J.C.; Munnik, T.; Fujii, H. EARLY 

RESPONSE TO DEHYDRATION 7 Remodels Cell Membrane Lipid Composition during Cold Stress in Arabidopsis. Plant Cell 

Physiol. 2021, 62, 80–91. https://doi.org/10.1093/pcp/pcaa139. 

11. Ren, W.; Chang, H.; Teng, Y. Sulfonated Graphene-Induced Hormesis Is Mediated through Oxidative Stress in the Roots of 

Maize Seedlings. Sci. Total Environ. 2016, 572, 926–934. https://doi.org/10.1016/j.scitotenv.2016.07.214. 

12. Sun, W.; Zhang, J.; Li, X.; Liu, Y.; Zhou, K.; Ma, F.; Gong, X. The Inositol-Phosphate Synthase Gene, MdMIPS1, Enhances Cold 

Stress Tolerance in Transgenic Apple Plants. Int. J. Biol. Macromol. 2025, 318, 144969. https://doi.org/10.1016/j.ijbi-

omac.2025.144969. 

13. Wormit, A.; Trentmann, O.; Feifer, I.; Lohr, C.; Tjaden, J.; Meyer, S.; Schmidt, U.; Martinoia, E.; Neuhaus, H.E. Molecular Iden-

tification and Physiological Characterization of a Novel Monosaccharide Transporter from Arabidopsis Involved in Vacuolar 

Sugar Transport. Plant Cell 2007, 18, 3476–3490. https://doi.org/10.1105/tpc.106.047290. 

14. Gao, Y.; Thiele, W.; Saleh, O.; Scossa, F.; Arabi, F.; Zhang, H.; Sampathkumar, A.; Kühn, K.; Fernie, A.; Bock, R.; et al. Chloroplast 

Translational Regulation Uncovers Nonessential Photosynthesis Genes as Key Players in Plant Cold Acclimation. Plant Cell 

2022, 34, 2056–2079. https://doi.org/10.1093/plcell/koac056. 

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 20 of 28 
 

https://doi.org/10.3390/ijms27146454 

15. Lo, W.T.; Winkler, D.; Münch, M.; Lehmann, M.; Steiner, K.; Bölter, B.; Gamb, C.; Tullberg, C.; Grey, C.; Kleine, T.; et al. CHLO-

ROPLAST LIPID-REMODELING PROTEIN 23 Functions during Cold Acclimation in Arabidopsis thaliana. Plant Physiol. 2026, 

200, kiag065. https://doi.org/10.1093/plphys/kiag065. 

16. Lenzen, B.; Rösch, F.; Legen, J.; Ruwe, H.; Kachariya, N.; Sattler, M.; Small, I.; Schmitz-Linneweber, C. The Chloroplast RNA–

Binding Protein CP29A Supports rbcL Expression during Cold Acclimation. Proc. Natl. Acad. Sci. USA 2025, 122, e2403969122. 

https://doi.org/10.1073/pnas.2403969122. 

17. Lantzouni, O.; Alkofer, A.; Falter-Braun, P.; Schwechheimer, C. GROWTH-REGULATING FACTORS Interact with DELLAs 

and Regulate Growth in Cold Stress. Plant Cell 2020, 32, 1018–1034. https://doi.org/10.1105/tpc.19.00784. 

18. Chen, X.; Ding, Y.; Yang, Y.; Song, C.; Wang, B.; Yang, S.; Guo, Y.; Gong, Z. Protein Kinases in Plant Responses to Drought, Salt, 

and Cold Stress. J. Integr. Plant Biol. 2021, 63, 53–78. https://doi.org/10.1111/jipb.13061. 

19. Mayer, B.F.; Charron, J. Transcriptional Memories Mediate the Plasticity of Cold Stress Responses to Enable Morphological 

Acclimation in Brachypodium distachyon. New Phytol. 2021, 229, 1615–1634. https://doi.org/10.1111/nph.16945. 

20. Wang, C.; Li, X.; Li, S.; Yang, X.; Zhao, Y. Genome-Wide Analysis of the Sugarcane PTP Family Combined with Yeast cDNA 

Library Screening Identifies Key Cold-Responsive Genes. Ind. Crops Prod. 2026, 240, 122676. 

https://doi.org/10.1016/j.indcrop.2026.122676. 

21. Liu, L.; Feng, M.; Li, J.; Wang, J.; Guo, R.; Chai, J.; Si, L.; Sun, N.; Guo, C. ABA Accumulation Confers Cross-adaptation to Saline-

alkali and Cold Stresses in Alfalfa. Plant Cell Environ. 2026, 49, 6106–6123. https://doi.org/10.1111/pce.70603. 

22. Hong, J.; Wang, X.; Liu, X.; Sun, X.; Thomas, H.R.; Yu, J.; Kang, H.; Zhou, Y. SlWRKY2 Orchestrates Cold Tolerance via Phyto-

chromes Interaction and SlPIF4 Stabilization in Tomato. Plant Cell 2026, 38, koag159. https://doi.org/10.1093/plcell/koag159. 

23. Hu, Z.; Ren, X.; Pan, C.; Yin, H.; Zhou, M.; Xiang, S.; Hu, R.; Huang, X. NtZFP66L1 Regulates Cold Tolerance in Tobacco by 

Modulating the ABA Signaling Pathway and the GLK1-mediated Adaptive Pathway. Plant Cell Environ. 2026, 49, 5328–5342. 

https://doi.org/10.1111/pce.70545. 

24. Liu, L.; Cao, L.; Ren, W.; Tang, N.; Xiang, M.; Zhang, X.; Hong, F.; Wang, L.; Liu, Y.; Zhang, C.; et al. Transcription Factor 

bZIP48-MYB96 Module Positively Regulates Cuticular Wax Synthesis by Directly Activating KCSs and CER3 Genes in Response 

to Cold Stress. New Phytol. 2026, 250, 1646–1668. https://doi.org/10.1111/nph.71033. 

25. Zheng, J.; Pan, Q.; Tu, L.; Wang, Y.; Xu, P.; Cheng, H. Transcriptomic and Metabolomic Profiling of Tea Plant under Spring Cold 

Stress across Severity Grades. Plant Stress 2026, 21, 101398. https://doi.org/10.1016/j.stress.2026.101398. 

26. Qadir, M.; Kaur, N.; Rahman, F.U.; Nabi, F.; Ahmed, Z.F.R.; Wu, J. Epigenetic Modifications in Plant Abiotic Stress Adaptation: 

Towards Climate-Resilient and Sustainable Crop Improvement. Front. Plant Sci. 2026, 17, 1738299. 

https://doi.org/10.3389/fpls.2026.1738299. 

27. Liu, H.; Able, A.J.; Able, J.A. Priming Crops for the Future: Rewiring Stress Memory. Trends Plant Sci. 2022, 27, 699–716. 

https://doi.org/10.1016/j.tplants.2021.11.015. 

28. Goldberg, A.D.; Allis, C.D.; Bernstein, E. Epigenetics: A Landscape Takes Shape. Cell 2007, 128, 635–638. 

https://doi.org/10.1016/j.cell.2007.02.006. 

29. Lauria, M.; Rossi, V. Epigenetic Control of Gene Regulation in Plants. Biochim. Biophys. Acta (BBA) Gene Regul. Mech. 2011, 1809, 

369–378. https://doi.org/10.1016/j.bbagrm.2011.03.002. 

30. Bure, I.V.; Nemtsova, M.V.; Kuznetsova, E.B. Histone Modifications and Non-Coding RNAs: Mutual Epigenetic Regulation and 

Role in Pathogenesis. Int. J. Mol. Sci. 2022, 23, 5801. https://doi.org/10.3390/ijms23105801. 

31. Law, J.A.; Jacobsen, S.E. Establishing, Maintaining and Modifying DNA Methylation Patterns in Plants and Animals. Nat. Rev. 

Genet. 2010, 11, 204–220. https://doi.org/10.1038/nrg2719. 

32. Fang, J.; Jiang, J.; Leichter, S.M.; Liu, J.; Biswal, M.; Khudaverdyan, N.; Zhong, X.; Song, J. Mechanistic Basis for Maintenance of 

CHG DNA Methylation in Plants. Nat. Commun. 2022, 13, 3877. https://doi.org/10.1038/s41467-022-31627-3. 

