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Epigenetic variations are inherited or uninherited effects that occur beyond the DNA sequence of an indi-
vidual. However, DNA sequence has a critical role in shaping epigenetic variation. The great diversity of
epigenetic markers confers an advantage of various uses without interrupting its highly environmental
independence. The epigenetic effects are highlighted by many vital events, especially the regulation of
gene expression in hybrid vigor and inbreeding depression, even in the absence of genetic diversity.
However, various stress genes can include many repeats that undergo alternately methylation and
demethylation states to regulate gene expression positively or negatively. After all the arguments raised
on the genetic basis of hybrid vigor in its both traditional and molecular aspects, the term ‘‘epigenome”
strongly emerged as one of the main causes of performance deviation among offspring. These include
both histone and DNA biochemical modifications, which play a key role during successive stages of devel-
opment and differentiation in addition to the regulation of gene expression in response to biotic and abi-
otic stresses. Evidence has shown a correlation between unique DNA methylation and heterosis in many
plant species as well as between inbreeding and the sharp decline in fitness of most naturally cross-
pollinated species. Although detailed molecular mechanisms laying behind many of these plant breeding
aspects remain little understood, epigenetics has provided some explanations.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Traditional plant breeding is focused on capturing and gather-
ing many variable and desirable alleles for possible improvement
of traits of interest, in addition to plant efficiency in using limited
natural resources (Postnote, 2017; Kaiser et al. 2020). The develop-
ment of modern molecular tools facilitates achieving breeders’
goals (Sadder et al. 2014). Plant breeding goals can be categorized
into two major aspects; namely the improvement of agronomic
traits (including yield and quality components) and stress mitiga-
tion including various abiotic and biotic factors (Hamany Djande
et al. 2020).

Until recently, genetic variation that commonly points to the
heritable variation of genetic information of individuals and popu-
lations was thought to be the only responsible factor for revealing
phenotypic traits (Goulet et al., 2017). However, researchers dis-
covered yet another source of variation in view of various traits
among individuals within the same species, which has no direct
correlation with DNA polymorphisms. These newly discovered
variations which coined the term ‘‘epigenetics” has received con-
siderable attention to better understand their stability through
successive generations (Cavalli and Heard, 2019; Springer and
Schmitz, 2017; Zenda et al. 2021).

The heritable or reversible changes in gene expression happen
at a level higher than that of the nucleotide sequence. In other
words, it is not attributed to alterations in the type and/or
sequences of DNA nucleotides (Alvarez-Venegas et al. 2003;
McKeown and Spillane, 2014; Liu et al. 2017b).

Genetic and environmental variations and their interactions
naturally induce phenotypic variations. Altered phenotypic traits
may be resulting from an identical genetic structure and such
alterations result from identical alleles acting in different ways in
response to biotic or abiotic stress (Fortes and Gallusci, 2017; Zhi
and Chang, 2021). Naturally characterized epialleles are relatively
few, consequently, the role of epigenetic variation in revealing
large phenotypic alterations is still vague (Springer and Schmitz,
2017). Epigenetic changes usually participate with a variety of
chromatin marks, such as cytosine methylation, modifications of
histone tail, chromatin remodeling and non-coding RNAs (Saleh
et al. 2008; Rajewsky et al. 2017).

The objective of this communication is to briefly introduce epi-
genetic variations asa breeding tool that may support traditional
genetic variation in widening the genotypic gap, hence improving
the opportunity for plant breeders to achieve hybrid vigor in the
desired attributes.
2. Histone acetylation

Nucleosome is a 147 nucleotide (nt) of DNA wrapped tightly
around a core of eight polymer histones considered the basic unit
of chromatin. The described octamer consists of two of each of the
2

following molecules: H2A, H2B, H3 and H4. Histones are highly
positively charged proteins, including 24 amino acids of lysine
and arginine. As DNA can be methylated, histones can be subjected
to numerous posttranslational modifications, e.g., acetylation,
methylation, and phosphorylation (Demetriadou et al., 2020;
Grabsztunowicz et al., 2017).

Histone acetylation is being widely studied as a major form of
epigenetic modifications in addition to DNAmethylation. It is obvi-
ous that the core histones are acetylated in a reversible manner
(Liu et al. 2017b), service in posttranslational modifications, like
acetylation, methylation, ubiquitination, phosphorylation and
ribosylation of adenosine diphosphate (ADP) . Surprisingly, many
of the epigenetic mechanisms operate cooperatively via organizing
the work of each other to regulate gene expression during cell dif-
ferentiation. This ‘‘fine-tuning” mode of action would guarantee a
precise operating system, such as in histone deacetylation which
helps in the maintenance of DNA methylation (Blevins et al.,
2014; Lee et al. 2017).

In the last two decades, DNA methylation was proved to be a
major component of the plant epigenome; likewise, histone acety-
lation was recently investigated as another major player in epige-
netics (Shi et al. 2019). These claims created compelling arguments
for lysine’s acetylation in histone tails, which is often correlated
with an increased expression of accompanied genes (Xiao et al.
2017). It should be noted here that DNA acetylation involves the
addition of acetyl (CH3COO–) group to the NH3+ group of lysine
amino acid, whereas histone deacetylation eradicates the acetyl
groups (Boycheva et al., 2014).

Advancement in epigenetic research enables understanding of
the function and regulation of histone acetylation in plants, which
delivers more accurate assessments as compared to inhibitors. In
maize, several copies of histone acetyltransferases and histone
de-acetyltransferases have been biochemically characterized
(Zhou et al., 2017; Kopytko et al., 2020). However, it is not clear
how chromatin structure is modulated by different histone acety-
lation states, the most common scenario is deduced from the crys-
tal structure of nucleosomes in which non-acetylated tails of
histone are available to interact with nearby nucleosome beads
and moderate higher-order chromatin wrapping (De Ioannes
et al. 2019). Therefore, this suggests the norm of action of histone
deacetylases; on the contrary, histone acetyltransferases would
moderate chromatin relaxation (Boycheva et al., 2014; Peng
et al., 2017).

