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Abstract
Background Epigenetic modifications play important roles in diverse cellular processes such as X chromosome inactivation, 
cell differentiation, development and senescence. DNA methylation and histone modifications are major epigenetic modifi-
cations that regulate chromatin structure and gene expression without DNA sequence changes. Epigenetic alterations may 
induce phenotypic changes stable enough for mitotic or meiotic inheritance. Moreover, the reversibility of epigenetic marks 
makes the manipulation of chromatin and epigenetic signature an attractive strategy for therapeutic and breeding purposes. 
Targeted epigenetic manipulation, or epigenome editing, at the gene of interest commonly utilizes specific epigenetic modi-
fiers fused with a targeting module of the conventional genome editing system.
Objective This review aims to summarize essential epigenetic components and introduce currently available epigenetic 
mutants and the corresponding epialleles in plants. Furthermore, advances in epigenome editing technology are discussed 
while proposing its potential application to plant breeding.
Conclusions Epimutations associated with useful traits may provide a valuable resource for crop development. It is important 
to explore epimutations in a variety of crop species while understanding the fundamental aspects of epigenetic regulation 
of agronomically important traits such as yield, quality, disease resistance and stress tolerance. In the end, plant breeding 
programs through epigenome editing may help not only to expand the use of limited genetic resources but also to alleviate 
consumers’ concerns about genetically manipulated crops.

Keywords DNA methylation · Epiallele · Epigenome editing · Histone modifications · Transcriptional regulation

Introduction

In eukaryotic cells, DNA is not naked but interacts with 
histone proteins forming a compact structure called chro-
matin. The structural unit of chromatin is the nucleo-
some that consists of ~147 bp of DNA wrapped around an 

octamer of histone proteins H2A, H2B, H3 and H4 (Luger 
et al. 1997). Epigenetic modifications are covalent modifi-
cations of DNA or histones, which regulate mitotically or 
meiotically heritable changes in gene expression without 
altering the sequence of DNA itself (Heard and Martiens-
sen 2014; Law and Jacobsen 2010). DNA methylation, a 
well-known epigenetic modification associated with gene 
silencing, refers to the addition of a methyl group onto C5 
position of cytosine residues. Histone modifications include 
acetylation, methylation, ubiquitination and phosphorylation 
on specific amino acid residues of the histone N-terminal 
tails. Writers such as DNA methyltransferases (DNMTs), 
histone acetyltransferases (HATs) and histone lysine methyl-
transferases (HKMTs) introduce epigenetic marks, whereas 
erasers such as DNA demethylases, histone deacetylases 
(HDACs) and histone demethylases catalyze the removal of 
epigenetic marks. The interplay between writers and erasers 
is important for dynamic control of epigenetic modifications, 
thereby affecting chromatin conformation and transcriptional 
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regulation (Feinberg et al. 2016; Jaenisch and Bird 2003; 
Torres and Fujimori 2015) Epigenetic marks are relatively 
stable and some of them, particularly DNA methylation, can 
be stably inherited over multiple generations. At the same 
time, most epigenetic modifications are also reversible, 
allowing gene expression to be switched on and off.

Epigenetic regulation plays pivotal roles in diverse cel-
lular processes such as X chromosome inactivation, cell dif-
ferentiation, development and senescence (He et al. 2011; 
Lamke and Baurle 2017; Ojolo et al. 2018; Zhao et al. 2019). 
Recent studies have revealed that aberrant epigenetic regu-
lation is involved in many disease development in humans, 
including cancer, neurological disorder and autoimmune dis-
ease (Dawson and Kouzarides 2012; Kundaje et al. 2015). In 
some cases, the epigenetic alterations can lead to a heritable 
change in gene expression without change in the genome 
sequence, and such alterations are called an 'epimutation'. 
The corresponding epigenetic allele, also known as an 'epi-
allele', mostly arises from the alteration of DNA methyla-
tion due to its transgenerational inheritance (Hauser et al. 
2011; Lloyd and Lister 2021; Quadrana and Colot 2016). 
In plants, several epialleles have been reported to regulate 
diverse developmental/physiological processes such as floral 
organ development (Jacobsen and Meyerowitz 1997), flow-
ering time (Soppe et al. 2000), starch metabolism (Silveira 
et al. 2013), fruit ripening (Manning et al. 2006), vitamin E 
accumulation (Quadrana et al. 2014) and sex determination 
(Martin et al. 2009).

