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Abstract

Background The epigenetic mechanisms play critical roles in a vast diversity of biological processes of plants, including
development and response to environmental challenges. Particularly, DNA methylation is a stable epigenetic signature that
supplements the genetics-based view of complex life phenomena. In crop breeding, the decrease in genetic diversity due to
artificial selection of conventional breeding methods has been a long-standing concern. Therefore, the epigenetic diversity
has been proposed as a new resource for future crop breeding, which will be hereinafter referred to as epibreeding.
Discussion The induction of methylome changes has been performed in plants by several methods including chemical drugs
treatment and tissue culture. Target-specific epigenetic engineering has been also attempted by exogenous RNAi mediated
by virus-induced gene silencing and grafting. Importantly, the new and innovative techniques including the CRISPR—Cas9
system have recently been adopted in epigenetic engineering of plant genomes, facilitating the efforts for epibreeding.
Conclusion In this review, we introduce several examples of natural and induced epigenetic changes impacting on agronomic

traits and discuss the methods for generating epigenomic diversity and site-specific epigenetic engineering.
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Introduction

Conventional crop breeding technologies have greatly
improved people’s life by producing crops with better yield
and quality. We have witnessed in the past how crop bio-
technology could remarkably improve the yield of rice,
for instance, one of the most important crops in the world
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feeding more than half of the global population. However,
crop breeding process caused genetic erosion, i.e. loss of
genetic diversity, which in turn limits the crop breeding
resources (Springer and Schmitz 2017; Tirnaz and Batley
2019; Dalakouras and Vlachostergios 2021). Moreover, as
global population is rapidly growing and farming resources
are becoming limited, the food security has become a seri-
ous and demanding issue (Garnett et al. 2013; Nelson et al.
2014). This is in principle why future crop breeding field
requires unprecedented innovation of the next level.

It has been documented well that plant phenotypes can
be determined by non-genetic variations, so called epige-
netic diversity. Epigenetics refers to a study of heritable gene
expression changes over mitotic and meiotic cell divisions,
which do not involve any DNA sequence alterations (Wu and
Morris 2001). Epigenetic control involves both DNA meth-
ylation (methylated cytosine, mC) and histone modifica-
tions, which often crosstalk to each other primarily through
small regulatory RNAs. While histone modifications are
associated with both transcriptional activation and suppres-
sion depending on the types and positions of modifications,
DNA methylation is mostly linked with transcriptional sup-
pression (Xiao et al. 2016). It is also important to note that
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although there are reported evidence of mitotic inheritance
of histone modification changes in certain conditions (e.g.
priming of heat tolerance) (Kim et al. 2015; Friedrich et al.
2019; Bhadouriya et al. 2021), it is more generally accepted
that alteration of DNA methylation can be maintained more
strongly over mitotic and meiotic generations. Given that
stable heritability is critical in the crop breeding procedures,
DNA methylation is considered a more promising epigenetic
modification and therefore will be highlighted in this review.
There is accumulating evidence implicating that DNA
methylation impacts vastly on a variety of biological pro-
cesses in plants, including development and stress responses.
Several naturally occurring mutants with altered DNA meth-
ylation (i.e. epialleles) have been identified to be associ-
ated with diverse phenotypic changes of plants. Apart from
natural epialleles which are found relatively rarely, epial-
leles can also be induced artificially, for instance, by gener-
ating epigenetic recombinant inbred line (epiRIL) popula-
tion (Reinders and Paszkowski 2009; Reinders et al. 2009;
Johannes et al. 2009; Catoni and Cortijo 2018). EpiRILs
are plants with mosaic methylome that are derived from a
cross of two genetically identical plants differing in methyla-
tion levels. Until now, epiRILs have been generated only in
Arabidopsis by two independent research groups who used
the metl and ddm1 mutants (Reinders et al. 2009; Johannes
et al. 2009). Importantly, these epiRILs revealed that various
plant phenotypes such as flowering time and disease resist-
ance are largely attributed to epiallelic changes. Despite
the critical biological relevance of DNA methylation and
its prevalence in crop genomes, the epigenetic mechanisms
gained relatively poor attention in the field of crop breeding.
Nonetheless, the recent advances in the epigenomic engi-
neering techniques opened-up the possibility that epiallelic
variations can be used as a stable breeding resource. In the
next following sections, we will introduce selected major
agronomic traits controlled by DNA methylation and sum-
marize the technical approaches for generating epialleles.