An important histone modification, attracting great attention, is
the acetylation of protected lysine a-amino acid, particularly in
amino-terminal tails. The competitive effect of either HAT or HAC
histone acetyltransferase enzymes against histone deacetylase
(HDA) enzymes determines histone acetylation levels (Ma et al.
2013; Wang et al. 2014). Dozens of HATs, HACs and HDAs have
been characterized in plants, which have critical roles as biotic
and abiotic stimulants and as functional regulators in normal
developmental processes (Peng et al., 2017; Zhao and Zhou, 2012).
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In plants, like most eukaryotes, HAT-A and HAT-B are the two
major types of histone acetyltransferase enzymes (Liu et al.
2017b). The HAT-A enzymes have special importance since occu-
pying the nucleus and operate to acetylate core histones which
have been integrated into the chromatin; therefore, they are
involved in controlling gene expression (Boycheva et al., 2014;
Giaimo et al., 2019).

Certain changes in histone acetylation were found to be related
to DNA replication at the cytological level rather than to their tran-
scriptional activity (Vergara and Gutierrez, 2017). Such changes
have been identified by using acetylated histone antibody isoforms
(Li et al., 2017). During the cell life cycle, there are various oscilla-
tions with histone acetylation which are controlled by HAT-B
enzymes (Class 2 of histone acetyltransferases), (Yongfeng et al.
2019). Free cytoplasmic histone (H4 or H3) would initially be
acetylated by HAT-B enzymes, enter the nucleus to be deposited
into recently replicated chromatin (Yang et al., 2011a,b). According
to single nucleotide homology, there are three groups of plant
HDAs: the first named reduced potassium dependency 3 (RPD3)/
HDA1, while the second is histone deacetylase 2 (HD2) and silent
information regulator 2 (SIR2) is the third type (Ma et al. 2013;
Wang et al. 2014).
3. Non-coding RNA

The tremendous revolution in the epigenomic era has provided
researchers with invaluable findings prompting a continuous revi-
sion of plant genetics. In general, the eukaryotic genome is not sim-
ple, and over time, accumulated evidence has endorsed such
complexity (Jin et al. 2017). Absolute scientific facts were brought
back to the discussion table. One of these abolished statements
restricts transcripts to be exclusively derived from protein-coding
domains (Berretta and Morillon, 2009). Surprisingly, the encoding
proteins come from a tiny portion (2–25 %) of the total genome
space (Liu et al. 2015).

Although non-coding RNAs (ncRNAs) do not end up with man-
ufactured proteins, as usual, their regulatory role for various
biomechanics cannot be overlooked (Liu et al. 2017a). Several
ncRNAs have been suggested as effective tools in directing cell
division and differentiation, as well as regulating plant response
to environmental stresses at transcriptional and posttranscrip-
tional levels (Cavalli and Heard, 2019; Matsui et al., 2013; Sunkar
et al., 2012).

Non-coding RNAs can be organized into two classes, the well-
studied small ncRNAs (sncRNAs), which consist of less than 200
nt and long ncRNAs (lncRNAs), which consist of more than 200
nt, the latter being less studied (Zhang and Chen, 2017).

The sncRNAs have very small molecular weights, and they have
been studied extensively for decades in both plants and animals
(Bhatia et al. 2017). There are two main groups of plant sncRNAs,
short interfering RNAs (siRNAs) and microRNAs (miRNAs). The
two groups differ in their genetic origin and their final conse-
quence of regulation (Rajewsky et al. 2017).

Typically, siRNA refers to exogenous double-stranded RNA
(dsRNA) that is brought from outside of the cell, whereas the
endogenous stem-loop non-coding RNA produces the single-
stranded miRNA (Guleria et al. 2011). The RNase Dicer-Like will
be responsible for processing each of the three non-coding RNAs,
miRNA and siRNA, to be transported in the next step out of the
nucleus to bind with Argonaute (AGO) proteins into the cytoplasm
and integrate them to shape the RNA-induced silencing complex
(RISC) (Prathiba et al. 2017; Setten et al. 2019), which in many
occasions regulates the expression of the target gene at a post-
transcriptional level (Carthew and Sontheimer, 2009; Layton
et al., 2020; Vaucheret et al., 2006). The mobility of sncRNA mole-
3

cules inside the organism may serve to ease gene silencing in dif-
ferent plant cells and tissues (Sarkies and Miska, 2014). In
addition, sncRNAs have been found to play a critical role in regulat-
ing DNA methylation, histone modifications and gene silencing,
consequently, controlling the transcriptional system in living
organisms (Holoch and Moazed 2015).

During the past decades, plant miRNAs have been intensively
studied. Although they have a small molecular size (21–24 nt),
miRNAs roles are particularly important in the regulation of vari-
ous biological processes through targeted mRNA repression, either
by degradation or translation inhibition (Wu, 2013). To fulfill their
function ideally, miRNAs have a complementary sequence, which
closely matches their respective mRNAs targets. The binding of
miRNAs to their complementary sequences confers their ability
to regulate gene expression, which is more advanced in plants as
compared with their counterparts in animals, where just limited
regions of miRNA are available (Narjala et al. 2020); therefore, they
have a restricted complementary action (Xu et al. 2017). Recent
biochemical and genetic evidence indicates that many miRNAs
could regulate their own targets during translation (Bordersen
et al. 2008; Prathiba et al. 2017). They have key functions in con-
trolling plant differentiation, a transition from vegetative to repro-
ductive phase, morphogenesis of reproductive organs,
phytohormone stimulation, stress-response regulation and they
may even control the pathway of their biogenesis (Zhao et al.
2017).

Interestingly, miRNAs can move from one cell to another (cell-
to-cell movement), probably via plasmodesmata (Skopelitis et al.
2018). Such a property allows miRNA to play the regulatory role
in the differentiation of various cells and organs where they have
been synthesized (Kitagawa and Jackson, 2017).

