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The toxic effects of salinity on agricultural productivity necessitate development of salt stress tolerance in food crops in order to meet the escalating demands. Plants use sophisticated epigenetic systems to fine-tune their responses to environmental cues. Epigenetics is the study of heritable, covalent modifications of DNA and histone proteins that regulate gene expression without altering the underlying nucleotide sequence and consequently modify the phenotype. Epigenetic processes such as covalent changes in DNA, histone modification, histone variants, and certain non-coding RNAs (ncRNA) influence chromatin architecture to regulate its accessibility to the transcriptional machinery. Under salt stress conditions, there is a high frequency of hypermethylation at promoter located CpG sites. Salt stress results in the accumulation of active histones marks like H3K9K14Ac and H3K4me3 and the downfall of repressive histone marks such as H3K9me2 and H3K27me3 on salt-tolerance genes. Similarly, the H2A.Z variant of H2A histone is reported to be down regulated under salt stress conditions. A thorough understanding of the plasticity provided by epigenetic regulation enables a modern approach to genetic modification of salt-resistant cultivars. In this review, we summarize recent developments in understanding the epigenetic mechanisms, particularly those that may play a governing role in the designing of climate smart crops in response to salt stress.
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1 INTRODUCTION
Unpredictable climatic conditions render plants suffer from an array of abiotic stress factors. Soil salinity is a key stressor impeding crop productivity and affects an area of more than one billion hectares all over the world and these numbers are constantly growing (FAO and ITPS, 2015).
At molecular level, plants respond to an environmental stress by implementing dynamic changes in gene expression and reprogramming the plant physiology (Lämke and Bäurle, 2017; Luo and He, 2020). In the last two decades, transcriptional responses have been explored to uncover the specific signaling pathways involved in salt stress responses and to distinguish the individual regulatory proteins and their targets. The chromatin architecture in eukaryotes is very dynamic and is modified in response to environmental stimulus. The transcriptional regulation of gene expression can be better apprehended by unveiling the underlying structural context. The regulation of gene expression by modulating chromatin architecture has been termed as epigenetics and is an essential mechanism for biological phenomena, including developmental programming, expression of genes, genome stability and small RNA-mediated regulation, and so forth (Chang et al., 2020). Epigenetic changes are changes in the DNA backbone independent of changes in its sequence and are decisive for plant life cycle (Duan et al., 2018). Important Epigenetic components are histone modification, histone variants, DNA methylation, and some noncoding RNAs (ncRNA) (Figure 1). These modifications demonstrate an overall impact on chromatin organization and sway its availability to the transcriptional machinery and hence act as a benchmark in regulating gene expression (Crisp et al., 2016; Saroha et al., 2017; Duan et al., 2018; Singroha and Sharma, 2019).
[image: Figure 1]FIGURE 1 | Schematic representation of epigenetics re-programming in plants exposed to salinity stress at three level, i.e., DNA modifications, Histone modifications and small RNAs.
Methylation of DNA is the most extensively investigated epigenetic modification and includes the insertion of a methyl group at 5′ position on cytosine bases (called 5-methylcytosine or 5mC) or 6′ position of the adenine bases (called N6-methyladenine or 6 mA) (Liang et al., 2018; Zhang et al., 2018). DNA methylation is associated with numerous processes vital for plant growth and acclimatization to stress (Zhang et al., 2018). Several authors demonstrated a perturbation in methylation patterns and thus altered gene expression under saline conditions (Li et al., 2014; Wang B et al., 2015; Konate et al., 2018).
In order to counter unfavorable environmental conditions, histone protein sustain some modifications at their N′ termini to modulate the gene expression for better survival. It has now been documented that histone acetylation and methylation are vital epigenetic marks in fine tuning gene expression under unfavorable conditions (Xie et al., 2015a). H3K4me3 and H3K27me3 are generally viewed as a pair of the opponent markers for enhancing or diminishing the expression of marked genes all the way through environmental changes (Zhang et al., 2009). Apart from histone modification and methylation of DNA, histone variants also impact chromatin dynamics. On account of differences in amino acid sequence and structure each histone protein is defined by several variants. Different histone variants display varying affinities with DNA and other histone protein, which imparts them the capacity to modify the state of chromatin compaction and attract regulatory protein complexes. These epigenetic changes together govern the accessibility of DNA to transcriptional machinery and consequently influence gene expression under diverse stress conditions. The modern approach to genetic improvement of crops for environmental stress resilience seek to enhance stress tolerance and involves comprehensive knowledge of its interconnections and flexibility in the expression of epigenetic regulation (Rodríguez López and Wilkinson, 2015). Therefore, epigenetic determinants have attracted plant breeder’s interest since they are determinant of trans-generational phenotypic plasticity in plants under grueling environments. Hence, epigenetics play a very significant role in comprehending the complex mechanisms underpinning physical stress response and adaptability (Varotto et al., 2020). In this study, we have analyzed the current knowledge that connects the epigenetic and the transcriptional responses of plants under saline conditions, which might be essential for improving agricultural adaptability and reproducing climate smart crops.
2 DNA METHYLATION
Plant DNA methylation is referred to as N6-methyladenine (6 mA) or 5-methylcytosine (5 mC) (Zhang et al., 2018). However, in context of salinity 6 mA still remains enfolded and most of the reports acknowledge 5mC under salt stress. The 5mC is usually seen in all three sets of plant sequences: symmetrical CG and CHG together with asymmetrical CHH (where H = A, T or C) (Kumar et al., 2018). The methylation at different sequence contexts is catalyzed by sequence-specific methylases viz. CG methylation depends on MET1 (methyltransferase 1), CHG methylation requires DRM2 (domains rearranged methyltransferase 2) or CMT2 (chromomethylase 2) and CMT3 (chromomethylase 3) are vital for CHH methylation (Duan et al., 2018). The base excision pathway is one of the DNA repair pathways that can undo methylation state of a DNA and involves participation of DML2 (demeter-like 2), dme (demeter), ros1 (reprssor of transcriptional silencing 1) and five methylcytosine DNA glycosylase/DNA demethylase enzyme (Zhang et al., 2018; Liu and Lang, 2019).