Advances in genome editing technology enable precisely 
targeted genome modifications using programmable DNA 
binding modules such as a zinc-finger (ZF) protein and 
transcription activator-like effector (TALE) fused with a 
Fok I nuclease or the bacteria-derived clustered regularly 
interspaced short palindromic repeat (CRISPR)-associated 
nuclease Cas9 (Kim 2016; Yin et al. 2017). Recently, epi-
genome editing technology has emerged for transcriptional 
regulation without altering DNA sequences. Epigenetic 
editing refers to directed alteration of epigenetic marks at 
specific genomic loci (Kungulovski and Jeltsch 2016). Pro-
grammable DNA-binding modules such as ZF, TALE, and 
catalytically inactive Cas9 (dCas9) can be fused with a cata-
lytic domain of an epigenetic modifier (Fig. 1). Epigenome 
editing is a promising approach for selective gene activa-
tion or repression. In clinical applications, this technology 
was successfully used to alter specific epigenetic marks at 
the disease-related genes (Kungulovski and Jeltsch 2016; 
Nakamura et al. 2021). For example, silencing of the fragile 
X mental retardation-1 (FMR1) gene due to aberrant gain 
of DNA methylation causes a genetic disorder associated 
with intellectual disability (Mirabella et al. 2016; Sutcliffe 
et al. 1992). CRISPR/dCas9-fused ten-eleven translocation 
1 (TET1) system restored normal DNA methylation levels 
and gene expression of FMR1 in iPSC-derived neurons (Liu 

et al. 2018). In addition, targeted DNA demethylation in the 
BRCA1 promoter decreased DNA methylation and rescued 
BRCA1 expression, leading to the inhibition of uncontrolled 
cell proliferation in breast and cervical cancer (Choudhury 
et al. 2016). Such studies set the stage for the potential use 
of epigenetic editing technology in clinical application 
(Goell and Hilton 2021; Nakamura et al. 2021). In plants, 
the manipulation of epigenetic modifications can also con-
tribute to the creation of novel epialleles associated with 
useful traits for crop improvement.

In this review, we briefly summarize the basic mecha-
nism of epigenetic modifications and epigenetic modifier 
enzymes that can be used for epigenome editing technology. 
In addition, we introduce various epialleles controlling gene 
activity and phenotypic traits in diverse plant species. Then, 
we give an overview of current efforts aimed at editing the 
epigenome in plants and discuss the potentials of epigenetic 
manipulation for crop improvement.

Mechanisms of DNA methylation

In higher eukaryotes, DNA methylation is a prominent epi-
genetic modification that is mostly involved in transcrip-
tional repression. DNA methylation is achieved by the addi-
tion of a methyl group to C5 position of cytosine. Unlike in 
mammals, DNA methylation in plants occurs in all sequence 
contexts: CG, CHG and CHH (H = A, T or C) (Law and 
Jacobsen 2010). The establishment of DNA methylation 
depends on the RNA-directed DNA methylation (RdDM) 
pathway, catalyzed by DOMAINS REARRANGED METH-
YLTRANSFERASE 2 (DRM2), a homolog of mammalian 
de novo DNA methyltransferase DNMT3 (Law and Jacobsen 
2010; Zhang et al. 2018). The RdDM pathway is divided 
into two major arms: RNA polymerase IV (RNA Pol IV)-
mediated small interfering RNA (siRNA) biogenesis and 
RNA polymerase V (RNA Pol V)-mediated de novo DNA 
methylation (Zhang et al. 2018; Zhong et al. 2014). For 
siRNA biogenesis, RNA Pol IV is recruited to transcription-
ally inactive transposable elements (TEs) which are enriched 
for H3 lysine 9 (H3K9) methylation. RNA Pol IV generates 
30–40 nt single-stranded transcripts which are produced 
by RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) 
and then processed into 24-nt siRNAs by DICER-LIKE 3 
(DCL3) (Zhang et al. 2018). Next, the 24-nt siRNAs are 
loaded onto ARGONAUTE 4 (AGO4) or AGO6, and the 
complex is directed to nascent transcripts produced by RNA 
Pol V that are still associated with their chromatin template. 
RNA Pol V transcripts serve as an RNA scaffold on the 
chromatin that allows for siRNA-based silencing to direct 
de novo DNA methylation by DRM2 (Zhang et al. 2018). 
Once established, maintenance of DNA methylation is cata-
lyzed by different DNA methyltransferases, depending on 
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the sequence context (Law and Jacobsen 2010). Symmetric 
CG methylation, which is conserved across many organisms, 
requires METHYLTRANSFERASE 1 (MET1), a homolog 
of DNMT1 (Zhang et al. 2018). CHG and CHH methylation 
in heterochromatin are maintained by CHROMOMETH-
YLTRANSFERASE 2 (CMT2) and CMT3, respectively 
(Stroud et al. 2014; Zemach et al. 2013). In addition to 
CMT2, DRM2 is also likely involved in the maintenance 
of CHH methylation via the RdDM pathway (Zhang et al. 
2018).