Main text

Maintenance and establishment of DNA
methylation

In plant genomes, DNA methylation appears in three differ-
ent sequence contexts; CG, CHG (where H denotes A, C or
T) and CHH. The maintenance and establishment of methyl-
ation at these cytosines are mediated by distinct mechanisms
which have been well characterized (Law and Jacobsen 2010;
Henikoff and Greally 2016). In brief, the symmetrical DNA
methylation mCG and mCHG is maintained by METHYL-
TRANSFERASE 1 (MET1) and CHROMOMETHYLASE
3 (CMT3), respectively (Ronemus et al. 1996; Lindroth et al.
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2001; Kankel et al. 2003). CHH methylation is established
de novo via two independent pathways; the RNA-directed
DNA methylation (RADM) and CHROMOMETHYLASE
2 (CMT?2)-mediated pathways (Matzke and Mosher 2014;
Wendte and Pikaard 2017). RdDM involves the biogenesis
of small interfering RNAs (siRNAs), which are produced by
the plant-specific RNA POLYMERASE IV (PollV) (Li et al.
2015; Zhai et al. 2015; Blevins et al. 2015). These siRNAs,
in conjunction with ARGONAUTE 4 (AGO4), interact with
the nascent transcripts of PolV, another plant-specific RNA
polymerase (Wierzbicki et al. 2009; Wang and Axtell 2017).
Importantly, AGO4 interacts with RNA-DIRECTED DNA
METHYLATION 1 (RDM1) that is in association with a
de novo methyltransferase, DOMAINS REARRANGED
METHYLTRANSFERASE 2 (DRM2) (Gao et al. 2010).
Recently, it has been also suggested that the PollV-independ-
ent transcripts can also trigger RADM through the RDR6-
mediated pathway (Nuthikattu et al. 2013; Fultz et al. 2015;
Kim et al. 2021; Hung and Slotkin 2021). Apart from the
RdDM pathway, mCHH can also be mediated by CMT2,
which interacts with an ATP-dependent chromatin modifier
DECREASE IN DNA METHYLATION 1 (DDM1), par-
ticularly around the histone H1-enriched chromatin regions
(Zemach et al. 2013).

Epialleles associated with crop traits

Crop yield is one of the major agronomic traits studied
in crop science and increasing the crop yield has been an
important breeding target. Several previous studies have
shown that the epigenetic mechanisms are implicated in
yield traits of rice. Zhang et al. identified a QTL, qWS8/
ipal-2D, that is associated with the ideal plant architecture
(IPA) (Zhang et al. 2017). The cloned qWS8/ipal-2D locus
turned out to be a large tandemly repeated sequences which
attenuated the epigenetic suppression of the /PA] promoter
(Zhang et al. 2017). Therefore, the qWS8/ipal-2D locus
can serve as a new breeding target for high-yield rice varie-
ties (Zhang et al. 2017). In addition, the epimutation of rice
dwarfism (Epi-df) revealed the hypomethylation at OsFIE]
gene that led to the reduction of histone H3 lysine 9 di-
methylation (H3K9me?2) and increase of H3K4me3 in the
5’ region of OsFIEI (Zhang et al. 2012). Importantly, the
increased expression of OsFIE] resulted in the higher grain
yield of rice (Zhang et al. 2012).

Apart from the yield-related epialleles, multiple studies
thus far have suggested that the DNA methylation is critical
for various quality-related traits of crop plants. Particularly,
diversity in flowers and fruits phenotypes is an important
breeding resource in the horticultural industry. For example,
natural epialleles with hypermethylation in the Cycloidea
gene of Linaria vulgaris exhibit the radial symmetry of flow-
ers (Cubas et al. 1999). In addition, tomato fruit ripening
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and skin colors are regulated by DNA methylation at the
genes encoding for the ripening-related transcription fac-
tors and the enzymes in the carotenoid synthesis pathway
(Lang et al. 2017; Tang et al. 2020). These genes are in large
part under direct regulation of SIDML2, a DEMETER-like
DNA demethylase gene (Liu et al. 2015). Similar examples
for fruit skin color control by DNA methylation can also
be found in apples. The red-skinned “Kidd’s D-8” (KID)
and yellow-skinned “Blondee” (BLO) are natural apple
mutants with different anthocyanin contents in the fruit
skins (El-Sharkawy et al. 2015). During the fruit develop-
ment of BLO, the DNA methylation levels are increased in
the MdMYBI10 locus, which activates the anthocyanin pro-
duction (El-Sharkawy et al. 2015). The hypermethylation
of MdMYBI0 in BLO leads to the transcriptional suppres-
sion and therefore reduction of the anthocyanin levels (El-
Sharkawy et al. 2015). The hypermethylation of MdMYB10
was in fact observed previously in “Honeycrisp” apples
(Telias et al. 2011). The increased DNA methylation was
detected in the promoter of MdMYBI0 in green stripes of
this apple variety (Telias et al. 2011). Moreover, the fruit
size of “Golden Delicious” apples was suggested to be con-
trolled by DNA methylation. The GDDH18 apple, a natural
mutant of Golden Delicious, shows small fruit size and has
increased DNA methylation in the promoter of MdACS6,
which controls ethylene production and cell division (Dac-
cord et al. 2017).

