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Abstract: Plants are sessile organisms that must adapt to environmental conditions, such as soil
characteristics, by adjusting their development during their entire life cycle. In case of low-distance
seed dispersal, the new generations are challenged with the same abiotic stress encountered by the
parents. Epigenetic modification is an effective option that allows plants to face an environmental
constraint and to share the same adaptative strategy with their progeny through transgenerational
inheritance. This is the topic of the presented review that reports the scientific progress, up to date,
gained in unravelling the epigenetic response of plants to soil contamination by heavy metals and
metalloids, collectively known as potentially toxic elements. The effect of the microbial community
inhabiting the rhizosphere is also considered, as the evidence of a transgenerational transfer of the
epigenetic status that contributes to the activation in plants of response mechanisms to soil pollution.

Keywords: plant epigenetics; heavy metal tolerance; potentially toxic elements; plant growth
promoting bacteria

1. Introduction

All living organisms, and all the more, plants as sessile organisms, face the need
to overcome challenges provided by hostile environments. Responses and adaptation
to environmental stresses take advantage of a variety of strategies, from transitory ones,
as the regulation of genic expression or epigenetic modifications, to heritable ones as
genetic mutations. The presence of potentially toxic elements (PTEs) is an increasingly
diffused environmental condition that affects a significant number of habitats. PTEs,
formerly indicated with the term heavy metals, are a class of elements that have a negative
biological activity on living organisms when exceeding relatively low levels [1]. Although
PTEs are natural components of metalliferous rocks and soils, their widening distribution
in the environment is mostly due to mining, industrial activities, fertilizers, and land
application of treated wastewater and domestic effluents [2,3]. Contamination by PTEs has
received attention worldwide as a major environmental concern, particularly on cultivated
lands, considering both the impact on crop fitness and productivity and the introduction
of heavy metals in the food chain and the consequent damage on human health [34].
The bioavailability of these elements in soils is strongly related to the physico-chemical
characteristics of the substrate, as well as to the biological components of the rhizosphere
and its interaction with soil and plants [5,6]. PTEs are conventionally divided in two groups:
(i) essential elements for living organisms, with a pivotal role in growth and development
(e.g., Cu, Fe, Ni, Zn), whose deficiency and excess can both lead to physiological stress due
to nutritional imbalance and toxicity, and (ii) non-essential elements (e.g., As, Cd, Hg) that
do not have a recognized physiological function and are toxic even at low concentrations [7].
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In biological systems, the excess of essential trace elements or the presence of non-
essential metal(loid)s has a consistent impact on cellular, developmental, and physiological
processes. When above toxicity levels, PTEs alter the functionality of cell membranes
and other cellular components and hamper normal metabolic processes by disturbing
protein structure, displacing essential metals in biomolecules or as cofactors, interfering
with functional groups, and generating reactive oxygen species (ROS) [8-10] (Figure 1).
As a result, plants growing in metal-polluted sites may show metabolic disorders and
alterations of physiological and biochemical processes, with a consequent reduction in
growth and biomass production, as well as abnormal metal accumulation in different
tissues and organs [11].

PTEs toxicity

Metalliferous or
contaminated soil

(metal excess) Plant responses to PTEs

Figure 1. Main mechanisms involved in PTE toxicity and plant responses. Upon metal excess, the
cells undergo a variety of injuries that have been highlighted: 1. membrane damage, 2. oxidative
burst, with production of ROS, 3. mitochondrial and chloroplast damage, 4. inhibition of enzymes
activity, 5. DNA damage, 6. transcription inhibition, 7. protein synthesis inhibition, and 8. protein
degradation and denaturation. Plants respond to the excess PTE by activating an array of strategies,
both preventing metal entrance into cells (9. metal binding to cell wall and root exudates) and
contrasting the metal stress (10. ROS scavenging mechanisms) and decreasing the metal concen-
tration in the cytosol. The latter strategy starts with the sensing and signalling of the metal stress
(11. hormone signalling and transduction pathways activation) that eventually promote transcription
of stress responsive genes (12), encoding metal ions transporters (13), and proteins involved in PTE
detoxification, such as metal chelation (14) and vacuolar sequestration (15).

However, in naturally metalliferous or historically polluted habitats, plants have
evolved strategies to cope with high external PTE concentrations. On the one hand, many
species adopt an avoidance mechanism to restrict the uptake of toxic metals and limit their
movement in plant tissues. Physical barriers, like thick cuticles and cell walls, selective
transport across the plasma membrane, and secretion of root exudates to alter metal avail-
ability contribute to this strategy [12,13]. If, on the other hand, PTEs are allowed to cross
these barriers, plants respond with tolerance mechanisms, mostly by preventing interac-
tions between metals and vital cellular components and by restoring damages. Among
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these mechanisms, the production of chelating agents (e.g., organic acids, nicotianamine,
and glutathione) and the compartmentalization away from the cytoplasm contribute to
detoxify metals [10,14]. Furthermore, the activation of redox detoxification and signalling
pathways, including also hormones such as jasmonic acid, ethylene, and salicylic acid, are
involved in plant tolerance by coordinating defence responses and mitigating potential
cellular damages [10,15-17] (Figure 1).

Plant adaptive processes to different edaphic contexts have led to a wide variety in PTE
tolerance and accumulation capacity. Among them, is the unique evolution of the hypertol-
erance and hyperaccumulation traits found in both angiosperms and pteridophytes [18,19].
Hyperaccumulator plants are a small group of metallophyte or pseudo-metallophyte
species able to take up, translocate, and accumulate PTEs in their above-ground organs up
to extremely high levels without evident symptoms of toxicity [20,21]. Despite the modest
frequency of this phenotype (only ca. 0.2% of all angiosperms, [20]), hyperaccumulator
species have allowed the exploration of molecular mechanisms controlling metal tolerance
and accumulation. The strategies applied by tolerant species to cope with metal-rich envi-
ronments mostly rely on the fine tuning of the above-mentioned mechanisms, such as metal
transport and chelation or stress response, that are indeed common to all plant species.
Although mutations altering protein function or selectivity have been reported, most evi-
dence in this context points to significant changes in the expression of determinant genes,
due to combinations of copy number expansion and different transcription regulation [22].

In addition to genetic variations, which were found to be linked with the evolution of
tolerance/accumulation traits, all the strategies mentioned above are modulated precisely
by epigenetic mechanisms, allowing plants to fit the specific habitats they grow in. Epige-
netic modifications, i.e., processes producing changes in DNA activity without altering its
nucleotide sequence, include the methylation of cytosine residues within DNA, and the
post-translational modification of lysine and arginine residues in histone proteins. These
modifications usually affect DNA condensation and accessibility to DNA-binding and
regulatory proteins and components of the transcriptional machinery, eventually altering
transcription patterns. It is worth noting that epigenetic regulation is a flexible mechanism
for plants coping with harsh environments that potentially targets both transient responses
and heritable traits [23]. It is easily adaptable in relation to all habitat units, including the
interaction with biotic components [24], thus contributing to plant integration in a complex
adaptive network.

The present review focuses on the epigenetic processes in plants, their occurrence
during the response to metal stress and the methods available to study them. Space is
given particularly to the role of epigenetics in the acquisition of tolerance to PTEs, while
also highlighting the effect of the interaction between plants and microorganisms in the
rhizosphere of metal-rich soils.

2. Plant Epigenetic Mechanisms: How Do They Work and How Can We Study Them?

Gene transcription and genome stability are controlled by epigenetic mechanisms and
chromatin dynamics in the nucleus.

2.1. Histone Modifications

In Eukaryotes, the basic unit of chromatin is the nucleosome. About 146 DNA base
pairs are wrapped around each nucleosome core particle that is made up of a histone
protein octamer. Four canonical histones, namely, histone H2A, H2B, H3, and H4, are
present twice in each nucleosome. Histones are highly conserved globular proteins pos-
sessing N-terminal tails which protrude from the surface of the nucleosome octamer and
can be covalently modified by methylation, acetylation, phosphorylation, and many other
modifications [25]. Eukaryotic genomes also encode for non-allelic histone variants: while
canonical histones are usually deposited into nucleosomes during the S-phase of the cell cy-
cle, histone variants can also be integrated during the entire cell cycle [26]. Histone variants
can affect nucleosome stability and organization, thus acting on chromatin accessibility and
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transcriptional outputs. There are many enzymes that add (called writers), bind (called
readers), or remove (erasers) histone modifications and that together establish chromatin
states, which characterize different genomic regions [27]. In plant chromatin, mono-, di-,
and trimethylation of histone H3 at lysine in position 9 (H3K9) and 27 (H3K27) are asso-
ciated with gene silencing and constitutive or facultative heterochromatin. On the other
hand, H3K4 and H3K36 methylation have been shown to either promote or repress tran-
scription, depending on the number of methyl groups that are added [28]. Enrichment in
histone acetylation is usually associated with active chromatin in transcribed regions, while
histone deacetylation characterizes silenced gene sequences and compacted chromatin [29].
Additionally, chromatin can be remodelled by ATP-dependent chromatin-remodelling
complexes (CRCs), which influence histone-DNA interactions, providing accessibility to
transcriptional regulators [30].

2.2. DNA Residue Modifications

In the plant cell, DNA can also be directly modified. In particular, methylation at the
5’ position of cytosine can occur in specific sequence contexts (CG, CHG, or CHH, where H
canbe an A, T, or C). DNA methylation is considered an epigenetic mark because patterns
of symmetrical (CG) DNA methylation are faithfully inherited through DNA replication.
Maintenance of plant DNA methylation in CG is catalysed by METHYLTRANSFERASE 1
(MET1), which is recruited by VARIANT IN METHYLATION (VIM) proteins to hemimethy-
lated strands following DNA replication and methylates the unmodified cytosine in the
newly synthetized daughter strands. Two DNA methyltransferases, CHROMOMETHY-
LASE 2 and 3 (CMT2 and CMT3), are responsible for the maintenance of CHG methylation
in A. thaligna. In plants, CHG methylation and H3 histone modification lysine dimethyla-
tion (H3K9me2) reinforce each other through a regulatory feedback loop. Indeed, CMT2
and CMT3 chromo domains bind to H3K9me2-containing nucleosomes in order to target
DNA methylation [31].

