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Abstract 

Soil salinization is increasingly threatening global agricultural productivity and food security, 

currently affecting over 6% of the world’s land and one-third of irrigated areas. Tomato (Solanum 

lycopersicum L.), a major vegetable crop worldwide, exhibits moderate sensitivity to salinity, which 

limits both its yield and fruit quality. In recent years, epigenetic regulation has gained attention as a 

key mechanism enabling flexible and reversible control of gene expression without altering DNA 

sequences. This review synthesizes current knowledge on the epigenetic control of salt stress 

responses in tomato, focusing on three interconnected levels: DNA methylation dynamics, RNA-

directed DNA methylation (RdDM), and histone modifications. We explore how DNA 

methyltransferases reshape the methylome under salinity, using examples such as PKE1 and SlGI to 

illustrate functional gene-body methylation. The RdDM pathway is discussed with emphasis on the 

unexpected role of SlAGO4A as a negative modulator of stress tolerance and the growing evidence 

for RdDM-mediated regulation of transcription factors. We also examine the balanced regulation of 

histone acetylation and deacetylation, highlighting the conserved role of GCN5 in maintaining cell 

wall integrity and the diverse functions of HDACs (SlHDA1, SlHDA3, SlHDA5) in stress adaptation. 

Additionally, insights from wild tomato species and grafting-induced epigenetic changes are 

presented, revealing new dimensions of stress memory. Collectively, these epigenetic mechanisms 

constitute a complex regulatory framework that integrates stress responses with growth and 

development, providing potential targets for epigenetic breeding of salt-tolerant tomatoes. 

Keywords: tomato; salt stress; DNA methylation; RdDM; histone modification; epigenetics; stress 

memory; grafting 

 

1. Introduction 

Soil salinization has become a major constraint to sustainable agriculture worldwide [1]. 

According to the Food and Agriculture Organization (FAO), more than 6% of the global land area 

and roughly one-third of irrigated farmlands are currently impacted by salinity, with estimates 

suggesting this figure could surpass 50% by 2050 [2]. High concentrations of soluble salts, especially 

sodium (Na+) and chloride (Cl-), induce osmotic imbalance, ion toxicity, and secondary oxidative 

stress, all of which severely hinder plant growth and development [3]. These adverse effects lead to 

considerable reductions in crop yields, posing serious risks to global food security [4,5]. 

Consequently, understanding the molecular basis of salt tolerance and developing resilient crop 

varieties have become critical priorities. 

Tomato (Solanum lycopersicum L.) is one of the most economically significant vegetable crops 

globally, with annual production exceeding 180 million tons, and plays an essential role in human 

nutrition [6]. Beyond its economic importance, tomato serves as a valuable model system for 

investigating fruit development, ripening, and abiotic stress responses, owing to its well-annotated 

genome, efficient transformation systems, and relatively short life cycle [7]. Although wild relatives 

such as S. pimpinellifolium and S. pennellii have developed superior salt tolerance through 
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adaptation to coastal or dry environments, domestication and breeding for high yield and fruit 

quality have resulted in the loss of many favorable salt-tolerance alleles in cultivated tomato [8–10]. 

As a result, cultivated tomato is generally regarded as moderately sensitive to salinity, with its 

growth, yield, and fruit quality substantially compromised under saline conditions [11,12]. 

Recent advances in high-throughput sequencing, multi-omics approaches, and genome editing 

have shifted research from physiological and phenotypic analyses toward a more detailed molecular 

understanding of salt stress responses in tomato [13]. These efforts have not only clarified the roles 

of well-known pathways—such as the Salt Overly Sensitive (SOS) pathway, abscisic acid (ABA) 

signaling, and antioxidant systems—but have also identified numerous new regulatory components 

and signaling modules [14–18]. Notable examples include the SlHAK20-mediated ion transport 

system [8], the SlSAMS1-triggered PA-NO-cGMP cascade [19], the SlWRKY57-VQ protein 

antagonistic module [20], the SlbHLH92-SlVQ16-H2S signaling pathway [21], and the CRY1a-HY5-

mediated light signaling integration [22]. These discoveries have greatly expanded our view of the 

complex regulatory networks governing salt tolerance and have provided precise molecular targets 

for breeding stress-resilient varieties. 