It has been well documented that DNA methylation influ-
ences plant’s fitness under abiotic and biotic stresses. For
example, Garg et al. investigated the DNA methylation pro-
files in three different stress-tolerant rice cultivars (IR64,
Nagina 22 and Pokkali) and identified numerous differ-
entially methylated regions (DMRs), some of which were
associated with genes involved in the abiotic stress response
(Garg et al. 2015). In addition, Akimoto et al. tested the
treatment of 5-azacytidine, a chemical inhibitor for DNA
methylation, to the stress-susceptible rice plants (Akimoto
et al. 2007). The chemical treatment reduced the methyla-
tion at the promoter of Xa2/G and resulted in the stronger
resistance to Xanthomonas oryzae (Akimoto et al. 2007).
Kumar et al. carried out similar experiments using 5-azacy-
tidine in durum wheat and found that the chemical-induced
demethylation can increase the resistance of wheat plants to
the Fusarium head blight (Kumar et al. 2020). Overall, the
natural and induced DNA methylation changes impact vastly
on a wide range of agriculturally relevant traits.

Induction of epigenomic changes

We have so far introduced several major agricultural traits
determined by DNA methylation. Given the strong poten-
tial of the epigenetic approaches in crop breeding, develop-
ment of robust methods to induce epigenetic changes in crop

plants will be an important next step. In this section, several
methods triggering DNA methylation changes will be high-
lighted and discussed (illustrated in Fig. 1).

Chemical inhibitors such as 5-azacytidine and zebularine
are commonly used reagents to induce DNA demethylation
(Baubec et al. 2009; Nowicka et al. 2020). These chemical
reagents act as analogues to cytosines and interferes with the
maintenance of DNA methylation during DNA replication.
This then allows for epigenetic alterations over cycles of cell
divisions and might result in certain phenotypic changes in
crops. Although the effect of demethylation by these inhibi-
tors is generally transient and the epigenetic mark easily
reverts to original status when the chemical treatment is
stopped, there are also reports showing that the induced
epialleles may persist stably across mitotic development.
For example, the 5-azacytidine treatment led to the early
flowering phenotype of strawberries (Xu et al. 2016). Such
mitotically stable epimutations can be maintained directly
through vegetative propagation, giving rise to new crop vari-
eties. It is also worth mentioning that the chemically induced
epiallelic changes are particularly useful in polyploid crops
as genetic manipulation (through which DNA methylation
can be perturbed) is particularly challenging in polyploid
genomes.

Tissue culture is a widely used agricultural practice
exploited for vegetative clonal propagation of crop plants
and has recently been actively employed in the gene editing
techniques (Twaij et al. 2020). It is well known that tissue
culture causes drastic DNA methylation reduction which is
often stable over multiple generations (Tanurdzic et al. 2008;
Smulders and de Klerk 2011; Stroud et al. 2013; Azizi et al.
2020). Soma-clonal variation refers to phenotypic diver-
gence observed in regenerated plants from in vitro tissue
culture and is strongly associated with certain epiallelic
changes (Kaeppler et al. 2000; Ong-Abdullah et al. 2015;
Azizi et al. 2020; Masuda et al. 2020). It has been proposed
that epigenetic diversity induced by tissue culture can be
directly exploited in the crop breeding processes. Particu-
larly, vegetatively propagating plants, where genetic manipu-
lation is technically limited, can benefit more from tissue
culture-mediated epiallelic alterations. It is noteworthy, how-
ever, that in vitro tissue culture might activate transposon
mobilization (Cho et al. 2019; Satheesh et al. 2021), and
thereby induces insertional gene mutations, which must be
carefully discriminated from bona fide epiallelic difference.