CHH asymmetric methylation is maintained by DOMAINS REARRANGED METHYL-
TRANSFERASE 2 (DRM2) or CMT?2, depending on the genomic region. Through the RNA-
dependent DNA-methylation pathway (RdADM), a small RNA (sRNA)-mediated pathway,
DRM2 maintains CHH methylation at specific target regions, such as transposons and
repetitive elements, both in euchromatin and heterochromatin. By contrast, CMT2 catalyses
CHH methylation at histone H1-containing heterochromatin, where RdADM is inhibited.
Methylation by CMT2 is impaired by mutations in DECREASED DNA METHYLATION 1
(DDM1), which is a chromatin-remodelling protein that is also required for maintaining
DNA methylation in symmetric cytosine sequence contexts [32]. In plant genomes, DNA
methylation on repeat sequences and transposons is essential for suppressing transcription
and is typical of heterochromatic domains. Consequently, mutations that abolish or alter
most DNA methylation lead to transposon activation and are lethal in the majority of plant
species [33].

Besides the above-described methylation processes, DNA methylation landscapes
are dynamically regulated at the genomic level also by demethylation processes. Plants
possess a mechanism for active DNA demethylation through DNA glycosylases. These
enzymes excise 5-meC and activate its replacement with unmodified C through a base-
excision-repair mechanism, which involves numerous proteins and regulatory factors.
Active DNA demethylation counteracts excessive methylation in different genomic regions,
such as repetitive sequences and transposable elements, avoiding methylation spreading
in euchromatin. Plant 5-meC DNA glycosylases are involved in many developmental
processes and responses to a variety of biotic and abiotic environmental stimuli [31].

2.3. Non-Coding RNAs

Although non-coding RNAs, including microRNAs (miRNA), small interfering RNAs
(siRNA), and large non-coding RNAs (IncRNA), are not directly considered as epigenetic
modifications, increasing evidence indicates that they are involved at different levels in
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regulating the epigenetic landscape. In particular, siRNAs are key players in de novo DNA
methylation through the RNA-directed DNA-methylation (RADM) process by directing the
methylation machinery to target sequences [31]. Also, IncRNAs have a role in epigenetic
regulation: for example, in recruiting enzymes and complexes for histone modification and
chromatin remodelling [34]. Finally, although miRNAs regulate gene expression mainly
by post-transcriptional processes, some miRNAs were found either to directly drive DNA
methylation or to trigger secondary siRNA production by cleavage of target transcripts,
thus participating in the RADM process [35].

2.4. Experimental Approaches to Study Epigenetic Regulation

Increasing evidence has indicated that epigenetic modifications are associated with
changes in gene expression in response to a variety of stresses, including PTEs [36,37]. Dif-
ferent approaches can be used to investigate how epigenetic marks and/or the epigenome
mediate transcriptional regulation in response to heavy metals. Such strategies have ben-
efitted from the advances in next-generation sequencing (NGS) technologies of the last
decade. Thanks to these, it has become possible to analyse genome-wide chromatin and
DNA methylation states in plant tissues, in plant populations, and across different plant
species. NGS technologies have allowed us to determine the epigenomic landscapes and
their variations in the model species Arabidopsis thaliana, as well as other plants such as
rice and tomato, for which reference genomes have been made available. Additionally,
the determination of chromatin states provides insight into both the epigenomic features
of cis-regulatory elements and genetic variants which affect gene expression and pheno-
typic traits. Through the integration of chromatin accessibility, DNA methylation, and
transcriptome datasets, it is possible to construct comprehensive epigenome landscapes
for the annotation of functional elements and for a better understanding of transcriptional
regulation during plant development and in response to environmental cues.

The dynamic modifications of chromatin in plant tissues can be studied by using
histone-modification-specific antibodies in chromatin immunoprecipitation (ChIP). Once
a specific modification of chromatin and/or DNA is isolated, ChIP-seq (NGS) methods
can be applied for genome-wide studies [38]. Despite these significant advancements
in the studies of plant chromatin states, the construction of comprehensive epigenome
maps for different tissues and genotypes is still limited in non-model species due to the
low efficiency of ChIP-seq experiments in plants [39]. However, ChIP assay and the
deriving data are still the primary method to investigate protein—chromatin interactions, at
least in model species, also in reference to stress-related contexts. For example, in a very
recent study, publicly available ChIP-seq datasets of Arabidopsis wild-type and mutants
defective in key enzymes of histone modification and chromatin remodelling were used
to produce a comprehensive list of iron homeostasis genes with differential enrichment of
various histone modifications [40]. Furthermore, novel procedures are being developed
to overcome some of the limitations, such as the relatively high amount of plant material
needed for chromatin extraction and immunoprecipitation [41].

As for direct DNA modification, bisulphite treatment is the most used method for
identifying 5-methyl cytosine. Sodium bisulphite induces non-methylated cytosine deami-
nation and converts it to uracil; conversely, the methylated cytosine remains intact. Uracil
is finally converted to thymine after amplification through the polymerase chain reaction.
In principle, the whole genome bisulphite sequencing (WGBS or BS-Seq) covers all the
cytosine information once the data are mapped back to the reference genome [42]. In
addition to this technique, novel third-generation sequencing technologies, such as PacBio
SMRT and Nanopore sequencing can directly detect DNA methylation in plant genomes
and, by unambiguous mapping of repetitive and complex regions of the genome, help
to overcome the limitations associated with the fragmented information obtained with
short-read sequencing [43]. A detailed description of bioinformatic tools and pipelines
designed to map and analyse the datasets in order to answer specific biological questions
can be found in other papers [44-47].
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3. Epigenetic Mechanisms in Plant Interaction with PTEs
3.1. PTE-Induced Modulation of Modifying Enzymes

Epigenetic mechanisms play a pivotal role in the response to stresses and the adap-
tation to adverse environmental conditions. In the last decade, evidence of epigenetic
modulation has been accumulating concerning heavy metal stress. Transcriptomic analyses
upon metal(loid) treatments have highlighted the selective modulation of genes involved
in DNA methylation and demethylation [48-50], in histone modification and chromatin
remodelling [49,51,52]. Furthermore, the overexpression or mutation of genes involved
in epigenetic modifications was proved to alter plant tolerance to PTEs [53-56], further
supporting the involvement of these mechanisms in metal tolerance and accumulation.
For example, in A. thaliana, the inhibition of DNA demethylases ROS1, DML2, and DML3
determined an increase in DNA methylation upon Cd exposure, which in turn strength-
ened plant tolerance to Cd stress by improving Fe status in the roots [54]. On the contrary,
in rice, an increase in Cd tolerance was promoted by the repression of methylase genes,
either by mutation or by the application of the methylation inhibitor 5-azacytidine, and the
consequently reduced DNA methylation [49,57]. Epigenetic mechanisms were found to be
mediated by ROS homeostasis and signalling in a variety of stresses [58], and especially
in response to PTEs [59,60] (Figure 2). How ROS function as signalling molecules is still
under debate; it has been proposed that ROS may influence the activity of chromatin-
remodeller enzymes by changing their post-translational modifications and, therefore, their
activity [58].

Major epigenetic modifications

?I—I3I<9m2 ?H3K4m3 Q DNA-met

' H3K27m3 s H3Ac

T

Gene expression modulation

Figure 2. Main epigenetic modifications involved in modulation of gene expression upon PTE stress.

3.2. PTE-Induced Chromatin Modifications

Beyond the specific mechanisms producing the epigenetic modifications, these have
been observed to happen at two levels in plants exposed to environmental stresses: on
a whole-genome scale or targeting single genes with a significant role in stress response
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and tolerance. At the global level, epigenetic modifications (in the form, for instance, of
massive hypo- or hypermethylation) are a response to genotoxicity and genome instability.
The latter two events have been widely established among the toxicity symptoms of PTEs,
although they remain only moderately analysed in plants. Several metal(loid)s, such as Cd,
Cr, As, and Pb, induce damages on DNA by a variety of mechanisms that are mainly ROS-
mediated, with effects going from simple mutations to chromosomal aberrations [61-64].

Epigenetic changes acting on chromatin modelling, DNA methylation in the first
place, are likely a strategy to avoid genetic instability ensuing from stress, as reported for
other abiotic stresses. However, the phenomenon is complex and strongly depends on the
plant genotype, the metal considered, and the experimental conditions; indeed, contrasting
profiles have been observed in different species and metals. For example, Trifolium repens
(metal sensitive) and Cannabis sativa (metal tolerant) both showed changes in DNA methyla-
tion tending toward hypomethylation when grown in soils artificially polluted with Cd, Cr,
and Ni [65]; similarly, Cd produced demethylation in Brassica napus [66] and A. thaliana [67].
On the contrary, Cd treatment resulted in increased methylation in Posidonia oceanica [68],
Datura stramonium [69], Noccaea caerulescens [67], and Hibiscus cannabinus [70]; hyperme-
thylation was also produced by Cr in B. napus [71] and Zea mays [72], by Pb in Raphanus
sativus [73], and by Cu in Hydrilla verticillata, the latter in a ROS-dependent manner [74].

The protective role of methylation against genotoxicity and genome instability has been
proposed to act by reconfiguring chromatin and preventing mobilization of transposable
elements upon stress [49,73,75]. On the other hand, this hypothesis fails to explain the
variability in behaviour observed between different species also in response to the same
genotoxic metal (e.g., Cd producing either hyper- or hypomethylation in different plant
genotypes). However, it should be remembered that epigenetic modifications condition
transcription and are, therefore, involved in regulating gene expression, a phenomenon
that is strongly influenced by the genetic background.