Methylation of the promoter region has been generally associated with transcriptional repression while gene methylation activates transcription in Arabidopsis thaliana. Salt stress has been shown to affect methylation in different ways in different plant species and modify gene expression (Kinoshita and Seki, 2014; Voigt et al., 2015; Banerjee et al., 2017). Konate et al. (2018) observed increased DNA methylation in Hordeum vulgaris leaves as compared to roots and claimed that salt-induced methylation is organ-specific. Chen et al. (2019) observed that 61.2% of CGs, 39.7% of CHG, and 3.2% of CHHs were methylated under salt stress in Glycine max roots which represent significantly lower methylation compared to control.
More often, salt-induced DNA methylation occurs inside or in close proximity to already identified stress-responsive genes (Karan et al., 2012; Wang B et al., 2015; Wang B et al., 2015). The expression of stress responsive genes is influenced by transposable element insertions in their upstream regions. Shahid (2020) reported increased methylation at CHH and CHG context in Miniature Inverted Repeat Transposable Elements in OsHKT1;5 gene under salt stress. He observed role of methylation in regulation of OsHKT1;5 gene (a major salt tolerance gene in rice that encode Na+ transporter for exclusion of Na+ from leaves and is important for Na+/K+ homeostasis under salt stress) and thus endowing salt tolerance (Figure 2B). High frequency of hypermethylation in the promoter located CpG sites has also been reported under salt stress conditions (Kumar et al., 2017; Ashapkin et al., 2020; Skorupa et al., 2021).
[image: Figure 2]FIGURE 2 | (A) RDR-dependent RdDM pathway. This pathway provides a means to establish RNA–directed DNA methylation (RdDM) and eventually ensure stable transcriptional gene silencing (TGS) (B) Role of RDR-dependent RdDM pathway in regulating the methylation landscape of HKT1 gene in Arabidopsis.
Owing to its heritable nature, any DNA methylation changes caused by environmental perturbations in plants have the prospect to be perpetuated and disseminated to future generations. This permits stress elicited methylation changes to proceed as a “memory” and help prime the plant or its progeny to counter more competently to the stress if re-exposed (Chaudhary et al., 2021).
3 HISTONE MODIFICATIONS
Histones are basic proteins consisting majorly of lysine and arginine residues that lay down the foundation of nucleosomal chromatin organization (Zhou et al., 2013). The N’ termini of histone proteins, known as histone tails are the sites of covalent modifications such as acetylation, methylation, ubiquitination and phosphorylation. This covalent modification imparts different effects depending on the amino acid residue being modified and thus alters the genes activity (Banerjee et al., 2017). Indeed, studies in different plant species have demonstrated that histone modification is imperative to regulating gene expression under salt stress (Song et al., 2012; Li et al., 2014; Shen et al., 2014). Paul et al. (2017) reported differential regulation of OsBZ8 gene expression due to significant differences in chromatin modification between Oryza sativa varieties IR64 and Nanabokra under salt stress. It has been demonstrated that tempering histone proteins provide an epigenetic molecular apparatus for priming plants to salt stress via the modulation of crucial salt responsive genes perpetuated throughout vegetative growth (Pikaard and Mittelsten Scheid, 2014).
3.1 Histone Acetylation
A negatively charged acetyl moiety on H3 and H4 histones serve to reduce the affinity between DNA and histone protein, enhancing DNA’s accessibility to the transcriptional machinery (Onufriev and Schiessel, 2019). Acetylation of Lys residue 9 of histone H3 (H3K9ac) is largely investigated covalent modification and acts as new layers of supervision to cope with abiotic environmental stress through modulation of key regulatory factors (Zheng et al., 2016; Li et al., 2017; Ueda et al., 2017). Histone acetylation is frequently related with increased gene expression while deacetylation is associated with transcriptional repression (Zheng et al., 2016). Histone acetyl transferase (HATs) and histone deacetylases (HDAC) are the key enzymes that offer powerful transcriptional control mechanisms by catalyzing the addition and removal of an acetyl moiety respectively (Zhou et al., 2017; Kim et al., 2018).
Salt induced histone acetylation is linked with transcriptional activation of salt stress responsive genes reported in the case of Nicotiana tabacum (Sokol et al., 2007), Zea mays (Li et al., 2014) and Saccharomyces cerevisiae (Magraner-Pardo et al., 2014). Yolcu et al. (2016) demonstrated deposition of active histone marks such as H3K9ac and H3K4ac on the peroxidase gene resulting in its activation in Beta vulgaris and B. maritime (Figure 3). Increased expression of peroxidase gene has been linked with an activation of the ABA (abscisic acid) pathway and antioxidant enzymes, resulting in lower ROS (reactive oxygen species) accumulation and increased levels of osmotic metabolites therefore, augmenting salt tolerance (Su et al., 2020). Sako et al. (2016) reported that increased histone acetylation of AtSOS1 and AtSOS3 play an important role in salinity stress. Increased acetylation contributes to open a more relaxed chromatin confirmation ready for transcription. TaHAG (histone acetyltransferase) mediated H3 acetylation of polyploidy wheat genes involved in ROS production has been reported to up-regulate transcriptional changes of these genes in response to salt stress (Zheng et al., 2021). This gene in wheat and other crops can be manipulated as a potential target for salt tolerance improvement.
[image: Figure 3]FIGURE 3 | Deposition of acetylation at H3K4 and H3K9 position leads to activation of salt responsive POX gene encoding peroxidase enzyme. Increased expression of peroxidase gene has been associated with activation of the ABA pathway (Absicsic acid) and antioxidant enzymes, resulting in lower ROS (Reactive Oxygen Species) accumulation and increased levels of osmotic metabolites. This figure was created using https://biorender.com.
3.1.1 Role of HATs in Salinity Stress
The Arabidopsis thaliana genome contains four HAT (Histone acetylase transferase) gene families encoded by 12 HAT genes (Earley et al., 2007). Under salt stress conditions, the expression of cell wall related genes ZmEXPANSIN B2 and ZmXYLOGLUCAN endotransglucosylase/hydrolase1) are up-regulated due to increased H3K9 acetylation at both the promoter and coding regions of genes. The increased acetylation of these genes is attributed to increased mRNA expression of two HAT genes (ZmHATB and ZmGCN5) under salt stress (Li et al., 2014). These observations have been further supported in Arabidopsis, where H3K9/K14 acetylation resulted in elevated expression levels of GCN5 under salt conditions and activated chitinase-like (CTL) protein involved in cell wall biosynthesis and salt tolerance (Zheng et al., 2019).
Although some HAT gene expression levels are shown to increase H4K5 acetylation during salt stress conditions, certain Histone deacetylases respond negatively to the salt stress resistance. Similarly OsHDA1 was reported to negatively affect the transcriptional activation of OsSOS1 in rice (Cheng et al., 2018). Zheng et al. (2021) claimed TaHAG1 (histone acetyl transferase) to play decisive role in strengthening the salt tolerance in bread wheat. Further understanding the defined mechanisms by which HATs activities are modulated will offer new insight into the complex network regulating plant adaptation and tolerance to stress.
3.1.2 Role of Histone Deacetylases in Salinity Stress