33. Takuno, S.; Gaut, B.S. Gene Body Methylation Is Conserved between Plant Orthologs and Is of Evolutionary Consequence. Proc. 

Natl. Acad. Sci. USA 2013, 110, 1797–1802. https://doi.org/10.1073/pnas.1215380110. 

34. Santos-Rosa, H.; Schneider, R.; Bannister, A.J.; Sherriff, J.; Bernstein, B.E.; Emre, N.T.; Schreiber, S.L.; Mellor, J.; Kouzarides, T. 

Active Genes Are Tri-Methylated at K4 of Histone H3. Nature 2002, 419, 407–411. 

35. Wiles, E.T.; Selker, E.U. H3K27 Methylation: A Promiscuous Repressive Chromatin Mark. Curr. Opin. Genet. Dev. 2017, 43, 31–

37. https://doi.org/10.1016/j.gde.2016.11.001. 

36. Qi, J.; Li, S.; Su, J.; Lu, Y.; Yu, W.; Li, C. The Role of m6A in Plant Development, Stress Response, and Agricultural Practices. 

Hortic. Plant J. 2026, 12, 19–35. https://doi.org/10.1016/j.hpj.2025.02.006. 

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 21 of 28 
 

https://doi.org/10.3390/ijms27146454 

37. Iurlaro, M.; Stadler, M.B.; Masoni, F.; Jagani, Z.; Galli, G.G.; Schübeler, D. Mammalian SWI/SNF Continuously Restores Local 

Accessibility to Chromatin. Nat. Genet. 2021, 53, 279–287. https://doi.org/10.1038/s41588-020-00768-w. 

38. Ueda, M.; Seki, M. Histone Modifications Form Epigenetic Regulatory Networks to Regulate Abiotic Stress Response. Plant 

Physiol. 2020, 182, 15–26. https://doi.org/10.1104/pp.19.00988. 

39. Zeng, Z.; Zhang, W.; Marand, A.P.; Zhu, B.; Buell, C.R.; Jiang, J. Cold Stress Induces Enhanced Chromatin Accessibility and 

Bivalent Histone Modifications H3K4me3 and H3K27me3 of Active Genes in Potato. Genome Biol. 2019, 20, 123. 

https://doi.org/10.1186/s13059-019-1731-2. 

40. Liang, W.; Li, J.; Sun, L.; Liu, Y.; Lan, Z.; Qian, W. Deciphering the Synergistic and Redundant Roles of CG and non-CG DNA 

Methylation in Plant Development and Transposable Element Silencing. New Phytol. 2022, 233, 722–737. 

https://doi.org/10.1111/nph.17804. 

41. Hu, D.; Yu, Y.; Wang, C.; Long, Y.; Liu, Y.; Feng, L.; Lu, D.; Liu, B.; Jia, J.; Xia, R.; et al. Erratum for: Multiplex CRISPR-Cas9 

Editing of DNA Methyltransferases in Rice Uncovers a Class of Non-CG Methylation Specific for GC-Rich Regions. Plant Cell 

2021, 33, 12950-2964. https://doi.org/10.1093/plcell/koab256. Erratum in Plant Cell 2022, 34, 1416. 

42. Zhang, Z.; Li, W.; Liu, Y.; Chi, C.; Nan, J.; Wang, C.; Zhu, Y.; Zhao, J.; Xue, Y.; Li, Y.; et al. Structural Insights into Plant DNA 

CG Methylation Maintenance by MET1. Plant Cell 2025, 37, koaf244. https://doi.org/10.1093/plcell/koaf244. 

43. Gong, Z.; Morales-Ruiz, T.; Ariza, R.R.; Roldán-Arjona, T.; David, L.; Zhu, J.-K. ROS1, a Repressor of Transcriptional Gene 

Silencing in Arabidopsis, Encodes a DNA Glycosylase/Lyase. Cell 2002, 111, 803–814. https://doi.org/10.1016/S0092-

8674(02)01133-9. 

44. Bali, A.S. Integrating ROS and Plant Hormone Signaling in Response to Abiotic Stress. Discov. Plants 2025, 2, 355. 

https://doi.org/10.1007/s44372-025-00440-9. 

45. Zhang, C.; Wang, Y.; Meng, W.; Yu, X.; Xu, M.; Wang, Y.; Xiong, L.; Qi, X.; Ma, X.; Ma, J.; et al. Transcriptomic and DNA 

Methylation Insights into Polyploidy-Enhanced Heat Tolerance in Rice (Oryza sativa L.). Plant Physiol. 2026, 200, kiag135. 

https://doi.org/10.1093/plphys/kiag135. 

46. Song, X.; Tang, S.; Liu, H.; Meng, Y.; Luo, H.; Wang, B.; Hou, X.-L.; Yan, B.; Yang, C.; Guo, Z.; et al. Inheritance of Acquired 

Adaptive Cold Tolerance in Rice through DNA Methylation. Cell 2025, 188, 4213–4224.e12. 

https://doi.org/10.1016/j.cell.2025.04.036. 

47. Wang, Y.; Jiang, X.; Wang, Y.; Qu, J.; Xiao, P.; Xiao, W.; Zeng, Y.; Zeng, X.; Fang, T.; Shang, X.; et al. Methylome and Transcrip-

tome Landscapes Reveal Tetraspanin8 as a Key Player of Cold Tolerance in Citrus. New Phytol. 2025, 248, 1857–1876. 

https://doi.org/10.1111/nph.70464. 

48. Kim, J.-M.; Sasaki, T.; Ueda, M.; Sako, K.; Seki, M. Chromatin Changes in Response to Drought, Salinity, Heat, and Cold Stresses 

in Plants. Front. Plant Sci. 2015, 6, 114. https://doi.org/10.3389/fpls.2015.00114. 

49. Liu, Y.; Wang, J.; Liu, B.; Xu, Z. Dynamic Regulation of DNA Methylation and Histone Modifications in Response to Abiotic 

Stresses in Plants. J. Integr. Plant Biol. 2022, 64, 2252–2274. https://doi.org/10.1111/jipb.13368. 

50. Nishanth, J.B.; Gaddala, B.; Suji, S.; Fathima, P.R.; Premkumar, A.; Karavadi, B.; Kumar, R.S.A.S.; Iyyappan, J.; Dinakarkumar, 

Y. Epigenetic Mechanisms Regulating Plant Responses to Abiotic Stress and Their Role in Developing Climate Resilient Crops. 

Discov. Plants 2025, 2, 349. https://doi.org/10.1007/s44372-025-00432-9. 

51. Ramakrishnan, M.; Zhang, Z.; Mullasseri, S.; Kalendar, R.; Ahmad, Z.; Sharma, A.; Liu, G.; Zhou, M.; Wei, Q. Epigenetic Stress 

Memory: A New Approach to Study Cold and Heat Stress Responses in Plants. Front. Plant Sci. 2022, 13, 1075279. 

https://doi.org/10.3389/fpls.2022.1075279. 

52. Tang, X.; Wang, Q.; Yuan, H.; Huang, X. Chilling-Induced DNA Demethylation Is Associated with the Cold Tolerance of Hevea 

Brasiliensis. BMC Plant Biol. 2018, 18, 70. https://doi.org/10.1186/s12870-018-1276-7. 

53. Calia, G.; Marguerit, S.; Mota, A.P.Z.; Vidal, M.; Schuler, H.; Brasileiro, A.C.M.; Guimaraes, P.M.; Bottini, S. Modeling Omics 

Integration with HIVE Identifies Response Signatures to Multifactorial Stress in Plants. Plant Physiol. 2025, 199, kiaf618. 

https://doi.org/10.1093/plphys/kiaf618. 

54. Zacharaki, V.; Quevedo, M.; Nardeli, S.M.; Meena, S.K.; Monte, E.; Kindgren, P. Convergent Antisense Transcription Primes 

Hosting Genes for Stress Responsiveness in Plants. Mol. Plant 2025, 18, 1920–1931. https://doi.org/10.1016/j.molp.2025.10.001. 