Indeed, gene-specific changes in DNA methylation or histone modifications have
been observed to occur alongside genome-wide ones [49,65,73,76,77]. A variety of targets
have been identified for these changes, which are associated with the modulation of
gene expression: interestingly, these include genes involved in cell cycle [78], xenobiotic
and/or metal transport, stress response [49,70,73,77,79], and small RNA-mediated gene
regulation [49]. Deeper investigation has been performed on some genes specifically
involved in plant-metal interactions, highlighting how epigenetic mechanisms play a
fundamental role in the response to PTEs. For example, rice Mn transporter OsMTP11 was
upregulated by Mn and, to a lesser extent, by Cd, Zn, and Ni; consistently, these treatments
induced demethylation at the CG, CHG, and CHH sites of its promoter, as detected by
bisulphite DNA sequencing, suggesting a direct involvement of epigenetic modification
in the induction of OsMTP11 upon metal stress. Interestingly, such demethylation is the
prerogative of the metal stress since the treatment with NaCl did not drive either DNA
demethylation or OsMTP11 overexpression [80].

Similarly, the plasma membrane transporter OsZIP1 and the metallochaperone OsHMP
were both upregulated in rice in response to Cd and, to a lower extent, other metals. Indeed,
Cd induced demethylation of both DNA and histones in the coding sequence of OsZIP1
and in the promoter of OsHMP; the two events were found to correlate with the increased
gene expression upon Cd stress [81,82]. In wheat, linked hypomethylation of the promoter
regions and increased expression levels were detected in response to Cd, Pb, and Zn
for genes encoding the transporters TaABCCs and TaHMA2, deputed to metal vacuolar
sequestration and export to the apoplast, respectively. Interestingly, this was specifically
observed in a metal-tolerant genotype, compared with a sensitive variety [83].

3.3. Transgenerational Memory of the PTE Stress Response

The major advantage of using epigenetic modification to modulate plant response to
heavy metals or, more in general, stress is that of the extreme flexibility of the mechanisms
that do not require variation in the DNA sequence [84,85]. On the one hand, transient



Plants 2023, 12, 3195

8 of 15

chromatin modifications allow for reversion upon the end of the stress, providing fast
adaptation and response to changing environments. Although, in the case of PTE excess,
this situation is unrealistic in nature, transience in epigenetic markers was demonstrated
for phosphate starvation and subsequent resupply in Arabidopsis [86]. In laboratory condi-
tions, some experiments indicate that reversion to the original epigenetic status happens,
at least partially, upon recovery from metal stress [59,87] or in the following untreated
generations [48,88]. On the other hand, the same experiments on multiple generations
demonstrated transgenerational memory of epigenetic mechanisms in PTE stress. Indeed,
epigenetic mechanisms were proposed as underlying transgenerational memory of metal
tolerance in Arabidopsis [89]. Interestingly, such transgenerational memory of the stress
information is transferred to the immediate progeny, but this transmission ends when
the following generations are grown in the lack of the metal stress [89]. Conversely, in
rice, changes in DNA methylation induced by Hg were reverted only for less than 50%
in the first following generation, the remaining being composed by either conserved pat-
terns or further new changes. The second generation also showed extremely high levels
of epigenetic conservation [48], together with conserved changes in gene expression of
determinant genes [88]. Similarly, Cu-induced epigenetic changes in Trifolium repens were
conserved both after transfer of the mother plant to non-polluted soil and, mostly, in the
clonal progeny derived [90].

3.4. Epigenetic Modifications in the Evolution of PTE-Tolerant Species

The transgenerational memory of epigenetic changes is, most likely, a driving force
behind plant adaptation to adverse environmental conditions, together with actual changes
in DNA sequence.

As previously described, PTE effects on global chromatin organization and DNA
epigenetic modifications are extremely variable, depending on both the chemical element
considered (including its biological role or lack thereof) and the genotype of the plant
considered. In fact, differences are very evident when directly comparing non-tolerant vs.
tolerant species. For example, non-tolerant A. thaliana had a higher basal methylation level
than hyperaccumulator N. caerulescens and reacted to Cd treatment with DNA demethyla-
tion, whereas N. caerulescens showed an increased global methylation level [67]. Even at the
level of population or cultivar, epigenetic-mediated adaption to metal-polluted soils was
demonstrated. The comparison between two Cd-tolerant populations of Arabidopsis halleri
with different edaphic strategies, one a Cd excluder (I16) and the other a hyperaccumulator
(PL22), evidenced contrasting behaviour in Cd-induced DNA methylation, interpreted as
a potential defence mechanism to regulate chromatin condensation and prevent nuclear
damages [91]. Interestingly, Armeria maritima populations from polluted and unpolluted
soils, genetically equidistant, showed clustering of metallicolous populations when DNA
methylation was considered: even though the metal-tolerant populations are geograph-
ically distant and the result of independent adaptive events, epigenetic changes can be
ascribed for a significant percentage to their edaphic character [92]. A role of epigenetic
mechanisms in allowing adaptation to PTE-polluted soils was found also in Chenopodium
ambrosioides [93]; in the same species, significant differences in epigenetic mechanisms
were found when comparing Mn-sensitive and Mn-tolerant populations [94]. Different
methylation profiles also characterized non-tolerant and Cr-tolerant strains of the green
alga Scenedesmus acutus; in the specific, when comparing genes involved in the sulphate
pathway, putatively involved in Cr tolerance, the methylation differences were consistent
with differential gene expression [77].

Apart from natural adaptive processes, epigenetic variation and its correlation with
PTE tolerance has raised increasing interest in agricultural crops. Cereals in particular
have been research targets in this field. In rice, metal-tolerant hybrids showed differential
methylation patterns in metal-associated genes both upon Cd, Cr, or Cu treatments and in
comparison to sensitive genotypes [95]. A wheat cultivar characterized by metal tolerance
showed a distinct hypomethylation in the promoters of target transporter genes that was
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absent in the non-tolerant variety [83]. Different changes in DNA methylation were also
detected in Al-tolerant and Al-sensitive triticale genotypes upon Al treatment [96]. Finally,
three Al-tolerant barley cultivars were characterized by the insertion of an LTR retrotrans-
poson in the promoter of HVAACT1, encoding a plasma membrane citrate transporter
involved in citrate secretion for in-soil Al detoxification. This retrotransposon induces
higher expression of HVAACTI and was identified in a wide number of barley accessions,
in which Al tolerance was directly associated with the degree of LTR methylation and
consequent regulation of HYAACT1 expression levels [97]. This evidence has suggested the
possibility to act on the epigenome to modulate crop tolerance to PTEs, although research in
this field has as yet concentrated on cultivar characterization, rather than actual strategies
for epigenetic control.

4. Novel Trends in the Epigenetic Control of Plant Response to PTEs: The Role of
Biotic Components of the Rhizosphere

Plant-growth-promoting bacteria (PGPB) are plant-associated, free-living soil-borne
bacteria which can enhance plant growth through various mechanisms. PGPB stimulate
plant growth through the production of phytohormones, the increase of soil nutrients
bioavailability, and controlling plant pathogens and diseases by the production of antimi-
crobial molecules [98]. Arbuscular Mycorrhizal Fungi (AMF) are soil-borne fungi that can
significantly improve plant nutrient uptake and resistance to several abiotic stress factors.
The fungal mycelium colonizes the roots of many plants even belonging to different species,
resulting in a common mycorrhizal network which increases resistance to invasive plants,
tolerance to abiotic stress, and fungal-mediated transport of phosphorus (P) and nitrogen
(N) to plants [99].

4.1. PTE Tolerance in Plants Interacting with PGPB and AMF

PGPB and AMF are known to exert beneficial effects on plants exposed to PTEs. Con-
sidering this point of view, rhizosphere microorganisms can contribute either to enhance
metal bioavailability, increasing plant metal accumulation, or, on the contrary, to stabilize
PTE ions in the soil matrix, preventing or reducing root absorption and root-to-shoot
translocation of excess PTEs. These abilities can be attributed to the microbial metabolism
and processes such as precipitation, biotransformation (e.g., methylation, volatilization,
oxidation or reduction, formation of complexes), and adsorption of ions onto the micro-
bial structures. Although there is wide evidence of the positive role of PGPB and AMF
in increasing PTE tolerance and accumulation in plants (especially in hyperaccumulator
species), to date, little is known regarding the effect of soil microorganisms in modulating
plant gene expression or epigenomes in response to PTEs. In some works, expression mod-
ulation mediated by PGPB has been observed in association with greater plant tolerance to
metals in contaminated sites. Genes that are modulated by PGPB association encode metal
transporters or participate in the oxidative stress response, contributing to plant tolerance
towards PTEs (see Table 1 for an overview).

For instance, Pseudomonas aeruginosa and Burkholderia gladioli were able to downregu-
late metal transporters in Lycopersicon esculentum seedlings grown upon Cd stress, reducing
metal uptake and bioavailability and, therefore, promoting Cd tolerance and growth [100].
Similarly, Pseudomonas fluorescens upregulated AtPCR2, which encodes a membrane protein
involved in metal transport and detoxification, enhancing Cd resistance in inoculated
plants [101]. Once inoculated in Arabidopsis, Bacillus amyloliquefaciens (strain SAY09) pro-
moted the expression of genes involved in sensing Fe status and in Fe transport, e.g., FIT1,
IRT1, and FRO2, under excess Cd, enhancing plant tolerance by limiting Cd-induced Fe
deficiency [102]. As for genes related to the PTE-induced oxidative stress, inoculation with
strains of Bacillus pumilus and Bacillus firmus improved the tolerance of Solanum tuberosum
to Zn by enhancing the expression of a variety of ROS-scavenging enzymes (e.g., APX,
SOD, CAT, DHAR, and GR) [103]. Similar results were reported when inoculating Lathyrus
sativus with a PGPB consortium prior to the application of excess Pb [104]. PGPBs can
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also increase the phytoextraction capacity by modulating the expression of specific genes
in hyperaccumulator species. For instance, endophytic strains of Pseudomonas fluorescens
enhanced the accumulation of Cd and micronutrients, such as Fe, Zn, and Cu, in the Zn/Cd
hyperaccumulator Sedum alfredii, by regulating the expression of a variety of genes involved
in Cd uptake, translocation to the shoot, and allocation into vacuoles, (e.g., ZIP transporters,
IRT1, HMA2, and HMA3) [105,106].