In many flowering plants, the molecular basis for the formation
and periodic maintenance of epiallelic states is provided by the
RNA-directed DNA methylation pathway (Law and Jacobsen,
2010). Gene expression will be repressed through the described
pathway by setting a reverse loop between siRNAs and DNA
methylation, enabling the broadcasting of the epialleles through
the entire genome (Kawakatsu and Ecker, 2019).

In addition, sequence-specific guides can be provided by siR-
NAs, and the former is simplifying silencing at farther loci on the
same or different chromosomes (Chow and Ng, 2017). Therefore,
sncRNAs have a significant role in the expressed hybrid vigor by
guiding DNAmethylation via RNA-directed DNAmethylation path-
way. Recently, patterns of small RNAs showed differential expres-
sion in hybrids compared with their respective parents in different
crops (He et al. 2010).
4. Chromatin remodeling

Chromatin is the most condensed and complicated form of DNA.
This compactness ensures the fitness of DNA packaged into the
nucleus, protects the DNA structure, organizes gene expression,
and controls DNA replication (Rajewsky et al. 2017). Chromatin
shows two different coiling intensities, euchromatin which are
the less compacted shape and heterochromatin representing the
more coiled and compacted form (Santos et al. 2017; Pecinka
et al. 2020). During the plant cell cycle (mitosis and meiosis), chro-
matin pass-through various dynamic structural changes termed
‘‘Chromatin Remodeling”. These structural changes serve to medi-
ate the attachment between transcription factors and their respec-
tive DNA sequence targets (Arya et al., 2010; Bhadouriya et al.,
2021; Weaver et al., 2017).

On many occasions, chromatin remodeling exposes its action by
facilitating the passage of transcriptional factors to the nucleosome
octamer core; this will eventually permit an aberrant pattern of
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gene expression (Secco et al. 2017). Modulation of chromatin
depends on the disruption of the nucleosome macromolecules-
DNA package which represents the basic structural unit of DNA
(Goldstein et al. 2013). Several findings demonstrate that epige-
netic changes of chromatin remodeling could be transmitted via
successive generations, and this mode of action operates like a cell
memory that provokes organisms to acclimatize and overcome
stress conditions (Lämke and Bäurle, 2017; Santos et al., 2017).

RNA and DNA polymerases are key players in the chromatin re-
modulation process facilitated with the aid of SWI2/SNF2 proteins
family (SWItch/Sucrose Non-Fermentable). The two polymerases
form a complex of SWI2/SNF2 and two copies from each of the
H3 and H4 dimer histones. The incorporation process requires
energy in the form of ATP (Clapier et al. 2017; Bhadouriya et al.
2021). The required energy will guarantee smooth access of the
transcriptional factors to the DNA nucleosome. Although the DNA
is still wrapped around the histone octamer, this procedure will
make the chromatin less compact and more flexible in a norm of
action similar to acetylation (Rajewsky et al. 2017). The SWI2/
SNF2 has been demonstrated by various regulation functions in
the biosystem. Based on its function and phylogenetic pathway,
the SWI2/SNF2 family could be further divided into several sub-
families. The most important member is BRAHMA (BRM) which
plays a pivotal role in several vital biological events especially
post-embryonic stage via regulation of gene activation and sup-
pression (Zhang et al. 2017). Furthermore, the importance of
BRM goes beyond that as it may activate the upstream regulation
of the transition to the reproductive phase (Yang et al. 2015).

5. DNA methylation

From a biochemical point of view, DNA methylation is a chem-
ical change that includes a covalent bonding between the methyl
group (CH3) and the cytosine residue in the DNA helix (Villicaña
and Bell 2021). This chemical modification is the most studied
example of epigenetic variations and could inheritably control
the dynamics of chromatin structure through what has become
known as ‘‘Cell Memory” (Alvarez-Venegas et al. 2014). Thus, the
combination DNA-methyl group can significantly alter the biolog-
ical activity of the DNA by silencing and re-activation of transpos-
able elements and eventually regulating the gene expression.

Developmental abnormalities may result from alterations in
DNA methylation, and such defects could be induced by a classical
genetic mutation. In other words, it is like a combination of sudden
genetic modification accumulated in backgrounds of hypomethy-
lated DNA resulting in heritable epigenetic mutations ‘‘Epimuta-
tions” (Ashapkin et al., 2020; Fortes and Gallusci, 2017).
Variation in DNA methylation is evident between individuals that
belong to wild or domestic plant species. Therefore, it is suggested
that the plant phenotypic variation caused by epialleles may be
wider than what has been foreseen. The level of cytosine methyla-
tion is highly different from one taxon to another in the plant king-
dom and it may reach 30 % of the total cytosine. Furthermore, there
is a higher level of DNA methylation in monocots as compared to
dicots (Rajewsky et al. 2017).

In plants, DNA methylation happens at cytosine residue in dif-
ferent sequences, asymmetric CHH and both CHG and CG symmet-
ric status (H is any nucleotide except G). Through meiosis and
mitosis, patterns of DNA methylation are propagated through dif-
ferent pathways by distinct DNA methyltransferase enzymes
(Akhter et al., 2021; Catania et al., 2017). Methyltransferase 1
and the unique plant chromomethyltransferase maintain the
CHG and CG methylation via DNA replication, whereas methyl-
transferase 2 establishes DNA methylation in all sequence status
by a siRNA-directed DNA methylation pathway (Law and
Jacobsen, 2010). There is a great similarity between DNAmutations
4

and heritable DNA methylation, as both can take place in a state of
induced or natural manner. The creation of novel epialleles affects
gene expression that in turn could lead to aberrant final products,
and consequently, de novo phenotypic traits will emerge (Becker
and Weigel, 2012; Rajewsky et al., 2017; Schmitz and Ecker, 2012).

The genetic architecture of many individuals is the main cause of
most variations in DNA methylation that were observed among
them. For example, the polymorphism among individuals such as
repeated sequences or transposons will determine the epigenetic sta-
tus of epialleles which are haplotype specific (Eichten et al. 2013).