Under favorable conditions, the repressive chromatin state of stress responsive genes is preserved by Histone deacetylases to keep gene transcripts at low levels. Histone deacetylases are involved in removing acetyl groups. Plants contain three families of Histone deacetylase proteins, i.e., i) Reduced potassium dependency 3 (RPD3)-like, ii) Silent Information Regulator 2 (SIRT) and iii) HD-tuins. The three Histone deacetylase families in the A. thaliana genome are encoded by 18 genes. Studies documented that upon exposure to abiotic stress, histone deacetylase genes display diversified responses and play a crucial role in how plants behave under such conditions (Asensi-Fabado et al., 2017; Kim et al., 2018).
Histone deacetylase over-expression in transgenic poplar plants reduced tolerance under salt stress (Ma et al., 2019a). Histone deacetylase9 constitutes a core histone deacetylase complex with PWR (POWERDRESS) and HOS15 (HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES), that binds to and directly represses many abiotic/biotic stress-responsive genes, including ethylene response factor (ERF) (ERF4/5/6/11), salt tolerance zinc finger (STZ), and kinase 2 (KIN2) genes, by modulating both histone acetylation (H3K27ac/H3K36ac/H3K56ac, H3.3K27/36ac andH4ac) and methylation (H3K9me2 and H3.1K36me2) (Mayer et al., 2019). Similarly OsHDA1 was reported to negatively affect the transcriptional activation of OsSOS1 in rice (Cheng et al., 2018). The OsHDA1 (histone deacetylase HDA1) is involved in the suppression of salt overly sensitive1 (SOS1) and late embryogenesis abundant protein1 (LEA1) genes, which are essential for salt tolerance in rice, by decreasing H3 acetylation in the promoter regions of LEA1 and SOS1 genes (Cheng et al., 2018). In Arabidopsis class I (HDA19) family histone deacetylases are implicated in positive salinity responses and class II (HDA5/14/15/18) reduced potassium dependency3 (RPD3) histone deacetylases are involved in negative salinity responses (Ueda et al., 2017; Ueda et al., 2019). In Hibiscus cannabinus, HcHDA2, HcSRT2, HcHDA6, HcHDA8, HcHDA9, HcHDA19, and the levels of acetylation at H3K9ac, H3K27ac, and H4K5ac under salt stress conditions have been shown to be up-regulated (Wei et al., 2019). Similarly, HDA710/OsHDAC2, an HDA RPD3/HDA1 family member, contributes to controlling the rice salt stress genes by altering levels of H4 acetylation in their promoters. It regulates the acetylation at H4K5 and H4K16 under normal conditions. The accumulation of HDA710 transcripts under salt stress was considerably enhanced (Ullah et al., 2020). It is fascinating to break down specific function of the diverse HDACs in stress tolerance, genome-wide recognition of their target genes and investigation of alteration in histone acetylation at these genes under stress conditions. Moreover, how HDACs react to stress signaling to manage histone acetylation and expression of specific genes remains elusive.
3.2 Histone Methylation
Contrary to acetylation, histone methylation does not affect the electrostatic properties of histone proteins but it increases the hydrophobicity by changing intra or intermolecular interactions and may create novel binding sites for other proteins (Liu et al., 2010). Methyl group at Arg residue is added by Arg methyltransferases (PRMTs) while addition of methyl group at Lys residues is catalyzed by histone Lys methyltransferases (HKMTs). Two Arg methylation sites (H3R17 and H4R3) and five Lys methylation sites (H3K4, H3K9, H3K27, H3K36, and H4K20) have thus far been identified in plants (Liu et al., 2010). In Glycine max and A. thaliana, salt stress has been reported to increase methylation at fourth lysine of H3 (H3K4me3) and decrease histone H3 lysine 9 dimethylation and/or decreases histone H3 lysine 9 dimethylation (H3K9me2) associated with salt responsive genes (Bilichak et al., 2012; Song et al., 2012). Histone methylation in Arabidosis represent repressive (H4R3me2, H3K9me2/3, and H3K27me3) and active marks (H4R3me2, H3K4me3, and H3K36me2/3 (Liu et al., 2016). The presence or absence of methylation of Lys and/or Arg amino acids in histones alters their association with reader proteins, leading to modifications in chromatin structure that result in either transcriptional repression or activation (Teperino et al., 2010). Similarly, DNA methylation of H3 at 4th and 27th lysine in castor and rice crop plants has been demonstrated to regulate transcription of the critical salinity-response regulator (Karan et al., 2012; Han et al., 2020). Transcription of RSM1 (RADIALIS LIKE SANT-an MYB TF and key salt response regulator in salt signaling) has been reported to be guided by methylation at H3K4 and H3K27 in castor (Han et al., 2020). In the recent past it was found that the H3K4me0/1/2 code reader (GmPHD6) could specifically regulate the transcription of some salt-tolerance genes in Glycine max (Wei et al., 2017). Variation in methylation level at H3K4me3 and H3K27me3 has been reported to display differential expression level of salt responsive OsBZ8 gene in rice varieties Nonabokra (salt tolerant) and IR64 (salt sensitive) (Paul et al., 2017). These observations evidently established important role of epigenetic marks H3K4me3 and H3K27me3 in regulating salt stress responsive genes and imparting salt tolerance. Furthermore, JMJ15 gene (coding for H3K4 demethylase) over expression in A. thaliana under salt stress radically improved salt tolerance (Shen et al., 2014). The effects of histone methylation events vary depending on the site of the modification. For example, tri-methylation of the fourth lysine of H3 (H3K4me3) is an active mark for gene expression, and tri-methylation in the 27th lysine of H3 (H3K27me3) is a repressive mark of facultative heterochromatin (Doyle and Amasino, 2009). Although changes in histone modifications can be correlated with gene activity, the molecular mechanisms through which the chemical modifications influence chromosomal structure and the accessibility of transcription factors are still not fully understood. These relationships between the alteration of histone modifications and gene activity are highly conserved from yeast to human, and also in plants.
The histone methylation and acetylation have been extensively investigated in different plant species under salt stress conditions. Investigations deciphering other histone modifications may enrich our knowledge about other important epigenetic marks and their exploitation for breeding climate smart crops.
4 HISTONE VARIANTS
Of the various factors influencing chromatin dynamics and accessibility histone variants are also among the important ones that participate in modulating gene expression. Many species have been shown to encode numerous genes for core histone proteins, which are quite similar in amino acid sequence. Like histone proteins histone variants have also been shown to be differently expressed in Oryza sativa and A. thaliana (Talbert and Henikoff, 2021). In A. thaliana, 11 genes for H2B have been discovered, 13 for H2A, and 15 for H3 (Probst et al., 2020). The discovery that histone variant expression is tissue and developmental stage specific suggests that histone variations have particular functions in altering structural and functional properties of chromatin.