Table 1. Summary of studies showing the effect of PGPB on the expression of plant genes involved in
PTEs response. T = increase in gene expression; | = decrease in gene expression.

PGPB Plant Species PTE Modulated Genes Reference

Pseudomonas aeruginosa . | members of the P-type ATPase
O T Lycopersicon esculentum Cd metal transporter family [100]
Pseudomonas fluorescens Arabidopsis thaliana Cd 1T AtPCR2 [101]
Bacillus amyloliquefaciens SAY09 Arabidopsis thaliana Cd 1 FIT1, IRT1, FRO2 [102]
Baczl'lus pgmzlus Solanum tuberosum 7/n 1 APX, SOD, CAT, DHAR, GR [103]

Bacillus firmus
R. leguminosarum M5 + P. fluorescens )

K23 + Luteibacter sp. + Variovorax sp. Eelvplaion £ 1 @, e

. 1T SaHMA2, SaHMA, ZIP2, ZIP3,
Pseudomonas fluorenscens Sasm05 Sedum alfredii Cd ZIP4, ZIP11, and IRT1 [105]

1 SalRT1, SaZIP1, SaZIP3,

Pseudomonas fluorenscens SaMR12 Sedum alfredii Cd SaHMA?2, SaHMA3, SaNramp1, [106]

SaNramp3, SaNramp6

4.2. Plant Epigenetic Regulation and Rhizosphere Microorganisms

Although evidence is still limited, the interaction between plants and the associated
beneficial microorganisms seems to also influence the epigenetics of plant response to
PTEs. Data obtained by epigenomics analysis are timidly emerging, shedding light on
the dynamic of DNA methylation, histone modification, and small non-coding RNAs’
modulation induced by PGPB or AMF on PTE-treated plants. For instance, the patterns
and temporal changes of DNA methylation were analysed in leaves of Populus alba plants
to determine the combined effect of inoculation with the AMF Funneliformis mosseae and
Rhizophagus intraradices and stress due to excess Cu and Zn. Interestingly, extensive DNA
hypomethylation occurred only in mycorrhized plants after 6 months of Cu and Zn excess,
pointing to an important role of epigenetic mechanisms in the long-term adaptation. Fur-
thermore, the response induced by PTEs and AMF was found to spread systemically from
roots to shoots [107]. Moreover, differences in methylation were detected in genes involved
in ROS scavenging, RNA processing, cell wall constitution, and amino acids metabolism,
all mechanisms that may confer improved stress tolerance to the colonized plants [107].
A similar effect on methylation was detected in Arundo donax inoculated with the PGPBs
Stenotrophomonas maltophilia and Agrobacterium and upon Se stress [108].

Recently, small RNAs have been shown to play important roles in cross-kingdom
communication, notably in plant—pathogen relationships, and suppression of plant miRNAs
by PGPB results in enhanced plant defence against pathogens [109]. In the rhizosphere
environment, the interaction between plants and microorganisms is shaped by a variety
of exchanged signals, likely including sRNAs [110]. Although evidence has been found
on sRNA inter-kingdom exchanges by extracellular vesicles released in the medium, the
focus has been mostly on plant—pathogen interactions [111]. On the other hand, no direct
evidence has been reported so far regarding the role of SRNAs in modulating the plant-
rhizobiome interaction and the epigenetic response of both in the presence of excess PTEs.

Transgenerational epigenetic inheritance due to modifications induced by the rhizo-
sphere microorganisms is another unexplored topic. Interestingly, the ability of AMF and
PGPB to induce epigenetic changes transmitted to the progeny has been reported. For
example, in Geranium sylvaticum, the AMF status of father plants can affect DNA methyla-
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tion in seeds, and these changes in DNA methylation are further dependent on the gender
(i.e., female or hermaphrodite) of the genotype adopted as female counterpart [112]. As
for PTE-plant-microorganism interaction, research is still in its early stages. In the view of
increasing phytoremediation potential, it was demonstrated that inoculation with Arthrobac-
ter (strain PGP41) enhanced plant fitness upon Cd stress in the North American Mn/Cd
hyperaccumulator Phytolacca americana, thanks to a variety of growth-promoting features
as well as the ability to secrete organic acids in a Cd-dependent manner [113]. Recently,
this PGPB, as well as a newly identified Bacillus strain, was found to induce long-term
changes in root gene expression and epigenome when inoculated in P. americana plants
grown in unpolluted soil. Interestingly, the observed variations were also conserved after
the elimination of the bacteria; differential methylation correlated with the modulation of
gene expression and was necessary for the growth-promoting activity of the inocula [114].
These preliminary results offer new strategies for microbiome manipulation to promote
plant growth in PTE-contaminated soils through the application of PGPB or AMFE.

5. Conclusions

Epigenetic modifications play a pivotal role in the control of PTE stress in plants.
PGPB and AMF inhabiting the rhizosphere also contribute to modulate the epigenetic
status of the plant they interact with, and probably are likewise involved in inheritance
of the epigenetic modifications. The increasing understanding of these processes opens
novel perspectives that may help to improve plant adaption and fitness when growing in
metal-rich soils. However, more efforts should be taken to identify processes allowing for
controlled epigenetic changes that can be applied to crops. Among them, microorganism-
induced modifications should be further investigated, for example, by uncovering whether
specialized molecules, metabolites, and other signalling molecules, such as nucleic acids
fragments (miRNA) are produced by PGPB/AMF or by plants.

Author Contributions: Conceptualization, E.F.,, G.D. and A.F,; visualization: G.G.; writing—review
and editing, all authors. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Data Availability Statement: No new data were created or analysed in this study. Data sharing is
not applicable to this article.

Acknowledgments: G.G., G.V, AF and G.D. are members of the COST ACTION 19166 PLANTMETALS.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Pourret, O.; Hursthouse, A. It's Time to Replace the Term “Heavy Metals” with “Potentially Toxic Elements” When Reporting
Environmental Research. Int. J. Environ. Res. Public Health 2019, 16, 4446. [CrossRef] [PubMed]

2. Weissmannova, H.D.; Pavlovsky, J. Indices of soil contamination by heavy metals-methodology of calculation for pollution
assessment (minireview). Environ. Monit. Assess. 2017, 189, 616. [CrossRef] [PubMed]

3. Rai,PK;Lee,S.S.; Zhang, M.; Tsang, Y.F,; Kim, K.H. Heavy metals in food crops: Health risks, fate, mechanisms, and management.
Environ. Int. 2019, 125, 365-385. [CrossRef] [PubMed]

4.  Srivastava, V.; Sarkar, A.; Singh, S.; Singh, P.; De Araujo, A.S.; Singh, R.P. Agroecological responses of heavy metal pollution with
special emphasis on soil health and plant performances. Front. Environ. Sci. 2017, 5, 64. [CrossRef]

5. Sullivan, T.S.; Gadd, G.M. Metal bioavailability and the soil microbiome. Adv. Agron. 2019, 155, 79-120.

6. Riaz, M.; Kamran, M,; Fang, Y.; Wang, Q.; Cao, H.; Yang, G.; Deng, L.; Wang, Y.; Zhou, Y.; Anastopoulos, I.; et al. Arbuscular
mycorrhizal fungi-induced mitigation of heavy metal phytotoxicity in metal contaminated soils: A critical review. J. Hazard.
Mater. 2021, 402, 123919. [CrossRef]

7. Edelstein, M.; Ben-Hur, M. Heavy metals and metalloids: Sources, risks and strategies to reduce their accumulation in horticultural
crops. Sci. Hortic. 2018, 234, 431-444. [CrossRef]

8. Wang, S.; Shi, X. Molecular mechanisms of metal toxicity and carcinogenesis. Mol. Cell. Biochem. 2001, 222, 3-9. [CrossRef]

9.  Banfalvi, G. Cellular Effects of Heavy Metals; Springer: New York, NY, USA, 2011; pp. 3-28.

10.  Furini, A. Plants and Heavy Metals; Springer: Dordrecht, The Netherlands, 2012.

11.  Viehweger, K. How plants cope with heavy metals. Bot. Stud. 2014, 55, 35. [CrossRef]


https://doi.org/10.3390/ijerph16224446
https://www.ncbi.nlm.nih.gov/pubmed/31766104
https://doi.org/10.1007/s10661-017-6340-5
https://www.ncbi.nlm.nih.gov/pubmed/29116419
https://doi.org/10.1016/j.envint.2019.01.067
https://www.ncbi.nlm.nih.gov/pubmed/30743144
https://doi.org/10.3389/fenvs.2017.00064
https://doi.org/10.1016/j.jhazmat.2020.123919
https://doi.org/10.1016/j.scienta.2017.12.039
https://doi.org/10.1023/A:1017918013293
https://doi.org/10.1186/1999-3110-55-35

Plants 2023, 12, 3195 12 0f 15

12.

13.

14.

15.
16.

17.

18.

19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wojcik, M.; Gonnelli, C.; Selvi, F,; Dresler, S.; Rostariski, A.; Vangronsveld, ]. Metallophytes of serpentine and calamine soils—Their
unique ecophysiology and potential for phytoremediation. Adv. Bot. Res. 2017, 83, 1-42.