The approaches of chemical treatment and tissue culture
described above generate massive genome-wide alterations
of DNA methylation in rather stochastic manner. Such
complex epigenomic changes make it difficult to assess
causal effect of a specific epiallele to certain phenotypic
outcomes. In this regard, epiRIL population can be an
alternative method to bypass the complexity and uncer-
tainty imposed by massive methylome changes (Reinders
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Fig. 1 Experimental methods used to induce epiallelic changes. a
Chemical reagents such as 5-azacytidine and zebularine are potent
DNA methylation inhibitors. b In vitro tissue culture and plant regen-
eration from dedifferentiated cells induce strong DNA demethylation.
¢ EpiRILs artificially induce massive epialleles representing random
mosaic methylome patterns. d Delivery of dsRNAs via viral vectors

and Paszkowski 2009; Johannes and Colomé-Tatché 2011;
Catoni and Cortijo 2018). The advantages of epiRIL
include that epiallelic changes are artificially induced in
higher frequency and density, and each epiRIL possesses
unique mosaic methylome pattern enabling the mapping of
causal loci associated with certain phenotypes (Reinders
et al. 2009; Johannes et al. 2009; Zhang et al. 2013; Kooke
et al. 2015; Debladis et al. 2017). EpiRIL population can
be constructed by crossing two near-isogenic individuals
with significant differences in DNA methylation (Reinders
et al. 2009; Johannes et al. 2009). Subsequently, repeated
self-pollination of single seed descent for at least 6 genera-
tions can achieve near homozygosity of methylation status
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CRISPR-dCas9

dCas9

can trigger PTGS on specific genomic targets. e Grafting causes epi-
genetic alterations in scions and rootstocks, and also can be used to
provide siRNAs produced from donor plants. f CRISPR—dCas9 is a
versatile platform to accommodate epigenetic effector proteins to spe-
cific target loci

in the individual lines (Reinders et al. 2009; Johannes et al.
2009). Unfortunately, it is still technically challenging in
most crop species to generate genetic mutations for DNA
methyltransferase and demethylases, and dramatic DNA
methylation changes are hardly tolerated (Hu et al. 2014;
Yamauchi et al. 2014; Li et al. 2014). For example, the
mutants for DNA methyltransferases and demethylases in
rice and maize are mostly lethal or sterile (Hu et al. 2014;
Yamauchi et al. 2014; Li et al. 2014). Therefore, develop-
ment of new methods is required to redirect the functions
of the epigenetic regulators and induce epigenetic changes
transiently in crop genomes, so the plant viability is not
compromised by the drastic loss of DNA methylation.
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Site-specific epigenetic engineering

Recently, targeted epigenetic engineering has been attempted
by utilizing exogenous RNAi system. One example is virus-
induced gene silencing (VIGS) system that carries specific
double-stranded (ds) RNA inducing mostly post-transcrip-
tional gene silencing (PTGS) or RNAI in the complementary
target genes (Baulcombe 2004; Vaucheret 2006). In fact,
VIGS has been used extensively in many crop species and
demonstrated to work robustly (Torti et al. 2021); however,
the downside of this approach particularly for breeding pur-
pose is that its effect is only transient and is scantily trans-
mitted to stable DNA methylation by RADM. Nonetheless,
it has been recently suggested that high pressure spraying
of dsRNAs and targeting them to nucleus can trigger stable
RdDM (Dalakouras and Papadopoulou 2020; Dalakouras
and Ganopoulos 2021).

Grafting is a widely used agricultural practice that con-
nects the root and shoot systems of different plants. In many
crop species, it is a useful and advantageous method to
increase the disease resistance and crop quality. Interest-
ingly, it has been previously suggested that the DNA methyl-
ation status can be changed in the grafts between Solanaceae
plants including tomato, eggplant, and pepper (Wu et al.
2013). Similar observation of DNA methylation changes
has been made in Cucurbitaceae plants where cucumber and
melon was grafted on pumpkin (Avramidou et al. 2015). In
addition, several studies reported that siRNAs can transport
through grafted junction and establish RADM in Arabidopsis
(Molnar et al. 2010, 2011; Melnyk et al. 2011a, 201 1b). Such
transmissible RADM has been tested in potato, demonstrat-
ing that the siRNAs produced from transgenic tobacco scion
established stable DNA methylation in the potato rootstock
(Kasai et al. 2011, 2016). Overall, grafting can contribute to
epibreeding by either generating epialleles and transmitting
siRNAs from transgenic donor plants.