Different studies have focused on comparative global genome
analysis of DNA methylation in plants with limited genetic diver-
sity (Rodrigues and Zilberman, 2015). These studies concluded that
the epigenetic differentiation of individuals was caused by sponta-
neous variation of DNA methylation within a short time (Zhang
et al. 2020). Several examples showed a natural variation in cyto-
sine methylation, which is caused by an alteration in cytosine
methylation levels over time indicating a potential semi-stable
heritability of epigenetic information (Gutzat and Scheid, 2012).
On the contrary, the outcome of another study performed on some
inbred lines and their hybrids (Lauria et al., 2014), indicated that
the variation of DNA methylation was due to alterations in CHG
or CG/CHG methylation at the same time. They found that novel
methylation of the unmethylated alleles revealed all changes in
DNA methylation, and 88 % of these changes in DNA methylation
were inherited.

6. DNA methylation effects on hybrid vigor

Hybridization remains the most important tool in traditional
breeding programs despite the tremendous evolution of molecular
markers (Goulet et al., 2017). Over the long run of evolution, plant
breeders can guide the local adaption through the transgressive
segregation and creation of novel alleles and/or epialleles, which
in turn will result in the formation of new hybrid genotypes
(Bradshaw, 2017). The three proposed models; dominant, over-
dominant and epistasis have achieved remarkable success; how-
ever, they did not offer a distinct understanding of heterosis since
each model has certain weaknesses (Khotyleva et al. 2017). More-
over, these models cannot cover all aspects of the heterosis and on
various occasions have failed to give a full explanation for this phe-
nomenon (Groszmann et al. 2013). In addition to genetic effects,
heterosis could be influenced by ‘‘epigenetic” effects, which repre-
sent a part of the non-Mendelian inheritance, cell fate and regula-
tion of gene expression (McKeown and Spillane, 2014).

Different modifications could prompt epigenetic effects; conse-
quently, the same genotype may result in different phenotypes
(Alvarez-Venegas et al., 2014; Almelhami, 2017). It has been pro-
ven through different studies that the epigenetic effects of cytosine
methylation can contribute to the development of the heterosis
phenomenon. Such studies have exposed key variations in cytosine
patterns of DNA methylation of superior maize hybrids against
their inbred parents (Zhao et al. 2007).

Molecular analysis of the distributed methyl groups in the gen-
omes of 11 maize inbred lines and their respective half-diallel
hybrids has been conducted (Yang et al., 2011a,b). The analyzed
data of methylation-sensitive amplified polymorphism (MSAP)
technique revealed a negative relationship between methylation
level and hybrid vigor for the number of kernel rows trait, but
the relationship goes in the opposite direction as being positive
for kernel numbers trait. However, the trait of 300 kernel weight
did not correlate with methylation level in hybrid genomes.

The same technique was followed by Eichten et al. (2013) as
they studied the differentially methylated regions (DMRs) in the
genomes of 20 maize parental lines. They succeeded in detecting
1966 common DMRs and 1754 rare domains. Most of the detected



Table 1
Methylation status (%) of the CMS sunflower populations and their corresponding F10s using MSAP technique.

Methylation Status %
Populations Unmethylated Hemimethylated Internal cytosine methylation Full methylation or absence of target

HPA+/MSP+ HPA+/MSP- HPA-/MSP+ HPA-/MSP-
A-Lines 0.23 0.1 0.1 0.57
R-Lines 0.31 0.08 0.14 0.46
F10s 0.22 0.13 0.13 0.5

Table 2
Methylation status (%) of the original and self-pollinated maize populations using MSAP technique.

Comparisons Methylation Status %
Unmethylated Hemimethylated Internal cytosine methylation Full methylation or absence of target

HPA+/MSP+ HPA+/MSP- HPA-/MSP+ HPA-/MSP-
Self-poll. Lines vs Original Lines Self-poll. Lines 22.7 27.3 26 24

Original Lines 22.7 28 22.7 22.7
Self-poll. Lines vs their Hyb. Self-poll. Lines 26 27.3 25.3 21.3

Self-poll. Hyb. 26 26.7 24 23.3
Original Lines vs their Hyb. Original Lines 20 31.1 24.4 24.4

Original Hyb. 20.7 30.4 24.4 24.4
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DMRs were inherited, and approximately-one-half of the total
DMRs were found to be tightly linked to single nucleotide poly-
morphism within DMRs domains or next to them. There was not
only a highly significant relationship between DNA methylation
and gene expression pattern, but also, but the latter was also
affected by the DMRs even in relatively distant regions. The epige-
netic variations may represent a new genetically independent
source for phenotypic variations (Lauria et al., 2014). The authors
attempted to track the variation in the DNA methylation pattern
across eight generations of maize inbred lines by using MSAP.
The authors reached an interesting conclusion that 12 % of DNA
methylation has been memorized by the maize plant’s genome
and transmitted through six generations, while the cytosine resi-
due was differentially methylated from one individual to another
at a ratio of 7.4 %.

Two hybrids with their inbred parents were selected to monitor
the possible alterations in the DNA methylation level at different
organs and growing stages (Liu et al. 2014). The DNA methylation
was analyzed in embryos and endosperm 15 days after fertiliza-
tion, and in leaves and primary roots at the germination stage.
Methylation levels in all hybrid organs were reduced as compared
with their counterpart inbreds, and de-methylation was at its high-
est level in the hybrids, which indicates its tendency to permit
higher levels of gene expression and de-activation of gene suppres-
sor. The total of polymorphic DNA fragments reached 63, and 11 of
these were found to encode well-known functional proteins in
maize.