Epigenetic regulation involves reversible modifications to chromatin structure and DNA 

accessibility that influence gene expression without altering the underlying DNA sequence, thereby 

enabling phenotypic plasticity in response to environmental changes [23,24]. Recently, epigenetic 

mechanisms have been recognized as key players in coordinating tomato salt stress responses, 

primarily through DNA methylation, RNA-directed DNA methylation (RdDM), and histone 

modifications [25]. This review summarizes updated research progress in understanding the 

epigenetic regulation of salt stress in tomato, emphasizing dynamic chromatin changes and their 

functional relevance in stress adaptation. We also integrate findings from wild tomato species and 

grafting studies that highlight the potential of epigenetic variation for enhancing stress tolerance. 

2. DNA Methylation Dynamics in Salt-Stressed Tomato 

DNA methylation is a conserved epigenetic mark involving the addition of methyl groups to 

cytosine residues, catalyzed by DNA methyltransferases (MTases), and is generally linked to 

transcriptional repression. In plants, methylation occurs in three sequence contexts, CG, CHG, and 

CHH (where H = A, T, or C), each maintained by distinct enzymatic systems [26]. Under salt stress, 

plants undergo rapid and dynamic methylome reprogramming to fine-tune the expression of stress-

responsive genes and maintain genome stability by silencing transposable elements (TEs) [27,28]. 

The tomato genome contains nine DNA methyltransferase genes: one METHYLTRANSFERASE 

1 (MET1) responsible for CG methylation maintenance, three CHROMOMETHYLASES (CMTs) for 

non-CG methylation, four DOMAINS REARRANGED METHYLTRANSFERASES (DRMs) involved 

in RdDM, and one METHYLTRANSFERASE-LIKE (METL) [29]. Transcript profiling has revealed 

that, except for MET1 and DRM8, all MTase genes are significantly regulated under salt stress [29], 

indicating that precise control of methylation writers is essential for reshaping the DNA methylation 

landscape under salinity. 

The functional consequences of this remodeling depend on the sequence context and genomic 

region. In tomato, salt stress frequently induces CHH hypomethylation, particularly near TEs 

adjacent to stress-responsive genes, which may facilitate their rapid transcriptional activation. 

Conversely, hypermethylation within specific gene bodies has been associated with stable gene 

repression, although the functional implications of gene-body methylation are complex and not 

always linked to silencing [29–31]. 

A notable example of functional gene-body methylation is the PKE1 gene, which encodes a 

proline-, lysine-, and glutamine-rich protein. In tomato leaves, salt-induced hypermethylation within 

the PKE1 coding region is strongly correlated with reduced transcript levels. Functional studies have 

shown that the PKE1 protein interacts with an F-box protein to participate in post-transcriptional 

regulation, thereby contributing to salt tolerance [32]. This example illustrates how gene-body 

methylation can modulate protein interaction dynamics or alternative splicing rather than simply 
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silencing gene expression. Although promoter hypermethylation of PKE1 has also been observed, its 

role in tissue-specific responses, particularly the differential regulation between leaves and fruits, 

remains unclear. 

2.1. S-Adenosylmethionine Synthetase (SlSAMS): Linking Methyl Donor Metabolism to Epigenetic 

Regulation of Salt Tolerance 

2.1.1. Overview of SlSAMS in Tomato Salt Tolerance 

S-adenosylmethionine synthetase (SAMS) catalyzes the formation of S-adenosylmethionine 

(SAM) from methionine and ATP [33]. SAM is a central methyl donor for various cellular methylation 

reactions, including DNA, histone, and RNA methylation, and also serves as a precursor for 

polyamines and ethylene [34,35]. Thus, SAMS acts as a metabolic hub integrating multiple stress-

responsive pathways. 