DNA methylation can be reversed by either passive or 
active mechanisms (Wu and Zhang 2010). Passive DNA 
demethylation occurs when DNA methylation mainte-
nance mechanisms are impaired or absent during DNA 
replication. In contrast, active DNA demethylation takes 
place in a replication-independent manner and requires 
certain enzyme activities. Completely different enzymes 
are involved in mammal and plant DNA demethylation. 

In mammals, the TET family proteins catalyze the oxida-
tion of 5mC to produce 5-hydroxymethylcytosine (5hmC). 
TET-dependent oxidation of 5hmC further produces 5-for-
mylcytosine (5fC) and 5-carboxylcytosine (5caC), which 
are removed by the thymine DNA glycosylase (TDG) and 
then eventually replaced with unmethylated cytosine via 
the base excision repair pathway (Wu and Zhang 2017). 
On the contrary to mammals, plants have the DEMETER 
(DME) family of proteins that catalyze a direct removal of 
5mC. As bifunctional DNA glycosylases, the DME fam-
ily proteins cleave an N-glycosidic bond between the base 
and the ribose sugar and induce a single-strand break via 
β- and δ-elimination processes (Choi et al. 2002; Gehring 
et al. 2006; Gong et al. 2002; Penterman et al. 2007). 
Such DNA methylation modifiers may serve as effectors 
when fused with DNA-binding modules for target-specific 
manipulation of DNA methylation profiles.

Fig. 1  Epigenome editing strategy for targeted manipulation of DNA 
methylation and histone modifications. a  Fusion of DNA binding 
modules such as a ZF, TALE and dCas9 protein with epigenetic mod-
ifiers b  Targeted deposition and removal of DNA methylation and 

histone modifications by epigenome editing systems. Reversible epig-
enome editing relies on antagonistic activities of epigenetic modifiers 
for transcriptional activation or repression
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Mechanisms of histone modifications

Post-translational modifications at the N-terminal region 
of histones, often called a histone tail, include acetylation, 
methylation, phosphorylation and ubiquitination, which 
can regulate chromatin dynamics and gene expression (Li 
et al. 2007; Strahl and Allis 2000). Acetylation of histone 
lysine (K) residues neutralizes the positive charge of the 
histone tail, thus weakening interactions between histones 
and DNA while increasing the accessibility of transcrip-
tion factors to DNA. Histone acetylation generally leads 
to transcriptional activation, which is antagonistically 
regulated by HATs and HDACs. In Arabidopsis, 12 HAT 
and 18 HDAC genes have been identified (Pandey et al. 
2002). Arabidopsis HATs can be divided into four groups: 
GCN5-related N-acetyltransferase (GNAT), MOZ, Ybf2/
Sas2 and Tip60 (MYST), CREB-binding protein (CBP)/
p300 and TATA-binding protein-associated factor 1 
(TAF1). HDACs can be classified into three families: the 
Reduced Potassium Dependency 3 (RPD3)/HDA1, Silent 
Information Regulator 2 (SIR2) and histone deacetylase 
HD2, respectively (Berr et al. 2011; Servet et al. 2010). 
Histone acetylation mainly occurs at K9, K14, K18, K23 
and K27 residues of histone H3, and K5, K8, K12, K16 
and K20 residues of histone H4. Histone acetylation 
regulates diverse biological functions in plants such as 
growth, development and responses to abiotic and biotic 
stresses (Earley et al. 2007; Ma et al. 2013; Zhang et al. 
2007).