The level of DNA methylation had an understandable relation-
ship with the phenotypic performance of eight CMS sunflower par-
ental lines and their half-diallel hybrids (Kanoosh et al. 2021). The
MSAP results pointed to significant alterations in the DNA methy-
lation pattern due to hybridization, and this has a key role in
hybrid vigor shown by the resulted half-diallel hybrids (Tables 1
and 2). Estimation of DMRs revealed a general decline in DNA
methylation level in hybrid populations compared with their par-
ental lines. The percentages of unmethylated (HPA+/MSP + ) and
hemimethylated (HPA+/MSP-) regions were 13.1 % and 9.9 % in
hybrids and 9.5 % and 6.6 % in parents, respectively. The percentage
of internal cytosine methylation (HPA-/MSP + ) in the parental
population was 20.7 % compared with a similar percentage in the
hybrid’s population (19.5 %). Parents showed a higher percentage
of full methylation (HPA-/MSP-) or absence of target (63.2 %)
against this percentage in their half-diallel hybrids which was a
bit lower (57.6 %).
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7. Inbreeding and DNA methylation

Within the relentless endeavors of traditional genetics, feasible
methods have been suggested to estimate the best vigor, unfortu-
nately, the mechanisms that lie beneath this multifaceted pheno-
type are still beyond sensible understanding (Chodavarapu et al.
2012).

The understanding of the heterosis mechanism is based on an
accurate understanding of inbreeding depression. Classically, the
definition of inbreeding depression is of two parts, the first is the
mating between two individuals being identical in their genetic
composition which represents the cause that will result in the sec-
ond part which is the depression of the offspring’s overall perfor-
mance (Labroo et al. 2021). On the other hand, in cross-
pollinated crops, self-pollination leads to the production of inbred
lines that represent the keystone in the production of elite hybrids
through the crossing process (Shuro, 2017).

Despite the obvious effect of repeated self-pollination and its
combination of deleterious alleles, the adoption of this idea did
not help so much to set a convincing explanation of the hybrid
vigor shown by genotypes propagated by self-pollination
(Hartfield et al., 2017).

Considering modern epigenetic, there are still many questions
that need to be addressed. For instance, will the inbreeding process
lead to the gathering of harmful ‘‘epialleles” as it gathers harmful
alleles? Epialleles are genetically identical alleles, while they vary
in the way they are epigenetically modified (Lauss, 2017).

The inbreeding process is accompanied by many genetic as well
as epigenetic alterations including DNA methylation, which is con-
sidered the most prominent epigenetic change. Many studies
proved that variation in DNA methylation between inbred parents
and F1 hybrids indicates the importance of inbreeding in the devel-
opment of epigenetic differences (Vergeer et al. 2012; Lauss et al.
2018; Pang et al. 2019).

Song et al. (2010) proposed that the greater part of gene expres-
sion alterations showed by F1 hybrids are not associated with
shifting of cis-acting DNA methylation, alternatively, the transcrip-
tional differences revealed by offspring could be mediated by the
different levels of trans effects that existed in the inbred parents.
Furthermore, intergenerational epimutations could be an alterna-
tive model resulting in a subset modification in gene expression
within hybrid genomes.

In a previous comparative study (Hussein, 2018), although, sig-
nificant differences were detected in the differentially methylated



Fig. 1. (A) Principal Coordinates Analysis (PCoA); (B) hierarchical clustering using the nearest neighbor method for the Methylated Sensitive Loci (MSL) in the A-lines (Pop.1),
R-lines (Pop.2) and F1 hybrids (Pop.3) of CMS sunflower populations (Kanoosh et al., 2021).

Fig. 2. (A) Principal Coordinates Analysis (PCoA); (B) hierarchical clustering using the nearest neighbor method for the Methylated Sensitive Loci (MSL) in the self-pollinated
(Pop.1) and original (Pop.2) maize populations (Hussein, 2018) .
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regions (DMRs) within the studied maize, the practiced two rounds
of selfing did not affect the unmethylated state (HPA+/MSP + ) of
the genomic DNA, where both original and self-pollinated inbreds
had the same number of unmethylated loci (22.7 %). The MSAP
results revealed that the majority of the detected loci (30 loci) were
Methylation Sensitive (MSL), against only 9 loci described as Non-
Methylated Loci (NML). According to the 16 polymorphic loci, the
polymorphism percentage reached 53 %.

The hemimethylated state (HPA+/MSP-) was at a higher rate in
the original populations (28.0 %) than in the self-pollinated coun-
terparts (27.3 %). The level of internal cytosine methylation
(HPA-/MSP + ) was significantly magnified due to selfing to be
26.0 %, meanwhile, it was 22.7 % in the original inbreds. Moreover,
the fully methylated loci (HPA-/MSP-) in the original inbreds was
less than what existed in the self-pollinated populations (22.7 %
and 24 %, respectively). The Principal Coordinate Analysis (PCoA)
of MSL data (Figs. 1 & 2) assured that the compared populations
were more varied at the first coordinate (C1), while the second
coordinate (C2) was in less variation (33.3 % and 25 %, respec-
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tively). The cluster analysis indicated that the inheritance of MSL
has differed from one inbred to another. The self-pollination pro-
cess has a significant impact on the methylation state of some des-
cended population’s genomes, hence some self-pollinated inbreds
separated from their original parents, and consequently occupied
different clusters. Hybrid vigor was directly affected by the appar-
ent variation of the epigenetic content. The joint work of genetic
and epigenetic variations can create a larger gap that may, in turn,
improve the opportunities to get a hybrid vigor in the desired
direction.

Other efforts have focused on the role of DNA methylation in
updating the ‘‘epigenetic memory” either during plant development
(mitotically) or among individuals belonging to the same species
but at different genetic backgrounds (meiotically), where the pat-
terns of DNA methylation can vary (Eichten et al. 2011). A study per-
formed on maize inbred lines which were developed by at least four
generations of self-pollination followed by three back-crosses was
subjected to DMRs analysis, which reflects a relatively stable inheri-
tance of DNA methylation pattern. In another study, cytosine methy-
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lation was found to increase in hybrids as compared to their parents
(Shen et al. 2012). This proved the impact of hybridization in the
modification of DNA methylation levels.