In tomato, the SAMS family includes four members (SlSAMS1-4), which show distinct 

expression patterns under different abiotic stresses and hormone treatments [36,37]. Promoter 

analysis of SlSAMS1 has identified several stress-related cis-elements, such as ABA response 

elements, defense and stress response elements, and a salicylic acid response element, consistent with 

its induction by salt, drought, low temperature, and ABA [38]. Expression profiling indicates that 

SlSAMS1 is highly expressed in roots and flowers, with moderate levels in stems and fruits, 

suggesting tissue-specific roles in stress adaptation [37]. 

Overexpression of SlSAMS1 in tomato enhances tolerance to multiple abiotic stresses, including 

salt, drought, and alkali stress [38–40]. Physiological assessments have shown that SlSAMS1-

overexpressing plants display improved water retention, enhanced photosynthesis, reduced reactive 

oxygen species (ROS) and malondialdehyde (MDA) accumulation, and increased activities of 

antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase 

(APX) [38]. Subsequent studies have uncovered downstream pathways through which SlSAMS1 

exerts its protective effects, including polyamine-mediated signaling [39] and the maintenance of 

carbon and nitrogen metabolic balance [41]. Given SAM’s role as a universal methyl donor, a key 

question is whether SlSAMS1-mediated salt tolerance involves epigenetic regulation via DNA 

methylation. 

2.1.2. SlSAMS1 Enhances Salt Tolerance Through DNA Methylation-Mediated Regulation of SlGI 

To explore whether SlSAMS1-enhanced salt tolerance involves DNA methylation, Chen et al. 

(2023) performed whole-genome bisulfite sequencing (WGBS) and transcriptome sequencing (RNA-

seq) on SlSAMS1-overexpressing (OE) and wild-type (WT) plants under control and salt stress 

conditions [40]. They confirmed that salt stress alone induces widespread methylation changes, with 

CG sites tending to undergo demethylation, while CHG and CHH sites are more prone to 

hypermethylation. Notably, SlSAMS1 overexpression did not drastically alter global methylation but 

instead induced specific methylation changes at certain loci (Figure 1). 

KEGG and GO enrichment analyses of differentially methylated genes (DMGs) revealed that 

genes involved in the circadian rhythm pathway were significantly enriched among CHG-type 

DMGs in SlSAMS1-OE plants under salt stress. Among these, the GIGANTEA (SlGI) gene, a core 

circadian clock component, showed hypermethylation specifically in its gene body (CHG context) in 

SlSAMS1-OE plants under both control and salt conditions. This gene-body hypermethylation was 

associated with increased SlGI transcript levels, confirmed by RNA-seq and qRT-PCR. Bisulfite 

sequencing PCR (BSP) validated the elevated CHG methylation in the SlGI gene body. These findings 

align with studies showing that gene-body methylation, particularly in CHG contexts, can positively 

correlate with gene expression, unlike promoter methylation, which typically represses transcription 

[42]. Moreover, SlGI-overexpressing plants exhibited enhanced salt tolerance similar to SlSAMS1-OE 

plants, showing reduced growth inhibition, lower electrolyte leakage, decreased H2O2 and MDA 

levels, and higher antioxidant enzyme activities [40]. This study provides a clear example of how 
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metabolic status (SAM availability) can influence DNA methylation at specific loci to modulate stress 

tolerance. 

 

Figure 1. SlSAMS1 Enhances Salt Tolerance by Increasing CHG Methylation of the SlGI Gene Body. A metabolic-

epigenetic model showing how SlSAMS1 links S-adenosylmethionine (SAM) availability to locus-specific DNA 

methylation. In wild-type (WT) plants, low SlSAMS1 activity results in low SAM levels, basal CHG 

methyltransferase (CMT) activity, low CHG methylation at the SlGI gene body, and moderate SlGI expression, 

leading to basal salt tolerance. In SlSAMS1-overexpressing (OE) plants, elevated SlSAMS1 activity increases 

SAM levels, enhancing CMT activity and causing hypermethylation specifically within the SlGI gene body. This 

hypermethylation correlates with increased SlGI transcription, which boosts antioxidant enzyme activities and 

improves salt tolerance. The model emphasizes that SlSAMS1 does not induce global methylation changes but 

rather targets specific loci such as SlGI. 