Thakur, M.; Praveen, S.; Divte, PR.; Mitra, R.; Kumar, M.; Gupta, C.K,; Kalidindi, U.; Bansal, R.; Roy, S.; Anand, A.; et al. Metal
tolerance in plants: Molecular and physicochemical interface determines the “not so heavy effect” of heavy metals. Chemosphere
2022, 287,131957. [CrossRef]

Sharma, S.S.; Dietz, K.J.; Mimura, T. Vacuolar compartmentalization as indispensable component of heavy metal detoxification in
plants. Plant Cell Environ. 2016, 39, 1112-1126. [CrossRef] [PubMed]

Maksymiec, W. Signaling responses in plants to heavy metal stress. Acta Physiol. Plant 2007, 29, 177-187. [CrossRef]

Thao, N.P,; Khan, M.R.; Thu, N.B.A.; Hoang, X.L.T.; Asgher, M.; Khan, N.A.; Tran, L.S.P. Role of ethylene and its cross talk with
other signaling molecules in plant responses to heavy metal stress. Plant Physiol. 2015, 169, 73-84. [CrossRef] [PubMed]

Shahid, M.; Natasha; Khalid, S.; Abbas, G.; Niazi, N.K.; Murtaza, B.; Rashid, M.L; Bibi, I. Redox mechanisms and plant tolerance
under heavy metal stress: Genes and regulatory networks. In Plant Metallomics and Functional Omics: A System-Wide Perspective;
Sablok, G., Ed.; Springer: Cham, Switzerland, 2019; pp. 71-105.

Saladin, G. Phytoextraction of Heavy Metals: The Potential Efficiency of Conifers. In Heavy Metal Contamination of Soils; Sherameti,
I., Varma, A., Eds.; Springer International Publishing: Cham, Switzerland, 2015; pp. 333-353.

Fasani, E.; Li, M,; Varotto, C.; Furini, A.; DalCorso, G. Metal Detoxification in Land Plants: From Bryophytes to Vascular Plants.
State of the Art and Opportunities. Plants 2022, 11, 237. [CrossRef] [PubMed]

Kramer, U. Metal hyperaccumulation in plants. Annu. Rev. Plant Biol. 2010, 61, 517-534. [CrossRef] [PubMed]

Van der Ent, A.; Baker, A.].M.; Reeves, R.D.; Pollard, A J.; Schat, H. Hyperaccumulators of metal and metalloid trace elements:
Facts and fiction. Plant Soil 2013, 362, 319-334. [CrossRef]

Manara, A.; Fasani, E.; Furini, A.; DalCorso, G. Evolution of the metal hyperaccumulation and hypertolerance traits. Plant Cell
Environ. 2020, 43, 2969-2986. [CrossRef]

Grativol, C.; Hemerly, A.S.; Ferreira, P.C.G. Genetic and epigenetic regulation of stress responses in natural plant populations.
Biochim. Biophys. Acta Gene Regul. Mech. 2012, 1819, 176-185. [CrossRef]

Alonso, C.; Ramos-Cruz, D.; Becker, C. The role of plant epigenetics in biotic interactions. New Phytol. 2019, 221, 731-737.
[CrossRef]

Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693-705. [CrossRef] [PubMed]

Kamakaka, R.T.; Biggins, S. Histone variants: Deviants? Genes Dev. 2005, 19, 295-310. [CrossRef]

Li, Z,; Li, D; Li, Y;; Guo, X.; Yang, R. Deciphering the regulatory code of histone modifications in plants. J. Genet. Genom. 2022, 49,
1064-1067. [CrossRef] [PubMed]

Liu, C.; Lu, F; Cui, X,; Cao, X. Histone methylation in higher plants. Annu. Rev. Plant Biol. 2010, 61, 395-420. [CrossRef] [PubMed]
Loidl, P. A plant dialect of the histone language. Trends Plant Sci. 2004, 9, 84-90. [CrossRef] [PubMed]

Shang, ].Y.; He, X.J. Chromatin-remodeling complexes: Conserved and plant-specific subunits in Arabidopsis. J. Integr. Plant Biol.
2022, 64, 499-515. [CrossRef] [PubMed]

Zhang, H.; Lang, Z.; Zhu, ].K. Dynamics and function of DNA methylation in plants. Nat. Rev. Mol. Cell Biol. 2018, 19, 489-506.
[CrossRef]

Leichter, S.M.; Du, J.; Zhong, X. Structure and mechanism of plant DNA Methyltransferases. Adv. Exp. Med. Biol. 2022, 389,
137-157.

Johannes, F. DNA methylation makes mutational history. Nat. Plants 2019, 5, 772-773. [CrossRef]

Karlik, E.; Ari, S.; Gozukirmizi, N. LncRNAs: Genetic and epigenetic effects in plants. Biotechnol. Biotechnol. Equip. 2019, 33,
429-439. [CrossRef]

Teotia, S.; Singh, D.; Tang, G. DNA methylation in plants by microRNAs. In Plant Epigenetics; Rajewsky, N., Jurga, S., Barciszewski,
J., Eds.; Springer: Cham, Switzerland, 2017; pp. 247-262.

Bilichak, A.; Ilnystkyy, Y.; Hollunder, J.; Kovalchuk, I. The progeny of Arabidopsis thaliana plants exposed to salt exhibit changes in
DNA methylation, histone modifications and gene expression. PLoS ONE 2012, 7, e30515. [CrossRef] [PubMed]

Chung, S.; Kwon, C.; Lee, ].H. Epigenetic control of abiotic stress signaling in plants. Genes Genom. 2022, 44, 267-278. [CrossRef]
[PubMed]

Chen, X.; Bhadauria, V.; Ma, B. ChIP-Seq: A powerful tool for studying Protein-DNA interactions in plants. Curr. Issues Mol. Biol.
2018, 27, 171-180. [CrossRef]

Ricci, W.A,; Levin, L.; Zhang, X. Genome-Wide profiling of histone modifications with ChIP-Seq. Methods Mol. Biol. 2020, 2072,
101-117. [PubMed]

Yu, Y.; Wang, Y.; Yao, Z.; Wang, Z.; Xia, Z.; Lee, ]. Comprehensive survey of ChIP-Seq Datasets to identify candidate iron
homeostasis genes regulated by chromatin modifications. Methods Mol. Biol. 2023, 2665, 95-111.

Tao, X.; Feng, S.; Zhao, T.; Guan, X. Efficient chromatin profiling of H3K4me3 modification in cotton using CUT&Tag. Plant
Methods 2020, 16, 120. [PubMed]

Li, P; Demirci, F.; Mahalingam, G.; Demirci, C.; Nakano, M.; Meyers, B.C. An integrated workflow for DNA methylation analysis.
J. Genet. Genom. 2013, 40, 249-260. [CrossRef]

Gouil, Q.; Keniry, A. Latest techniques to study DNA methylation. Essays Biochem. 2019, 63, 639—-648.


https://doi.org/10.1016/j.chemosphere.2021.131957
https://doi.org/10.1111/pce.12706
https://www.ncbi.nlm.nih.gov/pubmed/26729300
https://doi.org/10.1007/s11738-007-0036-3
https://doi.org/10.1104/pp.15.00663
https://www.ncbi.nlm.nih.gov/pubmed/26246451
https://doi.org/10.3390/plants11030237
https://www.ncbi.nlm.nih.gov/pubmed/35161218
https://doi.org/10.1146/annurev-arplant-042809-112156
https://www.ncbi.nlm.nih.gov/pubmed/20192749
https://doi.org/10.1007/s11104-012-1287-3
https://doi.org/10.1111/pce.13821
https://doi.org/10.1016/j.bbagrm.2011.08.010
https://doi.org/10.1111/nph.15408
https://doi.org/10.1016/j.cell.2007.02.005
https://www.ncbi.nlm.nih.gov/pubmed/17320507
https://doi.org/10.1101/gad.1272805
https://doi.org/10.1016/j.jgg.2022.07.003
https://www.ncbi.nlm.nih.gov/pubmed/35850435
https://doi.org/10.1146/annurev.arplant.043008.091939
https://www.ncbi.nlm.nih.gov/pubmed/20192747
https://doi.org/10.1016/j.tplants.2003.12.007
https://www.ncbi.nlm.nih.gov/pubmed/15102374
https://doi.org/10.1111/jipb.13208
https://www.ncbi.nlm.nih.gov/pubmed/34964264
https://doi.org/10.1038/s41580-018-0016-z
https://doi.org/10.1038/s41477-019-0491-z
https://doi.org/10.1080/13102818.2019.1581085
https://doi.org/10.1371/journal.pone.0030515
https://www.ncbi.nlm.nih.gov/pubmed/22291972
https://doi.org/10.1007/s13258-021-01163-3
https://www.ncbi.nlm.nih.gov/pubmed/34515950
https://doi.org/10.21775/cimb.027.171
https://www.ncbi.nlm.nih.gov/pubmed/31541441
https://www.ncbi.nlm.nih.gov/pubmed/32884577
https://doi.org/10.1016/j.jgg.2013.03.010

Plants 2023, 12, 3195 13 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Luo, C.; Lam, E. Quantitatively profiling genome-wide patterns of histone modifications in Arabidopsis thaliana using ChIP-seq.
Methods Mol. Biol. 2014, 1112, 177-193.

Lin, I.H. Whole Genome DNA Methylation Analysis Using Next-Generation Sequencing (BS-seq). Methods Mol. Biol. 2018, 1667,
223-287, Erratum in Methods Mol. Biol. 2018, 1667, E1.