Histone variations that are replication-independent and replication-dependent can substitute for each other and are deliberately positioned within the genome. Each of the four histones (H2A, H2B, H3, and H1) have distinct variants. H2A is the most widely investigated histone and consists of H2A, H2A.Bbd, H2A.X, and H2A.Z variants (Bonisch and Hake, 2012). Similarly 14 variants of H4 (Siegel et al., 2009; Moosmann et al., 2011; Bonisch and Hake, 2012) and two different isoforms of H2A known as H2A.Z.1 and H2A.Z.2 displaying specific functions (differing in only three amino acids) have been reported (Coon et al., 2005; Eirín-López et al., 2009; Talbert et al., 2012). The expression of the H2A.Z variant of H2A histone has been diminished in O. sativa and A. thaliana during salt or other stress (Nguyen and Cheong, 2018; Zahraeifard et al., 2018). H2A.Z has been portrayed as a crucial thermosensor (Kumar and Wigge, 2010) during stress response. H2A.W predominantly found in heterochromatin is engaged in stress induced chromatin decondensation. In A. thaliana replacement of H3.3 has been shown to be correlated with transcriptional process and declining H3.3 brings down transcription of stress responsive genes (Wollmann et al., 2017). Accumulation of H3.3 avert H1 histone from acquiring its position at gene body to assist DNA methylation which further alienate deposition of H2A.Z (Zilberman et al., 2008; Wollman et al., 2017). This explains why H3.3 is indispensable for stress responsive gene expression. This aspect of chromatin modification is however not much explored yet and offer exciting possibilities to understand the role of histone variants at different growth and development stages in response to stress. Deposition of histone variations under stress gives the possible way to connect environmental cues to transcription downstream reactions. More investigations are required to define how it generates epigenetic memory clearly.
5 PLANT MICRORNAS AND LONG NON CODING RNAS: KEY EPIGENETIC REGULATORS
Plants adopt de novo DNA methylation and gene silencing (transcriptional) using 24- nucleotide small-interfering RNAs and long non-coding RNAs in the RNA-directed DNA methylation process (Kovalchuk, 2016). RNA dependent DNA methylation (RdDM) is the only system in plants that can introduce DNA methylation to cytosines irrespective of the sequence context (Magraner-Pardo et al., 2014) (Figure 2A). This pathway helps plants in surviving under adverse environmental conditions like salt stress (Fortes and Gallusci, 2017). Under saline conditions RdDM becomes down-regulated and elicit the expression of transcription factors central for salt stress tolerance (Xie et al., 2015a). The plant microRNAs (miRNA) are 20–24 nt, non-coding RNA species that have been portrayed as tiny yet potent regulators of gene expression in plants as well as animals. These miRNAs are either positively regulated by stress, where they enhance the repression of the genes serving as negative regulators of stress tolerance or negatively regulated where the target is positive regulator of stress causing more accumulation of gene product (Sunkar et al., 2007; Singroha et al., 2021). The biogenesis of miRNAs has been reviewed by Singroha et al. (2021). Most of the miRNAs responsive to salt stress directly regulate transcription factors. miR164a/b/c/d/and miR1661m identified from Zea mays have been shown to target MYB, NAC and homeodomain-leucine zipper protein (HD-ZIP) transcription factors under salt stress (Ding et al., 2009). It has also been observed that miRNA exhibit species specific behavior in response to salt stress. For instance the expression of miR156 was induced under salt stress in A. thaliana while diminished in Z. mays (Liu et al., 2008; Ding et al., 2009). In the same way expression of miR396 was up-regulated in A. thaliana and Z. mays upon salt treatment but diminished in O. sativa (Liu et al., 2008; Ding et al., 2009).
MYB74 (a member of the R2R3-MYB gene family) is transcriptionally regulated mainly by RdDM pathway under salt stress in A. thaliana. 24-nt siRNAs (small interfering RNA) target a region approximately 500bp upstream of the transcription start site of MYB74, which is heavily methylated. Levels of DNA methylation in this region were significantly diminished in wild type plants under salt stress, whereas no changes were observed in RdDM mutants. These observations suggest that changes in the levels of the five 24-nt siRNAs regulate the MYB74 transcription factor via RdDM under salt stress conditions (Xu et al., 2015). The salt-tolerant regulation of MYB transcription factors involves ABA signaling pathway and other signal transduction pathways in plants. Salt stress subjected plants exhibited significantly increased ABA content that can induce proline accumulation in plants, and enhance the activity of related protective enzyme and up-regulation of related stress responsive genes (Schmidt et al., 2013). The investigations made in this area have tried to extend our understanding of non-coding RNAs functional processes for salt stress in A. thaliana (Qin et al., 2017), H. vulgare (Karlik and Gozukirmizi, 2018), cotton (Zhang et al., 2019a), Spirodela polirhiza (Fu et al., 2020) and sorghum (Sun et al., 2020).
Under salt stress conditions Z. mays displayed down-regulation of miR-250, miR-205, miR-330 and miR-17 in leaves and roots (Fu et al., 2017). Down-regulation of these miRNAs enhanced the expression of their targets viz. casein kinase II, GPX, P5CS, IF-1 and some other genes essential for better survival of the plant under saline conditions. This is how miRNAs regulate gene expression under stress conditions and help plants in their survival under harsh environmental conditions. Apart from 24 nt long miRNAs, the long non-coding RNAs abbreviated as lncRNAs have also been defined as riboregulators longer than 200 bp (Kapranov et al., 2007). They also regulate gene expression under stress conditions through transcriptional or post transcriptional silencing. Chen and associates (2019) identified 3030 long intergenic non-coding RNAs in Glycine max roots under salt stress conditions. For example, the long non-coding RNA NPC60 expression was escalated 100 times under salt stress condition. Similarly salt treatments enhanced levels of long non-coding RNA973 in cotton (Zhang et al., 2019b). The over expression of lncRNA973 displayed high salt tolerance, which modulates cotton salt genes expression. Ma et al. (2019a) demonstrated tissue, and species specific expression of long non-coding RNA in Poplar species under different salt stress conditions. A list of plant small and long non-coding RNAs expressed in response to salt stress is provided in Table 1.
TABLE 1 | Long non coding RNAs/miRNAs involved in imparting salt tolerance.
[image: Table 1]6 CONCLUSION AND FUTURE OUTLOOK
Many findings have emphasized epigenetic regulations as powerful mechanisms for regulating the implications of salt stress on plants and provide an excellent foundation for development of salt-tolerant crop plants. In plants susceptible to salt stress, epigenetic controls are associated with the stringent control of gene expression. Epigenetic marks on stress-induced genes dynamically affect the accessibility of chromatin and the expression of those genes. The different regulatory mechanisms for abiotic stress responses might involve epigenetic alterations such as methylation, histone changes, chromatin remodelling, histone variants and lncRnAs.