2.1.3. Mechanistic Insights: Linking SAM Availability to Epigenetic Regulation 

The observation that SlSAMS1 overexpression increases both SAM content [38,39] and CHG 

methylation at the SlGI gene body provides a direct link between methyl donor metabolism and 

epigenetic regulation of stress tolerance. SAM is the universal methyl group donor for DNA 

methyltransferases, including CHROMOMETHYLASES (CMTs) responsible for CHG methylation 

and DRMs involved in RdDM [43,44]. In SlSAMS1-OE plants, expression of several DNA 

methyltransferase genes (DRM1, DRM2, DRM7, DRM8, and CMT3) was altered [40], suggesting that 

increased SAM availability may affect the expression or activity of these enzymes, leading to locus-

specific methylation changes. 

The specificity of these methylation changes, targeting particular loci such as SlGI rather than 

causing global alterations, implies that SlSAMS1 may interact with targeting mechanisms directing 

methylation to specific genomic regions. This could involve small RNAs, as studies in Arabidopsis 

have shown that 24-nt siRNAs guide DNA methylation to specific loci via the RdDM pathway [45]. 

Notably, SlSAMS1 overexpression also affected the expression of RNAi pathway genes, suggesting 

crosstalk between SAM metabolism and small RNA-mediated epigenetic regulation. 

2.2. Insights from Wild Tomato Species: Comparative Methylomics 

Comparative transcriptomic profiling of a salt-tolerant wild tomato species (S. pimpinellifolium 

‘PI365967’) and a salt-sensitive cultivar (S. lycopersicum ‘Moneymaker’) has revealed differences in 

gene regulation under salt stress [46]. Although DNA methylation was not directly assessed, the 

expression patterns observed are consistent with epigenetic differences. The wild accession exhibited 

fewer salt-responsive genes overall, suggesting a more constitutive stress preparedness, possibly 
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involving stable epigenetic marks. The SOS pathway was more active in the wild species, correlating 

with reduced Na+ accumulation in shoots. Additionally, a gene encoding salicylic acid-binding 

protein 2 (SABP2) was specifically induced in the wild species under salt stress, implicating SA 

signaling in its tolerance. Several glutathione S-transferase genes showed higher basal expression in 

the wild accession, indicating a primed detoxification system. These observations suggest that 

epigenetic mechanisms may contribute to the enhanced stress tolerance of wild tomato relatives by 

maintaining stress-related genes in a poised state. 

3. RNA-Directed DNA Methylation (RdDM) in Salt Stress Responses 

RNA-directed DNA methylation (RdDM) is a plant-specific epigenetic mechanism that directs 

de novo DNA methylation to homologous genomic loci via small interfering RNAs (siRNAs) [45]. In 

this pathway, Argonaute (AGO) proteins serve as core effectors, binding siRNAs and recruiting DNA 

methyltransferases to target sites. RdDM is particularly important for establishing and maintaining 

methylation at TEs and repetitive sequences, thereby preserving genome stability under stress 

conditions [47]. 

In tomato, 15 AGO proteins have been identified, with SlAGO4A being the ortholog of 

Arabidopsis AtAGO4, a key RdDM component [48,49]. Expression analyses show that SlAGO4A is 

significantly induced by salt and drought stress, suggesting its involvement in abiotic stress 

responses [50]. However, functional characterization has revealed an unexpected outcome: 

knockdown of SlAGO4A in transgenic tomato lines resulted in enhanced tolerance to salinity and 

drought [48]. Mechanistic studies showed that downregulation of SlAGO4A reduced transcript levels 

of multiple DNA methyltransferase genes (e.g., DRMs) and other RNA silencing components [48]. 

This suggests that SlAGO4A normally promotes the expression of methylation-associated genes, 

which maintain a repressive epigenetic state at certain stress-adaptive loci. Thus, SlAGO4A appears 

to function as a negative regulator of salt and drought tolerance in tomato. As a core RdDM factor, it 

may suppress the activation of stress-adaptive genes under non-stress conditions, reflecting an 

adaptive strategy that prioritizes growth and avoids unnecessary fitness costs. 