Lysine or arginine residues can be subjected to histone 
methylation. HKMTs catalyze mono-, di-, or trimethyla-
tion on K4, K9, K27 and K36 residues of H3 and K20 of 
H4. In general, H3K9 dimethylation and H3K27 trimeth-
ylation are associated with transcriptionally repressed 
genes, whereas H3K4 trimethylation and H3K36 trimeth-
ylation are associated with active genes (Berger 2007). 
HKMTs contain the conserved SUPPRESSOR OF VAR-
IEGATION [SU(VAR)3–9], ENHANCER OF ZESTE 
and TRITHORAX (SET) domains, and the Arabidop-
sis genome encodes 41 SET domain proteins (Liu et al. 
2010). In addition, H3K9 methylation is catalyzed by the 
SU(VAR)3–9 homolog (SUVH) family such as KRYP-
TONITE (KYP; also known as SUVH4), SUVH5 and 
SUVH6, and is closely associated with DNA methylation 
as in mammals (Du et al. 2015; Ebbs and Bender 2006). 
Histone methylation marks can be removed by histone 
demethylases. In Arabidopsis, histone demethylases are 
encoded by four LYSINE-SPECIFIC DEMETHYLASE 1 
(LSD1) homologs and 21 JUMONJI-C-DOMAIN (JmjC) 
protein genes, some of which are involved in flowering 
time control (Berr et al. 2011; Chen et al. 2011).

Epialleles in plants

Epigenetic alterations of genes may lead to changes in 
their expression, and in some cases, both altered epigenetic 
states and expression patterns are mitotically/meiotically 
stable and inherited to the offspring. An individual with 
altered epigenetic modifications may give rise to the off-
spring with different phenotypes, despite the same DNA 
sequence at the corresponding gene. ‘Epimutants’ carry 
heritable phenotypic changes not caused by DNA mutation 
but rather by epigenetic alterations, and the correspond-
ing epigenetic alleles are called ‘epialleles’. Epimutants 
may occur naturally or artificially (Table 1), and most of 
the epialleles are caused by changes in DNA methylation 
profiles.

The Arabidopsis epimutants often emerge in the mutant 
background defective for DNA methylation. MET1 and 
DECREASE IN DNA METHYLATION 1 (DDM1) encode 
the maintenance DNA methyltransferase and a SWI/SNF-
like ATP-dependent chromatin remodeling factor, respec-
tively (Jeddeloh et al. 1998; Vongs et al. 1993), and the 
met1 and ddm1 mutants have a genome-wide decrease of 
DNA methylation level. Several epimutations accompa-
nied with phenotypic changes were caused by heritable 
changes of DNA methylation. For example, the epimu-
tant of FLOWERING WAGENINGEN (FWA) induced in a 
ddm1 mutant background has loss of DNA methylation in 
the repeat regions upstream of the coding sequence with 
transcription up-regulation of FWA, leading to late flow-
ering (Soppe et al. 2000). The bonsai (bns) allele is the 
ddm1-induced epiallele caused by epigenetic silencing of 
a subunit of the putative Anaphase-Promoting Complex 
13 (Saze and Kakutani 2007). Silencing of BNS associated 
with DNA hypermethylation at long interspersed nuclear 
elements (LINEs) gives rise to a reduced plant height 
(Saze and Kakutani 2007). An epigenetically silenced ver-
sion of SUPERMAN (SUP) is another example of an epi-
allele, causing increased numbers of stamens and carpels 
in Arabidopsis flowers (Jacobsen and Meyerowitz 1997).