55. Karalija, E.; Ibragić, S.; Dahija, S.; Šamec, D. Transgenerational Memory of Phenotypic Traits in Plants: Epigenetic Regulation of 

Growth, Hormonal Balance, and Stress Adaptation. Curr. Issues Mol. Biol. 2025, 47, 404. https://doi.org/10.3390/cimb47060404. 

56. Takeda, S.; Paszkowski, J. DNA Methylation and Epigenetic Inheritance during Plant Gametogenesis. Chromosoma 2006, 115, 

27–35. https://doi.org/10.1007/s00412-005-0031-7. 

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 22 of 28 
 

https://doi.org/10.3390/ijms27146454 

57. Li, T.; Li, W.-J.; Xu, J.-H. DNA Methylation in Rice: Mechanisms, Regulatory Roles, and Beyond. Int. J. Mol. Sci. 2025, 26, 8454. 

https://doi.org/10.3390/ijms26178454. 

58. Bräutigam, K.; Vining, K.J.; Lafon-Placette, C.; Fossdal, C.G.; Mirouze, M.; Marcos, J.G.; Fluch, S.; Fraga, M.F.; Guevara, M.Á.; 

Abarca, D.; et al. Epigenetic Regulation of Adaptive Responses of Forest Tree Species to the Environment. Ecol. Evol. 2013, 3, 

399–415. https://doi.org/10.1002/ece3.461. 

59. Zhang, H.; Lang, Z.; Zhu, J.-K. Dynamics and Function of DNA Methylation in Plants. Nat. Rev. Mol. Cell Biol. 2018, 19, 489–506. 

https://doi.org/10.1038/s41580-018-0016-z. 

60. Yang, S.; Qi, Y. Cold Tolerance Acquired through Inheritable Cold-Induced Epigenetic Variation. J. Integr. Plant Biol. 2025, 67, 

2253–2255. https://doi.org/10.1111/jipb.13954. 

61. Wielogórska, M.; Rucińska, A.; Kloc, Y.; Boczkowska, M. Long Non-Coding RNAs in the Cold-Stress Response of Horticultural 

Plants: Molecular Mechanisms and Potential Applications. Int. J. Mol. Sci. 2025, 26, 10464. https://doi.org/10.3390/ijms262110464. 

62. Wang, L.; Xiang, X.; Yin, G.; Shu, H.; Wu, Y.; Chen, H.; Na, R.; Gijzen, M.; Hou, Y.; Dong, S. Effector Gene Silencing Coordinated 

by Histone Methylation and Small RNAs Enhances Host Adaptation in a Plant Pathogen. Nucleic Acids Res. 2026, 54, gkaf1426. 

https://doi.org/10.1093/nar/gkaf1426. 

63. Huang, H.; Liu, R.; Niu, Q.; Tang, K.; Zhang, B.; Zhang, H.; Chen, K.; Zhu, J.-K.; Lang, Z. Global Increase in DNA Methylation 

during Orange Fruit Development and Ripening. Proc. Natl. Acad. Sci. USA 2019, 116, 1430–1436. 

https://doi.org/10.1073/pnas.1815441116. 

64. Sicilia, A.; Scialò, E.; Puglisi, I.; Lo Piero, A.R. Anthocyanin Biosynthesis and DNA Methylation Dynamics in Sweet Orange 

Fruit [Citrus sinensis L. (Osbeck)] under Cold Stress. J. Agric. Food Chem. 2020, 68, 7024–7031. 

https://doi.org/10.1021/acs.jafc.0c02360. 

65. Lu, J.; Chen, X.; Fang, J.; Li, D.; Le, H.; Zhong, X.; Song, J. Structure and Autoinhibitory Regulation of MET1 in the Maintenance 

of Plant CG Methylation. Plant Cell 2025, 37, koaf246. https://doi.org/10.1093/plcell/koaf246. 

66. Loginova, D.B.; Silkova, O.G. H3Ser10 Histone Phosphorylation in Plant Cell Division. Russ. J. Genet. Appl. Res. 2017, 7, 46–56. 

https://doi.org/10.1134/S2079059717010087. 

67. Chhatwal, H.; Naik, J.; Pandey, A.; Trivedi, P.K. Broadening the Epigenetic Horizon of Abiotic Stress Response in Plants. Plant 

Growth Regul. 2024, 103, 491–501. https://doi.org/10.1007/s10725-024-01152-y. 

68. Musazade, E.; Mrisho, I.I.; Feng, X. Auxin Metabolism and Signaling: Integrating Independent Mechanisms and Crosstalk in 

Plant Abiotic Stress Responses. Plant Stress 2025, 18, 101034. https://doi.org/10.1016/j.stress.2025.101034. 

69. Rizwan, A.; Aqeel, A.; Choudhary, F.; Nizam, A.; Khan, A.; Farooqi, H. Natural Histone Deacetylase Inhibitions from Legumes: 

Exploring Epigenetics Modulation through Systems Biology. Nutrition 2026, 142, 112955. 

https://doi.org/10.1016/j.nut.2025.112955. 

70. Kidokoro, S.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Transcriptional Regulatory Network of Plant Cold-Stress Responses. 

Trends Plant Sci. 2022, 27, 922–935. https://doi.org/10.1016/j.tplants.2022.01.008. 

71. Vlachonasios, K.E.; Thomashow, M.F.; Triezenberg, S.J. Disruption Mutations of ADA2b and GCN5 Transcriptional Adaptor 

Genes Dramatically Affect Arabidopsis Growth, Development, and Gene Expression. Plant Cell 2003, 15, 626–638. 

72. Park, J.; Lim, C.J.; Shen, M.; Park, H.J.; Cha, J.-Y.; Iniesto, E.; Rubio, V.; Mengiste, T.; Zhu, J.-K.; Bressan, R.A.; et al. Epigenetic 

Switch from Repressive to Permissive Chromatin in Response to Cold Stress. Proc. Natl. Acad. Sci. USA 2018, 115, E5400–E5409. 

https://doi.org/10.1073/pnas.1721241115. 

73. Lim, C.J.; Park, J.; Shen, M.; Park, H.J.; Cheong, M.S.; Park, K.S.; Baek, D.; Bae, M.J.; Ali, A.; Jan, M.; et al. The Histone-Modifying 

Complex PWR/HOS15/HD2C Epigenetically Regulates Cold Tolerance. Plant Physiol. 2020, 184, 1097–1111. 

https://doi.org/10.1104/pp.20.00439. 

74. Vergata, C.; Yousefi, S.; Buti, M.; Vestrucci, F.; Gholami, M.; Sarikhani, H.; Salami, S.A.; Martinelli, F. Meta-Analysis of Tran-

scriptomic Responses to Cold Stress in Plants. Funct. Plant Biol. 2022, 49, 704–724. https://doi.org/10.1071/FP21230. 

75. Gusain, S.; Joshi, S.; Joshi, R. Sensing, Signalling, and Regulatory Mechanism of Cold-Stress Tolerance in Plants. Plant Physiol. 

Biochem. 2023, 197, 107646. https://doi.org/10.1016/j.plaphy.2023.107646. 

76. Faivre, L.; Kinscher, N.-F.; Kuhlmann, A.B.; Xu, X.; Kaufmann, K.; Schubert, D. Cold Stress Induces Rapid Gene-Specific 

Changes in the Levels of H3K4me3 and H3K27me3 in Arabidopsis thaliana. Front. Plant Sci. 2024, 15, 1390144. 

https://doi.org/10.3389/fpls.2024.1390144. 

77. Xie, W.; Tang, Q.; Yan, F.; Tao, Z. Transcriptional Memory and Response to Adverse Temperatures in Plants. J. Zhejiang Univ. 

Sci. B 2021, 22, 791–804. https://doi.org/10.1631/jzus.B2100287. 

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 23 of 28 
 

https://doi.org/10.3390/ijms27146454 

78. Angel, A.; Song, J.; Dean, C.; Howard, M. A Polycomb-Based Switch Underlying Quantitative Epigenetic Memory. Nature 2011, 

476, 105–108. https://doi.org/10.1038/nature10241. 