Omony, J.; Nussbaumer, T.; Gutzat, R. DNA methylation analysis in plants: Review of computational tools and future perspectives.
Brief. Bioinform. 2020, 21, 906-918. [CrossRef] [PubMed]

Klasfeld, S.; Roulé, T.; Wagner, D. Greenscreen: A simple method to remove artifactual signals and enrich for true peaks in
genomic datasets including ChIP-seq data. Plant Cell 2022, 34, 4795-4815. [CrossRef] [PubMed]

Ou, X,; Zhang, Y.; Xu, C,; Lin, X.; Zang, Q.; Zhuang, T.; Jiang, L.; von Wettstein, D.; Liu, B. Transgenerational inheritance of
modified DNA methylation patterns and enhanced tolerance induced by heavy metal stress in rice (Oryza sativa L.). PLoS ONE
2012, 7, e41143. [CrossRef]

Feng, S.; Liu, X,; Tao, H.; Tan, S.; Chu, S.; Oono, Y.; Zhang, X.; Chen, J.; Yang, Z.M. Variation of DNA methylation patterns
associated with gene expression in rice (Oryza sativa) exposed to cadmium. Plant Cell Environ. 2016, 39, 2629-2649. [CrossRef]
[PubMed]

Greco, M,; Saez, C.A,; Contreras, R.A.; Rodriguez-Rojas, F,; Bitonti, M.B.; Brown, M.T. Cadmium and/or copper excess induce
interdependent metal accumulation, DNA methylation, induction of metal chelators and antioxidant defences in the seagrass
Zostera marina. Chemosphere 2019, 224, 111-119. [CrossRef] [PubMed]

Imran, M.; Shafiq, S.; Farooq, M.A.; Naeem, M.K.; Widemann, E.; Bakhsh, A.; Jensen, K.B.; Wang, R.R.C. Comparative genome-
wide analysis and expression profiling of histone acetyltransferase (HAT) gene family in response to hormonal applications,
metal and abiotic stresses in cotton. Int. J. Mol. Sci. 2019, 20, 5311. [CrossRef]

Xu, C.; Li, Z.; Wang, ]. Temporal and tissue-specific transcriptome analyses reveal mechanistic insights into the Solidago canadensis
response to cadmium contamination. Chemosphere 2022, 292, 133501. [CrossRef]

Ezaki, B.; Higashi, A.; Nanba, N.; Nishiuchi, T. An S-adenosyl methionine synthetase (SAMS) gene from Andropogon virginicus L.
confers aluminum stress tolerance and facilitates epigenetic gene regulation in Arabidopsis thaliana. Front. Plant Sci. 2016, 7, 1627.
[CrossRef] [PubMed]

Fan, SK;; Ye, ].Y,; Zhang, L.L.; Chen, H.S.; Zhang, H.H.; Zhu, Y.X,; Liu, X.X; Jin, C.W. Inhibition of DNA demethylation enhances
plant tolerance to cadmium toxicity by improving iron nutrition. Plant Cell Environ. 2020, 43, 275-291. [CrossRef] [PubMed]

Li, Q.; Sun, W,; Chen, C; Dong, D.; Cao, Y.; Dong, Y.; Yu, L.; Yue, Z.; Jin, X. Overexpression of histone demethylase gene SIJ/M]524
from tomato confers Cd tolerance by regulating metal transport-related protein genes and flavonoid content in Arabidopsis. Plant
Sci. 2022, 318, 111205. [CrossRef]

Bahmani, R.; Modareszadeh, M.; Kim, D.; Hwang, S. Methylcytosine-binding protein VIM1 decreases As (III) accumulation by
epigenetic downregulation of the As (III) importer NIP3; 1 in Arabidopsis. J. Hazard. Mat. 2023, 441, 129987. [CrossRef]

Feng, S.J.; Liu, X.S.; Ma, L.Y,; Rono, J.K.; Yang, Z.M. Identification of epigenetic mechanisms in paddy crop associated with
lowering environmentally related cadmium risks to food safety. Environ. Pollut. 2020, 256, 113464. [CrossRef] [PubMed]
Ramakrishnan, M.; Papolu, PK.; Satish, L.; Vinod, K.K.; Wei, Q.; Sharma, A.; Emamverdian, A.; Zou, L.H.; Zhou, M. Redox status
of the plant cell determines epigenetic modifications under abiotic stress conditions and during developmental processes. |. Adv.
Res. 2022, 42, 99-116. [CrossRef] [PubMed]

Zabka, A.; Winnicki, K.; Polit, J.T.; Wréblewski, M.; Maszewski, ]. Cadmium (II)-induced oxidative stress results in replication
stress and epigenetic modifications in root meristem cell nuclei of Vicia faba. Cells 2021, 10, 640. [CrossRef]

Jing, M.; Zhang, H.; Wei, M.; Tang, Y.; Xia, Y.; Chen, Y.; Shen, Z.; Chen, C. Reactive oxygen species partly mediate DNA
methylation in responses to different heavy metals in pokeweed. Front. Plant Sci. 2022, 13, 845108. [CrossRef] [PubMed]

Patra, M.; Bhowmik, N.; Bandopadhyay, B.; Sharma, A. Comparison of mercury, lead and arsenic with respect to genotoxic effects
on plant systems and the development of genetic tolerance. Environ. Exp. Bot. 2004, 52, 199-223. [CrossRef]

Wang, H.; He, L.; Song, J.; Cui, W.; Zhang, Y.; Jia, C.; Francis, D.; Rogers, H.J.; Sun, L.; Tai, P; et al. Cadmium-induced genomic
instability in Arabidopsis: Molecular toxicological biomarkers for early diagnosis of cadmium stress. Chemosphere 2016, 150,
258-265. [CrossRef] [PubMed]

Dutta, S.; Mitra, M.; Agarwal, P.; Mahapatra, K.; De, S.; Sett, U.; Roy, S. Oxidative and genotoxic damages in plants in response to
heavy metal stress and maintenance of genome stability. Plant Signal. Behav. 2018, 13, €1460048. [CrossRef] [PubMed]

Wakeel, A.; Xu, M.; Gan, Y. Chromium-induced reactive oxygen species accumulation by altering the enzymatic antioxidant
system and associated cytotoxic, genotoxic, ultrastructural, and photosynthetic changes in plants. Int. J. Mol. Sci. 2020, 21, 728.
[CrossRef] [PubMed]

Aina, R,; Sgorbati, S.; Santagostino, A.; Labra, M.; Ghiani, A.; Citterio, S. Specific hypomethylation of DNA is induced by heavy
metals in white clover and industrial hemp. Physiol. Plant 2004, 121, 472-480. [CrossRef]

Filek, M.; Keskinen, R.; Hartikainen, H.; Szarejko, I.; Janiak, A.; Miszalski, Z.; Golda, A. The protective role of selenium in rape
seedlings subjected to cadmium stress. J. Plant Physiol. 2008, 165, 833-844. [CrossRef] [PubMed]

Galati, S.; DalCorso, G.; Furini, A.; Fragni, R.; Maccari, C.; Mozzoni, P; Giannelli, G.; Buschini, A.; Visioli, G. DNA methylation is
enhanced during Cd hyperaccumulation in Noccaea caerulescens ecotype Ganges. Environ. Sci. Pollut. Res. 2023, 30, 26178-26190.
[CrossRef] [PubMed]


https://doi.org/10.1093/bib/bbz039
https://www.ncbi.nlm.nih.gov/pubmed/31220217
https://doi.org/10.1093/plcell/koac282
https://www.ncbi.nlm.nih.gov/pubmed/36124976
https://doi.org/10.1371/journal.pone.0041143
https://doi.org/10.1111/pce.12793
https://www.ncbi.nlm.nih.gov/pubmed/27412910
https://doi.org/10.1016/j.chemosphere.2019.02.123
https://www.ncbi.nlm.nih.gov/pubmed/30818189
https://doi.org/10.3390/ijms20215311
https://doi.org/10.1016/j.chemosphere.2021.133501
https://doi.org/10.3389/fpls.2016.01627
https://www.ncbi.nlm.nih.gov/pubmed/27877178
https://doi.org/10.1111/pce.13670
https://www.ncbi.nlm.nih.gov/pubmed/31703150
https://doi.org/10.1016/j.plantsci.2022.111205
https://doi.org/10.1016/j.jhazmat.2022.129987
https://doi.org/10.1016/j.envpol.2019.113464
https://www.ncbi.nlm.nih.gov/pubmed/31677869
https://doi.org/10.1016/j.jare.2022.04.007
https://www.ncbi.nlm.nih.gov/pubmed/35690579
https://doi.org/10.3390/cells10030640
https://doi.org/10.3389/fpls.2022.845108
https://www.ncbi.nlm.nih.gov/pubmed/35463456
https://doi.org/10.1016/j.envexpbot.2004.02.009
https://doi.org/10.1016/j.chemosphere.2016.02.042
https://www.ncbi.nlm.nih.gov/pubmed/26907594
https://doi.org/10.1080/15592324.2018.1460048
https://www.ncbi.nlm.nih.gov/pubmed/29621424
https://doi.org/10.3390/ijms21030728
https://www.ncbi.nlm.nih.gov/pubmed/31979101
https://doi.org/10.1111/j.1399-3054.2004.00343.x
https://doi.org/10.1016/j.jplph.2007.06.006
https://www.ncbi.nlm.nih.gov/pubmed/17913288
https://doi.org/10.1007/s11356-022-23983-w
https://www.ncbi.nlm.nih.gov/pubmed/36352075

Plants 2023, 12, 3195 14 0of 15

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Greco, M.; Chiappetta, A.; Bruno, L.; Bitonti, M.B. In Posidonia oceanica cadmium induces changes in DNA methylation and
chromatin patterning. J. Exp. Bot. 2012, 63, 695-709. [CrossRef] [PubMed]

Shirkhani, Z.; Chehregani Rad, A.; Mohsenzadeh, F. Effects of soil and foliar cadmium application on morphological, physiological,
genetic and epigenetic characteristics of Datura stramonium L. Int. ]. Environ. Sci. Technol. 2022, 19, 9067-9082. [CrossRef]

Luo, D.; Lu, H,; Wang, C.; Mubeen, S.; Cao, S.; Yue, J.; Pan, J.; Wu, X.;; Wu, Q.; Zhang, H.; et al. Physiological and DNA methylation
analysis provides epigenetic insights into kenaf cadmium tolerance heterosis. Plant Sci. 2023, 331, 111663. [CrossRef]