In addition to artificially induced epimutations, several 
studies reported epimutants and epialleles that spontane-
ously occur in nature. The naturally occurring epiallele 
was first reported in Linaria vulgaris, in which an asym-
metric flower was transformed into a radially symmetric 
(peloric) flower (Cubas et al. 1999). The abnormal flower 
structure is caused by DNA hypermethylation and silenc-
ing of the Lcyc gene, which encodes a CYCLOIDEA gene 
that determines the dorsoventral asymmetry of flowers 
in Antirrhinum. The epimutant of Lcyc was originally 
described more than 250 years ago by Linnaeus, suggest-
ing that an epiallele can be stable enough for transgen-
erational inheritance over multiple generations. In tomato 
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(Solanum lycopersicum), fruit ripening is inhibited in 
the Colorless non-ripening (Cnr) mutant (Manning et al. 
2006). The Cnr gene encodes the SBP-box transcription 
factor, and its promoter in the Cnr mutant was hypermeth-
ylated, leading to gene silencing (Manning et al. 2006). 
The follow-up study revealed that DNA methylation at 
the Cnr promoter regions gradually decreases during fruit 
ripening in wild type, indicating that DNA methylation 
is also developmentally regulated (Zhong et al. 2013). In 
natural populations of Arabidopsis, expression of Qua-
Quin Starch (QQS), the gene involved in starch metabo-
lism, is negatively correlated with the DNA methylation 
level in its promoter region. Natural epigenetic variations 
can be stably inherited for several generations (Silveira 
et al. 2013). In rice, Epi-d1 is the first identified epigenetic 
mutant and has a metastable dwarf phenotype caused by 
epigenetic silencing of the DWARF1 gene (Miura et al. 
2009). Epi-df is a gain-of-function epiallele in rice caused 
by DNA hypermethylation in the promoter of FERTILI-
ZATION INDEPENDENT ENDOSPREM 1 (FIE1), induc-
ing floral defects (Zhang et al. 2012). In the epimutant 
of Epi-RAV6, larger lamina inclination and smaller grain 
size phenotypes result from hypermethylation in the 5’ 
region of RELATED TO ABSCISIC ACID INSENSITIVE 
3 VIVIPAROUS1 6 (RAV6) (Zhang et al. 2015).

In many cases, epimutations are associated with TE 
insertions. In Arabidopsis, the wild type FWA gene and 
bna epiallele are silenced due to DNA hypermethylation 
of short interspersed nuclear elements (SINEs) and LINEs, 

respectively (Saze and Kakutani 2007; Soppe et al. 2000). 
Recent study showed that DNA methylation of retrotrans-
poson NMR19 near the PHEOPHYTIN PHEOPHORBIDE 
HYDROLASE (PPH) gene leads to gene silencing and 
is negatively associated with leaf senescence (He et al. 
2018). The methylation patterns of NMR19 are correlated 
with local climates, suggesting the roles of epialleles for 
environmental adaptation. In melon (Cucumis melo), 
an insertion of hAT transposon near the CmWIP1 gene 
induces the spreading of DNA methylation to the promoter 
leading to gene silencing (Martin et al. 2009). Expression 
of CmWIP1 promotes carpel abortion and development 
of male flowers, whereas its silencing suppresses anther 
development, mainly producing female flowers (Martin 
et al. 2009). Therefore, CmWIP1 acts as a sex determi-
nation switch for melon flower development. In tomato, 
expression of VITAMIN E PATHWAY GENE 3 (VTE3), 
encoding 2-methyl-6-phytylquinol methyltransferase that 
catalyzes the final steps of vitamin E biosynthesis, is mod-
ulated by differential DNA methylation of a SINE element 
located in the promoter region. DNA methylation of the 
VTE3 promoter is spontaneously reverted, generating dif-
ferent epialleles with varying expression levels. This indi-
cates that naturally occurring epialleles are also involved 
in the regulation of metabolite contents. In African oil 
palm (Elaeis guineensis), the Karma TE was inserted in 
the intron of the DEFICIENS (DEF1) gene, which encodes 
the B-class MADS-box transcription factor. DNA hypo-
methylation of Karma TE is associated with alternative 