79. Pélissier, T.; Jarry, L.; Olivier, M.; Dajoux, G.; Pouch-Pélissier, M.-N.; Courtois, C.; Descombin, J.; Picault, N.; Moissiard, G.; 

Mathieu, O. Plant Mobile Domain Protein–DNA Motif Modules Counteract Polycomb Silencing to Stabilize Gene Expression. 

Nat. Plants 2025, 11, 2286–2299. https://doi.org/10.1038/s41477-025-02127-1. 

80. Torres, E.S.; Deal, R.B. The Histone Variant H2A.Z and Chromatin Remodeler BRAHMA Act Coordinately and Antagonistically 

to Regulate Transcription and Nucleosome Dynamics in Arabidopsis. Plant J. 2019, 99, 144–162. https://doi.org/10.1111/tpj.14281. 

81. Lee, B.H.; Henderson, D.A.; Zhu, J.K. The Arabidopsis Cold-Responsive Transcriptome and Its Regulation by ICE1. Plant Cell 

2005, 17, 3155–3175. 

82. Liu, P.; Zhang, S.; Zhou, B.; Luo, X.; Zhou, X.F.; Cai, B.; Jin, Y.H.; Niu, D.; Lin, J.; Cao, X.; et al. The Histone H3K4 Demethylase 

JMJ16 Represses Leaf Senescence in Arabidopsis. Plant Cell 2019, 31, 430–443. https://doi.org/10.1105/tpc.18.00693. 

83. Yuan, W.; Luo, X.; Li, Z.; Yang, W.; Wang, Y.; Liu, R.; Du, J.; He, Y. A Cis Cold Memory Element and a Trans Epigenome Reader 

Mediate Polycomb Silencing of FLC by Vernalization in Arabidopsis. Nat. Genet. 2016, 48, 1527–1534. 

https://doi.org/10.1038/ng.3712. 

84. Steiner, P.; Buchner, O.; Andosch, A.; Wanner, G.; Neuner, G.; Lütz-Meindl, U. Fusion of Mitochondria to 3-D Networks, Au-

tophagy and Increased Organelle Contacts Are Important Subcellular Hallmarks during Cold Stress in Plants. Int. J. Mol. Sci. 

2020, 21, 8753. https://doi.org/10.3390/ijms21228753. 

85. Pareek, A.; Khurana, A.; Sharma, A.K.; Kumar, R. An Overview of Signaling Regulons During Cold Stress Tolerance in Plants. 

Curr. Genom. 2017, 18, 498–511. https://doi.org/10.2174/1389202918666170228141345. 

86. Zhou, S.; Chen, Q.; Sun, Y.; Li, Y. Histone H2B Monoubiquitination Regulates Salt Stress-induced Microtubule Depolymeriza-

tion in Arabidopsis. Plant Cell Environ. 2017, 40, 1512–1530. https://doi.org/10.1111/pce.12950. 

87. Long, J.; Carter, B.; Johnson, E.T.; Ogas, J. Contribution of the Histone Variant H2A.Z to Expression of Responsive Genes in 

Plants. Seminars in Cell & Developmental Biology 2023, 135, 85–92, doi:10.1016/j.semcdb.2022.04.006.  

88. Demidov, D.; Schubert, V.; Kumke, K.; Weiss, O.; Karimi-Ashtiyani, R.; Buttlar, J.; Heckmann, S.; Wanner, G.; Dong, Q.; Han, 

F.; et al. Anti-Phosphorylated Histone H2AThr120: A Universal Microscopic Marker for Centromeric Chromatin of Mono- and 

Holocentric Plant Species. Cytogenet. Genome Res. 2014, 143, 150–156. https://doi.org/10.1159/000360018. 

89. Gernand, D.; Demidov, D.; Houben, A. The Temporal and Spatial Pattern of Histone H3 Phosphorylation at Serine 28 and Serine 

10 Is Similar in Plants but Differs between Mono- and Polycentric Chromosomes. Cytogenet. Genome Res. 2003, 101, 172–176. 

https://doi.org/10.1159/000074175. 

90. Gao, Z.; Fu, S.; Dong, Q.; Han, F.; Birchler, J.A. Inactivation of a Centromere during the Formation of a Translocation in Maize. 

Chromosome Res. 2011, 19, 755–761. https://doi.org/10.1007/s10577-011-9240-5. 

91. Kaszás, É.; Cande, W.Z. Phosphorylation of Histone H3 Is Correlated with Changes in the Maintenance of Sister Chromatid 

Cohesion during Meiosis in Maize, Rather than the Condensation of the Chromatin. J. Cell Sci. 2000, 113, 3217–3226. 

https://doi.org/10.1242/jcs.113.18.3217. 

92. Houben, A.; Wako, T.; Furushima-Shimogawara, R.; Presting, G.; Künzel, G.; Schubert, I.; Fukui, K. The Cell Cycle Dependent 

Phosphorylation of Histone H3 Is Correlated with the Condensation of Plant Mitotic Chromosomes. Plant J. 1999, 18, 675–679. 

https://doi.org/10.1046/j.1365-313x.1999.00496.x. 

93. Del Rosario López, M.; Larrea, S.C.V.; Ocampo, J.; Alonso, G.D. Histone H3 Ser10 Phosphorylation Occurs Exclusively in Rep-

licative Stages and Peaks during Mitosis in Trypanosoma cruzi. bioRxiv 2026, https://doi.org/10.64898/2026.02.16.706091. 

94. Manzanero, S.; Rutten, T.; Kotseruba, V.; Houben, A. Alterations in the Distribution of Histone H3 Phosphorylation in Mitotic 

Plant Chromosomes in Response to Cold Treatment and the Protein Phosphatase Inhibitor Cantharidin. Chromosome Res. 2002, 

10, 467–476. https://doi.org/10.1023/A:1020940313841. 

95. Sokol, A.; Kwiatkowska, A.; Jerzmanowski, A.; Prymakowska-Bosak, M. Up-Regulation of Stress-Inducible Genes in Tobacco 

and Arabidopsis Cells in Response to Abiotic Stresses and ABA Treatment Correlates with Dynamic Changes in Histone H3 and 

H4 Modifications. Planta 2007, 227, 245–254. https://doi.org/10.1007/s00425-007-0612-1. 

96. Fan, S.; Yang, H.; Hu, Y.; Zhang, L.; Huang, M. A Review of the Advances and Perspectives in Sequencing Technologies for 

Analysing Plant Epigenetic Responses to Abiotic Stress. Plant Stress 2026, 19, 101144. https://doi.org/10.1016/j.stress.2025.101144. 

97. Da Ros, L.; Kirzinger, M.W.; Pahari, S.; Soolanayakanahally, R.; Kagale, S. Combinatorial Stress Accumulation of Wheat Small 

RNAs: Functions and Applications. Plant Stress 2026, 21, 101417. https://doi.org/10.1016/j.stress.2026.101417. 

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 24 of 28 
 

https://doi.org/10.3390/ijms27146454 

98. Yuan, C.; Jiang, J.; Cheng, Y.; Lian, J.-P.; Liao, Y.-H.; Yu, Y.; Zhao, W.-L.; Mo, W.-T.; Yang, J.-B.; Qin, Y.-C.; et al. The XSER1 

lncRNA Acts as an Enhancer RNA and Confers Resistance to Pathogens by Promoting Chromatin Loop Formation in Rice. Mol. 

Cell 2026, 86, 998–1014.e6. https://doi.org/10.1016/j.molcel.2026.02.013. 

99. Ni, J.; Mao, W.; Shi, T.; Qin, Y.; Li, W.; Cai, Q. A Rice ceRNA Module Suppresses Rhizoctonia Solani–Induced Cross-Kingdom 

RNAi to Reduce Fungal Pathogenicity. Nat. Commun. 2026, 17, 4233. https://doi.org/10.1038/s41467-026-72158-5. 

100. He, M.; Su, J.; Zhou, X.; Qi, T.; Wang, J.; Zhang, T.; Chen, J.; Chern, M.; Xu, Y.; Lu, X.; et al. A Pathogen lncRNA Secreted into 

Rice Sequesters a Host miRNA for Virulence. Nature 2026, 655, 468–477. https://doi.org/10.1038/s41586-026-10572-x. 