This paradox—where a stress-induced gene limits stress tolerance—highlights the complex 

trade-offs between growth and stress adaptation in plants. Under stress, SlAGO4A induction may act 

as a feedback mechanism to prevent overactivation of stress responses, while its downregulation 

could release this brake, enabling more robust stress adaptation. This balance ensures effective stress 

responses without compromising long-term growth. 

3.1. RdDM-Mediated Regulation of Transcription Factors: Lessons from Arabidopsis 

Studies in Arabidopsis have provided detailed insights into how RdDM regulates stress-

responsive transcription factors. The R2R3-MYB transcription factor AtMYB74 is controlled by 

RdDM under salt stress [51]. A cluster of five 24-nt siRNAs targets a region approximately 500 bp 

upstream of the AtMYB74 transcription start site, which is heavily methylated, especially in the CHH 

context. Under salt stress, siRNA accumulation decreases, leading to reduced CHH methylation and 

transcriptional activation of AtMYB74. Mutants defective in RdDM components (dcl3, rdr2, 

drm1/2/cmt3) show impaired salt-induced AtMYB74 expression and altered DNA methylation at its 

promoter. Overexpression of AtMYB74 causes hypersensitivity to NaCl during seed germination, 

indicating that precise control of its expression is crucial for salt tolerance. This example illustrates 

how dynamic changes in siRNA levels and RdDM activity can modulate transcription factor 

expression, a paradigm likely applicable to tomato homologs. 

4. Precise Regulation of Histone Modifications 

Histone post-translational modifications, particularly acetylation and methylation, play central 

roles in regulating gene transcription by altering chromatin accessibility [52]. Histone acetylation, 

catalyzed by histone acetyltransferases (HATs), generally correlates with transcriptional activation 
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by neutralizing lysine charges and loosening histone-DNA interactions. Conversely, histone 

deacetylation, mediated by histone deacetylases (HDACs), is associated with transcriptional 

repression via chromatin compaction. There are 32 genes encoding HATs and 15 genes encoding 

HDACs in tomato [53,54]. Therefore, the balance between these opposing modifications is tightly 

regulated by multiple enzymes to ensure proper expression of salt stress-responsive genes (Figure 2). 

 

Figure 2. Balanced Regulation of Histone Acetylation and Deacetylation under Salt Stress. Opposing actions of 

histone acetyltransferases (HATs) and histone deacetylases (HDACs) in tomato salt stress responses. Left: 

SlGCN5 (a HAT) acetylates histones H3K9 and H3K14, loosening chromatin and activating the expression of 

cell-wall biosynthesis genes (CTL1, PGX3, MYB54), thereby maintaining cell wall integrity under salinity. Right: 

SlHDA1, SlHDA3, and SlHDA5 (HDACs) remove acetyl groups, condensing chromatin. They act as positive 

regulators of salt tolerance by fine-tuning the expression of ABA signaling components (e.g., PYL, NCED, ABF) 

and other stress-related genes. The central balance scale symbolizes the equilibrium between acetylation and 

deacetylation; both mechanisms are required for optimal stress adaptation. 

4.1. Multifaceted Roles of Histone Deacetylases in Salt Stress Responses 

Histone deacetylases remove acetyl groups from histone tails, promoting chromatin 

condensation and gene repression [55]. However, their roles in stress responses extend beyond 

simple repression, contributing to stress adaptation through fine-tuned regulation of specific target 

genes and pathways. 

4.1.1. SlHDA1 

The tomato HDAC gene SlHDA1, a homolog of Arabidopsis AtHDA19, has been functionally 

characterized in response to drought and salt stress [56]. Its expression is induced by ABA, GA3, IAA, 

and SA. RNAi-mediated silencing of SlHDA1 increased sensitivity to ABA and NaCl during seed 

germination and seedling growth. Under drought and salt stress, SlHDA1-RNAi plants showed 

reduced tolerance, with lower survival rates, decreased chlorophyll content, reduced proline 

accumulation, lower CAT activity, and higher MDA levels compared to wild-type. RNA-seq analysis 

revealed that many stress-related genes, including cytochrome P450s (SlCYP71A1, SlCYP736A12, 