The critical role of epigenetic modifications in regulating gene expression and their ability to transfer to the next generation makes them a unique adaptation tool for plants. The phenotypic plasticity caused by epigenetic variation, which in turn, is through changes in gene expression, will affect fitness and eventually natural selection in plants. Unlike classic DNA sequence mutations, epimutations can happen at much shorter times, and even though they are stable, they are primarily reversible, making them a perfect tool for a quick emergency response to unpredictable environmental stresses. It must also be highlighted that epigenetic changes are typically dependent on the underlying genetic variation, and these two factors must be addressed concurrently. Future study is required to better understand the epigenetic mechanisms behind chromatin changes and the resulting transcriptional regulation that impacts plant responses to environmental stresses. More study on the mechanism of hereditary stress memory is also required.
AUTHOR CONTRIBUTIONS
PS: conceptualization, methodology, data curation, formal analysis, tables generation, writing—original draft, writing—review and editing. GS: data curation, formal analysis, figures and tables generation, writing—original draft. OG: data curation, figures, writing—original draft. SK and GPS: writing—review and editing.
FUNDING
This work is supported by the Department of Science and Technology under the scheme DST-WOS-A (grant no DST/WOS-A/LS/41-2018) to GS and ICAR-LBSYOA scheme (Grant No. 1008018) to PS.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Asensi-Fabado, M.-A., Amtmann, A., and Perrella, G. (2017). Plant Responses to Abiotic Stress: The Chromatin Context of Transcriptional Regulation. Biochim. Biophys. Acta (Bba) - Gene Regul. Mech. 1860, 106–122. doi:10.1016/j.bbagrm.2016.07.015
 Ashapkin, V. V., Kutueva, L. I., and Aleksandrushkina, N. I.Epigenetic Mechanisms of Plant Adaptation to Biotic and Abiotic Stresses. Int. J. Mol. Sci. 2020;21:7457.doi:10.3390/ijms21207457
 Bai, Q., Wang, X., and Chen, X. (2018). Wheat miRNA TaemiR408 Acts as an Essential Mediator in Plant Tolerance to Pi Deprivation and Salt Stress via Modulating Stress-Associated Physiological Processes. Front. Plant Sci. 9, 499. doi:10.3389/fpls.2018.00499
 Banerjee, A., Wani, S. H., and Roy, C. A. (2017). Epigenetic Control of Plant Cold Responses. Front. Plant Sci. 8, 1643. doi:10.3389/fpls.2017.01643
 Bonisch, C., and Hake, S. B. (2012). Histone H2A Variants in Nucleosomes and Chromatin: More or Less Stable?Nucleic Acids Res. 40, 10719–10741. doi:10.1093/nar/gks865
 Çakır, O., Arıkan, B., and Karpuz, B. (2021). Expression Analysis of miRNAs and Their Targets Related to Salt Stress in Solanum lycopersicum H-2274. Biotechnol. Biotechnological Equipment 35, 283–290. 
 Chang, Y. N., Zhu, C., Jiang, J., Zhang, H., Zhu, J. K., and Duan, C. G. (2020). Epigenetic Regulation in Plant Abiotic Stress Responses. J. Integr. Plant Biol. 62, 563–580. doi:10.1111/jipb.12901
 Chen, R., Li, M., and Zhang, H. (2019). Continuous Salt Stress-Induced Long Non-coding RNAs and DNA Methylation Patterns in Soybean Roots. BMC Genomics 20, 730. doi:10.1186/s12864-019-6101-7
 Cheng, X., Zhang, S., and Tao, W. (2018). INDETERMINATE SPIKELET1 Recruits Histone Deacetylase and a Transcriptional Repression Complex to Regulate rice Salt Tolerance. Plant Physiol. 178, 824–837. doi:10.1104/pp.18.00324
 Coon, J. J., Ueberheide, B., and Syka, J. E. (2005). Protein Identification Using Sequential Ion/ion Reactions and Tandem Mass Spectrometry. Proc. Natl. Acad. Sci. USA 102, 9463–9468. doi:10.1073/pnas.0503189102
 Crisp, P. A., Ganguly, D., Eichten, S. R., Borevitz, J. O., and Pogson, B. J. (2016). Reconsidering Plant Memory: Intersections between Stress Recovery, RNA Turnover, and Epigenetics. Sci. Adv. 2 (2), e1501340. doi:10.1126/sciadv.1501340
 Deng, F., Zhang, X., and Wang, W. (2018). Identification of Gossypium Hirsutum Long Non-coding RNAs (lncRNAs) under Salt Stress. BMC Plant Biol. 18, 23. doi:10.1186/s12870-018-1238-0
 Ding, D., Zhang, L., and Wang, H. (2009). Differential Expression of miRNAs in Response to Salt Stress in maize Roots. Ann. Bot. 103, 29‒38. doi:10.1093/aob/mcn205
 Doyle, M. R., and Amasino, R. M. (2009). A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-independent, Rapid Flowering in Arabidopsis. Plant Physiol. 151, 1688–1697. doi:10.1104/pp.109.145581
 Duan, C. G., Zhu, J. K., and Cao, X. (2018). Retrospective and Perspective of Plant Epigenetics in China. J. Genet. Genomics 45, 621–638. doi:10.1016/j.jgg.2018.09.004
 Earley, K. W., Shook, M. S., and Brower-Toland, B. (2007). Invitro Specificities of Arabidopsis Co-activator Histone Acetyltransferases: Implications for Histone Hyperacetylation in Gene Activation. Plant J. 52, 615–626. doi:10.1111/j.1365-313x.2007.03264.x
 Eirín-López, J. M., González-Romero, R., and Dryhurst, D. (2009). The Evolutionary Differentiation of Two Histone H2A.Z Variants in Chordates (H2A.Z-1 and H2A.Z-2) Is Mediated by a Stepwise Mutation Process that Affects Three Amino Acid Residues. BMC Evolutionary Biol. 9, 31. doi:10.1186/1471-2148-9-31
 FAO and ITPS (2015). Status of the World’s Soil Resources (SWSR) – Main Report. Rome, Italy: Food and Agriculture Organization of the United Nations and Intergovernmental Technical Panel on Soils. 
 Fortes, A. M., and Gallusci, P. (2017). Plant Stress Responses and Phenotypic Plasticity in the Epigenomics Era: Perspectives on the Grapevine Scenario, a Model for Perennial Crop Plants. Front. Plant Sci. 8, 82. doi:10.3389/fpls.2017.00082
 Fu, L., Ding, Z., Tan, D., Han, B., Sun, X., and Zhang, J. (2020). Genome-wide Discovery and Functional Prediction of Salt-Responsive lncRNAs in Duckweed. BMC Genomics 21, 212. doi:10.1186/s12864-020-6633-x
 Fu, R., Zhang, M., and Zhao, Y. (2017). Identification of Salt Tolerance-Related microRNAs and Their Targets in Maize (Zea mays L.) Using High-Throughput Sequencing and Degradome Analysis. Front. Plant Sci. 8, 864. doi:10.3389/fpls.2017.00864
 Gao, S., Yang, L., and Zeng, H. (2016). A Cotton miRNA Is Involved in Regulation of Plant Response to Salt Stress. Sci. Rep. 6, 19736. doi:10.1038/srep19736
 Goswami, K., Tripathi, A., and Mishra, S. (2017). Comparative miRomics of Salt-Tolerant and Salt-Sensitive Rice. J. Integr. Bioinformatics 14, 20170002. doi:10.1515/jib-2017-0002
 Han, B., Xu, W., and Ahmed, N. (2020). Changes and Associations of Genomic Transcription and Histone Methylation with Salt Stress in Castor Bean. Plant Cel Physiol. 61, 1120–1133. doi:10.1093/pcp/pcaa037
 Kapranov, P., Cheng, J., and Dike, S. (2007). RNA Maps Reveal New RNA Classes and a Possible Function for Pervasive Transcription. Science 316, 1484–1488. doi:10.1126/science.1138341
 Karan, R., DeLeon, T., and Biradar, H. (2012). Salt Stress Induced Variation in DNA Methylation Pattern and its Influence on Gene Expression in Contrasting Rice Genotypes. PLoS ONE 7, e40203. doi:10.1371/journal.pone.0040203
 Karlik, E., and Gozukirmizi, N. (2018). Expression Analysis of lncRNA AK370814 Involved in the Barley Vitamin B6 Salvage Pathway under Salinity. Mol. Biol. Rep. 45, 1597–1609. doi:10.1007/s11033-018-4289-2
 Kim, J. Y., Yang, W., and Forner, J. (2018). Epigenetic Reprogramming by Histone Acetyltransferase HAG1/AtGCN5 Is Required for Pluripotency Acquisition in Arabidopsis. EMBO J. 37, e98726. doi:10.15252/embj.201798726
 Kinoshita, T., and Seki, M. (2014). Epigenetic Memory for Stress Response and Adaptation in Plants. Plant Cel Physiol 55, 1859–1863. doi:10.1093/pcp/pcu125
 Konate, M., Wilkinson, M. J., and Mayne, B. T. (2018). Salt Stress Induces Non-CG Methylation in Coding Regions of Barley Seedlings (Hordeum Vulgare). Epigenomes 2, 12. doi:10.3390/epigenomes2020012
 Kovalchuk, I. (2016). “Transgenerational Genome Instability in Plants,” in Genome Stability (Amsterdam, Netherlands: Elsevier BV), 615–633. doi:10.1016/b978-0-12-803309-8.00036-7