Table 1  Epialleles in plants

Species Gene Phenotype Reference

Arabidopsis FLOWERING WAGENINGEN (FWA) Flowering time Soppe et al. (2000)
SUPERMAN (SUP) Flower organ patterning (Jacobsen and Meyerowitz (1997)
BONSAI (BNS) Shoot growth Saze and Kakutani (2007)
Qua-Quine Starch (QQS) Starch metabolism Silveira et al. (2013)
Pheophytin pheophorbide hydrolase (PPH) Leaf senescence He et al. (2018)
Phosphoribosylanthranilate isomerase 2 (PAI2) - Bender and Fink (1995)
Folate transporter 1 (FOLT1) Reduced fertility Durand et al. (2012)
Histidinol-phosphate aminotransferase (HISN6B) Hybrid incompatibility Blevins et al. (2017)

Linaria vularis CYCLOIDEA (Lcyc) Floral symmetry Cubas et al. (1999)
Solaum lycopersicum Colorless non-ripening (Cnr) Fruit ripening Manning et al. (2006)

VITAMIN E PATHWAY GENE 3 (VTE3) Vitamin E accumulation Quadrana et al. (2014)
Oryza sativa Dwarf1 (D1) Dwarf phenotype Miura et al. (2009)

FERTILIZATION INDEPENDENT ENDOSPREM 
1 (FIE1)

Dwarf phenotype Zhang et al. (2012)

RELATED TO ABSCISIC ACID INSENSITIVE 3 
VIVIPAROUS1 6 (RAV6)

Lamina inclination and grain size Zhang et al. (2015)

Epigenetic short panicle (ESP) Short panicle phenotype Luan et al. (2019)
Cucumis melo WASP/N-WASP-interacting protein 1 (CmWIP1) Sex determination Martin et al. (2009)
Elaeis guineensis DEFICIENS (DEF1) Mantled fruit formation Ong-Abdullah et al. (2015)
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splicing of DEF1, resulting in the mantled fruit phenotype 
(Ong-Abdullah et al. 2015).

Targeted DNA methylation in plants

Several studies on targeted DNA methylation have been 
reported in plants (Table 2). The first targeted epigenetic 
manipulation in Arabidopsis utilized a ZF protein and an 
RdDM component SUVH9 (Johnson et al. 2014). This study 
demonstrated that the fusion of ZF and SUVH9 success-
fully induced gain of DNA methylation at an unmethylated 
epiallele of fwa-4 via the RdDM pathway, leading to FWA 
silencing and an early flowering phenotype (Johnson et al. 
2014). This study also showed that the altered DNA meth-
ylation pattern was stably transmitted to the next generation 
even without a transgene module (Johnson et al. 2014). The 
following study utilized the ZF-based targeting approach to 
elucidate how other RdDM components act in de novo DNA 
methylation (Gallego-Bartolome et al. 2019). The fusion of 
ZF and RdDM components showed that co-targeting of RNA 
Pol IV and RNA Pol V complexes enhanced the efficiency 
of targeted DNA methylation (Gallego-Bartolome et al. 
2019). In addition to the plant-specific RdDM components, 
Spiroplasma sp. strain MQ1 CG methyltransferase M.SssI 
(SssI) fused with the ZF protein can establish heritable CG 
methylation at the FWA promoter and repress its expres-
sion (Liu et al. 2021). However, transgenic lines expressing 
the ZF fusions with SssI and RdDM components exhibited 

genome-wide ectopic DNA methylation. In order to avoid 
target non-specific hypermethylation, the CRISPR/dCas9-
based system employed a variant of MQ1 (MQ1v) having 
reduced affinity to DNA (Ghoshal et al. 2021). Compared 
to the fusion of ZF and SssI, the CRISPR/dCas9-mediated 
MQ1v caused heritable DNA methylation at FWA promoters 
with minimal off-target effects. Moreover, a combination 
of the SunTag system that recruits multiple copies of the 
same modifier with CRISPR/dCas9 enhanced the efficiency 
of FWA-targeted DNA methylation (Ghoshal et al. 2021). 
Similarly, the SunTag-CRISPR/dCas9 system fused with the 
catalytic domain of Nicotiana tabacum DRM methyltrans-
ferase (NtDRMcd) efficiently targeted DNA methylation 
to the FWA promoter (Papikian et al. 2019). These stud-
ies demonstrate that a variety of DNA methyltransferases 
with DNA-binding modules can efficiently induce herit-
able DNA methylation at target sites. Occasionally, a few 
examples showed incomplete inheritance of modified DNA 
methylation and off-target effects, suggesting that an efficient 
and precise DNA-binding module is needed for successful 
manipulation of target DNA methylation.