SlCYP94A2), the ABA biosynthesis gene SlCYP707A4, the ABC transporter SlABCC10, and the 

voltage-dependent anion channel SlAH3, were downregulated in the RNAi lines. These results 

indicate that SlHDA1 positively regulates drought and salt tolerance, likely through ABA-mediated 

signaling pathways. 
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4.1.2. SlHDA3 

SlHDA3, another RPD3/HDA1 subfamily member closely related to Arabidopsis AtHDA6, is 

induced by salt, drought, and ABA [57]. Silencing SlHDA3 increased ABA sensitivity during post-

germination growth and reduced tolerance to drought and salt stress, as evidenced by lower survival 

rates, decreased chlorophyll and relative water content, reduced CAT activity, and elevated MDA 

and proline levels. Expression of ABA biosynthesis and signaling genes (SlPYL1-8, SlNCED1, 

SlNCED2, SlABF2, SlABF4) was downregulated in the RNAi lines under ABA treatment. RNA-seq 

identified 126 stress-related genes differentially expressed in SlHDA3-RNAi plants under salt stress, 

including downregulation of SlABCG28, SlGAME6, ant1, SlP18, SlMDR1, and SlKC807995, and 

upregulation of SlCYP707A1, SlCYP734A8, SlABCA3, and other P450 genes. These findings suggest 

that SlHDA3 acts as a positive regulator of abiotic stress tolerance, potentially by modulating stress-

responsive gene expression. 

4.1.3. SlHDA5 

SlHDA5 is another RPD3/HDA1 family member induced by ABA, MeJA, and salt stress [58]. 

Silencing SlHDA5 increased sensitivity to salt and drought stress at both seedling and whole-plant 

stages. Under salt stress, SlHDA5-RNAi plants showed greater inhibition of hypocotyl and root 

growth, faster chlorophyll degradation in detached leaves, and earlier wilting. Under drought stress, 

they exhibited lower relative water content, reduced chlorophyll, and higher MDA levels compared 

to wild-type. Additionally, SlHDA5-RNAi seedlings were more sensitive to ABA, with shorter roots 

on ABA-containing medium. These results indicate that SlHDA5 positively regulates tolerance to salt, 

drought, and ABA, consistent with its expression patterns. 

Collectively, studies on SlHDA1, SlHDA3, and SlHDA5 demonstrate that multiple tomato 

HDACs are involved in abiotic stress responses, often through ABA-dependent pathways and by 

modulating stress-related gene expression. The reduced tolerance observed in loss-of-function lines 

suggests that these HDACs generally act as positive regulators of stress adaptation, possibly by 

repressing negative regulators or fine-tuning protective gene expression. 

4.2. Conserved Function of Histone Acetyltransferase GCN5 in Salt Tolerance 

In contrast to HDACs, HATs promote transcriptional activation by acetylating specific lysine 

residues on histone tails. GCN5 (General Control Non-repressed 5), a core subunit of several 

transcriptional coactivator complexes, activates gene expression by acetylating H3K9 and H3K14. 

In Arabidopsis, GCN5-mediated histone acetylation is essential for activating cell wall 

biosynthesis genes (e.g., CTL1, PGX3, MYB54) under salt stress. The gcn5 mutant shows severe 

growth inhibition and cell wall integrity defects under salinity, which are partially rescued by CTL1 

overexpression and fully rescued by constitutive expression of wheat TaGCN5 [2,59]. These findings 

establish a direct link between GCN5-mediated epigenetic regulation and cell wall remodeling, a 

critical component of plant salt tolerance. 

This mechanism is highly conserved across species. Tomato GCN5 catalyzes H3K9 and H3K14 

acetylation, and its constitutive expression nearly completely rescues the growth defects of the 

Arabidopsis gcn5-7 mutant [60]. This cross-species complementation provides strong evidence that 

GCN5 function and its role in salt tolerance are conserved among monocots (wheat) and dicots 

(Arabidopsis, tomato). 