 Kumar, S., Beena, A. S., and Awana, M. (2017). Salt-Induced Tissue-specific Cytosine Methylation Downregulates Expression of HKT Genes in Contrasting Wheat (Triticum aestivum L.) Genotypes. DNA Cel Biol 36, 283–294. doi:10.1089/dna.2016.3505
 Kumar, S., Chinnusamy, V., and Mohapatra, T. (2018). Epigenetics of Modified DNA Bases: 5- Methylcytosine and beyond. Front. Genet. 9, 640. doi:10.3389/fgene.2018.00640
 Kumar, V., and Wigge, P. A. (2010). H2A.Z-Containing Nucleosomes Mediate the Thermosensory Response in Arabidopsis. Cell 140, 136–147. doi:10.1016/j.cell.2009.11.006
 Lämke, J., and Bäurle, I. (2017). Epigenetic and Chromatin-Based Mechanisms in Environmental Stress Adaptation and Stress Memory in Plants. Genome Biol. 18, 124. doi:10.1186/s13059-017-1263-6
 Li, F., Zheng, L. D., and Chen, X. (2017). Gcn5-mediated Rph1 Acetylation Regulates its Autophagic Degradation under DNA Damage Stress. Nucleic Acids Res. 45, 5183–5197. doi:10.1093/nar/gkx129
 Li, H., Wang, Yu., and Wang, Z. (2016). Microarray and Genetic Analysis Reveals that Csa-miR159b Playsa Critical Role in Abscisic Acid-Mediated Heat Tolerance in Grafted Cucumber Plants. Plant Cel Environ. 39, 1790–1804. doi:10.1111/pce.12745
 Li, H., Yan, S., and Zhao, L. (2014). Histone Acetylation Associated Up-Regulation of the Cell wall Related Genes Is Involved in Salt Stress Induced maize Root Swelling. BMC Plant Biol. 14, 105. doi:10.1186/1471-2229-14-105
 Liang, Z., Shen, L., Cui, X., Bao, S., Geng, Y., Yu, G., et al. (2018). DNA N6-Adenine Methylation in Arabidopsis thaliana. Dev. Cel 45, 406–416. doi:10.1016/j.devcel.2018.03.012
 Liu, C., Lu, F., and Cui, X. (2010). Histone Methylation in Higher Plants. Annu. Rev. Plant Biol. 61, 395–420. doi:10.1146/annurev.arplant.043008.091939
 Liu, C., Wang, C., Wang, G., Becker, C., Zaidem, M., and Weigel, D. (2016). Genome-wide Analysis of Chromatin Packing in Arabidopsis thaliana at Single-Gene Resolution. Genome Res. 26 (8), 1057–1068. Aug. doi:10.1101/gr.204032.116
 Liu, H. H., Tian, X., and Li, Y. J. (2008). Microarray-based Analysis of Stress-Regulated microRNAs in Arabidopsis thaliana. RNA 14, 836‒843. doi:10.1261/rna.895308
 Liu, R., and Lang, Z. (2019). The Mechanism and Function of Active DNA Demethylation in Plants. J. Integr. Plant Biol. doi:10.1111/jipb.12879
 Luo, X., and He, Y. (2020). Experiencing winter for spring Flowering: A Molecular Epigenetic Perspective on Vernalization. J. Integr. Plant Biol. 62, 104–117. doi:10.1111/jipb.12896
 Ma, J., Bai, X., and Luo, W. (2019a). Genome-Wide Identification of Long Noncoding RNAs and Their Responses to Salt Stress in Two Closely Related Poplars. Front. Genet. 10, 777. doi:10.3389/fgene.2019.00777
 Ma, J., Wang, Y., and Li, J. (2019b). Global Identification and Analysis of microRNAs Involved in Salt Stress Responses in Two Alfalfa (Medicago Sativa ‘Millennium’) Lines. Can. J. Plant Sci. 100, 445–455. 
 Magraner-Pardo, L., Pelechano, V., and Coloma, M. D. (2014). Dynamic Remodeling of Histone Modifications in Response to Osmotic Stress in. Saccharomyces cerevisiaeBMC Genom 15, 247. doi:10.1186/1471-2164-15-247
 Mayer, K. S., Chen, X., and Sanders, D. (2019). HDA9-PWR-HOS15 Is a CoreHistone Deacetylase Complex Regulating Transcription and Development. Plant Physiol. 180, 342–355. doi:10.1104/pp.18.01156
 Moosmann, A., Campsteijn, C., and Jansen, P. W. (2011). Histone Variant Innovation in a Rapidly Evolving Chordate Lineage. BMC Evol. Biol. 11, 208. doi:10.1186/1471-2148-11-208
 Nguyen, N. H., and Cheong, J. J. (2018). H2A.Z-containing Nucleosomes Are Evicted to Activate AtMYB44 Transcription in Response to Salt Stress. Biochem. Biophys. Res. Commun. 499, 1039–1043. doi:10.1016/j.bbrc.2018.04.048
 Onufriev, A. V., and Schiessel, H. (2019). The Nucleosome: from Structure to Function through Physics. Curr. Opin. Struct. 56, 119–130. doi:10.1016/j.sbi.2018.11.003
 Pan, W. J., Tao, J. J., and Cheng, T. (2016). Soybean miR172a Improves Salt Tolerance and Can Function as a Long-Distance Signal. Mol. Plant 9, 1337–1340. doi:10.1016/j.molp.2016.05.010
 Parmar, S., Gharat, S. A., and Tagirasa, R. (2020). Identification and Expression Analysis of miRNAs and Elucidation of Their Role in Salt Tolerance in rice Varieties Susceptible and Tolerant to Salinity. PLoS ONE 15, e0230958. doi:10.1371/journal.pone.0230958
 Paul, A., Dasgupta, P., and Roy, D. (2017). Comparative Analysis of Histone Modifications and DNA Methylation at OsBZ8 Locus under Salinity Stress in IR64 and Nonabokra rice Varieties. Plant Mol. Biol. 95, 63–88. doi:10.1007/s11103-017-0636-2
 Pikaard, C. S., and Mittelsten Scheid, O. (2014). Epigenetic Regulation in Plants. Cold Spring Harbor Perspect. Biol. 6, a019315. doi:10.1101/cshperspect.a019315
 Probst, A. V., Desvoyes, B., and Gutierrez, C. (2020). Similar yet Critically Different: The Distribution, Dynamics and Function of Histone Variants. J. Exp. Bot. 71, 5191–5204. doi:10.1093/jxb/eraa230
 Qin, T., Zhao, H., and Cui, P. (2017). A Nucleus-Localized Long Non-coding RNA Enhances Drought and Salt Stress Tolerance. Plant Physiol. 175, 1321–1336. doi:10.1104/pp.17.00574
 Rodríguez López, C. M., and Wilkinson, M. J. (2015). Epi-fingerprinting and Epi-Interventions for Improved Crop Production and Food Quality. Front. Plant Sci. 6, 397. doi:10.3389/fpls.2015.00397
 Sako, K., Kim, J. M., and Matsui, A. (2016). Ky-2, a Histone Deacetylase Inhibitor, Enhances High-Salinity Stress Tolerance in Arabidopsis thaliana. Plant Cel Physiol 57, 776–783. doi:10.1093/pcp/pcv199
 Saroha, M., Singroha, G., and Sharma, M. (2017). sRNA and Epigenetic Mediated Abiotic Stress Tolerance in Plants. Ind. J. Plant Physiol. 22, 458–469. doi:10.1007/s40502-017-0330-z
 Schmidt, R., Schippers, J. H., Mieulet, D., Obata, T., Fernie, A. R., Guiderdoni, E., et al. (2013). MULTIPASS, a rice R2R3-type MYB Transcription Factor, Regulates Adaptive Growth by Integrating Multiple Hormonal Pathways. Plant J. 76, 258–273. doi:10.1111/tpj.12286
 Shahid, S. (2020). A DNA Methylation Reader with an Affinity for Salt Stress. Plant Cell 32, 3380–3381. doi:10.1105/tpc.20.00800
 Shen, Y., Conde, E., and Audonnet, L. (2014). Over-expression of Histone H3K4 Demethylase Gene JMJ15 Enhances Salt Tolerance in Arabidopsis. Front. Plant Sci. 5, 290. doi:10.3389/fpls.2014.00290
 Shinde, H., Dudhatea, A., and Anandb, L. (2020). Small RNA Sequencing Reveals the Role of Pearl Millet miRNAs and Their Targets in Salinity Stress Responses. S Afr. J. Bot. 132, 395–402. doi:10.1016/j.sajb.2020.06.011
 Siegel, T. N., Hekstra, D. R., and Kemp, L. E. (2009). Four Histone Variants Mark the Boundaries of Polycistronic Transcription Units in Trypanosoma Brucei. Genes Dev. 23, 1063–1076. doi:10.1101/gad.1790409
 Singroha, G., and Sharma, P. (2019). “Epigenetic Modifications in Plants under Abiotic Stress,” in Epigenetics. Intechopen ed . Editor R. Meccariello (London. doi:10.5772/intechopen.84455
 Singroha, G., Sharma, P., and Sunkur, R. (2021). Current Status of microRNA-Mediated Regulation of Drought Stress Responses in Cereals. Physiol. Plant 172, 1808–1821. doi:10.1111/ppl.13451
 Skorupa, M., Szczepanek, J., and Mazur, J. (2021). Salt Stress and Salt Shock Differently Affect DNA Methylation in Salt-Responsive Genes in Sugar Beet and its Wild, Halophytic Ancestor. PLoS ONE 16, e0251675. doi:10.1371/journal.pone.0251675
 Sokol, A., Kwiatkowska, A., and Jerzmanowski, A. (2007). 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 227, 245–254. doi:10.1007/s00425-007-0612-1