Targeted DNA demethylation in plants

For targeted DNA demethylation, DNA demethylases can 
serve as effectors when fused to DNA-binding modules 
(Table 2). In plants, the first example of targeted DNA 
demethylation utilized the human TET1 catalytic domain 

Table 2  Application of epigenome editing tools in Arabidopsis 

DMS3, DEFECTIVE IN MERISTEM SILENCING 3; DRM, DOMAINS REARRANGED METHYLTRASFERASE; G9a, a histone methyl-
transferase for H3K9; HAT1, HISTONE ACETYLTRANSFERASE 1; KYP, KRYPTONITE; MORC1, MICRORCHIDIA 1; MORC6, MICRO-
RCHIDIA 6; MQ1, Spiroplasma sp. strain MQ1 CG METHYLTRASFERASE; NRPD1, NUCLEAR RNA POLYMERASE D1; P300, a his-
tone acetyltransferase for H3K27; RDM1, RNA-DIRECTED DNA METHYLATION 1; RDR2, RNA-DEPENDENT RNA POLYMERASE 2; 
SHH1, SWADEE HOMEODOMAIN HOMOLOG 1; SUVH9, SU(VAR)3-9 homolog 9; TET1, ten-eleven translocation 1. N.A.: Not Applicable

Category DNA-binding protein Epigenetic modifier Target gene Regulation 
(gene expression/
epigenetic modification)

Reference

DNA
methylation

ZF SUVH9 FWA Down/5mC gain Johnson et al. (2014)
ZF DMS3, DRMcd, MORC1, 

MORC6, NRPD1, RDM1, 
RDR2, SHH1

FWA Down/5mC gain Gallego-Bartolome et al. 
(2019)

SunTag DRMcd FWA Down/5mC gain Papikian et al. (2019)
ZF, SunTag MQ1 FWA Down/5mC gain Ghoshal et al. (2021) and 

Liu et al. (2021)
DNA
demethylation

ZF, SunTag TET1cd FWA, CACTA1 Up/5mC loss Gallego-Bartolome et al. 
(2018)

Histone
methylation

MS2 SET domain of G9a FT N.A./N.A. Lee et al. (2019)
SET domain of KYP Down/No change

Histone
acetylation

MS2 P300cd FT No change / H3K27ac 
depostion

Lee et al. (2019)

dCas9 HAT1 AREB1 Up/N.A. Paixao et al. (2019)
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(TET1cd) along with the ZF protein or the SunTag-CRISPR/
dCas9 system (Gallego-Bartolome et  al. 2018). When 
TET1cd was fused to the ZF protein targeting the FWA pro-
moter (hereafter called ZFFWA-TET1cd), the fusion pro-
tein decreased DNA methylation levels at the FWA promoter 
and induced the corresponding late-flowering phenotype 
(Gallego-Bartolome et al. 2018). Such loss of DNA meth-
ylation was heritable even when the DNA demethylation 
transgene module was segregated out (Gallego-Bartolome 
et al. 2018). Additionally, the ZF-TET1cd targeting the 
CACTA1 transposon within a heterochromatic region (here-
after called ZFCACTA1-TET1cd) exhibited loss of DNA 
methylation and TE reactivation. However, on the contrary 
to the ZFFWA-TET1, DNA methylation at CACTA1 was re-
established and its silencing was restored in the absence of 
ZFCACTA1-TET1cd (Gallego-Bartolome et al. 2018). It 
indicates that the incomplete removal of DNA methylation 
at the heterochromatic regions is likely to attract the RdDM 
machinery, leading to the re-establishment of DNA meth-
ylation. This study also reported that the SunTag-CRISPR/
dCas9-TET1cd system induced DNA demethylation at the 
FWA and CACTA1 loci with marginal off-target effects (Gal-
lego-Bartolome et al. 2018). Compared to the ZFCACTA1-
TET1cd showing genome-wide hypomethylation, the Sun-
Tag-CRISPR/dCas9-TET1cd improved DNA demethylation 
at targets (Gallego-Bartolome et al. 2018). In these selective 
DNA methylation/demethylation systems, the SunTag can 
efficiently recruit MQ1, NtDRMcd or TET1cd to the target 
site, resulting in heritable alteration of DNA methylation. 
Alternatively, DME family proteins that catalyze a direct 
removal of 5mC base may be considered a powerful tool to 
edit DNA methylation.