Labra, M.; Grassi, F.; Imazio, S.; Di Fabio, T.; Citterio, S.; Sgorbati, S.; Agradi, E. Genetic and DNA-methylation changes induced
by potassium dichromate in Brassica napus L. Chemosphere 2004, 54, 1049-1058. [CrossRef]

Erturk, FA.; Agar, G.; Arslan, E.; Nardemir, G.; Sahin, Z. Determination of genomic instability and DNA methylation effects of Cr
on maize (Zea mays L.) using RAPD and CRED-RA analysis. Acta Physiol. Plant 2014, 36, 1529-1537. [CrossRef]

Tang, M.; Xu, L.; Wang, Y.; Dong, J.; Zhang, X.; Wang, K.; Ying, J.; Li, C.; Liu, L. Melatonin-induced DNA demethylation of metal
transporters and antioxidant genes alleviates lead stress in radish plants. Hortic. Res. 2021, 8, 124. [CrossRef]

Shi, D.; Zhuang, K.; Xia, Y.; Zhu, C.; Chen, C.; Hu, Z.; Shen, Z. Hydrilla verticillata employs two different ways to affect DNA
methylation under excess copper stress. Aquat. Toxicol. 2017, 193, 97-104. [CrossRef] [PubMed]

Sun, M,; Yang, Z.; Liu, L.; Duan, L. DNA Methylation in plant responses and adaption to abiotic stresses. Int. J. Mol. Sci. 2022,
23, 6910. [CrossRef] [PubMed]

Ding, H.; Gao, J.; Qin, C.; Ma, H,; Huang, H.; Song, P.; Luo, X.; Lin, H.; Shen, Y.; Pan, G.; et al. The dynamics of DNA methylation
in maize roots under Pb stress. Int. J. Mol. Sci. 2014, 15, 23537-23554. [CrossRef]

Ferrari, M.; Torelli, A.; Marieschi, M.; Cozza, R. Role of DNA methylation in the chromium tolerance of Scenedesmus acutus
(Chlorophyceae) and its impact on the sulfate pathway regulation. Plant Sci. 2020, 301, 110680. [CrossRef] [PubMed]

Zhao, L.; Wang, P; Hou, H.; Zhang, H.; Wang, Y,; Yan, S.;; Huang, Y.; Li, H,; Tan, J.; Hu, A.; et al. Transcriptional regulation of cell
cycle genes in response to abiotic stresses correlates with dynamic changes in histone modifications in maize. PLoS ONE 2014,
9, €106070. [CrossRef]

Tang, M.Q.; Yue, ].; Huang, Z.; Hu, Y.L,; Li, Z.Q.; Luo, D.J.; Cao, S.; Zhang, H.; Pan, J.; Wu, X.; et al. Physiological and DNA
methylation analysis provides epigenetic insights into chromium tolerance in kenaf. Environ. Exp. Bot. 2022, 194, 104684.
[CrossRef]

Zhang, M.; Liu, B. Identification of a rice metal tolerance protein OsMTP11 as a manganese transporter. PLoS ONE 2017,
12, €0174987. [CrossRef] [PubMed]

Liu, X.S.; Feng, S.J.; Zhang, B.Q.; Wang, M.Q.; Cao, HW.; Rono, J.K,; Chen, X.; Yang, Z.M. OsZIP1 functions as a metal efflux
transporter limiting excess zinc, copper and cadmium accumulation in rice. BMC Plant Biol. 2019, 19, 1-16. [CrossRef] [PubMed]
Feng, S.J.; Liu, X.S.; Cao, H.W.,; Yang, Z.M. Identification of a rice metallochaperone for cadmium tolerance by an epigenetic
mechanism and potential use for clean up in wetland. Environ. Pollut. 2021, 288, 117837. [CrossRef] [PubMed]

Shafiq, S.; Zeb, Q.; Ali, A.; Sajjad, Y.; Nazir, R.; Widemann, E.; Liu, L. Lead, cadmium and zinc phytotoxicity alter DNA
methylation levels to confer heavy metal tolerance in wheat. Int. ]. Mol. Sci. 2019, 20, 4676. [CrossRef] [PubMed]

Mirouze, M.; Paszkowski, J. Epigenetic contribution to stress adaptation in plants. Curr. Opin. Plant Biol. 2011, 14, 267-274.
[CrossRef] [PubMed]

Crisp, PA.; Ganguly, D.; Eichten, S.R.; Borevitz, ].O.; Pogson, B.J. Reconsidering plant memory: Intersections between stress
recovery, RNA turnover, and epigenetics. Sci. Adv. 2016, 2, e1501340. [CrossRef] [PubMed]

Secco, D.; Wang, C.; Shou, H.; Schultz, M.D.; Chiarenza, S.; Nussaume, L.; Ecker, ].R.; Whelan, J.; Lister, R. Stress induced gene
expression drives transient DNA methylation changes at adjacent repetitive elements. Elife 2015, 4, e09343. [CrossRef]

Gulli, M.; Marchi, L.; Fragni, R.; Buschini, A.; Visioli, G. Epigenetic modifications preserve the hyperaccumulator Noccaea
caerulescens from Ni geno-toxicity. Environ. Mol. Mutagen. 2018, 59, 464-475. [CrossRef] [PubMed]

Cong, W.; Miao, Y.; Xu, L.; Zhang, Y.; Yuan, C.; Wang, J.; Zhuang, T.; Lin, X,; Jiang, L.; Wang, N; et al. Transgenerational memory
of gene expression changes induced by heavy metal stress in rice (Oryza sativa L.). BMC Plant Biol. 2019, 19, 282. [CrossRef]
[PubMed]

Rahavi, M.R.; Migicovsky, Z.; Titov, V.; Kovalchuk, I. Transgenerational adaptation to heavy metal salts in Arabidopsis. Front.
Plant Sci. 2011, 2, 91. [CrossRef] [PubMed]

Rendina Gonzalez, A.P; Preite, V.; Verhoeven, K.J.; Latzel, V. Transgenerational effects and epigenetic memory in the clonal plant
Trifolium repens. Front. Plant Sci. 2018, 9, 1677. [CrossRef] [PubMed]

Galati, S.; Gulli, M.; Giannelli, G.; Furini, A.; DalCorso, G.; Fragni, R.; Buschini, A.; Visioli, G. Heavy metals modulate DNA
compaction and methylation at CpG sites in the metal hyperaccumulator Arabidopsis halleri. Environ. Mol. Mutagen. 2021, 62,
133-142. [CrossRef]

Abratowska, A.; Wasowicz, P; Bednarek, P.T.; Telka, J.; Wierzbicka, M. Morphological and genetic distinctiveness of metallicolous
and non-metallicolous populations of Armeria maritima sl (Plumbaginaceae) in Poland. Plant Biol. 2012, 14, 586-595. [CrossRef]
Zhang, H,; Tang, Y; Li, Q.; Zhao, S.; Zhang, Z.; Chen, Y.; Shen, Z.; Chen, C. Genetic and epigenetic variation separately contribute
to range expansion and local metalliferous habitat adaptation during invasions of Chenopodium ambrosioides into China. Ann. Bot.
2022, 130, 1041-1056. [CrossRef] [PubMed]


https://doi.org/10.1093/jxb/err313
https://www.ncbi.nlm.nih.gov/pubmed/22058406
https://doi.org/10.1007/s13762-022-04128-5
https://doi.org/10.1016/j.plantsci.2023.111663
https://doi.org/10.1016/j.chemosphere.2003.10.024
https://doi.org/10.1007/s11738-014-1529-5
https://doi.org/10.1038/s41438-021-00561-8
https://doi.org/10.1016/j.aquatox.2017.10.007
https://www.ncbi.nlm.nih.gov/pubmed/29053963
https://doi.org/10.3390/ijms23136910
https://www.ncbi.nlm.nih.gov/pubmed/35805917
https://doi.org/10.3390/ijms151223537
https://doi.org/10.1016/j.plantsci.2020.110680
https://www.ncbi.nlm.nih.gov/pubmed/33218643
https://doi.org/10.1371/journal.pone.0106070
https://doi.org/10.1016/j.envexpbot.2021.104684
https://doi.org/10.1371/journal.pone.0174987
https://www.ncbi.nlm.nih.gov/pubmed/28394944
https://doi.org/10.1186/s12870-019-1899-3
https://www.ncbi.nlm.nih.gov/pubmed/31248369
https://doi.org/10.1016/j.envpol.2021.117837
https://www.ncbi.nlm.nih.gov/pubmed/34329044
https://doi.org/10.3390/ijms20194676
https://www.ncbi.nlm.nih.gov/pubmed/31547165
https://doi.org/10.1016/j.pbi.2011.03.004
https://www.ncbi.nlm.nih.gov/pubmed/21450514
https://doi.org/10.1126/sciadv.1501340
https://www.ncbi.nlm.nih.gov/pubmed/26989783
https://doi.org/10.7554/eLife.09343
https://doi.org/10.1002/em.22191
https://www.ncbi.nlm.nih.gov/pubmed/29656392
https://doi.org/10.1186/s12870-019-1887-7
https://www.ncbi.nlm.nih.gov/pubmed/31248374
https://doi.org/10.3389/fpls.2011.00091
https://www.ncbi.nlm.nih.gov/pubmed/22639617
https://doi.org/10.3389/fpls.2018.01677
https://www.ncbi.nlm.nih.gov/pubmed/30524458
https://doi.org/10.1002/em.22421
https://doi.org/10.1111/j.1438-8677.2011.00536.x
https://doi.org/10.1093/aob/mcac139
https://www.ncbi.nlm.nih.gov/pubmed/36413156

Plants 2023, 12, 3195 150f 15

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Ding, S.; Zhang, H.; Zhou, C.; Bao, Y.; Xu, X.; Chen, Y.; Shen, Z.; Chen, C. Transcriptomic, epigenomic and physiological
comparisons reveal key factors for different manganese tolerances in three Chenopodium ambrosioides L. populations. Plant Physiol.
Biochem. 2023, 201, 107883. [CrossRef]