 Song, Y., Ji, D., and Li, S. (2012). The Dynamic Changes of DNA Methylation and Histone Modifications of Salt Responsive Transcription Factor Genes in Soybean. PLoS One 7, e41274. doi:10.1371/journal.pone.0041274
 Su, P., Yan, J., and Li, W. (2020). A Member of Wheat Class III Peroxidase Gene Family, TaPRX-2A, Enhanced the Tolerance of Salt Stress. BMC Plant Biol. 20, 392. doi:10.1186/s12870-020-02602-1
 Sun, X., Xu, L., and Wang, Y. (2015). Identification of Novel and Salt-Responsive miRNAs to Explore miRNA-Mediated Regulatory Network of Salt Stress Response in Radish (Raphanus Sativus L.). BMC Genomics 16, 197. doi:10.1186/s12864-015-1416-5
 Sun, X., Zheng, H., and Li, J. (2020). Comparative Transcriptome Analysis Reveals New lncRNAs Responding to Salt Stress in Sweet Sorghum. Front. Bioeng. Biotechnol. 8, 331. doi:10.3389/fbioe.2020.00331
 Sunkar, R., Chinnusamy, V., and Zhu, J. (2007). Small RNAs as Big Players in Plant Abiotic Stress Responses and Nutrient Deprivation. Trends Plant Sci. 12, 301–309. doi:10.1016/j.tplants.2007.05.001
 Talbert, P. B., Ahmad, K., Almouzni, G., et al. (2012). A Unified Phylogeny-Based Nomenclature for Histone Variants. Epigenet Chromatin 25, 7. doi:10.1186/1756-8935-5-7
 Talbert, P. B., and Henikoff, S. (2021). Histone variants a glanceJournal. Cel Sci. 134, jcs244749. doi:10.1242/jcs.244749
 Teperino, R., Schoonjans, K., and Auwerx, J. (2010). Histone Methyl Transferases and Demethylases; Can They Link Metabolism and Transcription?Cell Metab 6 (12), 321–327. doi:10.1016/j.cmet.2010.09.004
 Ueda, M., Matsui, A., and Tanaka, M. (2017). The Distinct Roles of Class I and II RPD3-like Histone Deacetylases in Salinity Stress Response. Plant Physiol. 175, 1760–1773. doi:10.1104/pp.17.01332
 Ueda, M., Matsui, A., Watanabe, S., Kobayashi, M., Saito, K., Tanaka, M., et al. (2019). Transcriptome Analysis of the Hierarchical Response of Histone Deacetylase Proteins that Respond in an Antagonistic Manner to Salinity Stress. Front. Plant Sci. 10, 1323. doi:10.3389/fpls.2019.01323
 Ullah, F., Xu, Q., and Zhao, Y. (2020). Histone Deacetylase HDA710 Controls Salt Tolerance by Regulating ABA Signaling in rice. J. Integr. Plant Biol. Epub. doi:10.1111/jipb.13042
 Varotto, S., Tani, E., and Abraham, E. (2020). Epigenetics: Possible Applications in Climate-Smart Crop Breeding. J. Exp. Bot. 71, 5223–5236. doi:10.1093/jxb/eraa188
 Voigt, A., Ribot, J., and Sabater, A. G. (2015). Identification of Mest/Peg1 Gene Expression as a Predictive Biomarker of Adipose Tissue Expansion Sensitive to Dietary Anti-obesity Interventions. Genes Nutr. 10, 27. doi:10.1007/s12263-015-0477-z
 Wang, B., Fu, R., and Zhang, M. (2015). Analysis of Methylation-Sensitive Amplified Polymorphism in Different Cotton Accessions under Salt Stress Based on Capillary Electrophoresis. Genes Genom 37, 713–724. doi:10.1007/s13258-015-0301-6
 Wang, T. Z., Liu, M., and Zhao, M. G. (2015). Identification and Characterization of Long Non-coding RNAs Involved in Osmotic and Salt Stress in Medicago Truncatula Using Genome-wide High-Throughput Sequencing. BMC Plant Biol. 15, 131. doi:10.1186/s12870-015-0530-5
 Wei, F., Tang, D., and Li, Z. (2019). Molecular Cloning and Subcellular Localization of Six HDACs and Their Roles in Response to Salt and Drought Stress in Kenaf (Hibiscus Cannabinus L.). Biol. Res. 52, 20. doi:10.1186/s40659-019-0227-6
 Wei, W., Tao, J. J., and Chen, H. W. (2017). A Histone Code Reader and a Transcriptional Activator Interact to Regulate Genes for Salt Tolerance. Plant Physiol. 175, 1304–1320. doi:10.1104/pp.16.01764
 Wollmann, H., Stroud, H., and Yelagandula, R. (2017). The Histone H3 Variant H3.3 Regulates Gene Body DNA Methylation in Arabidopsis thaliana. Genome Biol. 18, 94. doi:10.1186/s13059-017-1221-3
 Xie, F., Wang, Q., and Sun, R. (2015). Deep Sequencing Reveals Important Roles of microRNAs in Response to Drought and Salinity Stress in Cotton. J. Exp. Bot. 66, 789–804. doi:10.1093/jxb/eru437
 Xu, R., Wang, Y., Zheng, H., Lu, W., Wu, C., Huang, J., et al. (2015). Salt-induced Transcription Factor MYB74 Is Regulated by the RNA-Directed DNA Methylation Pathway in Arabidopsis. J. Exp. Bot. 66, 5997–6008. doi:10.1093/jxb/erv312
 Xu, X., Lu, H., and Wang, Y. (2021). Salt Stress Tolerance Analysis of SAIR6 Long Non-coding RNA in Tamarix Hispida. J. Beijing For. Univ. 243, 36–43. 
 Yang, Z., Zhu, P., and Kang, H. (2020). High-throughput Deep Sequencing Reveals the Important Role that microRNAs Play in the Salt Response in Sweet Potato (Ipomoea Batatas L.). BMC Genomics 21, 164. doi:10.1186/s12864-020-6567-3
 Yolcu, S., Ozdemir, F., and Güler, A. (2016). Histone Acetylation Influences the Transcriptional Activation of POX in Beta Vulgaris L. And Beta Maritima L. under Salt Stress. Plant Physiol. Biochem. 100, 37–46. doi:10.1016/j.plaphy.2015.12.019
 Zahraeifard, S., Foroozan, M., Sepehri, A., and Rice, H2A. (2018). Z Negatively Regulates Genes Responsive to Nutrient Starvation but Promotes Expression of Key Housekeeping Genes. J. Exp. Bot. 14, 4907–4919. doi:10.1093/jxb/ery244
 Zhang, H., Lang, Z., and Zhu, J. K. (2018). Dynamics and Function of DNA Methylation in Plants. Nat. Rev. Mol. Cel Biol 19, 489–506. doi:10.1038/s41580-018-0016-z
 Zhang, N., Ziguang, L., and Shichen, S. (2020). Response of AtR8 lncRNA to Salt Stress and its Regulation on Seed Germination in Arabidopsis. Chin. J. Bot. 55, 421–429. 
 Zhang, X., Bernatavichute, Y. V., and Cokus, S. (2009). Genome-wide Analysis of Mono-, Di- and Trimethylation of Histone H3 Lysine 4 in Arabidopsis thaliana. Genome Biol. 10, R62. doi:10.1186/gb-2009-10-6-r62
 Zhang, X., Dong, , and Deng, F. (2019b). The Long Non-coding RNA lncRNA973 Is Involved in Cotton Response to Salt Stress. BMC Plant Biol. 19, 459. doi:10.1186/s12870-019-2088-0
 Zhang, X., Dong, J., and Deng, F. (2019a). The Long Non-coding RNA lncRNA973 Is Involved in Cotton Response to Salt Stress. BMC Plant Biol. 19, 459. doi:10.1186/s12870-019-2088-0
 Zhao, G., Yu, H. Y., and Liu, M. M. (2017). Identification of Salt Stress Responsive miRNAs from Solanum lycopersicum and Solanum Pimpinellifolium. Plant Growth Regul. 83, 129–140. doi:10.1007/s10725-017-0289-9
 Zheng, M., Lin, J., and Liu, X., Histone Acetyltransferase TaHAG1 Acts as a Crucial Regulator to Strengthen Salt Tolerance of Hexaploid wheat, Plant Physiology,2021;186: 1951–1969.doi:10.1093/plphys/kiab187
 Zheng, M., Liu, X., and Lin, J. (2019). Histone Acetyltransferase GCN5 Contributes to Cell wall Integrity and Salt Stress Tolerance by Altering the Expression of Cellulose Synthesis Genes. Plant J. 97, 587–602. doi:10.1111/tpj.14144
 Zheng, Y., Ding, Y., and SunXie, X. (2016). Histone Deacetylase HDA9 Negatively Regulates Salt and Drought Stress Responsiveness in Arabidopsis. J. Exp. Bot. 67, 1703–1713. doi:10.1093/jxb/erv562
 Zhou, B. R., Feng, H., and Kato, H. (2013). Structural Model of the H1-Nucleosome Complex. Proc. Natl. Acad. Sci. 110, 19390–19395. doi:10.1073/pnas.1314905110
 Zhou, S., Jiang, W., and Long, F. (2017). Rice Homeodomain Protein WOX11 Recruits a Histone Acetyltransferase Complex to Establish Programs of Cell Proliferation of crown Root Meristem. Plant Cell 29, 1088–1104. doi:10.1105/tpc.16.00908
 Zilberman, D., Coleman-Derr, D., and Ballinger, T. (2008). Histone H2A.Z and DNA Methylation Are Mutually Antagonistic Chromatin marks. Nature 456, 125–129. doi:10.1038/nature07324
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Singroha, Kumar, Gupta, Singh and Sharma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-13-811732-g003.gif