The gene editing systems such as zinc finger nucle-
ase (ZFN), transcription activator-like effector nuclease
(TALEN), and CRISPR—Cas are rapidly emerging tech-
niques that are broadening their application beyond gene
editing. These systems consist of two modules, endonu-
clease and gene targeting modules, the latter of which is
used for guiding the effector proteins to specific genomic
location. For example, ZFN fused with SUVHO, a his-
tone methyltransferase in the RADM pathway, was tested
in Arabidopsis (Johnson et al. 2014). The ZFN-SUVH9
fusion protein successfully targeted the FWA locus and sta-
bly deposited DNA methylation (Johnson et al. 2014). In
addition to SUVHO, a series of RADM factors was tethered
to artificial ZF, confirming the robustness of the system in
Arabidopsis (Gallego-Bartolomé et al. 2019). In another
study, similar ZF module was also fused with the catalytic
domain of the human DNA demethylase TEN-ELEVEN

TRANSLOCATIONI1 (cdTET1), and it caused demethyla-
tion at the FWA gene and CACTAI transposon efficiently
(Gallego-Bartolomé et al. 2018).

The CRISPR—-dCas9 (catalytically inactive Cas9) system
is by far the best utilized system for site-specific epigenetic
editing owing to its extraordinary targeting efficiency and
specificity. The dCas9 protein can be simply fused directly
with an epigenetic effector protein. For example, the Arabi-
dopsis histone acetyltransferase 1 (AtHAC1) was fused to
dCas9 and targeted to the promoter of a gene encoding for
abscisic acid (ABA)-responsive element binding protein 1/
ABRE binding factor 2 (AREB1/ABF2) (Roca Paixdo et al.
2019). The plants expressing this fusion protein exhibited
higher transcriptional activity of the target gene and stronger
tolerance to drought stress (Roca Paixdo et al. 2019). In addi-
tion, epigenetic effector proteins can be tethered to dCas9
through the MS2 system (Moradpour and Abdulah 2020;
Pan et al. 2021). In this system, the short guide (sg) RNA
is modified to incorporate a short RNA hairpin aptamer
that can accommodate the binding of MS2. In the work of
Lee et al., the MS2 fusion was attempted to KRYPTONITE
(KYP), G9a (H3K9 methyltransferases), and p300 (histone
acetyltransferase) targeting the FT gene, a floral activator, in
Arabidopsis (Lee et al. 2019). These plants exhibited diver-
gent flowering phenotypes, likely caused by the chromatin
modifications at the FT locus (Lee et al. 2019). The SunTag
system is another efficient approach to tether proteins to
dCas9 that contains the tandem GCN4 peptide repeats fused
to dCas9 and a single chain variable fragment (scFv) GCN4
antibody anchored with epigenetic effector proteins (Tanen-
baum et al. 2014; Pan et al. 2021). Such method was tested
in DNA demethylase effector protein cdTET1 in Arabidop-
sis, which exhibited high efficiency of demethylation at the
targeted FWA locus (Gallego-Bartolomé et al. 2018). Moreo-
ver, the tethering of CRISPR-dCas9-SunTag to DRM?2, a
de novo DNA methyltransferase, was also demonstrated to
function efficiently in FWA of Arabidopsis (Papikian et al.
2019). Although all these known examples of epigenetic
editing were demonstrated only in Arabidopsis, given the
versatility and robustness of CRISPR—Cas systems in crop
plants, it appears very promising that site-specific epigenetic
modification will be more feasible in crop models in the
near future.

Conclusion

In this review, we have introduced several examples of the
epiallelic diversity influencing on relevant agronomic traits
of crops. Most importantly, the epibreeding approach pro-
vides several advantages in crop breeding. Firstly, epiallelic
variations can supplement the currently limited genetic
diversity, broadening the crop breeding resource. Secondly,
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unlike traditional crop breeding methods, epibreeding
does not require any costly and time-consuming selection
processes, which can accelerate the breeding procedures.
Thirdly, epibreeding is not subject to the issues regarding
genetically modified organisms since epigenetic variabil-
ity is genuinely non-genetic. Nonetheless, despite the vast
impact of epimutations on crop traits, the stability and her-
itability of epigenetic variation is an important considera-
tion for potential application to breeding strategies. In other
words, the stability of newly created epialleles over meiotic
divisions and generations is a critical issue, so that the epige-
netic variability in crop genomes can be stably perpetuated
during breeding process. Overall, the techniques for epige-
netic engineering in crops are maturing for better precision
and applicability, and such improvement will eventually
facilitate crop breeding process.
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