Although direct validation the role of GCN5 in tomato salt tolerance is still needed, existing 

evidence strongly suggests that SlGCN5 plays a central and conserved role in maintaining cell wall 

integrity under salt stress [2,59,60]. The cell wall serves as the first line of defense against osmotic and 

ionic stress, and its maintenance is crucial for plant survival under saline conditions [61,62]. By 

activating cell wall-related genes through histone acetylation, GCN5 helps tomato plants maintain 

structural integrity and sustain growth under stress. 
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Future research should focus on identifying salt stress-responsive genes directly regulated by 

SlGCN5 in tomato using techniques such as chromatin immunoprecipitation sequencing (ChIP-seq) 

combined with transcriptomic analysis. Additionally, exploring how GCN5 coordinates with other 

epigenetic regulators and transcription factors will provide a more comprehensive understanding of 

the epigenetic regulatory network. 

4.3. Histone Methylation in Salt Tolerance: A Gap in Tomato 

The tomato genome encodes a substantial number of histone methylation regulators, including 

52 histone methyltransferases (HMTs) and 26 histone demethylases (HDMs) [53]. Although the role 

of histone methylation in plant responses to salt stress has been well documented across various 

species, its functional characterization in tomato remains unexplored [28,63–65]. For instance, in 

Arabidopsis thaliana, salt stress induces increases in H3K4me3 levels and decreases in H3K27me3 

levels, thereby modulating the expression of key stress-responsive genes such as RD29A, RD29B, and 

AtHKT1 [66,67]. In rice (Oryza sativa), the salt-tolerant cultivar Nonabokra exhibits lower H3K27me3 

and higher H3K4me3 enrichment at the OsBZ8 locus compared with the salt-sensitive cultivar IR64, 

correlating with enhanced salt tolerance [68]. Similarly, in soybean (Glycine max), salt stress 

upregulates the expression of stress-related genes including Glyma20g30840 and Glyma08g41450, 

which is associated with increased H3K4me3 and decreased H3K9me2 levels [69]. Furthermore, the 

histone demethylase JMJ15 in Arabidopsis enhances salt tolerance by removing H3K4me3 from the 

WRKY46 and WRKY70 loci, leading to transcriptional repression of these genes [70]. Despite these 

advances, no studies to date have reported on the role of histone methylation in salt stress responses 

in tomato, highlighting a significant gap in our understanding of epigenetic regulation in this 

important crop species. This is particularly notable given that histone acetylation has been 

functionally characterized in tomato under abiotic stress [56–58], suggesting that the methylation 

machinery warrants similar investigation. 

5. Grafting-Induced Epigenetic Changes and Stress Memory 

Grafting has long been used to enhance abiotic stress tolerance in vegetable crops, including 

tomato [71]. Traditionally, grafting benefits have been attributed to physiological and biochemical 

traits conferred by vigorous or stress-tolerant rootstocks, such as improved water and nutrient 

uptake, ion exclusion, hormonal regulation, and antioxidant defense [72]. However, recent evidence 

indicates that grafting itself, independent of rootstock genotype, may induce epigenetic 

reprogramming that primes plants for enhanced stress tolerance, a phenomenon known as stress 

memory. 

Fuentes-Merlos et al. (2023) provided key insights by showing that self-grafting (scion and 

rootstock from the same tomato cultivar ‘Momotaro’) triggers significant epigenetic modifications 

[73]. These include changes in histone methylation marks (e.g., H3K4me3 activation and H3K27me3 

repression) and DNA methylation patterns in over 5,000 gene regions at the shoot apex. These 

changes were observed as early as one week after grafting and persisted for at least two weeks, 

influencing genes involved in nitrogen metabolism, stress responses, hormone signaling, cell cycle 

regulation, and chromosome organization [73]. 

Importantly, self-grafted plants exhibited remarkable drought tolerance compared to non-

grafted controls, even without prior exposure to drought stress. This suggests that the wound-healing 

process inherent to grafting acts as a mechanical stress signal that activates epigenetic pathways, 

establishing stress memory. Key stress-related genes including those encoding ABA signaling 

components (ABI5, PYL10), heat shock proteins (HSP110/ClpB, HSP70), and other stress-responsive 

factors (ERD, GLP, NAF1) showed altered epigenetic marks correlated with changes in gene 

expression. These findings establish a model in which grafting itself primes plants for enhanced stress 

tolerance. 