101. Yang, C.; Liang, L.; Wang, S.; Huang, Q.; Xu, Y. Co-regulation of PySLD5 by miRNA-lncRNA Enhances Cold Tolerance in 

Poplar under Overwintering Freeze-thaw Stress. Plant Cell Environ. 2026, 49, 2098–2112. https://doi.org/10.1111/pce.70369. 

102. Li, X.; Shahid, M.; Wu, J.; Wang, L.; Liu, X.; Lu, Y. Comparative Small RNA Analysis of Pollen Development in Autotetraploid 

and Diploid Rice. Int. J. Mol. Sci. 2016, 17, 499. https://doi.org/10.3390/ijms17040499. 

103. Dai, Y.; Feng, X.; Liu, Z.; Wang, M.; Zhou, Y.; Cui, L.; Wei, X.; Zhu, Z. miR1432 Negatively Regulates Cold Tolerance by Target-

ing OsACAs. Plant Cell Environ. 2024, 47, 5443–5456. https://doi.org/10.1111/pce.15109. 

104. Cao, W.; Yang, L.; Zhuang, M.; Lv, H.; Wang, Y.; Zhang, Y.; Ji, J. Plant Non-Coding RNAs: The New Frontier for the Regulation 

of Plant Development and Adaptation to Stress. Plant Physiol. Biochem. 2024, 208, 108435. 

https://doi.org/10.1016/j.plaphy.2024.108435. 

105. Hong, Z.; Xu, H.; Shen, Y.; Liu, C.; Guo, F.; Muhammad, S.; Zhang, Y.; Niu, H.; Li, S.; Zhou, W.; et al. Bioengineering for Robust 

Tolerance against Cold and Drought Stresses via Co-Overexpressing Three Cu-miRNAs in Major Food Crops. Cell Rep. 2024, 

43, 114828. https://doi.org/10.1016/j.celrep.2024.114828. 

106. Shen, Y.; Wang, Y.; Yang, L.; Li, D.; Dong, W.; Zhang, X.; Yang, W.; Xie, H.; Liu, J.; Song, S.; et al. The Rice Cis -Natural Antisense 

Transcript NAT1850 of Pri- miR1850 Negatively Regulates Cold Tolerance by Repressing NPR3. Plant Biotechnol. J. 2026, 24, 

3969–3988. https://doi.org/10.1111/pbi.70614. 

107. Kong, X.; Peng, K.; Shan, Y.; Yun, Z.; Dalmay, T.; Duan, X.; Jiang, Y.; Qu, H.; Zhu, H. Transcriptional Regulation of miR528-PPO 

Module by miR156 Targeted SPLs Orchestrates Chilling Response in Banana. Mol. Hortic. 2025, 5, 2. 

https://doi.org/10.1186/s43897-024-00115-1. 

108. Roychoudhury, A. (Ed.) Epigenetic Regulations in Plants: Mechanisms, Plant Development and Stress Responses; CRC Press: Boca 

Raton, FL, USA, 2026. 

109. Lee, H.; Yoo, S.J.; Lee, J.H.; Kim, W.; Yoo, S.K.; Fitzgerald, H.; Carrington, J.C.; Ahn, J.H. Genetic Framework for Flowering-

Time Regulation by Ambient Temperature-Responsive miRNAs in Arabidopsis. Nucleic Acids Res. 2010, 38, 3081–3093. 

https://doi.org/10.1093/nar/gkp1240. 

110. Dong, C.-H.; Pei, H. Over-Expression of miR397 Improves Plant Tolerance to Cold Stress in Arabidopsis thaliana. J. Plant Biol. 

2014, 57, 209–217. https://doi.org/10.1007/s12374-013-0490-y. 

111. Shen, Y.; Cai, X.; Wang, Y.; Li, W.; Li, D.; Wu, H.; Dong, W.; Jia, B.; Sun, M.; Sun, X. MIR1868 Negatively Regulates Rice Cold 

Tolerance at Both the Seedling and Booting Stages. Crop J. 2024, 12, 375–383. https://doi.org/10.1016/j.cj.2024.02.005. 

112. Xiao, P.; Xiong, M.; Hou, K.; Guo, X.; Li, H.; Liu, Y. Cold Stress in Rice (Oryza sativa L.): Molecular Mechanisms of Sensing, 

Signaling, Transcriptional Regulation, Membrane Lipid Remodeling, and Hormonal Modulation. Front. Plant Sci. 2026, 16, 

1729934. https://doi.org/10.3389/fpls.2025.1729934. 

113. Tresas, T.; Isaioglou, I.; Roussis, A.; Haralampidis, K. A Brief Overview of the Epigenetic Regulatory Mechanisms in Plants. Int. 

J. Mol. Sci. 2025, 26, 4700. https://doi.org/10.3390/ijms26104700. 

114. Rosenkranz, I.; Mermet, S.; Zacharaki, V.; Kindgren, P. Cis- and Trans-Action of the Cold-Induced lncRNAs, SVALKA and 

SVALNA, Regulate CBF1 and CBF3 in Arabidopsis. EMBO Rep. 2025, 26, 5070–5087. https://doi.org/10.1038/s44319-025-00568-5. 

115. Nielsen, M.; Menon, G.; Zhao, Y.; Mateo-Bonmati, E.; Wolff, P.; Zhou, S.; Howard, M.; Dean, C. COOLAIR and PRC2 Function 

in Parallel to Silence FLC during Vernalization. Proc. Natl. Acad. Sci. USA 2024, 121, e2311474121. 

https://doi.org/10.1073/pnas.2311474121. 

116. Yang, M.; Zhu, P.; Cheema, J.; Bloomer, R.; Mikulski, P.; Liu, Q.; Zhang, Y.; Dean, C.; Ding, Y. In Vivo Single-Molecule Analysis 

Reveals COOLAIR RNA Structural Diversity. Nature 2022, 609, 394–399. https://doi.org/10.1038/s41586-022-05135-9. 

117. Jeon, M.; Jeong, G.; Yang, Y.; Luo, X.; Jeong, D.; Kyung, J.; Hyun, Y.; He, Y.; Lee, I. Vernalization-Triggered Expression of the 

Antisense Transcript COOLAIR Is Mediated by CBF Genes. eLife 2023, 12, e84594. https://doi.org/10.7554/eLife.84594. 

118. Matzke, M.A.; Mosher, R.A. RNA-Directed DNA Methylation: An Epigenetic Pathway of Increasing Complexity. Nat. Rev. 

Genet. 2014, 15, 394-408. https://doi.org/10.1038/nrg3794. Erratum in Nat. Rev. Genet. 2014, 15, 570.  

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 25 of 28 
 

https://doi.org/10.3390/ijms27146454 

119. Zander, M.; Gallego-Bartolomé, J. Chromatin Dynamics and Epigenetic Regulation in Plant Development and Environmental 

Responses. Curr. Opin. Plant Biol. 2025, 83, 102674. https://doi.org/10.1016/j.pbi.2024.102674. 

120. Maric, A. Memories That Last: Epigenetic Regulation of Cold Stress Response Prepares Plants for Subsequent Stress Events. 

Plant Physiol. 2024, 197, kiae579. https://doi.org/10.1093/plphys/kiae579. 

121. Xiao, C.; Sun, T.; Yang, Z.; Zou, L.; Deng, J.; Yang, X. Whole-Transcriptome RNA Sequencing Reveals the Global Molecular 

Responses and circRNA/lncRNA-miRNA-mRNA ceRNA Regulatory Network in Chicken Fat Deposition. Poult. Sci. 2022, 101, 

102121. https://doi.org/10.1016/j.psj.2022.102121. 

122. Liu, R.; Ma, Y.; Guo, T.; Li, G. Identification, Biogenesis, Function, and Mechanism of Action of Circular RNAs in Plants. Plant 

Commun. 2023, 4, 100430. https://doi.org/10.1016/j.xplc.2022.100430. 

123. Yang, X.; Liu, Y.; Zhang, H.; Wang, J.; Zinta, G.; Xie, S.; Zhu, W.; Nie, W.-F. Genome-Wide Identification of Circular RNAs in 

Response to Low-Temperature Stress in Tomato Leaves. Front. Genet. 2020, 11, 591806. 

https://doi.org/10.3389/fgene.2020.591806. 