The long-term inheritance of DMFs was investigated by select-
ing two individuals from the second generation to be advanced to
the sixth generation via self-pollination (Lauria et al., 2014).
Authors identified 15 out of 102 methylated regions to be DMFs
in different members of the first generation. Part of the original
DMFs has been transmitted to the next generation in a ratio rang-
ing from 50 to 72.5 %. MSAP analysis assured that 82 % (14 out of
17) of the studied DMFs were still measurable in the sixth progeny.
These results indicated that at least 12 % (11 out of 87 at leaf 2
stage; and 11 out of 93 at leaf 9) of the total DMFs originally rec-
ognized in the base population generation were meiotically trans-
mitted to the six subsequent generations. Feng et al. (2015) could
not find a link between the heterozygosity of the DMRs and the
levels of DNA methylation. However, they reported that about
85 % of the assays showed an expected level of DNA methylation,
whereas just 5 out of 150 assays revealed exclusive shifting in
the methylation status and another (17 out of 150) assays showed
a partial increase or decrease in DNA methylation.
8. Modulation of stress through epigenetic regulation

Although different stress forms affecting plants would have
some overlaps in their responsive genes, they still show unique
stress-specific gene expression profiles (Sadder et al. 2014). Based
on several demonstrated evidence, it is believed that such unique
responses are modulated through specified epigenetic changes,
where chromatin remodeling is an indispensable step to organize
the whole genome and regulating gene expression (Wang and
Chang, 2018). To adapt to environmental changes, the expression
of stress-responsive genes is synchronized with the methylated
DNA and the amendment of histone modification (Kim et al. 2015).

Arabidopsis histone deacetylase complex 1 Swi-Indipendent3
was found to be upregulated under salt stress (Perrella et al.
2013). Under salinity stress, maize roots were reported to show
enhanced expression of cell wall-related genes, which were corre-
lated with elevated histone H3 (H3K9) acetylation (Li et al. 2014).
On the other hand, H3K27me3 islands were found to undergo a
shortening process under salinity stress as compared to the intact
H3K4me2, H3K4me3, and H3K9me2 islands, which would imply a
release of gene repression in these islands (Sani et al. 2013).

Drought-stressed Arabidopsis showed H3K4me3 modifications
through activation of NCED3 by trithorax homolog ATX1 (Ding
et al., 2011). Meanwhile, drought stress in rice was found to induce
HAT genes and elevated acetylation of H3K9, H3K18, H3K27, and
H4K5 (Fang et al. 2014). On the other hand, the severity of a speci-
fic stress condition like drought will determine the final enrich-
ments of histone modifications in a specific gene. For instance,
H3K4me3 and H3K9ac on drought stress-upregulated genes, such
as RD20 and RD29A, were found to be highly enriched compared
to fewer drought conditions (Kim et al. 2012). Moreover, threonine
3 of histone H3 was found to be phosphorylated in pericentromeric
regions upon the onset of osmotic stress in Arabidopsis (Wang et al.,
2015). Several reports support the importance of the histone vari-
ant H2A.Z in response to heat stress, e.g., in Arabidopsis (Coleman-
Derr and Zilberman, 2012) and in Brachypodium (Boden et al.
2013). Unique acetylation such as H3K56 was enhanced upon
implementation of heat stress (Weng et al. 2014).
9. Stress mitigation via epigenetic memory

The histone H3K4 methyltransferase of trithorax (ATX1) homo-
log in Arabidopsiswas found to be an epigenetic regulator (Alvarez-
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Venegas et al. 2003). ATX1 expression was shown to depend on
environmental and developmental stimuli in roots through the
lipid messenger, phosphatidylinositol 5-phosphate (Alvarez-
Venegas et al. 2006).

Furthermore, signaling of dehydration stress was found to be
effectively regulated by ATX1 in abscisic acid (ABA)-dependent
and/or independent pathways (Ding et al., 2011; Ruschhaupt
et al., 2019). Several tri thorax homologs were isolated and charac-
terized in other plant species, e.g. tomato (Sadder et al., 2011), bar-
ley (Papaefthimiou and Tsaftaris, 2012), maize (Qian et al. 2014)
and rice (Choi et al. 2014),

Application of chromatin immune precipitation followed with
sequencing (ChIP-Seq) in Arabidopsis thaliana reveals a polymor-
phism among histone H3 methylation patterns under dehydration
stress (van Dijk et al. 2010). H3K4me3 positioning the 50-ends of
differently transcribed genes, however genes persuadable by
drought stress revealed broader H3K4me3 distribution profiles
than what existed before and/or after stress conditions (Murray
et al., 2019).

Such a change in chromatin marks was correlated to short
memory in plants exposed to multiple stresses. Stress memory
refers to the primary, sub-lethal stress that may shift a plant’s gen-
eral responses to the same subsequent stresses (Ding et al., 2013;
Virlouvet et al., 2018). Evidence from previous studies has been
documented in Arabidopsis thaliana (Ding et al., 2012), maize
(Ding et al. 2014), wheat (Allouzei, 2016), and rice (Li et al. 2019).

Endogenous factors such as abscisic acid (as phytohormone)
and DNA methylation are found to effectively participate in
short-term rehydration memory in rice plants, probably serving
as memory factors that trigger transcripts of dehydration-related
memory in photosynthesis and proline biosynthesis pathways, to
mediate flexible response to the successive stresses (Li et al. 2019).

After removal of the drought stress, [+/+] and [+/-] states of
transcription memory of revised response memory genes persisted
for 5–7 days (Ding et al., 2012; Liu et al., 2016). In the same con-
text, at the [+/+] memory genes, both Ser5P Pol II and H3K4me3
levels also lasted for 5–7 days, indicating epigenetic modifications
of their transcriptional memory. As a short-term memory, dehy-
dration stress memory may function as a mechanism for transcrip-
tional responses during seasonal attacks of drought and is doubtful
to be meiotically inherited through successive generations (Ding
et al., 2012; Li et al., 2019). The temporary alteration of specific
gene expression may increase the survival opportunity of individ-
ual plants under frequent drought stress (Avramova, 2018). As
some plants subjected to frequent drought stress, alternating with
full-watered recovery, demonstrated transcriptional and/or physi-
ological memory responses by reducing water loss, during the next
drought stress, in contrast to plants subjected to first-time drought
stress (Virlouvet et al., 2018). Thus, the plasticity of the genera-
tionally transmitted stress memory can have a great impact on
breeding programs, especially as it functions principally in the
female gametes (Wibowo et al. 2016).