Manipulation of histone modifications 
in plants

Besides manipulation of DNA methylation, epigenome 
editing with histone-modifying enzymes has been demon-
strated in several organisms. In mouse primary neurons, 
the TALE-KYP fusion was found to induce H3K9 mono-
methylation at the promoter and repress the expression of 
the target gene (Konermann et al. 2013). Recently, several 
cases of CRISPR/dCas9-mediated manipulation of histone 
modifications have been reported in plants (Table 2). In an 
effort to increase the editing efficiency, the sgRNA scaf-
fold in CRISPR/dCas9 system was engineered to recruit 
multiple MS2 bacteriophage coat proteins to concentrate 
effectors with a single guiding complex (Konermann et al. 
2015). The catalytic domains of histone modifying enzymes 
such as H3K9 methyltransferases G9a and KYP for histone 
methylation and human HAT p300 for histone acetylation 
were fused with MS2 to target the flowering time gene 

FLOWERING LOCUS T (FT) (Lee et al. 2019). While MS2-
G9a failed to cause late flowering, the MS2-KYP transgenic 
plants exhibited the late flowering phenotype inherited to 
the next generation (Lee et al. 2019). The MS2-KYP trans-
genic plants did not exhibit any significant enrichment for 
H3K9 dimethylation at the FT promoter, but FT expression 
was significantly decreased compared to the wild-type (Lee 
et al. 2019). The MS2-p300 was able to increase H3K27 
acetylation at the FT promoter despite the minor effects on 
FT expression and flowering time (Lee et al. 2019). These 
results indicate that transcriptional regulation is not always 
correlated with the alteration of histone modifications at tar-
get loci. Furthermore, the dCas9-based epigenome editing 
tool was used to improve drought stress tolerance (Paixao 
et al. 2019). Arabidopsis HAT1 in fusion with dCas9 was 
employed for histone acetylation at the promoter region of 
ABSCISIC ACID-RESPONSIVE ELEMENT BINDING PRO-
TEIN1 (AREB1; also known as ABF2), a key determinant in 
drought stress response. With an increase in AREB1 expres-
sion, the dCas9-HAT1 transgenic plants displayed enhanced 
drought stress tolerance, although histone acetylation enrich-
ment was elusive (de Melo et al. 2020; Paixao et al. 2019). 
Nevertheless, editing of histone code will be a fascinating 
approach to manipulate the chromatin state in conjunction 
with a dramatic change in the corresponding phenotype.

Conclusions

In this review, we summarized currently available epial-
leles and epigenome editing tools in plants. Some epige-
netic mutations without a change in DNA sequence can 
be transgenerationally inherited to the offspring. Thus, 
epigenetic variations may serve as a novel source for plant 
breeding with genetic/phenotypic stability and heritability. 
Although few studies on targeted epigenetic modifications 
have been reported in plants, the epigenome editing tech-
nology can be applied to the artificial creation of epialleles, 
producing breeding materials in the future.

Despite epigenome engineering is considered a power-
ful technology for arbitrary control of gene expression, fur-
ther investigations are needed for the precise manipulation 
of epigenetic marks. In plants, targeted DNA methylation 
was mainly performed at the FWA locus as a reference but 
many other loci remain to be investigated. Moreover, fewer 
cases of targeted histone manipulation were reported in 
plants. Some histone marks seem unlikely to be affected by 
epigenetic modifiers, and the transgenerational epigenetic 
inheritance of modified histone marks is still unveiled. This 
suggests that an epigenetic crosstalk and the reversibility of 
histone modifications may compromise the reliability of epi-
genome manipulation in plants. To increase the efficiency of 
epigenome editing, a multifaceted strategy targeting various 
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epigenetic modifications is required, and advances in epig-
enome editing technology will provide new opportunities 
for crop improvement.
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