124. Wang, Y.; Yang, M.; Wei, S.; Qin, F.; Zhao, H.; Suo, B. Identification of Circular RNAs and Their Targets in Leaves of Triticum 

aestivum L. under Dehydration Stress. Front. Plant Sci. 2017, 7, 2024. https://doi.org/10.3389/fpls.2016.02024. 

125. Hargreaves, D.C.; Crabtree, G.R. ATP-Dependent Chromatin Remodeling: Genetics, Genomics and Mechanisms. Cell Res. 2011, 

21, 396–420. https://doi.org/10.1038/cr.2011.32. 

126. Clapier, C.R.; Cairns, B.R. The Biology of Chromatin Remodeling Complexes. Annu. Rev. Biochem. 2009, 78, 273–304. 

https://doi.org/10.1146/annurev.biochem.77.062706.153223. 

127. Huang, Y.; Guo, J.; He, X.-J.; Li, C. Chromatin Remodeling in Plants: Complex Composition, Mechanistic Diversity and Biolog-

ical Functions. Mol. Plant 2025, 18, 1436–1457. https://doi.org/10.1016/j.molp.2025.08.004. 

128. Zhu, K.; Chen, J.; Zhao, L.; Lu, F.; Deng, J.; Lin, X.; He, C.; Wagner, D.; Xiao, J. Dynamic Control of H2A.Zub and H3K27me3 by 

Ambient Temperature during Cell Fate Determination in Arabidopsis. Dev. Cell 2025, 60, 2192–2208.e5. 

https://doi.org/10.1016/j.devcel.2025.04.002. 

129. Kumar, S.V.; Wigge, P.A. H2A.Z-Containing Nucleosomes Mediate the Thermosensory Response in Arabidopsis. Cell 2010, 140, 

136–147. https://doi.org/10.1016/j.cell.2009.11.006. 

130. Woo, J.-E.; Choi, Y.-Y.; Park, J.; Jung, J.-H. TOE1 Interacts with FLM and SVP to Repress Flowering in Arabidopsis. J. Plant Biol. 

2026, 69, 63–73. https://doi.org/10.1007/s12374-025-09500-9. 

131. Yajnik, K.N.; Singh, I.K.; Singh, A. lncRNAs and Epigenetics Regulate Plant’s Resilience against Biotic Stresses. Plant Physiol. 

Biochem. 2024, 214, 108892. https://doi.org/10.1016/j.plaphy.2024.108892. 

132. Chang, Y.; Zhu, C.; Jiang, J.; Zhang, H.; Zhu, J.; Duan, C. Epigenetic Regulation in Plant Abiotic Stress Responses. J. Integr. Plant 

Biol. 2020, 62, 563–580. https://doi.org/10.1111/jipb.12901. 

133. Osborne, R. Finding Balance: The Dynamic Interplay between H3K27me3 Writers and Erasers in Regulating Environmental 

Plasticity and Memory. New Phytol. 2025, 249, 2241–2250. https://doi.org/10.1111/nph.70815. 

134. Carter, B.; Bishop, B.; Ho, K.K.; Huang, R.; Jia, W.; Zhang, H.; Pascuzzi, P.E.; Deal, R.B.; Ogas, J. The Chromatin Remodelers 

PKL and PIE1 Act in an Epigenetic Pathway That Determines H3K27me3 Homeostasis in Arabidopsis. Plant Cell 2018, 30, 1337–

1352. https://doi.org/10.1105/tpc.17.00867. 

135. Yang, R.; Hong, Y.; Ren, Z.; Tang, K.; Zhang, H.; Zhu, J.-K.; Zhao, C. A Role for PICKLE in the Regulation of Cold and Salt Stress 

Tolerance in Arabidopsis. Front. Plant Sci. 2019, 10, 900. https://doi.org/10.3389/fpls.2019.00900. 

136. Shilpa; Thakur, R.; Prasad, P. Epigenetic Regulation of Abiotic Stress Responses in Plants. Biochim. Biophys. Acta (BBA) Gen. Subj. 

2024, 1868, 130661. https://doi.org/10.1016/j.bbagen.2024.130661. 

137. Volná, A.; Bartas, M.; Nezval, J.; Pech, R.; Pečinka, P.; Špunda, V.; Červeň, J. Beyond the Primary Structure of Nucleic Acids: 

Potential Roles of Epigenetics and Noncanonical Structures in the Regulations of Plant Growth and Stress Responses. In Plant 

Abiotic Stress Signaling; Couée, I., Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2023; Volume 2642, pp. 

331–361. 

138. Crevillén, P.; Gómez-Zambrano, Á.; López, J.A.; Vázquez, J.; Piñeiro, M.; Jarillo, J.A. Arabidopsis YAF9 Histone Readers Modu-

late Flowering Time through NuA4-Complex-Dependent H4 and H2A.Z Histone Acetylation at FLC Chromatin. New Phytol. 

2019, 222, 1893–1908. https://doi.org/10.1111/nph.15737. 

139. Qian, S.; Lv, X.; Scheid, R.N.; Lu, L.; Yang, Z.; Chen, W.; Liu, R.; Boersma, M.D.; Denu, J.M.; Zhong, X.; et al. Dual Recognition 

of H3K4me3 and H3K27me3 by a Plant Histone Reader SHL. Nat. Commun. 2018, 9, 2425. https://doi.org/10.1038/s41467-018-

04836-y. 

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 26 of 28 
 

https://doi.org/10.3390/ijms27146454 

140. Yang, Z.; Qian, S.; Scheid, R.N.; Lu, L.; Chen, X.; Liu, R.; Du, X.; Lv, X.; Boersma, M.D.; Scalf, M.; et al. EBS Is a Bivalent Histone 

Reader That Regulates Floral Phase Transition in Arabidopsis. Nat. Genet. 2018, 50, 1247–1253. https://doi.org/10.1038/s41588-018-

0187-8. 

141. Luo, Y.; Hou, X.; Zhang, C.; Tan, L.; Shao, C.; Lin, R.; Su, Y.; Cai, X.; Li, L.; Chen, S.; et al. A Plant-Specific SWR1 Chromatin-

Remodeling Complex Couples Histone H2A.Z Deposition with Nucleosome Sliding. EMBO J. 2020, 39, e102008. 

https://doi.org/10.15252/embj.2019102008. 

142. Deal, R.B.; Kandasamy, M.K.; McKinney, E.C.; Meagher, R.B. The Nuclear Actin-Related Protein ARP6 Is a Pleiotropic Devel-

opmental Regulator Required for the Maintenance of FLOWERING LOCUS C Expression and Repression of Flowering in Ara-

bidopsis. Plant Cell 2005, 17, 2633–2646. 

143. Doddavarapu, B.; Lata, C.; Shah, J.M. Epigenetic Regulation Influenced by Soil Microbiota and Nutrients: Paving Road to Epige-

nome Editing in Plants. Biochimica et Biophysica Acta (BBA) - General Subjects 2024, 1868, 130580, doi:10.1016/j.bbagen.2024.130580. 

144. Dai, C.; Qianjiang, H.; Fu, R.; Yang, H.; Shi, A.; Luo, H. Epigenetic and Epitranscriptomic Role of lncRNA in Carcinogenesis. 

Int. J. Oncol. 2025, 66, 29. https://doi.org/10.3892/ijo.2025.5735. 

145. Ma, L.; Xing, L.; Li, Z.; Jiang, D. Epigenetic Control of Plant Abiotic Stress Responses. J. Genet. Genom. 2025, 52, 129–144. 

https://doi.org/10.1016/j.jgg.2024.09.008. 

146. Khan, A.; Ghosh, B.; Schubert, D. Interplay between Polycomb-Group Associated Histone Modifiers and Accessory Proteins in 

Plant Evolution. Curr. Opin. Plant Biol. 2025, 88, 102783. https://doi.org/10.1016/j.pbi.2025.102783. 

147. Primo-Capella, A.; Martínez-Cuenca, M.-R.; Forner-Giner, M.Á. Cold Stress in Citrus: A Molecular, Physiological and Biochem-

ical Perspective. Horticulturae 2021, 7, 340. https://doi.org/10.3390/horticulturae7100340. 