Nonetheless, certain contradictions were found in the short-
term memory responses to stress. Memory genes of jasmonic
acid-dependent stress [+/-] provide developed different transcrip-
tional responses to drought stress memory that are opposite to
those of secondary herbivore stress (Avramova, 2017; Liu et al.,
2016; Vos et al., 2013).
10. Genetic and epigenetic aspects of Somaclonal variations

Tissue culture is a widely applied technique serving in the
micropropagation and production of new plant genotypes in a rel-
atively short time (De Schepper et al., 2003). Tissue culture tech-
niques are expected to produce clone-identical individuals,
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however, on many occasions, this technique proved to create vari-
ants at a relatively high rate (Ghosh et al., 2021).

Like in tissue culture, plant cells that are propagated in-vitro are
exposed to a wide range of environment-derived stresses, which
leads to genetic and epigenetic instability, especially at the initial
stages of cell differentiation in cultured tissues.

The stressful in-vitro conditions may induce specific cell orga-
nelles like cell membranes to resist the harsh surrounding environ-
ment by triggering an extensive range of signals that in turn
essentially contribute to the accumulation of free radicals, like
ROS (Bednarek and Orłowska, 2020b; Bednarek and Orłowska,
2020a). Depending on the nature, the severity of the stress and
the plant species, the propagated plants respond to these stressful
conditions at varying levels. In general, most of these are reflected
in different genotypes with different qualitative and quantitative
phenotypic characteristics (Kaeppler et al, 2000).

Chromosomal abnormalities and altered DNA sequence are the
two common examples of genetic modifications, whereas DNA
methylation, transposable elements (TEs), and chromatin remodel-
ing are considered the main epigenetic reasons laying behind phe-
notypic variations revealed by the regenerated plants compared to
their original clones (Srikant and Drost, 2021). Somaclonal varia-
tions could be adopted to improve ornamental plants which con-
tinuously will agronomically produce economically valuable
genotypes (Jain et al., 1998). Therefore, Nhut et al. (2013) exploited
this type of variation to induce flower color in Torenia fournieri lind
via invitroing selected Somaclonal lines and subsequently micro-
propagated. Invitroingly, somaclonal variation is very important
in the improvement of date palm because of the growth anomaly
that results from micropropagation (Jain et al., 2011).
11. Transposable elements and epigenetic effect

Since Ac/Ds system (activator/dissociation) was firstly coined
by Barbara McClintock during 1940 s describing the regulatory role
of transposable elements TEs (Pappalardo et al., 2021), TEs evolu-
tionary importance was evidenced in several eukaryotic genomes
(Ali et al., 2021; Chuong et al., 2017; Wells and Feschotte, 2020).
TEs fall into two groups, retrotransposons, and DNA transposons,
both represent a valuable part of plant genomes that efficiently
participate in rearranging and modifying DNA recombinations
(Almojil et al, 2021). The two TEs groups act via two different
mechanisms, a cut-paste mechanism that results in changing TE
loci and a copy-paste mechanism that increases TE copies.

Being deleterious, TEs can be epigenetically repressed by differ-
ent mechanisms evolved by hosts which is an indirect way to reg-
ulate nearby gene expression (Qin et al, 2015; Kelleher et al, 2020).

Several studies pointed to a unique relationship between trans-
posable elements mobilization and DNA methylation pattern as
the most prominent form of genetic influence through which
genetic material can be reshuffled (Baduel and Colot, 2021), thus
gene expression is redrawn (Srikant and Drost, 2021). Remarkably,
these TEs are subjected to waves of silencing and reactivation
according to the shifting pattern of DNA methylation, and this
highlights the importance of integrating the effect of the two epi-
genetic mechanisms in reshaping genomes. However, this kind of
epigenetic crosstalk may not only suppress the invaded TEs but
also silence one or more vital genes (Muyle et al, 2020). Addition-
ally, functional RNA-mediated mechanisms may involve efficiently
in the regulation of TEs activity (Hsu et al, 2021).

The role of the TEs may extend beyond protein-coding
sequences to the establishment of entirely novel genes. Notably,
the genomic distribution, abundance and diversity are key factors
that determine the norm of action of TEs that may affect important
bioprocesses like fitness (Eyre-Walker and Keightley, 2007).
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12. In vitro culture influence on epigenetic

Tissue culture effectively contributes to the precise production
of new plant variants to cope with the magnifying need in a rela-
tively short time. Yet, the evolution of new rearrangements has
been detected frequently, where not all the developed plants are
identical at the morphological level. The tissue culture-derived
rearrangements can be originated from genetic and/or epigenetic
modifications (Orłowska et al., 2016; Orłowska and Bednarek,
2020).

In general, the epigenetic effect is magnified in response to the
increasing number of regenerative cycles which verify the trans-
generational heritability of epigenetic variations across successive
generations (Rosato et al, 2016). Conversely, some other studies
reported no relation between the long-term cell culture and the
increased level of epigenetic variations (Bobadilla Landey et al.,
2015; Franzen et al., 2021).

Epigenetic changes exposed by tissue culture-derived plants
can be categorized into DNA and histone methylation, chromatin
remodeling, and small RNAs (Orłowska, 2021; Yu et al., 2020;
Zhang et al., 2021; Jiang et al., 2011; Miguel and Marum, 2011;
Miyao, 2011; Neelakandan and Wang, 2012; Sabot et al., 2011).
Nevertheless, several reports indicated that the most common
form of epigenetic modification was DNA methylation, which
may or may not be associated with the activation of transposons
(Bednarek and Orłowska, 2020b; Machczyńska et al., 2014;
Gimenez et al., 2016; Machczyńska et al., 2015; Orłowska et al,
2016). The DNA methylation was found to be plant species-
dependent, although the methylation level was at a higher rate
in the regenerated plants compared to donor plants (Bednarek
and Orłowska, 2020a) .