Miao, Y.; Cong, W.; Mu, J.; Fu, T.; Zhuang, T,; Yan, Y,; Kang, Y.; Yu, L.; Zhao, W.; Li, H.; et al. Various potentially toxic
element tolerances in different rice genotypes correlate with distinct physiological responses and alterations in DNA methylation.
Chemosphere 2022, 292, 133462. [CrossRef]

Niedziela, A. The influence of Al** on DNA methylation and sequence changes in the triticale (x Triticosecale Wittmack) genome.
J. Appl. Genet. 2018, 59, 405-417. [CrossRef] [PubMed]

Kashino-Fujii, M.; Yokosho, K.; Yamaji, N.; Yamane, M.; Saisho, D.; Sato, K.; Ma, ]J.F. Retrotransposon insertion and DNA
methylation regulate aluminum tolerance in European barley accessions. Plant Physiol. 2018, 178, 716-727. [CrossRef] [PubMed]
Kumar, M.; Giri, V.P; Pandey, S.; Gupta, A.; Patel, M.K,; Bajpai, A.B.; Jenkins, S.; Siddique, K.H.M. Plant-Growth-Promoting
Rhizobacteria Emerging as an Effective Bioinoculant to Improve the Growth, Production, and Stress Tolerance of Vegetable Crops.
Int. . Mol. Sci. 2021, 22, 12245. [CrossRef] [PubMed]

Begum, N.; Qin, C.; Ahanger, M.A; Raza, S.; Khan, M.L; Ashraf, M.; Ahmed, N.; Zhang, L. Role of Arbuscular Mycorrhizal Fungi
in Plant Growth Regulation: Implications in Abiotic Stress Tolerance. Front. Plant Sci. 2019, 10, 1068. [CrossRef] [PubMed]
Khanna, K.; Jamwal, V.L.; Gandhi, S.G.; Ohri, P.; Bhardwaj, R. Metal resistant PGPR lowered Cd uptake and expression of metal
transporter genes with improved growth and photosynthetic pigments in Lycopersicon esculentum under metal toxicity. Sci. Rep.
2019, 9, 5855. [CrossRef] [PubMed]

Reddy, C.S.; Cho, M.; Kaul, T.; Joeng, J.T.; Kim, K.M. Pseudomonas fluorescens imparts cadmium stress tolerance in Arabidopsis
thaliana via induction of AtPCR2 gene expression. J. Genet. Eng. Biotechnol. 2023, 21, 8. [CrossRef]

Zhou, C.; Zhu, L.; Ma, Z.; Wang, ]. Bacillus amyloliquefaciens SAY09 increases cadmium resistance in plants by activation of
auxin-mediated signaling pathways. Genes 2017, 8, 173. [CrossRef]

Gururani, M.A,; Upadhyaya, C.P; Baskar, V.; Venkatesh, J.; Nookaraju, A.; Park, S.W. Plant growth-promoting rhizobacteria
enhance abiotic stress tolerance in Solanum tuberosum through inducing changes in the expression of ROS-scavenging enzymes
and improved photosynthetic performance. J. Plant Growth Regul. 2013, 32, 245-258. [CrossRef]

Abdelkrim, S.; Abid, G.; Chaieb, O.; Taamalli, W.; Mannai, K.; Louati, F; Jebara, M.; Jebara, S.H. Plant growth promoting
rhizobacteria modulates the antioxidant defense and the expression of stress-responsive genes providing Pb accumulation and
tolerance of grass pea. Environ. Sci. Pollut. Res. Int. 2023, 30, 10789-10802. [CrossRef] [PubMed]

Chen, B,; Luo, S.; Wu, Y;; Ye, ].; Wang, Q.; Xu, X,; Pan, F; Khan, K.Y.; Feng, Y.; Yang, X. The effects of the endophytic bacterium
Pseudomonas fluorescens sasm05 and IAA on the plant growth and cadmium uptake of Sedum alfredii Hance. Front. Microbiol. 2017,
8, 253. [CrossRef]

Pan, F; Luo, S.; Shen, ].; Wang, Q.; Ye, J.; Meng, Q.; Wu, Y; Chen, B.; Cao, X,; Yang, X.; et al. The effects of endophytic bacterium
SaMR12 on Sedum alfredii Hance metal ion uptake and the expression of three transporter family genes after cadmium exposure.
Environ. Sci. Pollut. Res. 2017, 24, 9350-9360. [CrossRef] [PubMed]

Cicatelli, A.; Todeschini, V,; Lingua, G.; Biondi, S.; Torrigiani, P.; Castiglione, S. Epigenetic control of heavy metal stress response
in mycorrhizal versus non-mycorrhizal poplar plants. Environ. Sci. Pollut. Res. Int. 2014, 21, 1723-1737. [CrossRef] [PubMed]
Guarino, F.; Miranda, A.; Castiglione, S.; Cicatelli, A. Arsenic phytovolatilization and epigenetic modifications in Arundo donax L.
assisted by a PGPR consortium. Chemosphere 2020, 251, 126310. [CrossRef] [PubMed]

Zhu, L.; Huang, J.; Lu, X,; Zhou, C. Development of plant systemic resistance by beneficial rhizobacteria: Recognition, initiation,
elicitation and regulation. Front. Plant Sci. 2022, 13, 952397. [CrossRef] [PubMed]

Middleton, H.; Yergeau, E.; Monard, C.; Combier, J.P; El Amrani, A. Rhizospheric plant-microbe interactions: miRNAs as a key
mediator. Trends Plant Sci. 2021, 26, 132-141. [CrossRef] [PubMed]

Cai, Q.; He, B.; Wang, S.; Fletcher, S.; Niu, D.; Mitter, N.; Birch, PR.J.; Jin, H. Message in a bubble: Shuttling small RNAs and
proteins between cells and interacting organisms using extracellular vesicles. Annu. Rev. Plant Biol. 2021, 72, 497-524. [CrossRef]
Varga, S.; Soulsbury, C.D. Paternal arbuscular mycorrhizal fungal status affects DNA methylation in seeds. Biol. Lett. 2017,
13,20170407. [CrossRef]

Xu, X.; Xu, M.; Zhao, Q.; Xia, Y.; Chen, C.; Shen, Z. Complete genome sequence of Cd (II)-resistant Arthrobacter sp. PGP41, a
plant growth-promoting bacterium with potential in microbe-assisted phytoremediation. Curr. Microbiol. 2018, 75, 1231-1239.
[CrossRef] [PubMed]

Chen, C.; Wang, M.; Zhu, J.; Tang, Y.; Zhang, H.; Zhao, Q.; Jing, M.; Chen, Y.; Xu, X; Jiang, J.; et al. Long-term effect of epigenetic
modification in plant-microbe interactions: Modification of DNA methylation induced by plant growth-promoting bacteria
mediates promotion process. Microbiome 2022, 10, 36. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.plaphy.2023.107883
https://doi.org/10.1016/j.chemosphere.2021.133462
https://doi.org/10.1007/s13353-018-0459-0
https://www.ncbi.nlm.nih.gov/pubmed/30159773
https://doi.org/10.1104/pp.18.00651
https://www.ncbi.nlm.nih.gov/pubmed/30093528
https://doi.org/10.3390/ijms222212245
https://www.ncbi.nlm.nih.gov/pubmed/34830124
https://doi.org/10.3389/fpls.2019.01068
https://www.ncbi.nlm.nih.gov/pubmed/31608075
https://doi.org/10.1038/s41598-019-41899-3
https://www.ncbi.nlm.nih.gov/pubmed/30971817
https://doi.org/10.1186/s43141-022-00457-7
https://doi.org/10.3390/genes8070173
https://doi.org/10.1007/s00344-012-9292-6
https://doi.org/10.1007/s11356-022-22874-4
https://www.ncbi.nlm.nih.gov/pubmed/36083364
https://doi.org/10.3389/fmicb.2017.02538
https://doi.org/10.1007/s11356-017-8565-9
https://www.ncbi.nlm.nih.gov/pubmed/28233204
https://doi.org/10.1007/s11356-013-2072-4
https://www.ncbi.nlm.nih.gov/pubmed/23975714
https://doi.org/10.1016/j.chemosphere.2020.126310
https://www.ncbi.nlm.nih.gov/pubmed/32443249
https://doi.org/10.3389/fpls.2022.952397
https://www.ncbi.nlm.nih.gov/pubmed/36017257
https://doi.org/10.1016/j.tplants.2020.09.005
https://www.ncbi.nlm.nih.gov/pubmed/33036916
https://doi.org/10.1146/annurev-arplant-081720-010616
https://doi.org/10.1098/rsbl.2017.0407
https://doi.org/10.1007/s00284-018-1515-z
https://www.ncbi.nlm.nih.gov/pubmed/29804207
https://doi.org/10.1186/s40168-022-01236-9
https://www.ncbi.nlm.nih.gov/pubmed/35209943

	Introduction 
	Plant Epigenetic Mechanisms: How Do They Work and How Can We Study Them? 
	Histone Modifications 
	DNA Residue Modifications 
	Non-Coding RNAs 
	Experimental Approaches to Study Epigenetic Regulation 

	Epigenetic Mechanisms in Plant Interaction with PTEs 
	PTE-Induced Modulation of Modifying Enzymes 
	PTE-Induced Chromatin Modifications 
	Transgenerational Memory of the PTE Stress Response 
	Epigenetic Modifications in the Evolution of PTE-Tolerant Species 

	Novel Trends in the Epigenetic Control of Plant Response to PTEs: The Role of Biotic Components of the Rhizosphere 
	PTE Tolerance in Plants Interacting with PGPB and AMF 
	Plant Epigenetic Regulation and Rhizosphere Microorganisms 

	Conclusions 
	References