148. Satyakam; Zinta, G.; Singh, R.K.; Kumar, R. Cold Adaptation Strategies in Plants—An Emerging Role of Epigenetics and Anti-

freeze Proteins to Engineer Cold Resilient Plants. Front. Genet. 2022, 13, 909007. https://doi.org/10.3389/fgene.2022.909007. 

149. Jogam, P.; Sandhya, D.; Alok, A.; Peddaboina, V.; Allini, V.R.; Zhang, B. A Review on CRISPR/Cas-Based Epigenetic Regulation 

in Plants. Int. J. Biol. Macromol. 2022, 219, 1261–1271. https://doi.org/10.1016/j.ijbiomac.2022.08.182. 

150. Escrich, A.; Cusido, R.M.; Bonfill, M.; Palazon, J.; Sanchez-Muñoz, R.; Moyano, E. The Epigenetic Regulation in Plant Specialized 

Metabolism: DNA Methylation Limits Paclitaxel in Vitro Biotechnological Production. Front. Plant Sci. 2022, 13, 899444. 

https://doi.org/10.3389/fpls.2022.899444. 

151. Qi, L.; Zhuo, W.; Chen, G.; Qu, S.; Wang, B.; Mi, Y.; Li, T.; Fan, L.; Zhou, Z.; Fan, L.-M.; et al. PRP8 Regulates Chromatin Organ-

ization to Enforce Transcriptional Gene Silencing Independent of DNA Methylation. Plant Cell 2026, 38, koag167. 

https://doi.org/10.1093/plcell/koag167. 

152. Zhang, Z.; Sun, H.; Wu, M.; Chen, J.; Wang, Y. Small RNA Directed DNA Methylation by Pol IV and Pol V Maintains Immune 

Homeostasis in Soybean. Plant Cell 2026, 38, koag033. https://doi.org/10.1093/plcell/koag033. 

153. Li, Y.; He, C.; Li, X.; Jin, L.; Zhao, W.; Yan, W. DNA Methylation Regulates Asymmetric Zygote Sub-Genome Activation in 

Wheat. J. Adv. Res. 2026, in press. https://doi.org/10.1016/j.jare.2026.03.054. 

154. Malik, S.; Zhao, D. Epigenetic Regulation of Heat Stress in Plant Male Reproduction. Front. Plant Sci. 2022, 13, 826473. 

https://doi.org/10.3389/fpls.2022.826473. 

155. Tian, Y.; Zheng, H.; Zhang, F.; Wang, S.; Ji, X.; Xu, C.; He, Y.; Ding, Y. PRC2 Recruitment and H3K27me3 Deposition at FLC 

Require FCA Binding of COOLAIR. Sci. Adv. 2019, 5, eaau7246. https://doi.org/10.1126/sciadv.aau7246. 

156. Csorba, T.; Questa, J.I.; Sun, Q.; Dean, C. Antisense COOLAIR Mediates the Coordinated Switching of Chromatin States at FLC 

during Vernalization. Proc. Natl. Acad. Sci. USA 2014, 111, 16160–16165. https://doi.org/10.1073/pnas.1419030111. 

157. Gao, Z.; Li, Y.; Ou, Y.; Yin, M.; Chen, T.; Zeng, X.; Li, R.; He, Y. A Pair of Readers of Bivalent Chromatin Mediate Formation of 

Polycomb-Based “Memory of Cold” in Plants. Mol. Cell 2023, 83, 1109–1124.e4. https://doi.org/10.1016/j.molcel.2023.02.014. 

158. Moon, H.; Park, M.; Kim, D.-H. Epigenetic Suppression of Brassica Rapa FLC via a COLD MEMORY ELEMENT-like Motif 

during Vernalization. Mol. Breed. 2026, 46, 1. https://doi.org/10.1007/s11032-025-01615-8. 

159. Halder, K.; Chaudhuri, A.; Abdin, M.Z.; Majee, M.; Datta, A. Chromatin-Based Transcriptional Reprogramming in Plants under 

Abiotic Stresses. Plants 2022, 11, 1449. https://doi.org/10.3390/PLANTS11111449. 

160. Roy, D.; Paul, A.; Roy, A.; Ghosh, R.; Ganguly, P.; Chaudhuri, S. Differential Acetylation of Histone H3 at the Regulatory Region 

of OsDREB1b Promoter Facilitates Chromatin Remodelling and Transcription Activation during Cold Stress. PLoS ONE 2014, 

9, e100343. https://doi.org/10.1371/journal.pone.0100343. Erratum in PLoS ONE 2014, 9, e105229.  

161. Shirai, K.; Sato, M.P.; Nishi, R.; Seki, M.; Suzuki, Y.; Hanada, K. Positive Selective Sweeps of Epigenetic Mutations Regulating 

Specialized Metabolites in Plants. Genome Res. 2021, 31, 1060–1068. https://doi.org/10.1101/gr.271726.120. 

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 27 of 28 
 

https://doi.org/10.3390/ijms27146454 

162. McCoy, R.M.; Julian, R.; Kumar, S.R.V.; Ranjan, R.; Varala, K.; Li, Y. A Systems Biology Approach to Identify Essential Epige-

netic Regulators for Specific Biological Processes in Plants. Plants 2021, 10, 364. https://doi.org/10.3390/plants10020364. 

163. Elkelish, A.; Abu-Elsaoud, A.M.; Alqudah, A.M.; Safhi, F.A.; Thabet, S.G. Genome-Wide Signatures of Antioxidant Regulation 

Reveal Mechanisms of Cold-Stress Memory and Yield Stability in Barley. J. Plant Growth Regul. 2026, 45, 2288–2306. 

https://doi.org/10.1007/s00344-025-12010-0. 

164. Picazo-Aragonés, J.; Terrab, A.; Balao, F. Plant Volatile Organic Compounds Evolution: Transcriptional Regulation, Epigenetics 

and Polyploidy. Int. J. Mol. Sci. 2020, 21, 8956. https://doi.org/10.3390/ijms21238956. 

165. Windels, D.; Dang, T.T.; Chen, Z.; Verdier, J. Snapshot of Epigenetic Regulation in Legumes. Legume Sci. 2021, 3, e60. 

https://doi.org/10.1002/leg3.60. 

166. Wójcikowska, B.; Wójcik, A.M.; Gaj, M.D. Epigenetic Regulation of Auxin-Induced Somatic Embryogenesis in Plants. Int. J. Mol. 

Sci. 2020, 21, 2307. https://doi.org/10.3390/ijms21072307. 

167. Migicovsky, Z.; Kovalchuk, I. Transgenerational Inheritance of Epigenetic Response to Cold in Arabidopsis thaliana. Biocatal. 

Agric. Biotechnol. 2015, 4, 1–10. https://doi.org/10.1016/j.bcab.2014.09.001. 

168. Paszkowski, J.; Grossniklaus, U. Selected Aspects of Transgenerational Epigenetic Inheritance and Resetting in Plants. Curr. 

Opin. Plant Biol. 2011, 14, 195–203. https://doi.org/10.1016/j.pbi.2011.01.002. 

169. Heard, E.; Martienssen, R.A. Transgenerational Epigenetic Inheritance: Myths and Mechanisms. Cell 2014, 157, 95–109. 

https://doi.org/10.1016/j.cell.2014.02.045. 

170. Nguyen, N.H.; Vu, N.T.; Cheong, J.-J. Transcriptional Stress Memory and Transgenerational Inheritance of Drought Tolerance 

in Plants. Int. J. Mol. Sci. 2022, 23, 12918. https://doi.org/10.3390/ijms232112918. 

171. Cipriany, B.R.; Murphy, P.J.; Hagarman, J.A.; Cerf, A.; Latulippe, D.; Levy, S.L.; Benítez, J.J.; Tan, C.P.; Topolancik, J.; Soloway, 

P.D.; et al. Real-Time Analysis and Selection of Methylated DNA by Fluorescence-Activated Single Molecule Sorting in a 

Nanofluidic Channel. Proc. Natl. Acad. Sci. USA 2012, 109, 8477–8482. https://doi.org/10.1073/pnas.1117549109. 