These findings have important implications for using grafting in saline environments. While 

selecting salt-tolerant rootstocks remains a cornerstone of grafting strategy, the epigenetic 
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contribution of the grafting process itself may enhance the plant’s ability to cope with subsequent salt 

stress. In other words, grafting may prime the scion at the molecular level, enabling more rapid and 

robust activation of defense mechanisms upon salinity exposure. 

Future research should focus on dissecting the epigenetic basis of rootstock–scion 

communication, identifying stable epigenetic marks associated with salt tolerance, and exploring the 

heritability and persistence of grafting-induced stress memory across generations or growing cycles. 

6. Conclusions and Future Perspectives 

The epigenetic regulation of salt stress responses in tomato involves multiple interconnected 

layers that together form a sophisticated regulatory network. DNA methylation dynamics, mediated 

by various DNA methyltransferases, enable rapid methylome reprogramming under stress. 

Examples such as PKE1 (gene-body methylation) and SlGI (SAMS1-mediated methylation) reveal 

novel mechanisms for fine-tuning stress tolerance. The RdDM pathway, through core components 

like SlAGO4A, illustrates the delicate balance between growth and stress adaptation, where stress-

induced genes can paradoxically function as negative regulators to prevent overactivation of stress 

responses. Studies in Arabidopsis (AtMYB74) provide a mechanistic blueprint for RdDM-mediated 

control of transcription factor expression, likely applicable to tomato. Histone modifications, 

particularly acetylation and deacetylation mediated by HATs and HDACs, add another layer of 

regulatory complexity. Multiple HDACs (SlHDA1, SlHDA3, SlHDA5) have been characterized as 

positive regulators of stress tolerance, often acting through ABA signaling. GCN5 emerges as a 

conserved master regulator of cell wall integrity under salt stress. Furthermore, grafting-induced 

epigenetic changes highlight the potential for stress memory and epigenetic priming to enhance 

tolerance without genetic modification. 

Despite significant progress, several key questions remain. First, the genome-wide dynamics of 

DNA methylation and histone modifications under salt stress require higher-resolution temporal and 

spatial analyses. Emerging technologies such as single-cell epigenomics could reveal cell-type-

specific epigenetic responses masked in bulk tissue analyses. Second, the interplay between different 

epigenetic layers, namely DNA methylation, RdDM, and histone modifications, remains poorly 

understood. How do these mechanisms coordinate to achieve precise gene regulation? Do they act 

sequentially or in parallel? Third, the upstream signals that trigger epigenetic changes under salt 

stress need further investigation. How do plants sense salt stress and transduce these signals to the 

epigenetic machinery? Fourth, the heritability of stress-induced epigenetic changes and their 

potential for transgenerational stress memory in tomato remains largely unexplored. Grafting studies 

suggest that some epigenetic marks can be transmitted, but the stability and mechanisms of 

inheritance require further study. 

From a translational perspective, the growing understanding of epigenetic regulation offers 

promising avenues for breeding salt-tolerant tomato varieties. Epigenetic marks could serve as 

biomarkers for stress tolerance, enabling marker-assisted selection. Moreover, targeted epigenetic 

editing using CRISPR-dCas9 systems fused with epigenetic modifiers could allow precise 

manipulation of DNA methylation or histone modification states at specific loci, potentially 

enhancing salt tolerance without the pleiotropic effects associated with traditional genetic 

modification. Finally, natural epigenetic variation within tomato germplasm, including wild 

relatives, could be harnessed for epigenetic breeding approaches. 

In conclusion, epigenetic regulation represents a critical layer of control in tomato salt stress 

responses, integrating environmental signals with gene expression programs to achieve optimal 

stress adaptation. Continued research in this field will not only deepen our fundamental 

understanding of plant stress biology but also provide practical tools for developing salt-tolerant 

crops to meet the challenges of global food security in an era of increasing soil salinization. 
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