The rapid development of molecular tools proved that epige-
netic changes which occur during the initial stages of cell differen-
tiation can effectively participate in the production of new plant
regenerates with new phenotypic aspects that their mother donors
did not possess (Miguel and Marum, 2011). Some elements can
take part in epigenetic cases under an in-vitro environment when
supplied in media such as molybdenum (Rihan et al., 2015), who
confirmed that this element possessed a large positive effect on
cold tolerance of cauliflower micro shoots.
13. Regulation of reproductive plant development by
epigenetics

Plants in their growing environment are surrounded by biotic
and abiotic factors that regularly interact. In view of recent find-
ings, plants use epigenetic modifications to control early floral ini-
tiation (Yaish et al., 2011).

Epigenetic modifications may serve direct (activation/deactiva-
tion) or indirect regulation (hormone production) of somatic
embryogenesis (SE) via fine-tuning of gene expression. Considering
indirect regulation, epigenetic factors like microRNA (miRNA) usu-
ally involve post-transcriptional alterations. In view of recent find-
ings, miRNA contributes to regulating the specific type of
transcription factors that control auxin metabolism and ultimately
SE development (D’Ario et al., 2017; Song et al., 2019).

Plants have two main schemes to reproduce, sexual and asex-
ual. The nature of epigenetic influences on the development of sex-
ual reproductive organs, particularly seeds, remains poorly
understood. In flowering plants, the dynamic process of epigenetic
modifications such as DNA methylation exchange between game-
tes and their companion cells. However, the DNA methylation level
was found to be magnified in the mature embryos, then decreased
significantly as the seed germinate (Han et al, 2019).
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Additionally, polycomb group (PcG) proteins is another epige-
netic mechanism that has a pivotal role in the regulation of normal
seed development (Salaün et al, 2021). PcG contributes signifi-
cantly to controlling cell proliferation through silencing specific
genes (Simonini et al, 2021).

14. Reversal of flower color in transgenic petunia under field
conditions

Besides producing more and superior quality yields, genetic
engineering is an alternative approach used to combine attractive
traits in ornamental plants, like unique flower colors. The unde-
clared genetically modified petunia (Petunia hybrida) was first
diagnosed in the middle of the last decade. Petunia was genetically
engineered by introducing the maize gene responsible for encoding
dihydroflavonol 4-reductase (DFR, A1) to develop orange
pelargonidin in the innovative flowers (Bashandy and Teeri,
2017; Haselmair-Gosch et al., 2018).

The CHS-A gene encoding chalcone synthase was identified in
transgenic petunia, in which the developed flowers have unpig-
mented sectors, or it will be completely white. Surprisingly, the
unpigmented petal tissues can be noticed even in nontransgenic
petunia, in the same context recent findings strongly recom-
mended the responsibility of post-transcriptional modifications
due to short interfering RNAs (siRNAs) and/or altered DNA methy-
lation patterns (Kasai et al, 2013).

15. Active compounds as epigenetic modulators

In many parts of the world where conventional medicine is
practiced, people have exploited natural products such as extracts,
powders, teas, juices, or mixtures. As epigenetic factors induced
variations in traditional crops, they also affect medicinal plants
and their constituents. Thus, they could be exploited in medicinal
plant improvements (Shahrajabian et al., 2019). Methylated DNA
may assist in obtaining new chemical compounds. Different epige-
netic mechanisms act inside medicinal plant cells such as cytosine
methylation, histone modification and SRNA (miRNA and siRNA)
led to uncovering the epigenomics complications that are influ-
enced by environments (Hao and Xiao, 2018). from these chemi-
cals, melatonin that modulates ATP and glucosinolates led to an
increase in some fungi resistance infested Brassica rapa ssp.
Pekinensis resulted in proteomic expression (Teng et al., 2021).
These phytochemicals could modulate epigenetic efficacies
thereby assisting to extract new bioindicators that will be used
as cancer preventers (Carlos-Reyes et al., 2019) like flavonoids
(Busch et al., 2015). For instance, nutritional phenolic constituents
could be regulated by DNA methylation, histone alteration and
miRNA making these molecules as a target for preventing many
diseases that are epigenetically controlled via gene expression
(Ciz et al., 2020). Furthermore, epigenetic markers triggered bioac-
tive nucleosides and bisabolene biosynthesis in Aspergillus versi-
color (Wu et al., 2020). This technique could be economically
used to produce active compounds.

16. Conclusions and recommendations

Various epigenetic mechanisms are triggered in response to dif-
ferent stresses e.g., temperature, dehydration, and salinity. Nota-
bly, both double-stranded RNA (dsRNA) and posttranscriptional
gene silencing (PTGS) are the key transgenerational epigenetic reg-
ulators of variable stresses, hence a potential breeding tool.
Hybridization is the most widespread and influential phenomenon
in the genetic and morphologic formation of plant populations.
This phenomenon is still playing a crucial role in reducing the level
9

of DNA methylation and contributes efficiently to releasing the
gene expression, thus, the outstanding performance of the differ-
ent crosses compared with their ancestral pure parents. Notice-
ably, hybrid vigor tends to be more positive along with the
advanced selfing generations even for a few generations, hence it
can result in a considerable alteration in the genetic and epigenetic
recital of plant population. The traditional direct relationship
between selfing and inbreeding depression has been supported
by increasing the methylation level in line with self-pollinated
generations.

Finally, plant breeders must pay more attention to the propaga-
tion method of inbred lines because the continuous practice of self-
ing may result in a significant depression in the performance of
these lines. There is a need to adopt new tools in the epigenetic
assessment of the new genotypes that significantly reflects on
the actual evaluation. Furthermore, epigenetic variations and their
relationship with the management practices should be studied for
a deeper understanding of the environmental-epigenetic
interference.
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