OPS/images/fgene-13-811732-t001.jpg
S.N.

21
22
23

IncRNA/miRNA

ThSAIR6
AtR8INCRNA
LncRNA973

Pal_00132209

Pal _00184400
Inc_388, Inc_973, Inc_253

DRIR (Drought Induced long non coding RNA)
TCONS_00116877
TCONS_00046739

miR156, MiR398

nta-miR156a_R + 3, farmiR159_L + 2_1ss22T, mes-MIR319e-
p5_2ss12GC19 GA
miR26, miR05, miR20, miR31, miR11, miR28, miR15, miR14,
miR32, miR0Y, miR22, miR33, miR19, miR24
miR172, miR319, miR408, miR2590
TaemiR408

miR164s, mir-36
osa-miR1878, osa- miR2863¢c

miR171b, miR167f
sly-miR156e-5p, symiRn23b, symiRns0a

miR172
miRNVLS

miR-395
miR156/157, miR158, miR166, miR168 and miR408
miR-160

Plant Species
Tamarix hispida
Arabidopsis thaliana

Gossypium
hirsutum
Populus alba

Populus alba
Gossypium
hirsutum
Arabidopsis thaliana

Medicago
truncatula
Medicago
truncatula
Solanum
Iycopersicum
Ipomoea batatas

Pennisetum
glaucum
Medicago sativa
Triticum aestivum
Zea mays

Onyza sativa

Onyza sativa

Solanum
pimpineliiolium
Glycine max
Gossypium
hirsutum
Cucumis sativus
Raphanus sativus
Gossypium
raimondii

Characteristics

Decreased the contents of H,0, and enhanced
activity of anti-oxidative enzymes
Regulate seed germination in response to salt

Increased expression resulted into increased salt
tolerance

Affect fucosyltransferase or NAC3 and regulates
growth under salt stress

HKT1 and show differential expression in xylem

Regulates tolerance to salt stress

Regulates ABA mediated responses to both salt
and drought

Regulates oxidative stress under salt conditions
Regulates cytochrome P450 under salt stress
Increased expression levels imparted salt tolerance
tissue specific expression under salt stress
Shows altered expression under salinity
Regulates gene associated with salt tolerance
Overexpresion resulted in enhanced salt tolerance
up-regulated in leaves under salt treatment
Upregulated under salt stress

Promotes better adaptabiity to salt

Involved in stress related pathways

Improves salt tolerance
Regulation of plant stress to salt

Up-regulated and regulates ATP sulfurylase
Expression was upregulated significantly
Up-regulated under salt stress and control Auxin
response factor (ARF)

References

Xuetal. (2021)

Zhang et al.
(2020)

Zhang et al.
(2019)

Ma et al. (2019b)

Ma et al. (2019)
Deng et al. (2019

Qin et al. (2017)

Wang et al
(2015)

Wang et al
(2015)

Cakir et al. (2021)

Yang et al. (2020)

Shinde et al.
(2020)

Ma et al. (2019b)
Baiet al. (2018)
Fuet al. (2017)
Goswanni et al.

(2017)
Parmar et al.

(2020)
Zhao et al. (2017)

Pan et dl. (2016)
Gao et al. (2016)

Liet a. (2016)
Sun et al. (2015)
Xie et al. (2015)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Uncovering the Epigenetic Marks Involved in Mediating Salt Stress Tolerance in Plants		1 Introduction

		2 DNA Methylation

		3 Histone Modifications		3.1 Histone Acetylation

		3.2 Histone Methylation





		4 Histone Variants

		5 Plant microRNAs and Long Non Coding RNAs: Key Epigenetic Regulators

		6 Conclusion and Future Outlook

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Genetics






OPS/images/fgene-13-811732-g001.gif





OPS/images/fgene-13-811732-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