172. Hu, Y.; Wang, Y.; Cheng, L.; Wang, C.; Liu, Y.; Wang, Y.; Chen, Y.; Yang, S.; Guo, Y.; Jiang, S.; et al. Engineering Unnatural Cells 

with a 21st Amino Acid as a Living Epigenetic Sensor. Nat. Commun. 2025, 16, 9388. https://doi.org/10.1038/s41467-025-64448-1. 

173. He, Z.; Tong, Z.; Tan, B.; He, X.; Zhang, T.; Guo, Y.; Jin, L.; He, N.; Li, S.; Chen, Z. Rapid Detection of DNA Methylation with a 

Novel Real-Time Fluorescence Recombinase-Aided Amplification Assay. J. Biomed. Nanotechnol. 2021, 17, 1364–1370. 

https://doi.org/10.1166/jbn.2021.3111. 

174. Jiang, H.; Yang, X.; Mi, M.; Wei, X.; Wu, H.; Xin, Y.; Jiao, L.; Sun, S.; Sun, C. Development and Performance Evaluation of 

TaqMan Real-Time Fluorescence Quantitative Methylation Specific PCR for Detecting Methylation Level of PER2. Mol. Biol. 

Rep. 2022, 49, 2097–2105. https://doi.org/10.1007/s11033-021-07027-z. 

175. Iqbal, Z.; Memon, A.G.; Ahmad, A.; Iqbal, M.S. Calcium Mediated Cold Acclimation in Plants: Underlying Signaling and Mo-

lecular Mechanisms. Front. Plant Sci. 2022, 13, 855559. https://doi.org/10.3389/fpls.2022.855559. 

176. Dahro, B.; Li, C.; Liu, J.-H. Overlapping Responses to Multiple Abiotic Stresses in Citrus: From Mechanism Understanding to 

Genetic Improvement. Hortic. Adv. 2023, 1, 4. https://doi.org/10.1007/s44281-023-00007-2. 

177. Yu, D.; Duan, C. Epigenetics and Precise Crop Breeding for Resistance. Chin. J. Biotechnol. 2025, 41, 3918–3938. 

178. He, L.; Yao, Y.; You, Y.; Wei, X.; Ma, Y.; Yuan, W.; Lang, Z.; Zhu, J.-K. Versatile Molecular Tools Enabling Customizable DNA 

Methylation Editing in Arabidopsis. Nat. Commun. 2025, 17, 251. https://doi.org/10.1038/s41467-025-66933-z. 

179. Zhou, W.; Wang, M.; Wang, L.; Liu, Y.; Tian, Z.; Xie, L.; Wang, Y. Epigenetics in Plant Response to Climate Change. Biology 

2025, 14, 631. https://doi.org/10.3390/biology14060631. 

180. Sun, M.; Ghouri, F.; Waqas, M.; Ali, A.; Nadeem, M.A.; Wu, G.; Baloch, F.S.; Shahid, M.Q. Applications of Gene-Editing Tech-

nologies in Enhancing Crop Stress Resistance with Emphasis on Rice. Plants 2026, 15, 1476. 

https://doi.org/10.3390/plants15101476. 

181. Woloszynska, M.; Le Gall, S.; Van Lijsebettens, M. Plant Elongator-Mediated Transcriptional Control in a Chromatin and Epi-

genetic Context. Biochim. Biophys. Acta (BBA) Gene Regul. Mech. 2016, 1859, 1025–1033. 

https://doi.org/10.1016/j.bbagrm.2016.06.008. 

182. Bey, T.; Jamge, S.; Klemme, S.; Komar, D.N.; Le Gall, S.; Mikulski, P.; Schmidt, M.; Zicola, J.; Berr, A. Chromatin and Epigenetics 

in All Their States: Meeting Report of the First Conference on Epigenetic and Chromatin Regulation of Plant Traits—January 

14–15, 2016—Strasbourg, France. Epigenetics 2016, 11, 625–634. https://doi.org/10.1080/15592294.2016.1185580. 

183. Aswathi, K.P.R.; Ul-Allah, S.; Puthur, J.T.; Siddique, K.H.M.; Frei, M.; Farooq, M. The Plant Mind: Unraveling Abiotic Stress 

Priming, Memory, and Adaptation. Physiol. Plant. 2025, 177, e70372. https://doi.org/10.1111/ppl.70372. 

https://doi.org/10.3390/ijms27146454


Int. J. Mol. Sci. 2026, 27, 6454 28 of 28 
 

https://doi.org/10.3390/ijms27146454 

184. Zuther, E.; Schaarschmidt, S.; Fischer, A.; Erban, A.; Pagter, M.; Mubeen, U.; Giavalisco, P.; Kopka, J.; Sprenger, H.; Hincha, 

D.K. Molecular Signatures Associated with Increased Freezing Tolerance Due to Low Temperature Memory in Arabidopsis. Plant 

Cell Environ. 2019, 42, 854–873. https://doi.org/10.1111/pce.13502. 

185. Dutta, S.; Kumar, N.; Saikia, R.; Basu, U. Regulatory Roles of Non-Coding RNAs in Balancing Plant Growth and Defence. Phys-

iol. Plant. 2026, 178, e70736. https://doi.org/10.1111/ppl.70736. 

186. Baulcombe, D.C.; Dean, C. Epigenetic Regulation in Plant Responses to the Environment. Cold Spring Harb. Perspect. Biol. 2014, 

6, a019471. https://doi.org/10.1101/cshperspect.a019471. 

187. Dobránszki, J.; Vassileva, V.; Agius, D.R.; Moschou, P.N.; Gallusci, P.; Berger, M.M.J.; Farkas, D.; Basso, M.F.; Martinelli, F. 

Gaining Insights into Epigenetic Memories through Artificial Intelligence and Omics Science in Plants. J. Integr. Plant Biol. 2025, 

67, 2320–2349. https://doi.org/10.1111/jipb.13953. 

188. Wang, Y.; Samarina, L.; Mallano, A.I.; Tong, W.; Xia, E. Recent Progress and Perspectives on Physiological and Molecular Mech-

anisms Underlying Cold Tolerance of Tea Plants. Front. Plant Sci. 2023, 14, 1145609. https://doi.org/10.3389/fpls.2023.1145609. 

189. Adhikari, L.; Baral, R.; Paudel, D.; Min, D.; Makaju, S.O.; Poudel, H.P.; Acharya, J.P.; Missaoui, A.M. Cold Stress in Plants: 

Strategies to Improve Cold Tolerance in Forage Species. Plant Stress 2022, 4, 100081. https://doi.org/10.1016/j.stress.2022.100081. 

190. Turck, F.; Coupland, G. Natural Variation in Epigenetic Gene Regulation and Its Effects on Plant Developmental Traits. Evolu-

tion 2014, 68, 620–631. https://doi.org/10.1111/evo.12286. 

191. Sun, J.; Zhao, X.; Fu, D.; Shi, Y.; Yang, S.; Qi, Y. An Antisense RNA Forms R-Loop to Facilitate the Transcription of CBF Genes 

and Plant Cold Acclimation. Dev. Cell 2025, 60, 2445–2454.e5. https://doi.org/10.1016/j.devcel.2025.04.028. 

192. Kumar, A.; Chandra Rai, A.; Rai, A.; Kumar Rai, K.; Rai, V.P. Stress Tolerance in Horticultural Crops; Elsevier Science & Technol-

ogy: San Diego, CA, USA, 2021. 

193. Kang, H.; Thomas, H.R.; Xia, X.; Shi, H.; Zhang, L.; Hong, J.; Shi, K.; Zhou, J.; Yu, J.; Zhou, Y. An Integrative Overview of Cold 

Response and Regulatory Pathways in Horticultural Crops. J. Integr. Plant Biol. 2025, 67, 1028–1059. 

https://doi.org/10.1111/jipb.13903. 

194. Hughes, A.L.; Kelley, J.R.; Klose, R.J. Understanding the Interplay between CpG Island-Associated Gene Promoters and H3K4 

Methylation. Biochim. Biophys. Acta (BBA) Gene Regul. Mech. 2020, 1863, 194567. https://doi.org/10.1016/j.bbagrm.2020.194567. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/ijms27146454

